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Preface 

Leather production is a major industry in India and makes a significant contribution to the country 's 
export earnings. Numerous tanneries process animal hides to semi-finished products within the country. 
A major concem to the industry, regulatory bodies and the general public is the safe and long-term 
management of chromium-rich and saline waste effluents from tanneries. In some areas of India 
contamination resulting from tannery waste disposal has limited cropping and the use of groundwater 
because of elevated concentrations of salts and hexavalent chromium. Such problems are not unique to 
India, and the productive use of contaminated land for plants that tolerate salt and do not accumulate 
chromium has substantial economic and environmental potential in both developing and developed 
countries. Australia has a legacy of tannery contamination of soil and water from discharges of long
closed plants. The Australian Centre for International Agricultmal Research funded a project in Tamil 
Nadu, India, and South Australia to assess the extent and severity of chromium and salt dispersal from 
tanneries, and to devise safe means of utilising the wastes whilst maintaining some production. 

This workshop brought together delegates from India, Bangladesh, Sri Lanka, Nepal , Indonesia and 
Australia to share experiences and demonstrate that certain commercial tree and flowering plants can be 
grown on land contaminated with tannery waste under a variety of conditions that are not suitable for 
conventional agricultural crops. The workshop considered the extent of land contamination following 
tannery waste disposal , the potential for migration of chromium and salt into groundwater, alternative 
land uses and secondary effluent re-use for commercial tree plantations. 

We hope that the papers presented in these Proceedings will assist scientists, regulatory organisations 
and tannery industries in their endeavours to rehabilitate land contaminated by tanneries. 
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Summary: the Tannery Waste-contamination 
Problem and Some Possible Solutions 

R. Naidu l 

OF all the agricultllfal industries in India the leather 
industry appears to be the major source of 
pollution, and Tamil Nadu appears to be the state 
most affected. From data supplied by Indian 
scientists, and from direct observation of crop 
growth in affected agricultural areas, it is evident 
that borehole water beneath large areas IS 

becoming salinised. FUl1hermore, soils sUlTounding 
tanneries are being polluted through the disposal 
of chromium-rich effluents to agricultural land. 

Soils sampled in the vicinity of tanneries in the 
Ye 11 ore area have chromium (Cr) concentrations 
of up to 7% (70000 mg kg- I) , and tannery sludges 
used in agriculture also have high Cr 
concentrations (up to 4% on a dry solids basis). 
Where effluent is treated before disposal , Cr-rich 
sludoes are produced which are often used as soil 

b . 

additives for agricultural food crops without 
information on the phyto-availability and mobility 
of Cr in the soils. 

A number of highly contaminated tannery waste 
disposal sites exist in Australia also, but the extent 
of pollution of land through tannery waste 
disposals is not as great as that reported in India. 
In particular, the old tannery waste disposal site 
near Adelaide is within the peri-urban region , and 
people have expressed concern for their chi Idren's 
and animals' health and for the quality of the crops 
that they grow. 

The limited information on the potential impacts 
of Cr present in tannery wastes on soil and crop 
quality stimulated ACIAR-sponsored project 9322 
in 1995 to devi se strategies for rehabilitating 
contaminated sites. The major objectives of the 
project were: 
• to characterise the tannery wastes and evaluate 

the extent of contamination of productive land; 

I CSIRO Land and Water, Private Mail Bag No. 2, Glen 
OSlllond, South Australia 5064 
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• to quantify and predict the extent of pollution 
in relation to land use, soil type and other 
landscape features; and 

• to provide a scientific basis for setting guidelines 
for the disposal of tannery effluent and solid 
wastes rich in Cr. 

Detailed assessment of the tannery waste 
contaminated sites in Tamil Nadu , India , and 
Mount Barker near Adelaide, Australia, revealed 
extensive contamination of soil and of surface 
water and groundwater. Generally the 
contaminated soils were alkaline in reaction and 
contained high concentrations of Cr. Although no 
definite pattern was observed in the distribution 
ofCr at different depths, Cr accumulation ranged 
from < 100 mg kg- I to ~ 70 000 mg kg- I in 
subsurface (>50 cm) and surface soils (0-15 cm) 
soils, respectively. This is supported by the data 
on the concentrations of Cr and salt in effluent 
and sludge that have been discharged onto 
contaminated land. Analyses of effluent from a 
number of tanneries in India revealed that Na 
contents ranged from 2042 to 9000 mg L I and Cr 
contents from 620 to 26200 llg L-I. However, there 
were large variations between industries in the Cr 
concentrations in effluent. Samples collected from 
industri es practising Cr recycling showed Cr 
concentrations below 10 llg L-I. There was a marked 
difference in sludge Cr concentrations between 
Australian and Indian tannery industries. While 
the concentration of C r in the I ndian tannery 
industry sludges generally ranged from 1179 to 
16 158 mg kg- I, the sludges sampled in Australia 
showed concentrations ranging from 10 000 to 
150 000 mg Cr kg- I. 

In India the amount of C r in th e soils is 
particularly high around the closed (old) tanneries 
relative to the existing tanneri es. This may be 
attributed to the more stringent guidelines imposed 
by th e Tamil Nadu Pollution Co ntrol Board 



recently (in the last 15 years). In general , at the 
time of these studies, the concentration of Cr in 
soil samples taken around tanneries in India and 
at the historically contaminated sites in Australia 
exceeded the WHO , USEPA and Australian 
National Health and Medical Research Council 
guidelines for contaminated soils. This indicates 
the extensive and severe contamination of soils due 
to tannery waste disposal on land in India and 
Australia. The presence of high concentrations of 
soil Cr poses significant risks to animals and 
humans living in the close vicinity of the 
contaminated sites, especially from contaminated 
dust particles during the dry summer season 111 

Adelaide and the winter months in India. 

Chromium below surface 

The presence of Cr in soils more than 100 cm 
below surface was surprising because Cr is 
considered to be an element of low mobility. 
However, at all sites where Cr concentrations 
exceeded 1000 mg kg- I, an appreciable concen
tration ofCr was detected in surface and subsurface 
water samples in Iysimeters, piezometers and 
tubewells, suggesting high mobility of Cr at the 
contaminated sites. Groundwater collected from 
borewells around the tanneries at Ambur, Walajapet, 
Vaduganthangal , Pernampet, Vaniyambadi and 
Vinnamuthi villages in Vellore district, Tamil Nadu, 
showed total Cr ranging from 50 to 990 Ilg L - I. 
The water sampled from borewells located 2 km 
away from a closed tannery at Walajapet had 
exceptionally high Cr content (>950 ~lg L- '); the 
normal average background value is 4-7 /lg L-' in 
different paJ1S of India. At the Mount Barker site 
near Adelaide, the concentrations ofCr were not as 
high; values ranged from <20 Ilg L- ' to >500 Ilg L- ' 
in water samples taken from Iysimeters and shallow 
and deep tubewells. In most water samples the Cr 
concentration exceeded the maximum permissible 
limit (50 Ilg L- '). The results demonstrate that 
Cr is highly mobile in contaminated soils around 
tanneries. 

This evidence of the high mobility of Cr is 
supported by Cr speciation studies ;'vhich indicate 
that 80- 96% of Cr in the tubewell , Iysimeter and 
piezometer samples is present as Cr(VI). This form 
of Cr is mobile and highly toxic. Solid phase 
speciation of Cr, by a sequential fractionation 
procedure, indicated that 80- 99% of Cr was 
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extractable by HNO, acid , showing that there is 
Cr present in the residual fraction. This form ofCr 
is not mobile . The Cr extractable by NaOH 
(organic) and EDTA (remaining organic 
components plus iron oxide) constituted only 0.5-
15%. A concentration ranging from 5.5 Ilg kg- I to 
128 Ilg kg- I, obtained in KNO, extracts of Indian 
soils, is of concern because thisJ fraction represents 
the exchangeable and sorbed-Cr which comprises 
the labile Cl' pool. The concentration ofCr in water 
extracts ranged from undetectable levels (in Indian 
soils) to > I 0 mg L- ' in the tannery-waste
contaminated soils near Adelaide. 

Detailed studies on the seasonal variation in 
solutes at the contaminated sites found an 
appreciable increase in the concentration of Cr in 
the piezometer water samples following wet winter 
months. A similar and much more marked increase 
was also recorded in salt levels in subsurface- and 
grollndwater samples during the wet winter 
months, confirnling our hypotheses that Cr and salt 
are highly mobile in the high pH soils at the 
contaminated sites. 

Facfors in Cr mobifi~y 

The factors controlling Cr mobility at the 
contaminated sites at Mount Barker were 
investigated using intact cores (300 mm internal 
diameter and I m height). Since Cr can occur in a 
number of different oxidation states- Cr(lU) and 
Cr(VI)- mini-electrodes (platinum electrodes 
constructed in the laboratory) were installed to 
monitor in situ changes in redox potential. Moisture 
probes were installed to trace changes in the 
moisture potential , with Time Domain 
Reflectometry. The pH of the soils was measured 
at the same tirrie. These parameters were measured 
automatically and recorded in a data logger. At 
regular intervals, soil solution was sampled using 
fibreglass wick samplers that were installed at 
several depths in the core to provide a profile of 
changes in soil solution chemistry. The leachate 
samples obtained from the wick samplers showed 
that the pH in the soil cores (columns) decreased 
from > 8 in the surface soils to <4 at depths 
exceeding40 cm. A similar trend was recorded for 
soluble Cr, with values exceeding I mg L- ' in the 
surface 10 cm and <0.1 mg L -I at depths exceeding 
40 cm. However, chromium was not detected in 
the leachate from the wick samplers installed in 



r ..... 
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the acidic soil layer and the solution eluting out of 
the soil column. This indicates that mobile Cr is 
transfon11ed into an immobile form in the acidic 
soils. While the mechanism of the immobilisation 
process in this profile is not clear, similar studies 
in the field sites indicate elevated levels ofFe2+in 
the subsurface acidic soils. Presence of Fe2+ may 
contribute towards the redox transition of mobile 
Cr(YI) to Cr(III). Lower pH and lower redox 
potential at deeper levels in the cores favoured 
reduction ofCr(YI) to Cr(II\). 

It is Cr(IlI) that is predominantly used during 
the tanning process, so the presence of Cr(YI) in 
subsurface water samples (as determined by the 
colorimetric diphenyl carbazide indicator method) 
is surprising. What are the potential mechanisms that 
enhance the oxidation of the Cr(IlI) added to soils 
in the tannery? M icrobial activity found in the 
water sampled in such locations is a positive 
indication that the microbial oxidation- reduction 
system might have favoured the transformation. 
For this reason, bacteria were isolated from a dried 
sludge (SL21-3) and their capacity to oxidise 
Cr(IlI) was evaluated. The results from this study 
show that one of the bacterial isolates was capable 
of oxidising Cr(lll) to Cr(VI) in liquid culture; 
however, the kinetics of the oxidation process were 
low. The role of microbes in Cl' transformations in 
soils is being studied by a postgraduate student as 
part of her PhD studies . 

Management and reuse of sludge and effluent 

The rehabilitation of Cl' contaminated sites is one 
of the major problems confronting the affected 
farmers and the pollution control board and 
agricultural scientists. The production of large 
volumes of secondary effluent and solid waste 
material by operational tannery industries poses a 
considerable challenge to both the industries and 
the pollution control board. For this reason , 
potential methods for rehabilitating contaminated 
land and making alternative use of secondary 
effluent and solid waste material were investigated. 

The effect of secondary effluent on the growth 
of multipurpose tree species was investigated in 
Yellore, India. Three tree species, namely Acacia 
leucophloea, Casuarina equisetifolia and 
Eucalyptus tereticornis , and three effluent 
concentrations (100% effluent, 50% effluent + 50% 
water, and 100% water) were tested. The trials 
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measured the effects of secondary effluent on tree 
production and soil chemical properties, and they 
monitored the quality of surface- and groundwater 
at the study site. The treated effl uent has a high 
content of total dissolved solids (13 245 mg L - I), 
sodium (5640 mg L- I), chlorides (4517 mg L-I) and 
sulfates (426 mg L-I). There was a marked effect 
of the effluent on the soil properties, on the ionic 
composition of surface- and groundwater, and on 
plant growth. In general the electrical conductivity 
(EC) of surface soils increased from 3 dS m- I in 
the water treatment plots to ~3.5 dS m- I at the 
highest effluent application rate. The exchangeable 
sodium percentage (ESP) of top-soil increased 
from 34 in the control soils to 39 in soils irrigated 
with 100% effluent. Comparison of the EC and 
the sodium adsorption ratio (SAR) of surface and 
subsurface soils indicates that irrigation with water 
leaches salt from the surface soils thus enhancing 
subsurface sodicity. The impact of salt is also 
evident from the groundwater data that showed a 
marked increase in the concentrations ofNa (4400-
5280 mg L- ') with effluent irrigation. Effluent 
irrigation also had a significant impact on plant 
growth. The results show that there is potential for 
using diluted effluent (50:50 effluentwater) for tree 
production. 

The effect of tannery chrome sludge in India on 
the growth of three vegetable crops (Bhendi , 
Abelmosch es esculentus; Brinjal , Solanum 
melongena; and chillies, Capsicum annum) was 
studied. In general, there was an appreciable 
increase in both shoot and produce yield up to a 
total Cl' concentration of 750 mg kg- I; above this 
there was a sharp decline in yield with all the crops 
except chillies, but the decrease was not statistically 
significant relative to the control. However, there 
was sign ificant Cr uptake by all the test crop plants. 
Of the total plant Cr uptake , 30- 40% was 
accumulated in shoots and 10-15% in fruits. The 
critical plant concentration was 30-40 mg Cr kg- I 
of dry matter; above it, toxicity symptoms were 
noted that persisted throughout the growth period. 

Also, the effect of tannery waste sludge on the 
growth of clover (Trifolium fragiferum) was 
studied in three acidic soils from South Australia 
in a replicated glasshouse study. The composition 
of the sludge material varied considerably, with 
Cr concentration ranging from I to 3%. When the 
pots were sown with clover, germination was 



recorded in all treatments. However, seedling 
emergence and plant shoots in 'high' Cr treatment 
pots showed symptoms similar to those induced 
by metals such as AI. These symptoms persisted 
throughout the growth period. Marked declines in 
yield were recorded at sludge levels exceeding 
3 g kg- I in two sludge treatments (M I and M3 in 
which Cr concentrations were 1.7% and 1.2%, 
respectively), and 2 g kg- I in the other sludge 
treatment, (M2 , with Cr concentration 3.3%) . 
Examination ofthe plant composition data together 
with soil solution Cr showed severe toxic effects 
of Cr on plant growth in soil solutions exceeding 
40 mg Cr L- ' . These results confirm the toxic effect 
of Cr on plant growth. In a pattern similar to that 
of the yield data, the Cr concentration of plant 
tissues increased initially with sludge application 
and then decreased at high sludge additions. The 
decrease was mainly related to the Cr toxicity to 
plant roots. These data from glasshouse studies 
suggest that tannery sludge may not be appropriate 
for growing food crops. 

An alternative strategy, managing tannery wastes 
using earthworms, was investigated in field studies. 
The roles of earthworms and microbes in sludge 
decomposition were examined under field 
conditions. Treatments were established that tested 
the efficiency of both organisms, separately and 
in combination , for decomposing sludge. 
Composting led to a marked increase in the 
concentration of all major plant nutrients: viz. , 
nitrogen (N), phosphorus (P) and potassium (K) . 
A sludge bed with added earthworms and microbes 
produced a greater increase in Nand P, while the 
maximum increase in K (two-fold) was recorded 
in the sludge bed that included sawdust and 
microbes. Appreciable reduction in pH , EC, and 
CN ratio was also observed in all the treatments. 
The C N ratio was reduced below the preferred 
level of 20 during the 120 days period, except in 
control beds. The Cr content in the sludge was also 
reduced by 40% . Examination of the microbial 

activity during the composting process revealed 
marked changes in the populations of bacteria and 
fungi and , to a certain extent, actinomycetes. 
Further investigation of large-scale vermiculture 
is being continued in India . 

Based on the above findings , guidelines for 
disposing of tannery wastes and for remediation 
strategies were devised for tannery-waste
contaminated sites. The remediation of soils 
contaminated with Cr is an important task that not 
only will help sustain agriculture but also will 
minimise adverse environmental impacts. 
Strategies include revegetation ofCr-contaminated 
soils using commercial tree plantations and flower 
crops tolerant to both salt and Cr. Other 
remediation strategies include: 
• phytroremediation using plant species which 

are Cr tolerant or hypoaccumulators; 
• bioremediation using microbial strains (both 

native and introduced) to reduce the 
bioavailability of C r through biotrans
formation of toxic Cr(YI) to Cr([[I) , and using 
compost to complex Cr compounds; and 

• chemical remediation using certain chemical 
amendments to immobilise Cr through 
complexing and thereby reduce the solution 
phase concentration of Cr. 

Guidelines for the disposal of tannery wastes 
identify critical factors that existing industries need 
to consider before disposing of their wastes. The 
guidelines emphasise that environmental impact 
assessment must be conducted before new 
industries are established. Critical factors 
considered in the guidelines include the water table 
depth , and the odour, total Cr content, COD, BOD, 
nitrate, phosphate, sodium, chloride and other heavy 
metals such as Cd and As in the wastes. The 
guidelines are currently being finalised by the 
Tamil Nadu Agricultural University in consultation 
with the Tamil Nadu Pollution Control Board and 
tanning industries. 
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Tanning Industries in the SE Asia Region: 
Overview and Environmental Concerns 



Status of Tanning Industries in India 

K. Ramasamyl and R. Naidu2 

Abstract 

The tanning industry in India is among the country 'S largest external income earners. 
Consequently during the past 50 years the industry has had significant government sup
port and has multiplied throughout India. Tanneri es range from tiny cottage industries to 
large-scale operations with over 500 employees. Primarily because of the industrial con
tribution to the local and international economy the industry has enjoyed significant sup
port from the local and federal governments. However, during the past 10 years, the ad
verse environmental impact of the industry 's waste disposals on productive agricultural 
land and groundwater bodies has resulted in a public outcry. It is estimated that over 
55000 ha of land has been contaminated by waste disposals in the State of Tamil Nadu. 
Similar contamination may also occur in other states although no data could be found in 
the literature. The skin and hides of the animals are processed for leather through vegeta
ble and chemical tanning. C hrome tanning is preferred, but the use of C r(VI) during 
processing poses the problem of its release in waste water. This paper presents an over
view of the tanning industry in India, and describes the current management and waste 
treatment strategies and the challenges posed both to the industry and to the public. 

TH E tanning industry has been the subject of much 
public discussion for the past few years, both 
because of its foreign exchange earning potential 
and because of its pollution. While both the 
international and the local communities appreciate 
the financial potential of the industry, there has 
been an outcry across the world about the adverse 
impacts of tannery wastes on agroecosystems. As 
a result, many developed countries have stopped 
leather processing, and now rely solely on 
deve loping countries such as those in the Indian 
subcontinent. It is estimated that tanning industty 
wastes have already contaminated over 50000 ha 
of productive agricultural land. 

Tanning involves the conversion of animal hides 
into leather. The process includes dehairing and 

I Department of Environmental Sciences , Tamil Nadu 
Agricultural University, Coimbatore, India 641003 

2CS IRO Land and Water, Private Mail Bag No. 2, Glen 
Osmond, South Australia 5042 
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removal of flesh and fat , and treatment with 
chemicals to form stable, durable material. These 
processes daily use thousands of litres of water. 
In fact , phase one of the conversion of raw hides 
into finished leather uses approximately 30 kL 
waterlt raw hide or skin. At the tannery, the cleaning 
operation starts with the removal of the sodium 
chloride used for temporary preservation. To 
facilitate hair removal the skin or hide is treated 
with a mixture of sodium sulfide and lime. The 
sulfides used in this operation can produce the toxic 
and foul smelling gas hydrogen sulfide. The 
common salt used in curing is removed in soaking 
and the soak liquor is disposed of. The effluents 
from these operations are commonly discharged 
onto land and into water bodies. 

In chrome tanning, 276 chemicals and 14 heavy 
metals are used. It is estimated that approximately 
32 000 t of basic chromium (Cr) sulfate salts are 
used annually in Indian tanneries. This amounts to 
an annual loss of nearly 2000- 3200 t ofCr (on an 
elemental basis). The concentration of Cl' in the 



Table I. India 's exports of major commodities and their ranking 

Description Value in (%) Ranking 
crores* 

Textiles & textil e articles 22570.98 (27.4) 
Pearls, precious or semi-precious stones / metals & articles thereof, etc. 
Chemicals & allied products 

14172.97 
6478.36 

(17.2) 11 
(7.8) III 

Leather & leather products 
Mineral products 
Machinery & parts; electrical equipment & parts 
Base metals & articles thereof 
Coffee, teas 
Fish & crustaceans, molluscs & others 
Transport equipment 

5113.04 
4147.71 
3841.51 
4549.68 
2340.94 
3582.20 
2419.31 

(6.7) IV 
(5.0) VI 
(4.7) VII 
(5.5) V 
(2.8) X 
(4.2) VIII 
(2.6) IX 

Source: Monthly Stati stics of" th e Foreign Trade of India, Volume I: Exports & Re- Exports, March issue of 1994-95 . 

*1 crore = Rs 10000000 = A 400000. Figures given in parentheses indicate th e % share to grade total. 

effluents from the chrome tanning yard is in the 
range 2000- 5000 mg L- 1 • International regulations 
stipulate that the Cr concentration in industrial 
waste shall not exceed 2 mg L - I. 

Importance of the Leather Industry to the 
Indian Economy 

The leather industry is one of the major exp0l1ing 
industries in lndia. Table I compares it to others, 
such as the textiles, pearls and precious stones, 
chemicals, mineral products, machinery parts, base 
metals, coffee and transport equipment industries. 
A survey of the growth of the Indian leather 
industry over the past four decades reveals that there 
are 1008 units in the small-scale industries sector 
and 75 units in the large-scale sector. The industry 
employs about one mill ion workers apart from 
those who work in the cottage-based sector. 

Worldwide , leather processing is one of the 
oldest industries, having existed for over 200 years. 
Although old, it is unique in the fact that it is still 
growing. A number of factors contribute to thi s 
characteristic of the leather and leather products 
industry. The various markets for leather and 
leather products develop in different countries 
depending upon the state of eco-development and 
the standard ofliving of the people. 

Once India was a net ex porter of raw hides and 
skins. After the Second World War, the demand 
for leather products internationally and locally 
compelled the government to start a tannelY to meet 
its requirements. This was the beginning of the 

growth of the leather industry in India. The 
accessibility of the techniques and the need for 
labour rather than machinery paved the way for 
the setting up of many tanneries. In the beginning, 
the tanneries started process ing vegetable tanned 
or East India (E.I.) tanned leathers. These leathers 
attracted a good demand and price at that time. It 
became evident that E. 1. leathers were favoured 
as a basic raw material from which the importers 
could reprocess any type of finished leathers of 
interest to them. Table 2 shows the foreign 
exchange earnings from export of tanned leather. 

Location of Processing Centres 

After the initial establishment of the leather indushy, 
new processing units were set up in places where 
labour and capital were available. In Southern India 
especially, the Tamil Nadu State (then the Madras 
State) had a lead over the other states, with labour 
and capital readily available. In contrast, in North 
India, Uttar Pradesh and Rajasthan only cottage 
units were established. Tanning also became 
popular in West Bengal in the east, and Maharastra 
in the west. Skin-based processing units (goat, 
sheep and calf skins) were established in Tamil 
Nadu while cattle-based hides centres were set up 
in West Bengal and heavy buffalo hides were 
processed in Northern India (Kanpur). 

The Environment and the Leather Industry 

After 1973, the growth of the leather industry was 
spectacular and on a par with other industrialised 
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Table 2. The value (in million Rs) of India's exports of tanned leathers 

Description 1988- 89 1989- 90 1990- 91 1991 - 92 1992- 93 

Hides 
E.!. tanned hides 25.65 26.33 57.84 65 .87 32.31 
Chrome tanned hides 176.71 72.52 37.65 23.68 27.65 
Other tanned hides 11.19 12.19 1.05 3.72 0.02 

Skins 
E. J. tanned skins 46.94 21.51 20.17 0.33 Nil 
Chrome tanned skins 31.40 11.08 6.82 17.78 15.60 
Other tanned skins 11.49 4.02 1.16 2.01 

Finished prodllcts 
Finished leathers 6494.06 7285.69 7985.36 7164.28 7997.11 
Tanned fi.lr skins 11.51 

countries. Transformation from the production of 
E.!. leather to chrome tanned leathers increased 
the volume and pollution load of effluent produced 
by the tanneries. Land-based disposal of this waste 
resulted in severe environmental degradation in 
and around the tanneries. The adverse impacts on 
productive agricultural land and surface water and 
groundwater created alarm among the public and 
the government. 

Seeing the loss in agricultural productivity and 
realising the adverse environmental threat of 
tannery wastes, the government of Tamil Nadu 
called for stringent measures ; the waste was to be 
treated effectively before discharge onto land and 
into water bodies. Increasing pressure is now being 
applied by the regulatory bodies for effective 
containment of pollution , both to address the 
requirements of the law and as a social obligation 
to the public. It is therefore pleasing to note that 
the government and the industry are now jointly 
working towards establishing procedures that 
minimise pollution and have minimal impact on 
the growth of the industry. 

Indian leather sector: attitudes 

The tanning sector ranges from small-scale cottage 
units to large-scale tanneries, so the environmental 
awareness of the tanning industry in the country 
varies substantially. The mental preparedness of 
the Indian tanning sector for waste water treatment 
is very low. It is now established that groundwater 
is seriously affected in some areas where tanneries 
are concentrated (Mahimairajah et al. these 
Proceedings). The public view of the tanneries with 

0.25 Nil 0.31 Nil 
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respect to environmental issues is negative. 
Litigation against the tanneries has started in law 
courts to get a clear direction for redressing the 
environmental degradation . The courts have issued 
various decrees for the closure of tanneries and 
the levy of compensation fees for polluting 
agencies. These steps were initiated by the courts 
to make sure that the tanners accept regulatory 
guidelines aimed at ensuring that appropriate 
procedures are followed for discharge of tannery 
effluents. They paved the way for the permanent 
and commercial solutions now evolving, for the 
surviva I of the leather sector. 

Severity of the environmental problems 

Market forces and economic considerations have 
prompted the exp0l1 of chrome-based processed 
leather and leather products. These processes have 
led to many changes in the traditional E.!. tanning 
industry and have overloaded the effluent treatment 
system. It is estimated that in India 17000 t of hides 
and skins are daily converted into leather. Latest 
estimates indicate that 35 -
40 litres of water are used per kilogram of leather 
processed. This implies that 680 x 106 L of tannery 
waste water are generated in this country each day. 
Table 3 shows the average composition of tannery 
waste water in the current production system. 
Typical parameters observed for the treated waste 
water from tanneries are also listed in the table. 

It was the desire to meet international demand , 
together with the need to maintain a competitive 
edge internationally, that led to the establishment 
of many chrome tanning industries, discharging the 



Table 3. Characteristics of tannery effluent 

Characteristic Before After 
treatment treatment 

pH 7.0- 9.0 6.5- 8.5 
Total suspended solids 

(mg L-I) 2000--4000 10-10 
Total dissolved solids 

(mg L- ') 11 000- 16000 5000- 10000 
Chlorides as CI-

(mg L ') 6000- 9500 1600- 5000 
Sui fates as SO/ -

(mg L- ') 2400--4000 800-2000 
BOO (mg L ') 1000- 3000 30- 150 
COD (mg L ') 2500- 8000 150--400 

spent Cr-containing waste water onto land. At 
present the tanning industries are working closely 
with the United Nations Industrial Development 
Organization (UNIDO) to develop technologies 
that efficiently recycle Cr and reduce the sulfide 
by MnSO 4' However, one of the major constraints 
to using MnS04 is the potential for Mn to oxidise 
trivalent chromium, Cr(III), to toxic hexavalent 
chromium, Cr(VI): 

Mn(lI) + Mn-oxidising bacteria => Mn(IV) (I) 

Cr(lIl) + Mn(IV) => Cr(VI) + Mn(II). (2) 

This is particularly feasible in those environments 
where there are Mn oxidising microbes. As shown 
above, Mn(lI) could provide catalytic reaction 
following biotic conversion to Mn(IV). Indeed 
Cr(VI) has been reported at the long-term 
contaminated sites in both Australia and India. 

Chromium and salt are potential pollutants of 
soil , surface water, groundwater, sediment and air. 
Where the soils do not originate from serpentine 
minerals, high Cl' content of the soils is often 
associated with human-induced contamination, 
mainly from industrial operations such as tanning 
and direct disposal of sludge and waste water for 
land application . The toxicity and mobility of 
chromium depend on its oxidation state . The 
trivalent forms are relatively immobile , more 
stable and much less toxic than the hexavalent 
forms. Chromium forms a large number of 
relatively kinetically inert complexes which can 
be isolated as solids. Well known complexes are 
amines. Chromium is not a signi ficant contaminant 

of plant tissues except at sites with specific 
discharge points. Growth inhibition in aquatic 
plants generally occurs at 0.5- 5 mg Cr(VI), but 
potassium dichromate may stimulate the growth 
of some species . However, little is known of the 
factors influencing the uptake of Cr in aquatic 
plants. Toxicity to plants depends on the pH of 
the media and hence the availability of the free 
and chelated ions. Other factors , such as the 
presence of organic chelators, cations, nutrients, 
and other heavy metals in solution, influence the 
toxicity to plants . 

Chromium is not acutely toxic to humans. This 
is due to the high stability of natural Cr complexes 
in abiotic matrices. In addition , the acid nature of 
Cr imparts strong affinity for oxygen donors rather 
than sulfur donors present in biomolecules. 
However, Cr(VI ) is more toxic because of its high 
rate of absorption through intestinal tracts . In 
contrast to the biomagnification of methyl- mercury 
and cadmium, Cr is not thought to accumulate and 
biomagnify, but biomagniftcation through the food 
chain is known. Accumulation of Cr above the 
average levels occurs in both the plant and animal 
kingdoms. In normal soils with total Cr 
concentrations between 20 and 100 mg kg-I, plants 
have less than I ~g Cl' g 1 dlY wt, and seldom exceed 
5 ~Lg g- I. The only exceptions are the serpentine 
soils which contain 1000- 50000 mg Cr kg- I: plants 
that are endemic to this soil may accumulate toxic 
concentrations of Cr. As with plants, the majority 
of invertebrate animals appear to die before 
accumulating Cr that might prove toxic to 
predators. Among the animals, gastropods are the 
k.nown accumulators of Cr, to concentrations of 
140-440 mg Cr kg-I dry weight, including shells. 

Our attempts to characterise the effluent and the 
rate of pollution have indicated that underground 
water, as well as surface water, contains toxic levels 
ofCr, mostly Cr(VI) (Table 4). 

Known Solutions for Chromium Toxicity 

Although Cr(Ill) is the major Cr salt that is used 
during the tanning operations, concentrations of 
Cr(VI) exceeding I mg L- 1 have been reported in 
groundwater in close proximity to tan ni ng 
industries by Handa (1978) and more recently by 
Mahimairajah et al. (these Proceedings). This is 
surprising given that, thermodynamically, Cr(lll) 
is more stable than Cr(VI). Primarily because of 
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this, many investigators used to recommend that 
land-based disposal of tannery waste was a safe 
procedure (see references in Naidu and Kookana, 
these Proceedings). The presence of Cr(VI) in 
surface and ground water samples has led to 
detailed studies on factors controlling Cl' chemistry 
at tannery waste-contaminated sites. Several 
approaches have been attempted for the 
remediation of Cr(VI) in the environment: 

• heap leaching and collection; 

• phyto-remediation with Cl' accumulators; 

• gaseous bioreduction ; 

• organic matter stimulation of Cr(VI) reduction 
by soil microbes; 

• inoculation ofCr-tolerant bacteria for reduction 
of Cr(VI) to Cr(lIl). 

Reduction and immobilisation of Cr(VI) 

Microbial reduction of Cr(VI) is attractive for 
several reasons. M icrobes reduce Cl' under either 
aerobic or anaerobic conditions. The reason that 
some microbes have developed a capacity for 
Cr(VI) reduction has not yet been adequately 
explained. It has been suggested that: 

• the reduction may be a mechanism for chromate 
resistance; 

• Cr(VI) reduction may be a fortuitous reaction 
carried out by enzymes that have other 
physiological substrates; 

• Cr(VI) reduction may provide energy for 
111 icrobes. 

Chromium reductase is widespread in microbes, 
but it is primarily present in the soluble fractions 

Table 4. Distribution of chromiulll , sodium, electrical 
conductivity (EC) and pH in soil , water and groundwater 

Sample pH EC Na Cl' 
(dS m-') (mg L ') (pg L ') 

Raweffiuent 6.17 11.4 2280 26200 

Treated effiuent 8.17 13.4 2040 8800 

Soil: Alllbur 7.81 15.5 40698 5728 
Vaniyalllbadi 8.16 5.5 10125 1314 
Pernampet 7.70 20.8 29239 16158 

Water 7.8 6.0 780 59 

Borehole water 8.2 6.9 1600 511 
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of the microbial cell. It reduces the Cr(VI) to 
Cr(lll) with the oxidation of three moles ofNADH 
per 11101 of Cl' reduced. It has been reported that 
NADH could non-enzymatically reduce Cr(VI) to 
Cr(V) in the absence of enzyme. A membrane 
protein also appears to be important for Cr(Vl) 
red uction by bacteri a , Di rect and i nd i rect 
microbially-mediated biOI'eduction of Cr(VI) has 
been observed. Anaerobic bacterial strains with 
accelerated Cr(VI) reducing capabilities have been 
isolated from chromate-contaminated water and 
sludge. It is evident that anaerobic bacteria can 
effect preferential biOI'eduction of chrol1lates under 
reducing conditions. 

Toxic and mutagenic effects of Cl' on microbes 
are well documented . Soil bacteria are inhibited 
with 10- 12 mg Cr(VI) L". Chrome-electroplating 
waste is toxic to saprophytic and nitrifying bacteria. 
However, bacteria that live in varied environments, 
where heavy metals occur naturally at high 
concentrations , evolve with resistance 
mechanisms, including the capacity to transform 
toxic species through processes such as: 

• methylation, demethylation, oxidation, reduction, 
hydrogenation, hydroxylation , dehydroxylation, 

• changes in uptake or transport of metals, and 

anaerobic growth with acetate, ethanol , malate, 
succinate, or glycerol, that favour Cr reduction. 

There is a need to search for innovative methods 
for minimising the pollution. What is needed is a 
practical method that can be implemented to curtail 
the impact of Cl', the foul smelling sulfides and 
the level of common salt in tannery effluents. Many 
I ndian tanning industries are small-scale, and hence 
the construction of waste water treatment plants is 
not economical. for them, while treatment of the 
waste waters chemically is also a costly affair. It is 
necessary at this stage to work out an economical 
treatment process which will effectively alleviate 
the problem . 

One alternative could be biological waste water 
treatment processes. It is known that all biological 
processes work faster in tropical conditions. By 
employing microorganisms, it could be possible 
to degrade pollutants and work out their fate in 
the natural environment. Tannin, the biggest 
pollutant in vegetable tanning effluents , is a 
phenolic and basically organic compound. 
Hence microbial degradation of this compound 
is a possibility. 



Anaerobic treatment 

Anaerobic digestion 

Anaerobic digestion of vegetable tan liquor brings 
about a reduction in biochemical oxygen demand 
(BOO) of95%, but this is reported at a low loading 
of 0.8 kg m-3 of volatile solids. Retention period is 
high. Our group has isolated and characterised an 
anaerobic bacterium, Bacteroides sp., capable of 
degrading tannin from the combined effluent. We 
have also characterised the intermediary 
compounds formed by this bacterium and 
developed a treatment strategy to remove residual 
tannin from composite effluent from tanneries . 
Reduction of Cr(VI) by anaerobes, and specific 
sorption by aerobes , could be possible factors 
controlling the treatment through bioremediation. 

Anaerobic lagoon 

The anaerobic lagoon employs the principles of 
anaerobic digestion with no gas collection. The 
capacity of a lagoon can be about 15 to 20 days 
storage. These lagoons can be operated at high 
loadings of 100- 250 kg ha- Id- I. Biochemical 
oxygen demand of tannery waste is reduced by 70-
80%. Once the lagoon stabilises and methane 
fermentation sets in , it becomes self-sustaining. 
Studies have found that the BOO of settled tannery 
waste reduces from 1500 mg L-I to 190 mg L- I. This 
process involves low capital and running costs. 

Aerobic tt"eatment 

Oxidation pond 

In an oxidation pond, the depth varies from 1.0 m 
to 1.5 m and BOO loading is 250 kg ha- I d- I with a 
retention period of 40 days. The BOO of the settled 
and diluted waste mixed with sewage in the ratio 
of 3: I can drop to 218 mg L I from 802 mg L -I. 

Activated sludge process 

Studies of the activated sludge process have found 
that at a mixed liquor suspended solid (MLSS) 
concentration of 3000-4000 mg L- I, the BOO of 
the pretreated effluent comes down to 34 mg L- I 
from 988 mg L- I within 24 hours of aeration. 
Generally a BOO remo va l of 85- 95% can be 
expected from this system. We have isolated and 
characterised several floc-forming bacteria 
associated with the sewage sludge digestion. The 
same cultures as those adopted to deal with agro-

industrial wastes have performed well in 
association with other heterotrophic bacteria to 
reduce the protein concentration and metals. Most 
of the metal removal is by sorption and 
sedimentation. 

Trickling filtration 

With trickling filtration, the BOO of pretreated 
vegetable tannery eftluent can fall to 158 mg L-I 

from 900 mg L- I. When the filtered eftluent settles, 
the BOO drops to 56 mg L - I. I n the case of chrome 
tanning waste, the BOO can be brought down to 
88 mg L-I from 129 mg L- I, and a nllther reduction 
in BOO, to 56 mg L- I, can be obtained after setting 
the effluent from trickling filtration. 

Aerated lagoon 

With the aerated lagoon system, a BOO removal 
of 70-90% has been demonstrated . 

Oxidation ditch 

The oxidation ditch is an extended aeration system 
with a low organic loading and a high mixed liquor 
suspended solids concentration of the order of 
400 mg L-I. A BOO removal of 90- 95% can be 
expected with this system. 

Constructed wetlands 

The use of constructed wetlands using native water 
plants and floating macrophytes is catching the 
imagination and attention of the pollution 
abatement system. Some macrophytes (such as 
water hyacinth) accumulate heavy metals at higher 
rates and are suitable candidates for the tertiary 
treatment sites. A constructed wetland provides an 
aerobic and microaerophilic environment, so it could 
be suitable for reducing th e heavy metal 
contamination and organic loading in waste water. 

Microbial reduction of chromium 

Traditional techniques for remediating chromate
contaminated tannery effluent involve reduction 
ofCr(VI) to Cr(lIl) by chemical or electrochemical 
means at pH >5, followed by precipitation and 
finally filtration or sedimentation. These processes 
are intensive, and present costs for disposa l are 
very high. The discovery of microorganisms that 
preferentially reduce Cr(VI) has led to applications 
in the bioremediation field which are potentially 
more cost-effective than traditional methods. 
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Table 5. Tolerance limits for industrial effluent discharged into surface waters or sewers or onto land 

Important characteristics Into inland surface waters 

Colour, odour absent 
pH 6.0 - 9.0 
Suspended solids (mg L ') 100 
BOO (mg L ') 30 
COD (mg L-') 250 
TDS (mg L ') 2100 
Chlorides as Cl (mg L ') 1000 
Total chromium as Cr (mg L ') 2 
Hexavalent Cl' (mg L ') 0.1 
Sulfide as S (mg L ') 2 
Sodium (%) 
Boron as B (mg L ') 2 
Oil and Grease (mg L ') 10 

Biosorption or reduction 

Russian researchers first proposed the use of 
Cr(VI)-reducing bacterial isolates in the removal 
of chromates from industrial effluents. Since then, 
various reduction parameters have been evaluated 
for a diverse group of microorganisms that 
accelerate Cr(VI) reducing capabilities, with the 
prospect of developing commercially viable 
bioremediation techniques exploiting these 
organisms. Bioreactors are used which basically 
consist ofa reduction phase with Cr(VI}reducing 
bacteria immobilised on inert matrices within the 
reactor, followed by a settling or filtration phase 
to remove Cr(lIl) precipitates. Chromate
contaminated effluent is pumped into the reactor 
and supplemented with various carbon sources and 
nutrient additives; the Cr(VI) is then reduced , 
precipitated and removed. A disadvantage here is 
that the lowest achievable eftluent concentration 
ofCr is probably around I mg L-1 and considerably 
higher than the national Environment Protection 
Authority drinking water standard of 0.05 mg L- 1• 

Also the reaction rate is slow. 
A land-application method for remediating Cr

containing effluent has been investigated. It 
consists of passing the effluent through an organic 
matter-enriched soil where reduction , precipitation 
and immobilisation take place. Another application 
of direct reduction has been demonstrated using 
anaerobic Cr-reducing bacteria. The cultures, in 
dialysis tubes, are submerged in contaminated 
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Into public sewers On land for irrigation 

absent 
6.0 - 9.0 6.0 - 9.0 

600 200 
350 100 

2100 2100 
1000 600 

2 2 
0.1 0.1 
2 2 

60 60 
2 2 

20 10 

water. Chromate diffusing into the tubes is reduced 
and precipitated and thus is unable to diffuse out. 
Laboratory studies using this system have found 
that 90% of the Cr is removed fi'om water. 

Gaseous biOl'eduction 

Gaseous bioreduction involves microbial reduction 
of Cr(VI) by a metabolic byproduct which is 
produced in anaerobic environments by sulfate 
reducing bacteria . An anaerobic bioreactor is used , 
containing marine-derived sulfate-reducing 
bacteria, immobilised as a biofilm on gravel. By this 
method, effluent Cr levels as low as 0.0 I mg L-1 

are attainable. An advantage of this system over 
biosorption or bioreduction is that the CrO 4 2 -

need not come into contact with the cells for 
reduction to occur. Hydrogen sulfide (H ?S) 
diffuses out into the medium, and this can increase 
the reduction rate and protect the cells from the 
toxic effects ofCr(VI). This could promote faster 
reduction rates and may explain the lower effluent 
concentrations achieved. 

Minimum National Standards for the quality of 
tannery waste water have been established and the 
M inistry of Environment and Forests, Government 
of India , has stipulated the pollution control 
standards in Table 5. Compliance to these standards 
has been a problem for the tanners. Because of 
the nature of the tannery waste waters, it is a major 
problem to treat waste water to a consistent quality. 
Solutions cannot be easy and piecemeal. 



Treatment and Disposal Arrangements 
in India 

The degree and type of treatment vary greatly from 
tannery to tannery. In most of the units , initial 
treatment takes place in effluent sedimentation 
tanks to settle the solids. Some of the units have 
mechanical or chemical treatment systems. It is 
reported that in the important tanning centres, 82% 
of tanneries in Pernampet and 57% in Ambur are 
treating effluents . The tanneries at Vaniyambadi , 
Ranipet and Chennai are treating the effluents at 
primary level. 

In Tamil Nadu , tanneries have set aside part of 
their own land for the accumulation of effluents 
and subsequent solar evaporation. Even the 
agricultural lands are being used for this purpose. 
From half ofthe units in Ranipet and Chennai and 
its neighbourhood, where some type of effluent 
treatment system is being followed , the effluents 
are let out into the adjoining areas. About 33% of 
the units have earmarked their own lands 
specifically for disposing of the effluents. In Erode, 
only one unit is treating the effluents and it nll1s 
the treated water onto its agricultural lands. It may 
be noted that during the rainy season, along with 
the drain and rain water, the effluents ultimately 
find their way into the rivers, drainage canals and 
sometimes flood the feltile agricultural lands as well. 

Challenges Ahead for Indian 
Tannery Industries 

The global market for leather products is 
competitive. 'Value adding ' through design 
innovations is possible, but this needs to be done 
at the output end of the process rather than being 
linked to the input stages, unlike many other 
manufacturing sectors. In other words, knowledge 
of the market and of consumer needs for fashion 
products is essential ifmanufacturers are to realise 
value from finished leathers of identical qualities. 
Control on raw material and skill base as inputs is 
not adequate . 

The tanning industry is a challenging sector 
which demands entrepreneurial skill and innovative 
management systems suited to small industries. 
Since fashion changes frequently, it is necessary 
to be able to respond to rapid change in the 
market's needs. Small-scale production systems 
permit flexibility. There is also a need for constant 
technological innovation in the sector, for 

economic gain from leather processing. This is a 
challenge to a tannery owner. Material , method , 
money, men and market management form the 
fundamental needs for a tanner. If all these 
challenges are met then there remains a need to 
ensure that industrial practices are such that they 
have minimum impact on the environment. Indeed 
the environmental impact of tanning industries 
poses the greatest threat to the human resources 
employed within the industry, and to the land and 
water bodies. Despite these challenges, the tanning 
sector is rapidly emerging as one of the largest 
foreign revenue earners in India. 

Legal Measures On Environmental 
Protection 

On August 28th 1996, the Supreme Court delivered 
a historic judgment on pollution in India. In a series 
of comprehensive measures aimed at minimising 
the environmental impact of the tannery industry 
in Tamil Nadu, the Supreme Court directed the 
Government of India to establish within 30 days 
an independent authority on each of the tanning 
polluting units. During this process the high court 
also levied a penalty of Rs 10000. The polluting 
tannery units were to pay the fees by October 30, 
1996 and this money was to be deposited , with the 
compensation amount for the affected families to 
be assessed by the authority, in an Environmental 
Protection Fund. 

The compensation paid by the polluting 
industries would be computed by the authority 
according to the loss caused, or damage done, by 
the reversal of the ecology and failure subsequently 
to set this right. The amounts so computed by the 
authority were to be forwarded to District 
Collectors, and they could recover them as arrears 
of land revenue. The court directed the district 
authorities to close down any polluting units whose 
owners refused to pay the compensation amounts 
arrived at by the authority. 

In the recent judgement the judges, while 
suspending the closure of all tanneries in five 
districts ofTamil Nadu, gave one last opportunity 
to the tanneries to set up common effluent treatment 
plants or put up individual pollution control devices 
before 30 November 1996. This was in addition 
to the primary pollution control devices already 
functioning in the tanneries. 

The court ordered that by 15 December 1996, 
all the tanneries should obtain a consent order from 
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the State Pollution Control Board. Moreover 
establishmentofnew industries within a I km wide 
area along the river bank was prohibited. The court 
directed that pollution standards should be 
operative in all the cases. All these measures 
resulted in the establishment of 11 common 
effluent treatment plants (CETPs) and a few more 
are being considered. 

Conclusion 

The present overview provides an appreciation of 
tannery industries in India and also of the adverse 
environmental impact of waste disposals. Despite 
the tannery industries ' major economic 
contribution to the country, it is now estimated 
that the adverse impact of their wastes may cost 
the country billions of dollars in lost production. 
Research during the last four years, together with 
the recent ruling by the Supreme Court indicates 
that implementation of better waste management 
practices, together with new industrial processes, 
may lead to s ignificant economic benefit to the 
country. Given that many tannery industries are 
located in close proximity to each other it may be 
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better to combine the treatment systems, thereby 
minimising costs. It may also be reasonable to 
combine the anaerobic and aerobic treatments 
through different steps and use macrophytes for 
tertiary treatme nt for toxic effluents. Such a 
combination will ensure safe disposal to receiving 
ecosystems because as the effluent passes through 
the treatment plants , microbial processes may 
enhance the removal of toxic substances. 
Unfortunately, the industry has so far only 
attempted to precipitate the colour and organic 
colloids, by adjusting the pH or through the use of 
coagulants. The introduction of chemicals during the 
treatment process may further limit the use oftreated 
effluents for land-based production systems. 
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Critical Environmental Issues Relating to 
Tanning Industries in Bangladesh 

S.M. Imamul Huq I 

Abstract 

Industrialisation has been rapid in Bangladesh during the last decade, particularly in the 
sectors of leather, pharmaceuticals and industrial chemicals. However, these industries 
are discharging and dumping their wastes and eflluents without treatment into nearby 
water bodies. Tanning - one of the oldest industries in the country - contributes to a 
great extent. Most tanneries are in Dhaka, beside the River Buriganga into which they 
flush their waste water. Studies have found high levels of pollution at several points in the 
river. Macrophytes in the river absorb various amounts of nutrients and pollutants, but the 
macrophytes are then eaten by livestock or humans. Other studies have measured heavy 
metal species in soils and plants in the tannery areas that have been affected by tannery 
waste. In grasses, Cr accumulates to concentrations exceeding the limits set by health 
authorities, and the yields and performance of rice and wheat are reduced. 

TH ERE are at present 214 tanneries in Bangladesh: 
200 of them in the city of Dhaka and 14 others 
scattered all over the country. Covering an area of 
25 ha, Hazaribagh in the heart of Dhaka city is the 
centre of the entire leather industry of Bangladesh. 
Nearly 149 tanneries of the 200 producers of 
leather and leather products are located in the 
Hazaribagh area. Fifty three of these 149 operate 
all year round (Enamul Haque et al. 1997). 

Tanneries in Hazaribagh were started in 1960 
by Punjabi traders from what was then Pakistan. 
The industries grew and , after the independence 
of Bangladesh in 1971 , became a 'cash cow' to 
earn foreign currencies. In terms of foreign 
exchange earnings, hides and leather are among 
the five leading commodities in Bangladesh 
(Khatun and H uq 1994; Enamul Haque et al. 1997). 
It has been estimated that about 13 500000 pieces 
of hides and skins from all over the country are 
brought to Haza ribagh every year for processing. 
The peak time of collection is during the Muslim 
festival of animal sacri flce, the Eid-ul-Adha. These 

I Department of Soil Science, University of Dhaka, 
Dhaka 1000, Bangladesh 

industries influence local and foreign exchange and 
also the environment of Bangladesh. 

Effect on Economy 

The leather industry sector is the fourth largest 
foreign exchange earner of the country, 
contributing about 6% of total export earnings. 
Export earning from the leather industries sector 
in 1995- 96 was US $237.79 million , of which US 
$211.70 million was from leather exports, and US 
$26.09 milliol) from export of finished leather 
products. The leather sector provides about 10000 
jobs in Dhaka alone. It has been reported in a 
survey that manufacturing industries in and around 
Dhaka city provide about 270000 jobs, which is 
around 25% of the total employees in the city 
(Emranul Huq and Hossain 1996), and the leather 
industry provides about 4%. 

Processing 

Tanning- the making of raw hides and skins into 
leather- converts the putrescible protein in hides 
and skins into a stable, non-putrescible material. 
The tanning process in Hazaribagh involves 
chrome tanning, vegetable tanning and combined 
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chrome and vegetable tanning. Chrome tanning is 
used for light leather, and vegetable tanning for 
heavy leather for shoe soles, handbags, straps and 
belts, for example. Except for a few big leather
producing finns that produce nearly 80% of the 
total daily output, most of the firms use vegetable 
tanning processes. In vegetable tanning, raw hides 
and skins are treated in water containing extracts 
from plant leaves , barks , fruits, and roots . In 
chrome tanning, raw hides and skins normally go 
through a process called pickling, with sulfuric acid 
and common salt, after which they are treated with 
solutions of basic chromium salts . In the 
Hazaribagh area about 260 t of hides and skins are 
processed each day. The processing uses nearly 
35 L water kg-I raw material , so the volume of water 
used is about 9100 kL or 9100 m3. The quantity of 
raw hides and skins increases to about 426 t during 
the peak period which extends to two or three 
months after the Eid-ul-Adha festival. 

Various chemicals are used during the soaking, 
tanning and post-tanning processes of hides and 
skins . About 2000- 3000 t of sodium sulfide and 
nearly 3000 t of basic chromium sulfate, in addition 
to other chemicals, are used each year for leather 
processing and tanning (DOE 1992). These other 
chemicals include non-ionic wetting agents , 
bactericides, soda ash , calcium oxide, ammonium 
sulfate, ammonium chloride, enzymes, sodium 
bisulfate, sodium chlorite, sodium hypochlorite, 
sodium chloride, sulfuric acid , formic acid, 
sodium formate , sodium bicarbonate, vegetable 
tannins, syntans, resins, polyurethane, dyes, fat
emulsions, pigments, binders, waxes, lacquers and 
formaldehyde. Various types of process and 
finishing solvents and auxiliaries are used as well. 

Wastes 

The process of tanning produces both liquid and 
solid wastes. The solid wastes are predominantly 
from the initial and final stages of processing while 
the effluents are produced mostly during tanning 
and dying. The 149 operating tanneries produce 
14910 m3d- 1 of effluents or waste water during 
the peak time and about 9100 m3d-1 waste water 
during the off-peak period. The effluents contain 
dissolved lime, hydrogen sulfide, acids, chromium 
dyes, oils, organic matter and suspended solids. 
The waste water is discharged into open drains and 
ultimately finds its way onto land surfaces and into 
natural waters in the vicinity. About 150 Mt of sol id 

23 

waste is produced per day, of which 59% comes 
from the hides and skins processed. Part of the 
solid waste is collected by the Dhaka City 
Corporation and taken to landftll sites but most of 
it accumulates in the swamp-sludge. 

Below is a schematic representation of the solid 
and liquid waste disposal system in the tannery 
area of Hazaribagh: 

Soaking and Liming ~ Chemicals, wastes 
~ salt, dirt, blood, hair, flesh , lime, sulfide, etc. 

~ Solid and Liquid wastes 

Tanning ~ Chemicals ~ Chromium oxide, 
ammonium sulfate, formic acid , sulfuric acid, 
sodium chloride, etc. 

~ Solid and liquid wastes 

Post tanning and processing ~ Chemicals, 
synthetic oil , bleaching agents, dye, phenol 

~ Solid and Liquid wastes 

Treatment Facilities 

In tannery industries, treatment methods that must 
be used to combat pollution include segregation 
of process waste water, sedimentation , 
neutralisation and biological treatment. 
Unfortunately, except for two modern tanneries, 
BAT A and Dhaka Leather Complex, none of the 
tanneries has a treatment plant. Few leather 
industries reuse any of the liquid wastes. Most of 
the wastes and effluents are subjected to natural 
decomposition in the environment, causing seriOlls 
pollution problems affecting soil , water, air and 
human life. Currently, about 90% of the fini shed 
trimming wastes are used by local shoemakers. 
About half the tanneries apply some kind of so lid 
waste reuse. The government of Bangladesh made 
an attempt to relocate the tanneries from the present 
area to a proposed site outside Dhaka and offered 
a compensation of US $1.4million for this purpose. 
An Asian Development Bank study concluded that 
US $18.4 million would be needed to develop an 
area with waste treatment facilities ; but because of 
lack of funds , the relocation scheme has been 
abandoned. Instead, the Government has decided to 
establish a common effluent treatment plant with the 
assistance of the United Nations Industrial 
Development Organization (UNIOO) for the 200 



Table I. Water quality in the Buriganga River near, or away from , the outfall of the tannery effluents, during two 
seasons 

Parameter Wet Season 
(April - September) 

Dry Season 
(October - March) 

Near Away Near Away 

pH 7.2 
Water temperature (cC) 29.5 
Electrical conductivity (~lS) 1650 
Dissolved oxygen (mg L- ') 1.3 
Nitrate (mg L ' ) 163 
Ch loride (mg L I) 266 
Bicarbonate (mg L ' ) 244 
Sodium (mg L ') 83 
Calcium (mg L ' ) 4.2 
Zinc (mg L ') 0.05 

tanneries in Hazaribagh. A preliminary study on the 
discharge of wastewater from Hazaribagh is being 
carried out by UNIDO. 

Effects on Soil, Water and Crops 

It has been mentioned earlier that most of the 
tanneries in Bangladesh are located in the city of 
Dhaka. Dhaka has three interconnected river 
systems, the Turag to the north-west, the Buriganga 
to the south-west and the Sitalakhya to the south
east, with the Turag flowing into the Buriganga. 
The Hazaribagh tanneries are located on the south
west periphery of Dhaka alongside the river 
Buriganga . On each side of Dhaka , a flood 
protection embankment has been constructed to 
make Dhaka flash-flood free. As stated earlier, the 
tanneries discharge the effluents and wastes into 
the river system. Consequently, there is a large area 
of acid sludge alongside the flood protection 
embankment, and the liquid wastes are dumped in 
the river through a flood-control regulator-cum
sluice near Hazaribagh. During 1110nsoon months , 
the flood protection embankments protect Dhaka 
from heavy flooding while making it difficult to 
flush-out the waste water, thereby creating a great 
environmental hazard in the neighbourhood of the 
tanneries. On the other hand , during the dty season 
the waste water is flushed out into the river, causing 
pollution of the river water and ultimately affecting 
the aquatic flora and fauna . Likewise the dumping 
of the solid wastes is seriously affecting the soil 
and plants, besides vitiating the air, groundwater 
and human health. The impact of waste disposal 

6.7 7.2 7.7 
29.5 24.5 24.5 
730 2460 750 
3.4 0 6.1 
75 168 82 
71 763 71 
122 854 153 
19 184 53 
2.7 5.8 3.5 

0.04 0.06 0.05 

on water, soil and plants is briefly elaborated in 
the following paragraphs. 

Water pollution 

A study on the water quality of the river Buriganga 
near the discharge point and at a point in mid-river 
during April - September (wet season) and 
October- March (dry season) revealed that tannery 
effluents heavily pollute the river water, so much 
so that the dissolved oxygen in the river water was 
found to be nil during the dry season and no fish 
or other aquatic animals were found living, up to 
500 m downstream of the sluice gate (Chowdhury 
et al. 1996); see Table I. 

Concentrations of Fe, Mn, Cu and Pb were 
determined. Only trace quantities were found , 
indicating that they remain precipitated on the 
riverbed because of the pH of the water. Values 
for electrical· conductivity (EC) , chloride , 
bicarbonate, nitrate and dissolved oxygen indicate 
high pollution, even in the middle of the river where 
the water is not stagnant. 

Effect on aquatic plants 

Various types of aquatic plants , particularly 
macrophytes, are present in the Buriganga River 
(Table 2). Macrophytes absorb macro- and 
micronutrients from the ambient water for their 
growth and nutrition . The macrophytes also absorb 
pollutants from the river water and store them in 
their cells. When biota further up the food-chain , 
s uch as humans , animals and fish , eat the 
macrophytes the biota is also affected by some of 

24 



Table 2. Distribution of macrophytes in the Buriganga River 

Location Source point Aquatic macrophytes 
Wet season Dry Season 

Hazaribagh I-Iydril/a verlicilfala 
Ceralophyl/um demerslIm 

Polygol1um glabrwl1 
Cyperus plalysly/is 

2 A llemenlhera philoxeroide 
Ipomea aqualica 

Ipomea aqllalica 
Cyperlls platysty lis 

these undesirable substances. In this way, various 
pollutants enter the food chain, and are likely to 
cause degradation of the natural system. 

Macrophyte samples were collected from two 
source points: the first was along the Hazaribagh 
tannery sluice gate; the second was about 50 m 
downstream of the first point (Table 2). Water 
samples at the same two points were analysed and 
the results are summarised in Table 3. 

Table 4 shows the concentrations of ions 
determined in the wet and the dry seasons in the 
macrophytes and the water of the Buriganga River 
at the two source points. Table 4 shows that the 
concentrations of P, Fe, Cu, Zn and Pb tend to be 
higher in the macrophytes at source I of the 
Hazaribagh location during the dry season than 
during the wet season. However, different 
macrophyte species absorb different amounts of 
pollutants. At source point 2, the concentrations 
of K, P, Mg, Fe, Cu, Mn, Zn, Na and Pb in the 
macrophytes were higher during the dry season 
than was observed during the wet season. At this 
location , the extent of pollution during the dry 
season was greater than at source point I. 

The concentrations of Na, Zn and Pb in all the 
macrophytes , and Fe in Hydrilla verticillafa 
(Kurali), Ceratophyllum demersum (Jhangi), 
Polygonum glabrum (Bishkatali) and Cyperus 
plafysfylis (Burunga) are toxic. Only three 
macrophyte species, viz ., Alfernenthera 

philoxeroide (Sechi sak), Cyperus platystylis 
(BufLInga) and Ipomea aquafica (Kalmi lata) were 
abundant in both seasons. 

These macrophytes are consumed either by 
humans and their animals or by various fishes. 
Particularly, human beings eat Kalmi and Sechi 
'saks' as leafy vegetables. Macrophytes growing 
in the Buriganga are used as a source of animal 
fodder as well. So, the pollution that is occurring 
in the Buriganga River water is slowly entering 
the food chain and is likely to cause degradation 
or disruption of the natural ecosystem. 

Effect on soils and plants 

Very scanty data are available about the spatial 
distribution of the pollutants from the sources, their 
extent and concentrations, and their effects on 
natural vegetation and cultivated crops. Research 
has been conducted in the Department of Soil 
Science at the University of Dhaka on the effects 
of wastes and effluents on soil properties adjacent 
to the tanneries and other industries. In these 
studies, the intensity of pollution in the soil , on 
field crops and on water bodies has been measured. 
I n some cases, the effects on crop performance, 
physiology and metabolism have also been studied. 
Composition's of effluents and waste water 
collected from locations adjacent to the tannery 
industries in the Hazariba7gh area are as follows: 

pH = 7.9; EC = 8.0Scnr'; Ca = 62mgL- '; 

Table 3. Ionic species in the Buriganga river during the dry season Ctr = trace) 

Location Concentration Cmg L- ') 

NO] P K Ca Mg Na Zn Fe C u Mn Pb 

Hazaribagh 
Source I 115 0.50 13 4.2 17 96 0,05 tr tr tr tr 
Source 2 110 0,25 9 3,5 1.5 53 0.03 tr tr tr tr 
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Table 4. Comparison of ionic species and pollutants among six macrophytes species and ambient water in wet and 
dry seasons at two sources 

Ionic species and pollutant contents (mg L-l) 
K Ca P 

A. At source I 

Hydrilla verlicillala 27457 395 3952 
Ceralophyllw17 demersulI1 45014 21 2756 
Water 34 3.3 0.45 

Po!ygOI1UI11 glabmm 19900 78 5096 
Cyperlls plalysly lis 47609 238 4940 
Water 13 4.2 0.5 

B. At source 2 

A Ilernenlhera philo.reroide 40052 359 3172 
Ipolnea aqualica 27457 250 3588 
Water 18 2.4 0.2 

Ipomea aqualica 57685 384 4784 
Cyperlls plalysly lis 32495 160 4056 
Water 9 3.5 

Mg =25mgL-I; K = 12mgL-I; P04= 26mgL- I; 
S04= 815mgL I; Cl = 2470 mgL- I; 
Cu = 0.04mgL-I; Fe = OAmgL-I; 

Mn = 0.17mgL- I; Zn = 0.13mgL- I; 

Cl' = 0.28 mg L I (Pb and Cd not determined). 

These values are averages of between three and 
five samples taken at various sampling times 
(Nuruzzanman 1995; Kashem 1996). The Cr level 
has been found to vary from 0.02 to 0.28 mg L-l in 
the waste water and from 0.34 to 1.3 mg L- l in the 
effluents , the highest value being for material 
collected at the source and the minimum value for 
material collected farthest from the source. 

Studies on the properties of soils collected from 
the tannery area revealed that soluble salts , 
particularly Ca and Mg from tannery effluents, 
enhanced the soil cation exchange capacity which 
adversely affects seedling establishment. More 
than 505 mg L- l of Cl was found in the soil solution 
at the disposal point of the tannery wastes, but this 
decreased the total and available N, P and S in the 
surface soils. High accumulation of N was 
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Mg Fe Cu Mn Zn Na Pb 

Wet season 

6088 2433 26 361 81 33 3 
3493 2389 30 679 78 33 21 

10 tr tr tT 0.05 40 tr 

Dry season 

5261 2611 41 683 87 17 24 
5013 2405 37 295 141 133 17 

17 tr tr tr 0.05 96 tr 

Wet season 

2324 823 7 76 23 100 21 
2112 836 9 39 43 50 3 

6.7 tr tr tr 0.02 14 tr 

Dry season 

3652 1128 18 584 187 100 24 
3113 1955 32 240 123 117 17 

15 II' tr tr 0.03 53 tr 

observed even at 120 cm depth. This is a source of 
groundwater contamination. Excessively high 
concentrations ofN and S appear to be hazardous 
in the tannery waste disposal areas. 

Of the heavy metals, tanneries have been found 
to discharge not only Cr, which is an inherent 
product of the tanning proces, but also significant 
amounts of Zn, M n, Cu and Pb. High levels of Cr 
(29402 mg L- l) with Zn, Cu and Pb have been 
observed at t'he main waste disposal point , 
exceeding the toxic level range in soils. The 
extractable fractions of heavy metals (Table 5) give 
some indication of their phytoavailability and 
mobility in soils of that area. Many ofthese heavy 
metals are being carried down to the groundwater 
and are causing severe environmental concem. The 
season of the year is not reflected in any substantial 
fluctuation in the values of heavy metal contents. 
Cr appears to be concentrated more in the surface 
0-15 cm. There is a decreasing trend in the spatial 
distribution of Cl' from the point of discharge. 

Mineral N was found to increase both in the 
effluents (521 - 1089 mg L- l) and in the waste water 
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Table 5. Total and extractable contents (mg L -I) of heavy 
metal s in soils of the tannery area 

Ionic Total DTPA Nl-I.oAc 
species (I-IN03-I-ICIO) extractable extractable 

Cd 1.26 0.04 
Cl' 20845 51.5 
ClI 115 .5 8.0 2.7 
Fe 21086 226.4 20.2 
Mn 425.2 53.2 2.9 
Ni 89.8 3.0 
Pb 68.1 7.7 
Zn 290 23.4 3.0 

Source: Nurll zzanl11an 1995; Kashem 1996 

(23- 261 mg L- '). Total organic carbon in the 
tannery waste water (850 mg L-') and effl uents 
(520- 1050 mgL-') were found to be above limit 
values. The phosphate and sulfate contents in the 
effluents and waste water showed toxic limits even 
1.5 km downstream fi'om the main disposal point. 

Analysis of the standing field crops and aquatic 
plants showed that the concentrations of N, P, K, 
S, Fe, Cu, Mn, Zn, Cl', Cd, Pb were con'elated with 
total contents of these elements in the soil. Grass 
accumulated more Cr than paddy and water 
hyacinth, and exceeded toxic limits (Table 6). 
Transfer coefficients for Zn, Cu and Mn into rice, 
water hyacinth and grass were higher in rice plants 
than in grasses and water hyacinth. Transfer of Cl' 
into grasses was higher than into rice. These 
concentrations generally exceed the permissible 
levels (ranging from 0.05 mg kg-I to 0.1 mg kg-I 
depending on the crop) set by the Australian 
National Health and Medical Research Council. 

Rice and wheat were grown in a pot experiment 
in soils from the tannery area with high contents 
of Cr. The wheat showed delayed maturity and 
stunting of growth , and the rice showed late 
flowering and maturity with dark green colour; Cr 
was found to have accumulated more in roots than 
in shoots or grains (Table 7). 

In another experiment it was observed that 
application of tannery effluents to soils of differing 
textures resulted in reduction of yield of rice, with 
enhanced uptake ofNa, Mn, Zn , Cd and Pb. The 
adverse effect was more pronounced in light soils 
than in heavy soils. The effluent was also found to 
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Table 6. Metal contents (mg kg-I dry matter) in plants 
collected from the tannery waste-affected area 

Metal Water hyacinth Grass Paddy 
species 

Cd 0.83 0.58 
Cl' 161 595 12 
Cu 5.3 16.7 48 
Mn 116 229 372 
Ni 14 7 
Pb 45 13 
Zn 139 158 107 

SOllrce: lIruzzanman 1995; Kashei11 1996 

negatively affect performance, nodulation and 
growth of mung beans (Nazmul Islam 1994). 

Regulatory Measures 

Toxicities of chemicals used in Bangladesh are not 
generally tested, except for some formulated drug 
items. The Department of Environment (DOE) is 
responsible for ensuring the safe use and disposal 
of toxic chemicals or effluents from various 
industries , including the tanning and leather 
industries. The existing industries in most cases 
do not have any effluent treatment plants for 
neutralising the toxicity and harmful effects of their 
pollutants . Those industries have now been 
directed to build appropriate waste treatment plants 
for neutralising harmful chemicals before disposal 
of the waste into the environment. The government 
has recently fixed a legal limit value for discharge 
of tannery effluent to surface water but this has 
yet to be enforced. 

For new in.dustries , an environmental impact 
assessment has made it mandatory for them to set 
up appropriate procedures at the planning stage, 

Table 7. Metal contents (mg kg I) in wheat and rice 
grown on soils contaminated by tannery wastes 

Metal Wheat Rice 
spec ies root shoot grain root shoot grain 

Cl' 376 5.4 <5 4702 112 <5 
ClI 9.9 4.2 9.7 4.0 6.3 4.3 
Mn 19 10 15 161 125 34 
Zn 129 57 118 276 121 3 

Source: Nurllzzallman 1995 



so that deve lopment can be safe and sustainable. 
These activities of DOE are backed up by an 
Ordinance promulgated in 1977, which is still in 
force as an act of law. 

Future Research to Manage 
Tannery Waste-contaminated Land 

The available information on the nature and extent 
of contamination of soil by tannery wastes is not 
sufficient. Further research is needed to: 
a) assess the effects of tannery wastes on soi I 

quality with respect to physical , physico
chemical and biological properties, and more 
parti c ularl y nutri ent dynami cs a nd 
microbiology; 

b) investigate in si tu the uptake of various heavy 
meta l spec ies by the ex ist ing crops and by 
various economically important crops under 
ex perimental conditions; 

c) determine the threshold limits of various heavy 
meta ls for various crops; 

d) determine the extent of pollution of surface and 
ground water by the wastes; 

e) study the ameliorative effects of various organic 
manures and material s; 

f) find an acce ptable strategy for the disposa l of 
wastes to the agricultural system - alternative 
uses of the treated wastes for agriculture and/ 
or other purposes; 

g) study the transfer of polluting agents to humans 
and animals via the food chain . 

Acknowledgment 

The author acknowledges the ass istance and 
cooperat ion of Or Karam Ali of Bay Tanneries in 
furnishing him with some information sought. 

28 

References 

Chowdhury, F.J. , (mamul Huq, S. M. and Aminul Is
lam, M. 1996. Accumulation of va ri ous pollutants 
by some aquatic macrophytes found in the Buriganga 
River. Proceedings of the 25 th Bangladesh Science 
Con ference. 

DOE 1992. Training Manual on Environmental Man
agement in Bangladesh. Department of Environment. 

Em ranul Huq, M. and Delwar Hossain , A.H.M . 1996. 
Urbanisation and the emergence of urban informal 
sector: Bangladesh perspecti ve. Geography Journal , 
15, 19-40. 

Enamul Haque, A.K., Fa isa l, I.M . and Bayes, A. 1977. 
Human Hea lth and Human Welfare Costs of Envi
ronmental Pollution from the Tannery Industry in 
Dhaka - an EIA study. Report presented at the mid 
term review workshop ill Yogyakarta, Indonesia, Sept. 
3- 8, 1997. 

Kashem, M. A. 1996. Heavy metal contamination of ter
restrial ecosystems in the vicinity of industries. A case 
study of Dhaka. Bangladesh. MSc thesis, Centre fo r 
Internati onal Environment and Development Stud
ies, Noragric, Agricultural University of Norway. 

Kh atu n, H. and Huq , M. 1994. Paribesh dusholley 
hazaribagh elkar chamra shilpa (Leather industries 
in the Hazaribagh area and environmental pollution). 
Bhugole Patrika (Geography Journ al), 13,8- 19. 

Nazmul Islam, M. 1994. Effect of intensive cultivat ion 
and industri al wastes on some soil characteristi cs and 
plant growth. MSc thesis. Department of So il Sci
ence, University of Dhaka. 

Nuruzzanman, M. 1995. Industrial pollution of soils, 
crops, sediments and water systems around Dhaka 
city. PhD thesis. Department of Soil Science, Uni
versity of Dhaka. 



Critical Environmental Issues Relating to 
Tanning Industries in Nepal 

Romi Manandhar l 

Abstract 

In comparison to neighbouring countries, the leather industry sector in Nepal is very 
small. Tanneri es in Nepal are still in a pre-industrial stage. The leather industry is the third 
major export earner of the country, but, beca use of the absence of a value-added leather 
conversion sector, it is providing limited employment opportunities. Regulatory measures 
have been lax , so the use of poor quality water and chemicals and the uncontrolled dis
posa l of waste water and solid waste are damaging the environment. Pollution preventa
tive techniques such as cleaner technology, eff'luent treatment facilities, recycling and 
waste reuse are not being practi sed in this country. The environmental Act and Regulation 
on pollution control are not yet effective due to lack of a strong implementing mechanism. 
So far, no work has been initiated to assess the impact on soil and agriculture. A study 
program is needed immediately. 

COM PARED to other south-east Asian countries, the 
industrial sector in Nepal is still in an early stage 
of development. Industrialisation started late
after I 950- and for most of the fifties and sixties 
it concentrated on th e building up of basic 
infrastructure for industrial development and the 
establishment of impoli substitution industries. It 
was only after 1970 that the industrial sector started 
to have an impact on the national economy and to 
provide employment. Major industries established 
during this period were agricultural and forest
based, producing products for export and domestic 
consumption. There has been a widening of the 
industrial base in recent years with the establish
ment of several modern industrial enterprises. 

The history of the leather sector in Nepal is not 
very old; the tanning industry was only established 
during the mid-I 960s. According to recent sectoral 
analysis, the leather and leather product industries 
are the third major export earner of the country 
and have good development potential (Table I). 

I Na ti onal Bureau of Standard s and Metrology, 
Kathmandu, Nepal 
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Compared to neighbouring countries , th e 
production capacity of Nepalese tanneries is very 
small. Industrial production of leather in Nepal is 
carried out by 16 tannery units, most of them in 
the southern lowland of the countly adjoining Bihar 
and Uttar Pradesh, the northern states of India. 
Though the basic leather manufacturing process 
is the same, none of the tanneri es is able to run at 
full capacity. In some tanne ri es the capacity 
utilisation is very low, ranging from 64% to 36% . 
The availabilities of raw materials, technology and 
machinery govern the production capacity of 
these tanne ri es. 

The basic raw materials for leather manufacture 
in Nepal are buffalo hides and goatskins (Table 2). 

Table I. The five main industrial exports from Nepal 

Major export EX pOl1 value Percentage of 
commodity (in '000 Rs) total ex ports 

Woollen carpets 7715000 53 
Ready-made garments 5130200 35 
Hides and skins 516500 3.55 
Gold and silverware 164500 1.1 3 
Hanclicra fts 115500 0.8 



I n terms of leather production processes, 
technological improvement is still very slow. 
Leather processing knowledge and skill- both 
traditional and modern- are neither evenly nor 
widely disseminated. Further, certain technologies 
that are well established and widely used in other 
countries have not yet reached the Nepalese leather 
industries. For these reasons the bulk of leather is 
exported in the form of semi-processed wet blue 
leather (Table 3). 

Of the total export of II million square feet of 
leather in 1995- 96, about 59% was exported to 
European countries ; Indian tanneries bought 3 I %. 

Very few value-added leather goods are 
produced and there are few craft industries in 
Nepal, mainly because of the lack of skilled 
workers and finished leather. The absence of a 
leather conversion sector to produce value-added 
finished leather and leather goods is clearly 
reflected by the number of workers currently 
employed in the leather sector. A survey of all 
operating tanneries shows that they employ less 
than 1000 skilled and semi-skilled workers. The 
absence of leather technical support centres for 
skill development and technical advisory services 
is the main reason behind this low employment. 

To promote the production of value-added 
finished leather and leather goods, in 1996 the 
Government gave tanneries 10 years to switch over 
fi·om wet blue to finished leather. The operating 
tanneries are required to export a minimum of I 5% 
of their production in the first year in the form of 
crust or finished leather. This percentage will be 
increased proportionately each year, and after ten 
years export of wet blue will be completely 
stopped. 

As mentioned above, there are 16 tannery units 
in Nepal ; only 13 of them are in operation at 
present. The majority of these are processing wet 
salted hides or skins into wet blue leather. The 
processing capabilities, water consumption and 
effluent volume generated by these tanneries are 
shown in Table 4. 

Environmental Considerations 

The rapid growth in exports of leather, mainly in 
the form of wet blue, combined with an increase 
in the number of tanning industries in the country 
has caused serious environmental degradation by 
water pollution and land pollution, particularly in 
areas where most of these tanning industries are 

Table 2. The basic raw material base for leather 
manufacture in Nepal 

Livestock Population Production of hides/skins 
(million head) (million pieces) 

Bovine 9.3 1.2 
Goat 5.4 2.7 
Sheep 1.3 0.9 

located. The open disposal of untreated waste water 
and solid waste onto land or into water bodies not 
only pollutes surface and groundwater, it equally 
degrades the surrounding environment, posing a 
great threat to the population. 

Watu use 

All tanneries are using underground bore water. 
The untreated raw water is conveyed either to 
storage tanks or directly used in the production 
process. As there is no restriction on water use an 
unlimited volume of water turns into polluted waste 
water. The workers and tanners have no sense of 
water conservation, and there is no incentive to 
conserve water. Systems of recycling and reusing 
waste water do not exist. Some additional reasons 
contributing to this are: 
• water sources are not metered; 
• there is no tax on use of underground water; 
• there is no effluent treatment plant to control the 

volume of waste water discharged and the load 
of pollutants in it. 

It is therefore diAlcult to estimate the actual volumes 
of water used and waste water generated by a tannery. 
They can be estimated only on the basis of the weight 
of raw materifll processed and the discharge of a 
cOITesponding volume of waste water. 

Water pollution 

In Nepal , the tanneries are not clustered in one 
location as in other south-east Asian countries. The 
tanneries are widely separated from each other and 

Table 3. Proportions of types of leather exported 

Type of leather 

Wet blue 
Crust 
Fini shed 

30 

Product percentage 

70 
20 
10 



Table 4. The processing capabilities of tanneries 

Tannery 

Narayani Manufact1lring fnd. 
Everest Leather Ind. 
Standard Leather Ind. 
Annapurna Leather Ind. 
Universal Leather Ind. 
Nepal Tanning Ind. 
Pioneer Tanning Ind. 
United Tanning Ind. 
Bagmati Tanning Ind. 
Mankamana Leather Ind. 
Birat Leather Ind. 
National Leather Ind. 
Marim Leather Ind. 

Total 

Production capacity 
(kg hide or skin day-') 

5700 
3600 
3000 
3000 
7200 
7500 
6000 
3000 

600 
600 

3000 
3000 
1200 

Water consumption 
(m 3 day-I) 

91 
57.6 
48 
48 

115 
120 
96 
48 

9.5 
9.5 

48 
48 
19 

757.6 

Effluent volume estimated 
from process (m3 day-I) 

54 
35 
29 
29 
69 
72 
58 
29 

5.7 
5.7 

29 
29 
11 

455.4 

Weight of raw skin - 6- 8 kg per piece; weight of raw hide - 30 kg per piece 

operate mostly in non-residential areas. The 
cumulative effect of pollutants from tanneries on 
the environment is therefore not apparent. 
However, in real terms it is very serious. 

In most of the Nepali tanneries the following 
characteristics contribute to pollution. 
I. Green weight after fleshing is not determined, 

so chemicals and water are added in surplus and 
these unnecessarily poll'ute the environment, 
particularly with sodium sulfide. 

2 . There is a lack of control on the production 
process which leads to unnecessarily excessive 
use of chemicals, resulting in a high pollution 
load , e.g. an incomplete liming process leads 
to poor chrome fixation , resulting in : 

• lower leather quality, 
• unnecessarily high cost of chemicals, and 
• high chrome content in effluent. 
3. There is no recycl ing of floats . 
4 . Washing is carried out continuously, creating 

large volumes of unwanted waste water. 
5. Tannery machinery as well as drums need 

improvements. 
These characteristics mainly result from a lack of: 
• critical sense towards chemical use and technical 

know-how, 
• well equipped testing facilities and experienced 

leather technologists, 
• R&D service in all tanneries, 
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• technical know-how about cleaner technology, 
• process quality control and quality improvement 

of the end product, 
• total quality management (TQM). 

All tanneries directly discharge their waste water 
into inland rivers or streams. Some tanneries , 
especially large tanneries , have small multi
chambered (3) settling tanks and/or ponds. These 
treatment facilities are not very effective in 
reducing pollutants, perhaps because: 

• there is no mixing and intermediate 
neutralisation of effluent which would improve 
precipitation; 

• the tanks are seldom cleaned or maintained so 
they are mostly filled with the solid waste and 
sludge froni the tannery and they are not 
functional ; 

• sludge removal from the tanks (ponds) is very 
difficult since it should be done manually. 

Waste waters from beam houses and tanyards are 
not separated, so they contain high concentrations 
of dissolved solid fibri liar materials, chemicals and 
chromium salt. The effect of such polluted water 
can be eas ily seen in and around discharging water 
bodies and land. 

Solid waste 

Tanneries are major sources of highly toxic and 
hazardous so lid waste. They produce animal 



residues from such operations as cleaning, fleshing, 
splitting, trimming, shaving and buffing. Each of 
these operations generates waste products, which 
must be either reused or disposed of. Solid wastes 
of animal origin are powerful pollutants in water 
and produce odour when they decompose. 

Some factories sell or give away the solid waste 
to farmers who use it as fertilizer or process it in 
small quantities into chicken feed. Otherwise 
tanneries in Nepal have no organised solid waste 
disposal system or by-product manufacturing units. 

A critical study is needed, to evaluate the 
quantity of solid waste generated , its disposal and 
the implications of that for water and the 
surrounding environment. 

Problems and Possibilities for 
Cleaner Technologies 

Various factors , among them the very small size 
of tannery units, and absence of adequate technical 
know-how and motivation , are the major obstacles 
preventing cleaner technology in Nepali tanneries. 
However, as the tanneries in Nepal are still in many 
respects in a pre-industrial stage, care is needed to 
ensure that the necessary modernisation goes hand 
in hand with a gradual introduction oflow pollution 
and cleaner technology. 

Environmental legislation and administ.·atioIl 

Concern has already been expressed in the 
Constitution of the country about increasing 
environmental degradation and its effect on the 
environment. The Constitution proclaims that: 
'The State shall give priority to the protection of 
the environment' . To meet the spirit of the 
Constitution and to control environmental 
degradation , His Majesty's Government of 
Nepal has set up a new ministry, Ministry of 
Population and Environment (MOPE). This 
ministry is solely responsible for formulating 
policy and plans to safeguard the environment 
from pollution. With this aim , the government 
has already promulgated the Environmental Act 
and Environmental Regulation. It will be the 
responsibility of the line ministries and 
departments to implement the provisions of the 
Act and Regulation in establ ishments that come 
under their administrative control. 

Pollution control from industries is also regulated 
by the Industrial Enterprises Act (1992) and 

administered by the Department of Industry. 
Similarly there are a number of other laws which 
can deal with environmental pollution, especially 
to protect against water pollution, e.g. the soil and 
water conservation Act, the canal (irrigation) , 
electricity and related water resources Act, etc. 

In the control of industrial pollution, the Nepal 
Bureau of Standards and Metrology (NBSM) also 
holds a velY impOltant position. It is the responsibil
ity of the Bureau to monitor industrial waste water 
and atmospheric emissions to ensure compliance 
with the provisions of the Act and Regulation, in
cluding compliance with standards as and when they 
become available and are incorporated into the 
Regulation . For the implementation of the indus
trial pollution control management strategy, the 
NBSM has formulated general standards on ' Waste 
water discharge into inland surface waters eNS: 
229)' and industry specific standards on ' Effluent 
discharge from the tanning industry (NS: 229: 
Pmt I)'. All these standards are of a voluntary na
ture; it is up to the M inistry of Population and En
vironment to implement and enforce them. 

Waste water treatment facilities 

Environmental and quality awareness are present 
among the staff of the tanneries but seem to be 
limited to individual tanners. So far, the tanning 
industlY in the countlY has shown velY little interest 
in controlling pollution, minimising waste and 
improving quality. In order to overcome the 
pollution problem and initiate the participation of 
tanners in pollution control , a non-governmental 
organisation has been subsidising 50% of the cost 
of making simple multi-chambered effluent 
treatment systems in tanneries whose tanners wish 
to construct this pre-treatment system. 

Only recently, a project sponsored by the United 
Nations Industrial Development Organization, 
UN IDOIN EP/92!120, has started construction of 
one effluent treatment plant and a common effluent 
treatment plant as demonstration effluent treatment 
facilities in Nepal. These establishments will be 
used only for primary treatment of tannery 
effluent. The treated discharged water from 
these treatment plants w ill be sent to municipal 
waste water treatment facilities for biological 
treatment. This project has also established one 
chrome recovery unit as an effective option for 
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cleaner technology, and at present three tanneries 
are using this facility. 

Future Institutional and Research Needs 

At present, tanneries in Nepal are characterised 
by low levels of technology and the production of 
low-grade leather from low-grade raw hide and 
skins. System innovation and enhancement in 
industrial efficiency are necessary for quality 
improvement as well as reduction in pollution. To 
be motivated towards process modification , the 
tanners need clear and consistent evidence to 
support it. 

In the present situation, to introduce cleaner 
technology, it is necessary to build an experimental 
tannery consisting of one or two small drums with 
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the necessary equipment. This could be used to 
study and demonstrate new methods and test 
chemical recipes. In addition to this, there is a need 
for technical expertise in Nepali tanneries. 
Consultants and trainers from countries well 
advanced in this field could be useful in the short 
term for solving specific problems, establishing 
quality experiments, and implementing cleaner 
production technology. They are not and should 
not be an alternative to developing a sustainable 
Nepali tanning industry. 

In order to assess the impact of tanning waste 
on soil, first a critical baseline study program in 
this direction is needed and only after this should 
further research work be organised to manage the 
tannery waste-contaminated soils. 



Tanning Industries in Sri Lanka: 
Review of Status 

Azeez M. Mubarak l 

Abstract 

During the past decade the economy of Sri Lanka has shown a slow bu t steady shi f t from 
an agricultural to an industri al base. In the earl y 1960s the share of agriculture in GDP was 
around 40%. It declined to 28% by 1980 and further to 18% in 1996. On the other hand 
the rapid growth of the manu facturing sector in Sri Lanka has been a recent phenomenon, 
a direct result of the liberalisati on of the economy which started in the late 1970s. The 
share of the manu facturing sector in GDP rose from 15% in 1980 to 2 1 % in 1996. The 
industry and services sectors assume criti cal importance in the economic deve lopment of 
the country when one considers the limi ted land resources ava ilable to support the in
creasing population at a reasonable standard of liv ing. The challenge of development in 
the broadest sense is to improve the quali ty of li fe, raising incomes and standards of 
hea lth, and cleaning the environment. T his paper describes current industrial po llution 
management in Sri Lanka and then focu es on the tanning industries and their impact on 
the environment. 

T HE industri al development that has taken place 
so far in Sri Lanka has been mainly at small and 
medium scale. The urban sector is dominated by 
small and medium size manufacturing industri es 
i nc ludi ng tann e ri es, tex ti les, ga rme nts, foo d 
processi ng, paints, varni shes , cosmetics and other 
chemica l products, g lass, asbestos products, rubber 
products, etc . Industri es in the rural area are small 
cottage-sca le units using traditional techno log ies. 
These include foundries, hand looms, handicraft , 
bricks and tiles, the agro-based industries such as 
rubber process ing, ri ce milling, coir and coconut 
process ing , and essenti a l o il extracti on. Cement, 
paper, stee l, petroleum refining, sugar, ceramics 
and te xtil es re prese nt la rge manu fac turin g 
industri es. They are few in number and , fo r the 
most part, are outs ide the main urban areas . 

In Colombo the Gampaha di stricts form the most 
deve loped regions, accoun ting for nearl y 80% of 
the industri a li sati on in the country. Morotu wa! 

I Chemica l and Environmen tal Technology Di vision, 
CISIR. Sri Lanka 

Ratmala na and l ae la/Ek ala have th e hi ghes t 
concentration of industri es and are characteri sed 
by mixed, unplanned land use with a large number 
of industri al and other complexes intermixed with 
res id e nti a l a nd co mme rc ia l es tabli s hm e nts. 
De ve lopm e nt over fo ur decad es has c reated 
envi ronmental problems in these two areas: water 
po lluti o n is the pred o min a nt fo rm of 
e nvironme ntal degradatio n. 

A recent slll:vey in the Western Prov ince revealed 
that approx imately 46% of the industries classified 
as highly po lluting have installed some type of 
pollution contro l systems (ERM 1994). Industries 
established after 1990 routine ly ins tall pollution 
contro l sys te ms to treat the ir e fflu e nt befo re 
di sc harge , but th e pro ble m li es w ith th ose 
indu s tri es th a t ca me into o pe ra ti o n be fo re 
environmental laws came into fo rce. 

Industrial solid wastes are increas ingly becoming 
a major problem in the country. A recent survey 
estimates that at least 40000 t y-l of hazardous 
wastes are generated in the country (ERM 1996). 
With moderate industri al growth it is predicted that 
hazardous waste generat ion could rise to arounel 
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90000 t y- I. At present most of the hazardous 
wastes are either dumped within the s ite or 
collected by private contractors but the final 
destiny of these wastes is unknown. 

Apart from localities where a few industries such 
as cement-making, quarrying or refining are 
located, air pollution from industrial emission is 
relatively small at present. However vehicular air 
pollution is significant in urban areas, particularly 
in the Colombo Metropolitan Area. 

Current Strategy for Management of 
Industrial Pollutants 

Any national management system for the control 
of industrial wastes should comprise the following 
four elements: legislation , implementation and 
enforcement, facilities, and infrastructure and 
support services. For an effective management 
system it is important that all four elements are in 
place; legislation cannot be enforced satisfactorily 
without facilities and support services. Nor has it 
been found pos s ible to implement a waste 
management system nationally in the absence of 
suitable legislation. 

Success ful indu strial pollution management 
(lPM) is a cooperative as well as coercive exerci se, 
which ultimately relies on contributions from a 
range of ministries, industrial bodies and individual 
companies. Implementation and enforcement 
programs must be practical within the limits of 
resources and skills. 

Technological actions 

The IPM strategy adopted by the Government 
includes s hort-term actions for imm ediate 
implement a tion and a phased approach to 
implement longer-term actions. One of the more 
important actions of the rPM strategy is to actively 
promote Source Manage ment and Control. At 
present there is a littl e ev idence of application of 
source management and control procedures by 
industry. The reasons are bo th technical and 
financial; as well , there is a lack of awareness 
amo ng indu st rialist s of the advantages. T he 
potential benefits both to industry and to the 
e nvi ro nment are ubstan ti al when discip lined 
procedures are adopted for the imple mentation of 
source manage ment and control. 

Several initiat i ves are al ready unde rway to 
promote the concept of cleaner production/waste 
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minimisation in Sri Lanka. The Pollution Control 
and Abatement Fund (PCAF) operated by the 
National Development Bank provides financial 
assistance to industry engaged in cleaner 
production/pollution control activities. The 
I ndustrial Pollution Reduction Programme (IPRP) 
sponsored by UNlDO (United Nations Industrial 
Development Organization) aims to identify and 
implement financially viable waste minimisation 
options in textile, metal finishing, distillery and 
tannery industries . It is setting up s ite-specific 
demonstration projects to promote clean 
technologies. Local tanneries are now being 
ass isted by UNfDO/CLRI (Central Leather 
Research Institute) in cleaner production activities, 
including water management, chrome recovery and 
reuse, technology upgrading and environmentally 
friendly processes. 

To minimise the environmental degradation of 
water bodies in the Ratmalana and Ekala industrial 
areas where there is a relatively high concentration 
of indu stries, common waste water treatment 
systems are to be constructed with World Bank 
funding to treat combined industrial and domestic 
waste water. There are technical, commercial and 
economic benefits if new industry, particularly 
industry in the high-pollution category, is located 
in estates or zones that have been provided with 
common waste water treatment facilities. The 
Ministry of Industrial Development has short-listed 
several areas suitable for development as industrial 
estates. Construction of an industrial estate at 
Sithawaka is already und e rway while 
environmental impact assessment is being carried 
out on several s ites in other parts of the country. 

Industrial wa s te water treatment plant s 
(physical-chemical and/or biolog ica l) produce 
s ludge that requires safe disposal off-site in 
accordance with the specific nature of sludge 
generated. Thi s require ment applies both to 
individual industry-based treatment plants and to 
combined industrial/domestic waste wa ter 
treatment plants. C urrent ly, viable outlets are 
limited for the di sposal of this sludge. This forces 
industry to ado pt a ran ge of uncon troll ed 
procedures for s ludge disposal, suc h as spread ing 
it on land within fac tory premi ses , w ith an 
associated ri sk of groundwater pollution , or having 
it disposed of by private contractors at unknow n 
sites. A sol id-waste di sposal s ite is to be established 
w ith World Bank as s is ta nce in the Western 



Province for munic ipal waste and non-hazardous 
industrial solid waste . 

The problem of hazardous waste generation and 
its safe di sposal has become a major concern in 
the country. A pre-feas ibility study carried out 
und e r th e Me tro po lita n En viro nm e nta l 
Improvement Programme (MEW) recommends a 
low technology central treatment fac ility for the 
chemical treatment and stabi I isati on of hazardous 
wastes with a landfill s ite for the stabili sed wastes 
(ERM 1996). It also proposes the use of an exi sting 
cement kiln to burn pumpable o rganic wastes. 

Support measures 

Policy and legislalion 

The Nati o na l Environm enta l Act (NEA) was 
passed in 1980. T hen the Centra l Environmenta l 
Authority (CEA) was created in 198 1 as a poli cy 
making and coordinating body. Amendments in 
1988 transformed the CEA into an enforcement 
a nd impl ementing agency. Until recently, a ll 
industries- whether they were class if ied as low 
pol luti o n, medium o r hi gh po lluti on- we re 
required to obtain an environmental protection 
li cence (EPL) . In view of the th o usa nds of 
industri es scattered around the country and the 
regulatory burden placed on the relatively few CEA 
staff, it became very difficult to issue EPLs to all 
industries. To reli eve this constraint the issue of 
licences to low polluti on ind ustries has been 
delegated to the re levant local authori ties s ince 
1994. The NEA is also being amended to prescribe 
that industri es which are highl y pollut ing require 
a licence. Thi s will allow the CEA to more closely 
mo ni tor the activities of the major polluters. 

Under the envi ron menta l impact assess ment 
(EIA) regulations, certa in prescribed projects are 
required by law to undergo EIA . Large-scale and 
hazardo us industr ies suc h as iro n and stee l 
ind ustr ies, c he mica l ind ustr ies, pe t ro leu m 
refi neries, sugar, cement and paper mill s, tanneries 
above a certain production capac ity, and others, 
have been lis ted as presc ribed proj ects wh ich 
requi re an EIA study pri or to commencement. In 
add ition, all industrial estates exceed ing 10 ha will 
also be required to undergo EIA. 

The existing discharge standards fo r industria l 
effl uent on land or in surface waters and marine 
coastal areas are bei ng reviewed by the Sri Lanka 
Standards Institute (SLSI). Nati onal ambient air 

quality standards and noise control standards have 
been gazetted based on World Hea lth Organi zation 
guidelines. Stack emission standards for stati onary 
sources have bee n fo rmulated a nd will be 
imple mented soon. A Nati ona l Definition o n 
Hazardous Wastes, and regulations to control the 
co llecti on, s to rage, transport and di sposa l of 
hazardous wastes, have been gazetted. 

In 1996 a Na ti o na l Indu s trial Po lluti o n 
Management Po licy Statement was signed jointly 
by the mini sters of Industry, Environment and 
Science and Technology which advocates the 
fo ll o wi ng pri nc iples : po ll uti on preve nti o n a t 
source; polluter pays; clustering of industri al units 
in estates or parks; incenti ves and enfo rcement ; 
and interacti on between the community, the pri vate 
sector and the government. 

Inslilulional deve lopmenl 

It is very difficult to build a control system fo r 
industri al po llution withou t stre ngthening the 
insti tutional capacity for monitoring pollution and 
enforcing the regulati ons. Some of the powers of 
the CEA have been de legated to the Board of 
In vestment and other loca l authorities to help in 
the impl emen tat ion and e nfo rce ment of the 
leg is la ti o n. It is al so e nv isaged that a n 
Enviro nmenta l Cons ul tan ts and Co nsultanc y 
Scheme will be deve loped to help industry. 

It is important to bui Id up ind igenous capacity 
to develop cost-effect ive pollution control systems, 
to select and ass imilate imported technology, and 
to provide access to foreign technica l info rmation 
for industry. Several state organi sati ons such as 
the CISI R (Cey lon Insti tute for Sc ienti fic and 
Industria l Research), NBRO (National Build ing 
Research Organisation), RRl (Ru bber Research 
Institute) and the universities offer testi ng and 
consul ting serv ices to industry to so lve the ir 
po lluti o n-re lated problems . In addi ti on many 
private sector compan ies and consultancy firms 
have mushroomed to serve the growing demands. 
However, to provide a more e ffec tive and re li able 
service to industry, the expert ise and fac ili ties 
availab le in these laboratories need strengthening 
and accreditation to internationa l norms. 

Training and awareness 

Severa l environment-related courses at post
graduate level have been initiated by Colombo, 
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Moratuwa, Peradeniya and Ke laniya universities 
to cater for the growing demand for environmental 
engineers and scientists in the country. 

The ministries of Science, Technology and 
Human Resources Deve lopm e nt will be 
implementing a comprehensive sc ience and 
technology manpower developme nt program 
sponsored by the Asian Development Bank next 
year which will enhance, among other things, the 
quality and R&D capability of the environmental 
science and technology capacity in the country. 

Tanning Industry 

The tanning industry in Sri Lanka is relati vely 
small. There are about 16 private tanneri es in Sri 
Lanka, most of which are situated in and around 
Colombo. These tanneries process raw hides or 
skins to semi-finished leathe r and crust or to 
finished leather us ing traditional vegetable and 
c hrome tannin g , for the domestic and export 
markets. Fin ished leather is further processed to 
leathe r goods and footwear mainly for export 
markets. The installed capacities of these tanneries 
are generally low, rang ing from 15000 kg month- ' 
to 12000 kg day- I. Some of the tanneries produci ng 
fini shed lea the rs a re equipped with modern 
machinery, most of it imported . 

The total availability of raw hides and skins per 
month has been estimated as 50 000 cow hides ( 10-
12 kg each), 25 000 buffalo hides (18- 20 kg each) 
and 45000 goat skins (1-2 kg each). T hi s amounts 
to a total supply of 1092 t of hides and skins per 
month or 43.7 t day- ' us ing an average of 25 
working days per month (Tab le I). Since the 
current production ce iling has been fixed at 28 t 
day- I, a direct loss o f 15.7 t of valuable raw material 
per day is e sti mated (RPPC 1997). Th ere is , 
however, a shortage of good grade rawhides and 
ski ns and the tanneri es have been importing some 
raw hides and skins as well as semi-processed 
leather (wet blue and crust) for processing into 
fini shed leathe r. T he locally avai lab le raw hides 
and skins are not of good qual ity, mainly due to 
brand ing and improper fl ayi ng and preservati on 
methods. 

Impact on economy 

In 1996, the textile, wearin g appare l and leather 
sectors ' contributions to industria l production were 
as high as 4 1 % ( 1124 SDR mil lion) (CBSR 1996). 
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Table 1. Profile of 15 tanneries in the tanning sector 

Number of establishments 

Raw materi al ava ilability 
cow hides 
buffalo hides 
goat skins 
total 

15 

50000 (10-12 kg each) 
25000 ( 18-20 kg each) 
45000 (1- 2 kg each) 
43.7 t day- I 

Total waste water volume 1614 m3 ciay- ' 
based on production stati stics ( 1.1 x 106 ft2 montlr ' ) 
I tonne of hides = 1492 ft2 

emiss ion factor = 52 m3 waste water rl hides 
number of working days = 286 pe r year 

Esti mated pollutio n load 
BOO 
COD 
Total toxic metals 

Size (water use m3 day-I) 
6-75 

76- 150 
151 - 350 
351 - 750 

Sources: ERM 1994: RRPC 1997 

3229 kg day-I 
8070 kg ciay- ' 
161 kg day- ' 

No. of establishm nts 
9 
4 

Eve n though wea ring a pparel is the major 
contributor to th is sector the leather industry 's 
contribution was significant. Export of leather 
products has achieved a growth 01'25.76% during 
J 990- 1996. The highest growth has been seen in 
the travel goods and bag category. In 1996 the total 
ex port va lue from the leather sector was 16.4% 
(82.7 1 SDR million) of total manufacturing exports 
(EPI 1990-1 996). 

The Ministry of Industry has estimated direct 
emp loyment generated by the tanning ind ustry at 
500. Employment is ex pected to be much higher 
in downstream leather process ing- footwear and 
leather goods. 

Environmental issues 

Almost all the tanneries are located in urban areas 
that have a mi xture of residential , commercial and 
industria l establishments. Of the 16 tanneries, only 
one has a treatment plant, but even thi s does not 
f un c t io n o pti mal ly. Hence a ll the tan ne ri e s 
d isc ha rge thei r un treated efflue nt to in lan d 
waterways or marshy land, causing considerable 
po llution. In addi t ion , so li d was tes are e ither 
du mped within the si te or transported outside for 



Table 2. Pollution di scharge standards for tannery e ffluent in Sri Lanka' 

Parameter Inland waters Marine coastal waters 

pH 5.5-9 5.5- 9 
Suspended solids (mg L ') 100 150 
BOO (mg L- ') 60 100 
COD (mg L- ') 250 300 
Alkalinity (CaC0 3) (mg L- ') 750 NA 
Chloride (mg L- ') 1000 NA 
0 -+6 (mg L- ') 0.5 0.5 
Cr (total) (mg L- ') 2 2 
Oil & grease (mg L- ') 10 10 
Pheno lic compounds (mg L-') I 5 
Sulfide (mg L- ') 2 5 

' A ll ef fort s should be made to remove colour and unpleasant odour as fa r as poss ible. 
These va lues are based on dilution of efil uent by at leas t eight volumes of clean receiving water. If it is less. the permi ss ible limits 
are multiplied by 1/8 of the actual dilution. 

dumping in marshy areas by contractors. The 
growing public awareness of the nui sance caused 
by the di scharge of untreated e fflue nt, and the 
vi s ibl e accumulati o n o f tanne ry solid was tes 
coupled with the obnoxious odour ari sing fro m 
ta nne ry ope rations , ha ve a ttracted in c reased 
atte ntion to thi s secto r. In response to objections 
from the public and in view of the existing tannery 
effluent di scharge standards, the CEA has fix ed 
the productio n leve ls of the tanneri es at the 1991 
le ve l, until a more perm anent solution is found . 

Pollution load and water use 

Based on producti o n fi g ures, water use of the 
tanneri es has been es timated (Table I) (ERM 
1994). Small-scale units consume 6- 75 m3 da)'1 
whil e the la rges t uni t uses 351 - 750 m 3 day- I. 
Similarly, to tal waste water vo lume from tanneri es 
has been esti mated at 1614 m3 day- ' us ing an 
emission fac tor of 52 m3 waste water t- I hides. The 
estimated poll uti on load is 3229 kg day- I BOO 
(biological oxygen demand), 8070 kg day- ' COD 
(chemical oxygen demand) and 161 kg day- ' total 
toxic metals. Estimates are not avail able for the solid 
wastes generated: salt, hair, fleshing, trimmings of 
untanned leather, buffing, shav ings, etc. 

Discharge standards for tannerv waste ,vater 

Table 2 g ives the Nati o na l Standards fo r d ischarge 
of tannery e ffl uent into in land surface waters and 
marine coastal areas. 

Impact on soil, water and crops 

Most of the tanneries have been operating for more 
than 30 years, di scharg ing untreated e fflu ent to the 
nearby waterways and marshy land, and the impact 
on soil , water and crops grown on these marshy 
lands appears to be quite hig h. Apart from one 
researc h study that re veal ed the presence of 
chromium in leafy vegetables grown in marshy land 
adj acent to a tannery, there are hardly any data o n 
the impact of tanneries on soil , water and crops. 

Although the tanneri es are to be re located in an 
indu strial zo ne in the Southe rn Prov ince, the 
prese nt loca tion s of ta nn e ri es ma y require 
re ha bilita ti o n , de pe ndin g o n th e ex te nt o f 
conta minatio n. Rajag iriya, where some of the 
tanneri es are located , is a priority area for furth er 
inves ti gation because of its close proximity to the 
admini st ra ti ve c apit a l o f the country , Sri 
J aye warde ne pura. The fo ll o wi ng ac ti o ns are 
suggested: 

i) a detai led study to estimate the impact of tannery 
indus tries o n so i I, wate r a nd c ro ps in the 
Raj agiriya and Hendala/Watta la area; 

ii ) if co ntamination is extens ive, short-te rm and 
lo ng-term solutio ns should be identi f ied, fo r 
manag ing contaminated land . 

Relocation 
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A s ite with an area of 105 acres (42 ha) at Bata 
Atha in the Hambantota District (approx imately 



320 km south of Colombo) has been identified for 
relocation of all tanneries. Based on the EIA study 
the CEA has g iven provisional clearance subject 
to: (i) availability of sufficient water, and (ii) a 
dispersion model study in the event of effluent 
be ing discharged into the sea without adeq uate 
treatment. Meanwhile a proposa l (RPPC 1997) has 
been submitted to UNIDO for technical assistance 
to set up the Common Effluent Treatment Plant at 
Bata Atha. 
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Fate of Chromium in Soils 



Chemistry of Chromium in Soils: an Overview 

R. Naidu l and R.S. Kookana l 

Abstract 

C hromium , a transition group meta l, enters the so il environment both through natural 
processes and as a result o f human activiti es. Natura l processes generall y include weath
ering of C r-containing parent mate ria ls s imil ar to the serpentine mineral soil s. In such 
soils Cr concentrati on is generally high and o ften exceeds 1000 mg kg-I. However, such 
soils rarely pose a ri sk to human or ecosystem health because of the low bioavailability o f 
Cr. In its most stable elemental state, Cr has a 3d5 and 4s1 electronic configuration. T here
fore Cr can exist in a number o f ox idation states, the two most stable states in so ils being 
Cr(lll ) and Cr(V!). O f these, the C r(lIl ) species fo rms stable tetrahedra l complexes be
cause of its much larger crysta l fi e ld splitting energy. Consequently Cr( IlI ) is often the 
dominant form in the soil environment. The chemi stry of C r in soil s is contro lled by Eh
pH interactions through its effect on so il and so lution fac tors. Thus in so il s with pH < 4.0 
and at Eh values ranging from 400 to 200 mV, Cr( III ) is the dominant species. In contrast, 
C r(VI) is the predominant species in so il s with high pH and with Eh ranging from 200 10 

600 mY. Both C r(III ) and Cr( V!) concentrati ons are a lso contro lled by natura lly occur
ring reductants such as Fe( ll ) and organi c matter, and ox idants such as Mn(IV). Chro
mium interacts with collo id partic les both through specifi c and through non-specific ad
sorption reactions. However, a recent EXA FS study by Ferndorf ( 1995) indi cates that 
Cr(VI ) can bind to ox idi c surfaces via e ither a monodenta te (s ingle) or a bidenta te mecha
nism. The chemistry of C r in waste materia l is complex and is contro lled by the redox 
coupling reacti ons and pH . Thi s paper prov ides an overview o fCr chemi stry in so il s and 
its implications fo r the dynami cs ofCr at tannery waste-conta minated sites. 

MANY indus trial acti viti es , inc luding e lectro
plating, electric power produc ti on, the leather and 
pulp industri es, and ore and petroleum refinin g 
generate waste products that contain so l id and 
aqueous forms of chromium (Cr) (F6rstner and 
Wittman 198 I). Due to lax regul atory measures, 
land di sposa l of such wastes has led to extensive 
contamination of soils and groundwater in many 
cOllntri es througho ut the world . Follow ing the 
introduction of legislation in the late 1970s and 
1980s, landfi lls we re c ons ide re d as poss ibl y 

I CS IRO Land and Water, Pri va te Ma il Bag No. 2, Glen 
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suitabl e di sposa l options. However, di sposa l of 
wastes in landfill s can also lead to potenti a l re lease 
ofCr(VI ) spec ies to surface and subsurface waters. 
Since Cr(VI ) is both toxic and mutageni c (Adriano 
1986) many research ers have been work ing on 
tec hniqu es for re mediatin g wate r and so il s 
contaminated with Cr. 

Fo llow ing its entry into the soil environ ment, 
Cr is partitioned bet\veen the mineral, organic and 
so lution phases. Many bac teria have ch arged 
externa l surfa ces, so it is likely that C r(VI) may 
al so bind to those surfaces which have positi ve 
charge. T he chemi stry of Cr, however, is not as 
simple as that of many heavy metals. Firstly, Cr 
ex ists in both anioni c and cationi c state and the 



nature of the species may vary with changes in the 
soil environmental conditions. Such conditions 
may be those that occur following the disposal of 
wastes, with fluctuations in soil moisture levels, 
pH , redox potential , etc. Ofthe two fonTIs or species 
commonly detected in nature, Cr(Vl) is of concern 
because of its high mobility and toxicity. 

Hexavalent Cr species are anionic (i .e. HCr04-

and CrO/ -) and are generally mobile in most 
neutral to alkaline systems. Under acidic 
conditions, Cr(VI) is generally removed from the 
solution phase by adsorption reactions involving 
positively charged sites on oxidic surfaces 
(Bartlett and lames 1988). Trivalent Cr follows 
the general reactions of cationic heavy metals, i.e. 
complexation with humic matter, cation exchange 
on humic acids or clay minerals, and formation of 
hydroxy compounds by hydrolysis. Although many 
studies have been conducted on the behaviour of 
Cr in the aquatic environment (lames and Bartlett 
1983a,b,c; Stollenwerk & Grove 1985 ; Richard 
and Bourg 1991; Anderson et al. 1994), limited 
effort has been directed towards studies involving 
the behaviour of Cr at contaminated sites. This 
paper presents an overview of the behaviour ofCr 
in the soil environment. 

Position in Periodic Table 

Chromium, which is a transition element, belongs 
to group VIB of the periodic table. It is the seventh 
most abundant element on Earth. The crustal 
concentration (100 /lg g-I ) ofCr is much lower than 
the concentration in the mantle (5000 /lg g- I). It 
exhibits variable oxidation states that can range fi'om 
- 11 to VI. However, Cr is commonly found in 
oxidation states 0, III and VI; oxidation state III 
is the most stable. Hexavalent Cr is extremely 
soluble in water and forms divalent anion species 
(CrO/ -) which can rapidly reduce to Cr(IlI) under 
redox conditions and acidic pH. Chromium can 
ex ist in four oxidation states within the range of 
pH and redox potentials commonly found in soils: 
they are Cr}+, CrO,-, and two hexavalent forms , 
Crpt and CrO/ - (Bartlett and Kimble I 976a,b ). 

Background Concentrations in Soil 

The concentrations of Cr in soils are largely 
determined by the nature of parent material. For 
example, surface soils of gabbroic origin from 
Scotland (West 1979) typically contain Cr at 

Table 1. Chromium abundance (mg kg-I) in ultramafic 
rocks (from Sumner and Naidu 1997) 

Rock type No. of Average Range 
samples Cr 

Ultramafic rocks 113 2980 205- 15300 
Dunites 15 3440 1190- 10700 
Pyroxen i tes 8 2690 920-4730 
Periodites 20 2410 410-4550 
Serpentinites 44 3560 670- 15300 
Ki III berl i tes 3 1200 690- 1720 

approximately 100 llg g- I soil while in Scottish 
soils of granitic origin Cr concentrations are usually 
tenfold lower. On the other hand, soils derived from 
serpentines usually contain high concentrations of 
Cr. Bin'el and Wright (1945) reported C r 
concentrations ranging from 4.89% in surface soils 
to 3% in a subsurface soil from New Caledonia. 
Kilpatrick (1969) studied the distribution of nickel , 
Cr and cobalt in tropical soils over serpentines in 
the north-west district , Guyana . The Cr 
concentrations of soils in this area range from 100 
to 38 000 mg kg- ' with a mean content of 1200 mg 
kg- I. Analyses of serpentinite and of soils over 
serpentinite showed considerable enrichment ofCr. 
Similarly, high Cr concentrations ranging from 
2500 to 4000 mg kg- I were also reported by Proctor 
(1971) for British and Swedish serpentine soils. 
Table I lists the abundances of Cr in ultra-mafic 
rocks. 

Soil Solution and Extractable Chromium 

Despite the high concentrations ofCr in serpentine 
rocks, the concentrations ofCr in the soil solution 
and on the soil exchange phase are generally low. 
For this reason , data on the total Cr content of soils 
are of little relevance to plant Cr content because 
the Cr minerals present in soils are extremely 
insoluble. Chromium ion concentration in the soil 
is likely to be governed by the presence of 
insoluble Cr(OH), which has a solubil ity product 
of 1.0 x 10-3°. B;'eeze (1973) reported that the 
solubility ofCr ion decreases 1000 fold (from 1660 
mg kg- ' to 1.66 mg kg- I) in the pH range 4.5 to 
5.5. This suggests that in serpentine soils which 
have a pH greater than 6.0, Cr ion concentrations 
in the soil solution will be extremely low. The low 
solubility of Cr was illustrated by Soane and 
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Saunder (1959) who compared Cr extractability 
from serpentine soils using cation and anion resins 
at about pH 6. They found that only the cation 
exchange resin extracted appreciable quantities of 
Cr over a two month incubation period. 

Soil solution concentrations ofCr in relation to 
uptake by oats in a wide range of soils formed on 
ultrabasic rocks were investigated by Anderson et 
al. (1973). They found concentrations ranging from 
0.0 I to 0.02 mmol L I. These investigators also 
found that Cr was not detected in neutral molar 
ammonium acetate solutions (N H40Ac) . T his 
contrasts with the studies of Bin·el and Wright 
(1945) who found 0.026 mg kg- I extractable Cr in 
normal NH 40Ac from a so i l derived from 
serpentine in New Caledonia. Robinson et al. 
(1935) noted much lower levels in a number of 
serpentine soils, where Cr ranged from 0.00 I to 
0.006 mmol kg- I soil. Also Cr was undetectable in 
2.5% acetic acid. These results were similar to 
those of Lyon et al. (1968) for a range of soils 
developed on serpentine in the South Island of New 
Zealand. Shewry and Petersen (1976) studied the 
distribution of Cl' in soils from serpentine and other 
sites in Scotland and Austria. The pH values and 
concentrations of Cl' in soil samples from these 
studies are presented in Table 2. 

Shewry and Petersen found that exchangeable 
Cr comprised < 0.005% of the total Cl' and that 
nitric acid dissolved 30- 50% of the total Cr. They 
attributed the insoluble fraction of Cr mineral to 
chromite. Wild (1974) studied the relationship 
between 2.5% acetic acid extractable Cr and Cr 
contents in indigenous plants growing on Cr
bearing soils. He found that 2.5% (by volume) 
acetic acid extracted < 2 mg Cr L - I from most soils 
and therefore concluded that Cl' may be scarcely 
avai lable for plant uptake. Bertrand (1969) 
detel111ined M NH40Ac extractable Cr in 83 soil 
samples from various palis of France, and found 

that in 44.6% of the soils examined the available 
Cr ranged from 0 to 20 Ilg kg- I of air dried soil , 
while 26.5% contained 20-40 Ilg Cr kg- I and 7.2% 
contained > I 00 Ilg Cr kg- I; results much higher than 
those reported above for serpentinite soils. 

Behaviour of Cr in Sludge-treated Soils 

It is apparent from the behaviour of Cr in soils 
that the amount of extractable Cr is controlled by 
the nature of extractants and Cr species and also 
by soil properties. Among the soi I properties, soi I 
pH has a controlling influence both on the nature 
of the soil surface and on the oxidation state ofC r. 
Consequently an increase in soil pH can change 
Cr species fi·om cationic to anionic forms. Grove 
and Ellis (1980) evaluated the e ffects of pH on the 
soil chem istry of added Cr(1 IJ), Cr(VI) and sludge 
Cr to an Entic Haplorthod of initial pH 4.7 . 
Concentrations of Cr ranged from 0 to 500 mg kg-I 
as e ither CrC!, and CrO. or sludge at a rate of 
1400 mg kg-i . Following a time-dependent 
incubation of I day to 16 weeks , soils were 
extracted with M NH 4C I, 0.1 M CuS04 , 0.3M 
(NH4)2CP4 and citrate-dithionite-bicarbonate. 
Both water soluble Cr(llI) and Cr(VI) decreased 
with time and increasing pH , although the decrease 
in Cr(VI) with pH was less pronounced. 
Exchangeable Cl' (M NH 4CI) and organically 
bound Cr (0.1 M CuS04) were negligible; similar 
observations were also reported for natural soi Is 
developed on serpentinites by Anderson et al. 
(1973). Oxalate and dithionite extractions removed 
extremely large concentrations of Cl' from all the 
treated soils. This suggests that the water soluble 
Cl' compounds were rapidly transformed into 
highly immobile forms with ageing of the sludge
and Cr-treated soils. 

The rapid immobilisation ofCr in sludge-treated 
soils is also evident from the recent investigations 

Table 2. pH values and concentrations of chromium (mg kg 1 air dried soil) in soil samples from various sites in 
Europe (data fi·om Shewry and Peterson 1976) 

Location pH Exchangeable Cr HNOJ-soluble Cr Total Cr 

Unst Island 7.05- 7.45 <0.1 500- 1200 > 1800 
Aberdeen Shire 6.95 <0.1 660 > 1600 
Austria 7.10 <0.1 480 Il.d. 

Il.d. = not determined 
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on tannery-waste-amended soils by Milacic and 
Stupar (1995). These investigators carried out 
detailed studies on the behaviour of Cr in clays, 
sand and peat soils for a period of two years. The 
final concentration of total Cr was between 1500 
and 2000 mg kg- I. They fractionated Cr into a water 
soluble fraction, an exchangeable fraction 
(ammonium chloride), an organic-bound fraction 
(tetrasodium diphosphate) , a carbonate-bound 
fraction (sodium acetate/acetic acid), an oxide
hydroxide-bound fraction (hydroxylamine 
hydrochloride), and a residual (nitric acid) fraction. 
Fractionation ofCr in these soils indicated that five 
months after the start ofthe experimental study up 
to 1.1 % of total added Cr was oxidised in clay, 
0.45% in sand and only 0.03% in peat soils. The 
concentration of the water-soluble Cr and Cr(VI) 
decreased with further continuation of the study 
because Cr was redistributed to more sparingly 
soluble fractions of soils. The degree of Cr 
oxidation in these soils was found to be 
proportional to their concentrations of Mn(lV) 
oxides and water soluble Cr. 

Most of the added Cr was found to be in the 
sparingly soluble hydroxylamine hydrochloride 
extractable fraction (~70%) in the clay soil. In the 
peat soil the Cr distribution was primarily in the 
organic (about 35%), hydrochloride extractable 
(about 25%) and mineral fractions (about 20%). 
These results indicate that the behaviour of Cr in 
soils varies considerably depending on the nature 
of soil type, minerals and organic matter. 

Processes Controlling Cr Solubility and 
Transformation in Soils 

The chemistry of Cr in the soil environment, 
including the adsorption- desorption reactions, is 
controlled both by factors that control the surface 
chemistry of soils and by the composition of the 
so il. Unlike most metal ions, the chemistry ofCr 
Auctuates with the redox chemistry ofsoils. Factors 
that favour an oxidising environment assist with 
the transformation of Cr(lll) to toxic Cr(V I) while 
redox conditions favou r the reverse process. 
However, the extent of transition is controlled by 
a series of complex interactions between soil and 
solution factors. The following sections summarise 
the oxidation- reduction processes controlling Cr 
chemistry, and the adsorption processes. 
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Figure I. Thermodynamic stability of aqueous Cr spe
cies over a range of Eh and pH values (Rai et al. 1989) 

Oxidation-reduction processes 

Rai and co-workers (e.g. Rai et al. 1989) studied 
the processes that control the environmental 
chemistry of Cr, and concluded that oxidation
reduction reactions , precipitation- dissolution 
reactions and adsorption- desorption exchanges 
play major roles in controlling soil solution 
concentrations ofCr. They found that the solubility 
of Cr was generally very low and limited by the 
formation of several oxide and hydroxide species 
at the pH values typical of most soils. The Eh- pH 
stability phase diagram in Fig. I illustrates the Cr 
species predominant under equilibrium conditions 
and their potential for oxidation or reduction. 

With increasing pH and under reducing 
conditions Cr3+ rapidly forms metal- hydroxy 
species that change to anionic Cr(OH)4- above a 
pH of 11. Between pH 6 and 11 , the insoluble 
Cr(OH). is the dominant form. In contrast to CJ·3+, 
Cr(VI) J is anionic in nature under oxidising 
conditions at pH > 2. Above pH 6.5 , HCr04-

dissociates to' C rO/ as the dominant form of 
Cr(V I) in dilute aqueous systems (Deltcombe et 
al. 1966). These polynuclear hydroxy species 
condense to polymers, which initially precipitate 
as Cr(lll) hydroxide (Spiccia and Marty 1986). 

aturally occurring reductants , such as Fe(ll) 
compounds, S(ll) compounds and organic matter, 
tran form C r(VI) compounds to trivalent Cr 
compounds (Bartlelt and Kimble 1976; Eary and 
Rai 1989). According to Sass and Rai (1987) 
mixed hydroxides , such as Fe(lII)- C r(lI I) 
hydroxide of solubility even lower than Cr(lll) 
hydroxide , are the most like ly forms of the 
precipitate under geologic or hydrologic settings. 
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Thus, soil pH and Eh control the form ofCr species 
reacting with soil colloids. Reduction rates are 
often pE- pH dependent (Saleh et al. 1989). 
Because of the differences in charge and the nature 
of ionic species, sorption ofCr(l 11) and Cr(VI) vary 
considerably in soils. While under normal soil pH 
conditions sorption of Cr(1l1) increases with 
increasing soil pH, Cr(VI) sorption decreases. 
Bartlett and James (1979) demonstrated that Cr(II I) 
is oxidised to Cr(VI) in fresh soil samples only; 
dried soils had lost all capability of oxidising 
Cr(lIl) to Cr(VI). They found that a variable 
fraction (typically < 15%) ofCr(l 11) added to soils 
oxidised to Cr(VI) in laboratory tests. When they 
added Cr(III) , the extent of oxidation was 
proportional to the level of easily reducible 
Mn(III ,IV) hydroxides and oxides in the soils. They 
also reported that presence of Mn served as the 
electron link between the Cr(lII)- Cr(VI) redox 
couple and atmospheric oxygen. However, Eary 
and Rai (1987) found that oxidation was essentially 
independent of dissolved oxygen. This indicates a 
direct reaction between Cr( Ill) an d 
~-MnO, for the production of Cr(VI), suggesting 
that the-presence of~-MnO, in soils can catalyse 
such oxidation reactions (equations (I) and (2» 

MnO/ s) + 4W + 2e <=> Mn1++ 2Hp (I) 

20.3+ + 7H 10 <=> Crp/ - 7W + 3e. (2) 

However, the extent of oxidation was also 
dependent on the form of added Cr(lll) (soluble 
vs. insoluble; organically complexed vs. inorganic 

Ili gh Low 

Figure 2. The role of pH in Cl' oxidation- reduction in 
soil s . The extent of Cr(lll) oxidation in soils by 
Mn(III ,IV) hydroxides is a result of interaction between 
the oxidation reaction and the simultaneous reduction 
process effected by organic compounds and Fe1+(James 
and Bartlett 1984). 
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forms). Subsequent studies by James and Bartlett 
(I 983a,b,c) showed that the extent of oxidation 
was substantially less ifCr(IlI) was added to the 
soils as aged , more crystalline precipitates or as 
tannery wastes. 

While the presence ofMn(lV) oxides can oxidise 
Cr(1I I), both Fe(I I) and organic matter containing 
minerals can reduce Cr(VI) to Cr(lll). Eary and 
Rai (1989) demonstrated that even the small 
amounts of Fe(lI) contained in haematite and 
biotite can reduce aqueous Cr(VI) species to 
Cr(III), resulting in the precipitation of 
(Fe,Cr)(OH),atm. These results suggest that soil 
conditions t11at enhance release of Fe(lI) from 
silicate (see equation (3» , or oxidic minerals, may 
enhance the reduction ofCr(III). Thus the release 
of Fe(lI) from silicate minerals in acidic solutions 
(Eary and Rai 1989) or the reductive dissolution 
of Fe(llI) silicates or oxides by organic acids 
(Hering and Stumm 1990) can introduce Fe(ll) in 
soil solution: 

[FeOlm;n + 2W <=> Fe1+ + Hp . (3) 

In solutions with pH < 10.0, the Fe(ll) species 
rapidly oxidise (equation (4» , the nature of 
hydrolysis species depending on the pH of the 
solution (Eary and Rai 1987): 

3Fe1+ + HCrO.- + 3Hp <=> CrOW + 3Fe(OH)/ . (4) 

There are many reports in the literature that show 
that residual organic material, soluble or insoluble, 
has the capacity to reduce Cr(VI) to C r(lll) 
(Bartlett and Kimble 1976b; James and Bartlett 
1 983c). Thus in soils high in organic matter, Cr(VI) 
reduction is rapid regardless of the soil pH , while 
less degraded organic matter such as cow manure 
has a more limited influence on Cr(VI) reduction 
(Bartlett and Kimble 1976b). Using soil incubation 
studies with cow manure, Bartlett and Kimble 
(1976b) demonstrated that Cr(VI) reduction was 
only appreciable when the pH of the soils was 
decreased below 3. Soluble low molecular weight 
organic acids have also been shown to be effective 
reductants of Cr(VI). In addition to reducing 
Cr(VI) to Cr(lll) , many low molecular weight 
organic acids form Cr- organic complexes \ovhich can 
eventually complex with manganese oxides (James 
and Bartlett 1983a). These results indicate that the 
relationship between Cr(IlI) and Cr(VI) depends 
on a balance between oxidation and reduction 
processes (Fig. 2) (Bartlett and James 1984). 
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Figure 3. The role of factors other than pH in Cr oxi-
dation- reduction in soils 

Reviewing the mobility and bioavailability of 
Cr in soils, Bartlett and James (1984) concluded 
that the coupling and reduction reaction of Cr in 
soils may be viewed as a cycle (Fig . 3) in which 
Cr(lll) and Cr(VI) are interconverted by a 
manganese redox cycle and the oxidation of 
organic matter. However, both these processes are 
controlled by pH and the presence of chelating 
agents. Once Cr(Vl) is reduced in the soil 
environment, Cr(lll) is then bound by a variety of 
ligands that render it insoluble, immobile and 
unreactive. Complexes between soluble Cr(I 11) and 
low molecular weight organic acids can deliver Cr 
to manganese ox ide surfaces where both the 
organic acids and the Cr become oxidised. The 
whole cycle is dependent on the concentration of 
organic acids. Where organic acids are excessive 
in relation to small amounts of Cr(lIl) held, the 
surplus organic sites have been found to induce 
dismutation of MnO, by binding the Mn(lll) 
(Bartlett and lames 19-88). 

Adsorption reactions 

Adsorption of Cr by soils and standard minerals 
has been studied extensively. Results from such 
investigations suggest that sorption reactions are 
controlled by the nature of Cr species, soil and 
soil solution factors. Some of these factors include 
pH , ionic strength of the soil solution, composition 
of the soil solution (competing anions and index 
cations) and soil mineralogy. 

As discussed above, Cr ion can exist both in 
cationic Cr(lll) and in anionic Cr(VI) forms. 
Therefore, depending on the nature of the species, 
the effect of pH may be to increase or reduce 
adsorption onto soil colloid particles . Generally, 
Cr(lll) adsorption increases with increasing pH 
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Figure 4. Effect of soil pH on net surface negative and 
positive charge of an Oxisol (after Naidu et al. 1990) 
(e negative charge; _ positive charge) 

while Cr(VI) adsorption increases with decreasing 
pH. Since the nature of Cr species varies with 
varying pH , the extent of adsorption is also 
strongly dependent on pH. Soil pH determines 
both the speciation of Cr(Vl) and the charge 
characteristics of the colloidal surface with which 
it reacts. Above pH 6.4, HCr04- dissociates to 
CrO/ - as the dominant form of Cr(VI) in dilute 
aqueous systems (Fig. I). 

Griffin et al. (1977) showed that adsorption of 
Cr(VI) by kaolinite and montmorillonite increased 
with decreasing pH. Similar results were obtained 
by lames and Bartlett (1983a,b,c) for adsorption 
ofCr(VI) by various soils and Fe(OH)3' Since soil 
pH affects the quantities of positive and negative 
charges on soil colloids, especially the metal 
oxyhydroxide surfaces and organic matter, the 
increased HCr04- adsorption may be attributed to 
an increase in surface positive charge (Fig. 4) with 
decreasing soil pH . Thus, at pH below the point 
of zero charge, the net positively charged colloid 
surface will enhance Cr(Vl) binding, while above 
the point of ze ro charge Cr(Vl) binding will 
decrease with increasing pH. Therefore the 
adsorption ofCr(VI) in soils is dependent on soil 
mineralogy and on the relation of soil pH to the 
pH of zero point of charge. 

Stollenwerk and Grove (1985) investigated the 
adsorption and desorption behaviour of Cr(VI) in 
an alluvial aquifer near Telluride, Colorado. They 
showed that Fe oxide and oxyhydroxide coatings 
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Figure 5. The surface complexation structure of goethite 

on the alluvial particles were principally 
responsible for the adsorption of Cr(VI) . These 
investigators also reported that changes in net 
surface positive charge on oxidic surfaces with 
increas ing pH were predominantly responsibl e for 
reduced sorption ofCr(VI). Numerous reasearchers 
have postulated that Cr(VI) forms an outer-sphere 
complex on hydrous oxides of Fe and Al (Benjamin 
and Bloom 1981 ; Zachara et a!. 1987, 1989; 
Ainsworth et a!. 1989). These postulates are based 
on macroscopic data that cannot definiti ve ly 
ascertain microscopic information, so Fendorf 
(1995) studied the surface reactions that influence 
Cr chemistry in soils using EXAFS spectroscopy 
and Al and Fe hydrous oxides. The extended 
portion of the Cr K-edge spectra was used to 
determine the type, number and distance of the 
atoms coordinating Cr(VI) in the Al and Fe hydrous 
oxide samples. It was found that Cr(Vl) forms an 
inner sphere complex on goethite with bidentate 
and monodentate complexes (Fig. 5) . This is in 
agreement with the ion displacement studies of 
Bartlett and Kimble (1976). 

Adsorption ofCr(VI) generally decreases as the 
ionic strength of a particular solution increases 
(James and Bartlett 1983c). Stollenwerk and Grove 
(1985) studied the effect of inorganic ligand ions 
on the adsorption of Cr(VI) by soils. They found 
that while all anions retarded sorption of Cr(VI), 
the effect was most pronounced for SO / - and 
HPO/ - and Hl04- . A similar elfect of inorganic 
ligand ions on Cr(VI) adsorption was recorded in 
our laboratory (Fig. 6). This was attributed to direct 
competition for sorption sites between the added 
li ga nd ions and Cr(VI) . Although N03- and CI-
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Figure 6. Effect of pH and inorgani c ligand ions on 
equilibrium solution Cr(VI) concentration 

were not effective competitors for sorption sites 
because of their lack of specificity, the decreased 
sorption in the presence of these ions was attributed 
to their effect on the electrostatic potential on the 
plane of adsorption. 

Plant Uptake 

Plant response to varying leve ls of naturally 
occurring and applied Cr has been studied 
extensively and these stlldies reveal that Cr can be 
toxic to plants. However, the toxicity level may 
vary with the nature of plant species and soil types. 
For instance, using solution culture studies, Turner 
and Rust (1971) showed that 5).l.g Cr(VI) mL- ' 
caused toxicity in soybeans, while Mortvedt and 
Giordano (1975) reported that 20 ).l.g Cr(VI) mL- ' 
appli ed to soils reduced the dry matter yi eld of 
corn. Zaccheo et al. (1982) investigated Cr ion 
toxicity on the membrane transport mechanisms 
in segments of mai ze seedling roots , and 
concluded that both Cr(VI) and Cr(lll) caused 
changes in the pH of the medium and inhibited 
potassi um uptake by segments of maize seedling 
roots which retarded plant growth. However, in 
these studies, the concentrations of Cr used were 
several percent lower than those found in some 
soils developed on serpentinites. 

Soils derived from ultrabasic (serpentine) rocks 
contain several percent Cr. Brown et al. (1972) 
observed that vegetational differences clearly mark 
serpentine soils in which some plants ca ll ed 
'serpentinophytes ' grow well. ShewlY and Petersen 
(1974) claimed that Cr could be essential to the 
growth of serpentine species. Wild (1974) found 



that on chrome-rich soils, Rhodesian serpentine 
spe~ies , including some endemic to serpentine 
soils, accumulated up to 48000 Ilg Cr(VI) mL-I in 
the ashed leaves (Sulera jodina) as well as large 
amounts of Ni. 

Plant roots may affect the solubility and 
oxidation- reduction behaviour ofCr in soils, and 
Cr in the soil surrounding roots may alter the 
growth and nutrition of the plants. According to 
Hale et al. (1978), organic exudates may reduce 
Cr(VI) or complex Cr(III); HC03-, W , OH- and 
other exuded ions may alter the pH and pE of the 
rhizosphere. The effect of Cr on the roots will 
depend on its forms in soils: oxidised, reduced, 
chelated , precipitated or adsorbed. Numerous 
studies have failed to show absorption and 
translocation by plants of cationic Cr(III) and have 
concluded that anionic Cr(VI) is rapidly reduced 
in roots of most plants (e.g. Lahouti and Peterson 
1979). Cary et al. (1977) also reported that Cr(VI) 
may be the source of plant-available Cr. 

Wallace et al. (1977) reported that EDT A added 
to soil increased the toxicity of Cr(lll) to bush 
beans although very little Cr was translocated to 
the leaves. Shewry and Petersen (1976) also 
observed little translocation of Cr in barley 
seedlings grown in nutrient solution. They 
suggested that most of the root-Cr was held in water 
soluble form in root cell vacuoles. Indirect effects 
on plant growth have been observed at sub-toxic 
levels of Cr. Yamaguchi and Aso (1977) reported 
decreased root elongation of rice and wheat 
growing in soils amended with 200 mg CrO 11) kg-I, 
while shoot elongation was unaffected. James and 
Bartlett (1984) studied plant- soil interactions of 
Cr to investigate the nature ofCr species absorbed 
by plant roots using the A horizon of a Typic 
Eutrochrept soil, field moist and freshly amended 
with Cr(OH), and tannery wastes. They found that 
soils suppo;'ting plant growth contained less 
soluble Cr(VI) and more soluble Cr(UI) than 
unplanted soil receiving the same Cr(lll) treatment, 
and the beans and tops in this treatment had higher 
Cl' than did plants grown in unamended soils. The 
level of Cr in bean roots after 46 days correlated 
well with Cr(VJ) in ullplanted soils 1- 3 days after 
seeding. Addition of citric acid to the soils 
significantly increased Cr levels in bean shoots and 
roots grown in the Cr(OH)3 treatment. 

Availability and Mobility Management of Cr 

Chromium can exist in soil solution in a number 
of oxidation states; the most predominant species 
are determined by the Eh and the pH of the 
environment. Therefore, the mobility and soil
plant transfer ofCr is largely controlled by the Eh
pH of the soil environment. Under normal soil P~ 
and Eh conditions, Cr(VI) species are anioniC 
(HCr04- and Cr04

2- ) and are generally m~bile in 
most neutral to alkaline systems. In aCidiC soIls 
Cr(VI) species are, however, removed from the 
solution by adsorption onto positively charged 
sorption sites (Zachara et al. 1989). The Cr(VI) 
species is also rapidly reduced to the Cr(I 11) species 
by Fe(ll) minerals and organic compounds under 
acidic conditions. This indicates that In most 
surface soils Cr(VI) will rapidly be converted to 
the insoluble Cr(lll) compounds by organic matter 
thus inhibiting Cr(VI) mobility. However, where 
surface soils are excavated exposing subsurface 
horizons, Cr(VI) mobility is less likely to be retarded 
in the absence of organic matter unless similar 
reactions occur, involving Fe(lI) minerals. 

The mobility of Cr(lll) in soils may also be 
controlled by processes similar to podzolisation 
(Bartlett and James 1988). In their studies they 
found accumulation of native Cr In spodlc 
horizons , similar to aluminium . Levels of Cr 
extracted were significantly greater in 46 Typic 
Haplorthod Bhs or Bs horizons than in the Ap or 
C horizons of the same soils (3.7 ± 0.46 versus 
2.38 ± 0.36 versus 2.09 ± 0.24 mg kg- I) , 
respectively. The E horizons contained only 0.4 ± 
0.23 mg kg-I. Although levels of extractable AI 
were orders of magnitude higher, the aluminium 
relationships among horizons were similar to Cr 
distribution patterns. If the podzolisation process 
involves translocation of metals as metal-dissolved 
organic complexes, then studies by .lames and 
Bartlett (1983a) support this hypothesis . For 
instance, they demonstrated that presence of citric 
acid, DTPA, fulvic acids and a water soluble 
extract of an air-dried soil all formed soluble Cr(llI) 
complexes. These complexes remained soluble as 
the pH was increased above pH 5.5 , at which pH 
all the uncomplexed Cr(I I I) was precipitated. Since 
many of these organic acids are produced at the 
soi I- root interface and also by decaying plant 
material, the mobility of Cr(lll) as dissolved 
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organic complexes may be enhanced und e r 
cropping systems that contribute to the di sso lved 
organics in so il so lution. 

The soil - plant transfer of C r is generally 
independent of the concentration of Cr in soils. 
Sheppard et al. (1984) fo und that, independent of 
Cr applied , plants took up a similar fraction, about 
0.007, and this was not influenced by placement 
depth in loamy so il s but was highly dependent on 
placement in sa nd y so il s . Thus the phyto
availability of Cr added to soi ls is generally low 
(Bartlett and lames 1988) with littl e C r translocated 
to plant tops and edibl e plant parts. 

Guidelines for the re-use of s ludge in agriculture 
in USA , developed by the USEPA (503 
regulations, US EPA 1993), have identifi ed that 
plant phytotoxicity is the major limiting pathway 
for regul ati on of Cr applicat ions to so il , and that 
ri sk to human o r animal hea lth is minimal. A 
cumulative thresho ld of 3000 kg ha I has been 
suggested, although the regulations have been 
mostly on stud ies of municipal sewage s ludges . 
On the basis of th is, Cr-contaminated soils could 
be used for crop growth provided Cr phytotoxic ity 
is minimised . Thi s may be achieved by e ither 
ame liorating so il s to minimise plant-available Cr 
or by usi ng Cr accumulator plants such as those 
commonly found in serpentinite so il s. 

Implications for the Chemistry of Cr in 
Tannery Waste-contaminated Soils 

Since Cr(lll ) is the major C r spec ies added during 
the tanning process, leather technologists and many 
scientists argue that di sposa l of tannery waste 
sludge is not an issue as long as the sa lt content is 
kept be low the leve l of concern. It is generally 
believed that the thermodynamics of the reduction 
process, i.e. Cr(VI) to Cr( III) , are the dominant 
processes in the so il s and any Cr added through 
waste disposal will remain in the non-toxic Cr( lIl ) 
form. However, there are now numerous studi es 
that demonstrate the high mobility ofCr(llI) in the 
presence of organic acids. Harter and Na idu ( 1995) 
report that low molecular weight organic acids and 
so luble ful vic acids are commonly present in so il 
sol uti on and these acids can modify the chemistry 
of metal s in th e so il envi ro nme nt. Moreover, 
presence of ox id is ing agents such as Mn(III , IV) 
can catalyse the oxidation process . Bartlett ( 1985) 
studi ed the potential for C r( lll ) ox idat ion by 
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incubating a 1 % C r tannery sludge with Typic 
Eutrochrept A horizon samples (2 g kg- I). He 
maintained the samples at field moisture capacity 
inside polyethylene bags . Analyses of the samples 
us ing the standard Cr oxidising test (Bartlett and 
lames 1988) showed the presence of Cr(V I) that 
increased f rom 1 mg kg-I after three weeks to 
2- 3 mg kg- I after four months . The presence of 
Cr(Vl) was attribu ted to oxidation by manganese 
oxides. They fo und that formation of manganese 
oxides, optimal for C r(ll I) oxidation, was favoured 
by a somewhat restr icted oxygen supply and 
moderate leve ls of organic reducing substances. 
These results have impl ications for the Cr ox idation 
processes in tannery waste s ludge which is often 
contaminated by MnS04 to reduce odour. Presence 
ofMnSO~ together with organic matter may initiate 
the C r( lIl ) oxidat ion process . Low mol ecular 
weight organic acids increase sol ubili ty and 
mobility ofCr(lll) and thereby may fac ilitate its 
oxidation. lames and Bartlert (1983b) studied the 
ini tial oxidation rates of different spec ies ofCr(lI I) 
added to an Aquic Udo rthent. They found that the 
maximum Cr(V I) observed decreased in this order: 
freshly precipitated Cr(OK), > Cr-ci trate > aged 
Cr(OK). in citrate > aged C/(OH), . Organic acids 

~ . 
present in the tannery waste materia l may facilitate 
such an oxidation process. 

During their continued in vest igations with Cr, 
lames and Bartlett ( 1983 b) studi ed the oxidation 
ofCr(II1) in tannery s ludge and in tannery eftl uent 
added to Typic Eutrochrept sa mpl es in a 
continuously ae rated slurry, as a function of time 
and loading rate. Amounts ofCr(VI) increased with 
increas ing additions of Cr(UI) added as high C l' 
sewage sl udge or tannery effl uent. The increased 
Cr(Vl) in the sludge-treated soils may be attributed 
both to the presence of organic matter and to Mn4+ 

formed through the oxidation of Mn 2+ in the 
presence of air. Manganous ions generally rapidly 
oxidise in air and do not f0n11 complexes due to 
the generally low li gand field stabili sation energy 
of the Mn2- ion. 

Role of Microbes in Cr(IIl) Oxidation 

Although much research has been conducted on 
the facto rs controlling Cr(W) oxidat ion in sludge 
mate rial s and contaminated soils, limited attempts 
ha ve been directed towa rds in vest igations on 
microbe-fac ilitated oxidation ofCr(UI). Whil e the 



presence of Cr(lIl) oxidising microbes is yet to be 
demonstrated, Mn2+ oxidis ing bacteri a have been 
reported. Current investigations in our laboratory 
focus on the role of Mn-oxidising bacteria on Cr 
oxidation in sludge and contaminated so il s. 
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Distribution and Fate of Chromium at Sites 
Historically Contaminated with Tannery Waste: 

Case Studies from Australia and India 



Fate of Chromium at Tannery Waste
Contaminated Sites at Mount Barker, South Australia 

R. Naidu', R.S. Kookana', J. cox', D. Mowat' and L.H. Smith' 

Abstract 

In Australia, tannery wastes were commonly discharged onto agricultural land before 
the introduction of regulations prohibiting such disposa ls. This has resulted in extensive 
contamination of localised areas of agriculturally productive land. Major contaminants 
associated with tannery wastes include chromium (Cr), salt and increased biological oxy
gen demand. This study investigated the extent of surface and subsurface Cr contamina
tion of soils at an old tannery waste di sposal site near Adelaide, and measured the salt and 
total Cr contents of a range of tannery effluents and sludge. Total Cr in the surface and 
subsurface soils ranged from <100 mg kg-' to ~70000 mg kg-I. At all sites where Cr 
exceeded 1000 mg kg I an appreciable concentration ofCr was detected in the surface and 
subsurface water samples in the Iysimeters and piezometers. Speciation of Cr showed 
there was a large proportion of hexavalent Cr in all samples except those with pH <4.0, in 
which the bulk of the Cr was in trivalent form. Detailed studies on seasonal variation in 
solutes at the contaminated sites showed marked increases in the concentrations ofCr and 
salt in the piezometer water samples and in subsurface and ground water samples during 
and after the wet winter months, confirming our hypothesis that there is high mobility of 
Cr and salt in the high pH soils at the contaminated sites. 

H EAVY metals (chromium (Cr), cadmium, lead, 
copper, zinc) are major constituents of various 
industrial effluents, phosphate fertilizers , 
municipal sewage sludges, and city composts as 
well as emissions from power generation plants 
and smelters. Increased industrialization in the last 
50 years together with the expanding world 
population have led to extensive degradation of 
the environment in many countries throughout the 
Asia- Pacific region through disposal of sewage 
and industrial wastes. Lack of appropriate 
guidelines for waste disposal has culminated in 
extensive pollution of productive agricultural land, 
surface water and groundwater in these countries. 
This is evident from the many contaminated sites 
that are now being identified. 

I CS IRO Land and Water, Private Mail Bag No. 2. Glen 
Osmond, Adelaide, South Australia 5064 
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In Australia, tannery wastes were commonly 
discharged onto agricultural land, before the 
introduction of regulations prohibiting such 
disposals. This has resulted in contamination of 
localised areas of agriculturally productive land. 
Major contaminants associated with tannery 
wastes include chromium (Cr), salt (NaCI) and 
increased biological oxygen demand (BOO). One 
example of such contamination is at the old tannery 
waste disposal site at Mount Barker, South 
Australia. Preliminary investigations of 
contaminated soils at this site show that total Cr 
concentrations exceed 5% in the surface soils. 
Parts of this site are also highly saline. According 
to Mount Barker City Council , liver biopsies of 
animals feeding on pasture grown on contaminated 
sites show elevated levels of Cr. Consequently, 
productive land in Mount Barker has been 
declared contaminated and fenced. Consultancy 
reports organised by the city council health 



officials show Cr contents in excess of 6% in soils 
around waste disposal storage ponds and Cr(VI) 
concentration in runoff water often exceeds 0.015 
I1g mL- '. However, there is no report on the Cr 
and salt status of subsurface soils and water in the 
unsaturated zone and groundwater. In this study 
we examined the Cr concentration of surface and 
subsurface soils including the subsurface soil 
waters in soils contaminated with tannery waste at 
Mount Barker. 

Materials and Methods 

Composition of effluent and sludge 

Samples of sludge and effluent materials were 
obtained from two tanneries in southern Australia. 
Following centrifugation of the effluent samples, 
the pH and electrical conductivity (EC) were 
measured and the total composition was analysed 
using a combination of atomic absorption and 
inductively-coupled plasma emission spectrometly. 
The sludge samples were freeze-dried , ground to 
a fine powder, digested in aqua regia (HN03 : HCI) 
and analysed as described above. 

Soils 

Soil profiles representative of contaminated sites 
were sampled to 70 cm depth, air dried and crushed 
to pass through a 2 mm sieve. The sieved samples 
were randomised using the quartet technique and 
then kept in polyethylene bags for subsequent 
laboratory study. 

Routine analyses 

Soil pH , EC and soluble cations and anions were 
determined in 1:5 soil:water extracts following 
overnight saturation (Table I). The soil suspension 
was then centrifuged for 90 min at 15000 rpm 
and the supernatant passed through 0.2 jJm 
millipore nylon filter to minimise colloidal 
contamination before all analyses. All major 
cations and anions except Cl were estimated using 
inductively coupled plasma emission spectro
metry (ICPES) with an ultrasonic nebuliser. 
Chloride in the extracts was estimated with an 
autoanalyzer using mercuric thiocyanate indicator. 
The proportions of clay, silt and sand in the soils 
were estimated by the sedimentation procedure 
using a hydrometer following saturation of soils 
with calgon (Jackson 1969). 

Total Cr 

Surface soil samples (0- 1 0 cm) and subsurface soil 
samples (10- 70 cm at 10 cm intervals) were 
collected, passed through a 2 mm sieve and air 
dried in fanforced ovens. The samples were 
homogenised and then subsamples were taken for 
pH and EC (\:5 soil :water) and total Cr. Total Cr 
was determined on extracts following the 
microwave digestion of contaminated soils using 
aqua regia. Cr in the digest was determined by 
atomic absorption spectrophotometry and air 
acetylene flame. 

Fate of salt and chromium 

Soils in southern Australia are typically texture 
contrast soils with a sandy A horizon overlying a 
clayey subsurface B horizon. In these soils, both 
lateral water flow - at the interface between the 
clayey B horizon and sandy A horizon - and 
through flow control the transport of pollutant 
materials. Studies by Naidu et al. (1993) suggest 
that lateral movement of salt and colloid particles 
in association with dissolved organic compounds 
and metal ions is prevalent in texture contrast soils. 
For these reasons , the fate of salt and Cr in effluent 
and sludge discharged into dams and landfills were 
investigated at the Mount Barker old tannery sites. 
Movement to subsurface waters in the unsaturated 
zone and also to groundwater was assessed at 
selected sites. 

To investigate the effect of long-term tannery 
waste disposals on the fates of salt and Cr in 
subsurface waters in the unsaturated zone, simple 
lysimeters made with PVC pipes were installed at 
contaminated sites. For their construction, a design 
similar to that. adapted by Naidu et al. (1993) was 
used (Fig. I). Soil water was sampled immediately 
after each rainstorm and also every fortnight and 
analysed for salinity, total chemical composition 
and dissolved organic carbon. The colloid fraction 
of subsurface waters was also separated and its Cr 
content determined. 

Nested piezometers were installed to depths of 
50 cm, 100 cm and >6 m to monitor salinity and 
Cr concentrations of ground water. Soil water was 
periodically sampled from the Iysimeters and the 
piezometers during the winter rains when moisture 
saturation allowed subsurface flow. The sampled 
water was transported on ice to the laboratory and 
subsamples were analysed for pH and EC. A I iquots 
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Table I. Ranges of EC, pH , total Cr and Cl in surface and subsurface soil samples at the contaminated site at Mount 
Barker, South Australia (see Appendix Table A I for details) 

Sample depth (cm) EC (dS m I) pH (1:5 soil:water) Cr(mg kg- I) Cl (mg L- I) 

0- 10 0.03- 0.85 (0.27) 6.51 - 8.43 (7.77) 249- 69500 (26452) 9- 126 (33.6) 
10- 20 0.02- 0.92 (0.21) 6.54- 8.61 (7.96) 52- 59271 (7244) 7- 184 (19.0) 
20- 30 0.03- 1.24 (0.15) 6.25- 8.98 (8 . l3) 45- 66312 (3400) 7- 200 (15.0) 
30--40 0.04- \.54 (0.13) 5.90- 8.82 (7.80) 34- 32126 (350) 6- 317 (22.4) 
40- 50 0.02- 2.18 (0.14) 4.58- 8.96 (7.69) 19- 34500 (639) 5- 396 (1 7.4) 
50- 60 0.02- \.74 (0.15) 4.15- 9.06 (7.72) 16- 8805 (197) 6--434 (14.1) 
60- 70 0.01 - \.76 (0.13) 3.90- 8.50 (8.04) 12- 6697 (100) 6- 595 ( 16.0) 

Numbers in parentheses are meciian values 

of the soil water were also centrifuged at 12000 
rcf and passed through a 0.20 Ilm millipore filter 
before all chemical analyses. Total Cr and Cr(VI) 
were analysed in the filtered samples using atomic 
absorption spectrophotometry and the colorimetric 
method, respectively. Total Cr in the soil water 
samples (i.e. including colloid particles) was 
determined following aqua regia digest of repl icate 
aliquots of the sampled water. 

Results and Discussion 

Soil characteristics 

The pH and EC of the 1:5 soil:water extracts varied 
considerably among the study soils (Table I). In 
general , soil pH ranged from - 6 to 9 in the surface 
and the subsurface samples from all except the soil 
profile SLl7 (Appendix Table A I) in which pH of 
the soils exceeding 40 cm decreased to <4. 
Repeated sampling of soils at this site showed that 
the acidic zone was genuine. It was not possible to 
explain the low pH given the presence of 
calcareous materials throughout much of the 

/ - ...... 
Subsurtace Water 1'...- ./ 

H t 
==: ~ 

Soil profile 

I m depth 

Figure I. Diagram of the Iys imeter desi gn 
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contaminated site. Further work on this sample is 
in progress to determine the reasons for the acidic 
pH. A wide range of EC values and soluble cation 
and anion concentrations were also recorded. In 
general the EC and the sodium absorption ratio of 
the 1:5 soil: water extracts were higher than those 
expected in normal soils and generally fell in the 
sodic soil category. This is also apparent from the 
dispersive nature of the subsurface clayey soil 
which sets hard during the dry summer months. 

Total Cr 

The total Cr data in surface and subsurface soils 
of 31 soil profiles (Table I) indicate extensive 
contamination ofsoils at the Mount Barker tannery 
waste disposal sites. With the exception of profile 
SL 7, the total Cr concentration in the surface soil 
samples ranged from - 400 to > 5000 mg kg- I. At 
many of the sites the total Cr concentration 
exceeded 40000 mg kg- I. In profi le S L7 , the total 
Cr concentration was 249 mg kg-I in the top 10 cm 
and 183 mg kg- I in the 10 to 20 Clll layer (see 
Table A I). 

According to the Australian National Health and 
Medical Research Council guidelines (NHMRC 
1992), the maximum permissible concentration of 
Cr in the general environment is 50 mg kg- I before 
investigation is required. No guideline for health 
investigation is currently available in the Australian 
literature. On the basis of this regulation, all sites 
sampled at Mount Barker exceed the NHMRC 
environmental guideline and therefore require 
further investigation. 

The ANZECC HMRC environmental health 
guide lines are based on threshold contaminant 
levels for (i) phytotox icity, and (ii) uptake of 
contaminants that may result in impairment of plant 



growth or unacc eptabl e res idu e leve ls . The 
NHMRC considered worst case scenarios during 
the deve lopment of these guidelines. They defi ne 
' I nvest igation leve l ' as the concentration of a 
contaminant above which further appropriate 
investigation and evaluation are required. Thus 
investigation leve ls are intended to ensure that a 
detailed investigation of a s ite is done whenever 
necessary, to ascertain: 

• the optimulll and extreme concentrations of the 
contaminants on the site; 

the hori zo ntal and vertical distribution of the 
contaminants on the site; 

• the physico-chemical forms of the contaminants; 
• the bioavailability of the contaminants. 

Further investigations ind icate that the Cr in 
sUlface soil samples is highly so luble in the 1:5 soil: 
water extracts and is present at frorn I to 10.5 Ilg 
mL- 1• Presence of soluble Cr also indicates the 
potential for Cr contamination of groundwater. In 
South Austra lia, w inter ra ins are usually slow and 
because most of the nati ve vegetation in these 
catchments has been removed and replaced by 
annual pastures and crops which are ineffic ient in 
their use of rai nfall , most of the water perco lates 
into the soi l. Such s low percolation of water may 
enhance Cr mobi lity in these soi ls . Indeed, Cr was 
detected in a ll the so i I profi les sampl ed at the 
con tami na ted si te. Typical trends are presented in 
Fig . 2. The concentration of Cr decreased with 
increasing depth at a ll s ites except profile 7 (Table 
A I). At this s ite w ith inc reas ing depth the Cr 
concentrat ion increased to 3700 mg kg- I at 35 cm 
and then decreased slowly to < 100 mg kg-I at a 
depth of 65 cm . 

Co ns id e ra b le incon s istency ex is ts in the 
litera tu re on the di stribution of Cr in soil profi les. 
Chromi um has been fo und to increase, decrease 
or show no pattern with depth. Bleeker and Austin 
(1970) found that some so il profil es di splayed 
accumulation of Cr in the surface hori zons and 
depletion with depth. The mo bility of Cr was 
addressed by Lund et a l. ( 1976) who found Cr 
enr ichment to depths as great as 3 m under some 
sewage d ispo sa l pond s . T hese invest iga tors 
hypothesised that the meta ls move as so luble 
metal- organ ic complexes. If thi s mechanism is 
predominant, then organ ic complexation ofCr(VI) 
would be the major mechanism fo r C r transport in 
these soil s . 
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Figure 2. Typ ica l di st ribution of Cl': six of the 
31 so il profil es sampled at Mt Barko contaminated sites 
(see Appendix for data) 

Total C r content ranged from 45 mg kg- I to 
66300 mg kg-I in the 10- 30 cm layer of the soil 
and from 12 to ~6200 mg kg-I at 60 cm depth. 
These values exceed the current NHM RC ( 1992) 
limits of 100 mg Cr kg-I so il. The presence of C l' 
in the subsurface hori zons indicates translocation 
through movement of the contaminant either in 
so lution or in association vvith co lloid material. 
Anal yses of C r in the subsurface wate r a nd 
sus pended matter indicate that both mechanisms 
are operating in the enviro nment at MO llnt Barker. 
However, these mechan isms per se do not expla in 
the large concentrations ofCr at depths greater than 
60 cm. Another reason fo r the high Cr could be 
the disposal of Cr-rich wastes as landfill at these 
sites . However, examination of so il cores to 3 m 
depth at selected s ites d oes no t s how any 
d iscontinu ity with so il type, indicati ng that land fill 
may not be the reason fo r the hi gh Cr in subs urt:1ce 
soil s . S ince the tannery waste e ffl uent and wastes 
are highl y sa line in nature and consist of high 
concentrations of disso lved orga ni c materials and 
a lso inorgan ic ligand ions that compete w ith Cr 
fo r sorption sites, it is li kely that during the di sposal 
of wastes the presence of sll ch ioni c species may 
have enha nced Cr movement in these soils . The 
movement of mobil e Cr in so i I water appears to 
be th e maj or mechanism, based on soil:wate l' 
ex tracts wh ich show up to 10 mg Cr L- 1 in so lution. 
Further work is being conducted to explain the 
presence of Cr in the subsurface so il hori zons. 
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Figure 3. Crystal fie ld splitting of Cr(lIl ) and Cr(VI) 

Fate of sa lt and metals 

Chromium in subsurface wafers 

Subsurface fl ow occurred onl y at some of the sites 
and therefore C l' data are available only for se lected 
samples, The d iphenylcarbaz ide ana lyses showed 
the presence of Cr(VI) in a ll the subsurface water 
samples in the Mount Barker area, Presence of 
Cr(VI) in the subsurface water samples and a lso 
in selected deep water piezometers indicates high 
Cr mobi lity at the Mount Barker s ite, High Cr 
content in ground water has been reported by several 
workers, Dav ids and Lieber ( 195 1) reported an 
average of 450 ~g Cr L-1 in groundwater, whereas 
Forstner and Wi ttman ( 1983) re ported a mean 
va lue of > 10 000 ~g Cr L-I in groundwater near 
Tokyo , They s uggested 0,5 ~ g C r L - I as th e 
backgrou nd con tent o f C r in s urface water, 
Dri nking water standards have been set at 0,05-
50 Ilg L- 1 fo r total Cr because of the tox ic effect of 
Cr(V!) and the possibi lity of ox idation of Cr(lI l) 
to toxic Cr(VI) (USEPA 1976), 

The presence of Cr(V!) in subsurface waters is 
surpri sing given that Cr(lIl) was used during the 
tann ing process, Historical documents from the old 
tannery sites were not ava ilab le a lthough retired 
tan nery workers said that both Cr(I [I) and Cr(V I) 
sa lts were used by the industry, 

Thermodynam ic considerat ions , however, 
suggest that Cr(Ill) is the stable form in the soil 
environment According to crysta l field splitting 
theory, the spli tting energy L10 is much greater for 
Cr(l ll) than for Cr(VI) and this allows Cr(lII) to 
fo rm stable octahedra l complexes (F ig, 3) , 

6 1 

Thi s indicates that Cr(IJI ) is the stable fo rm in 
the soil environment particularl y in the presence 
of e lectron donor groups such as so il organi c 
matter, Indeed, l ames and co-workers report rapid 
transformati ons of Cr(V!) to Cr( llI ) in sludge and 
Cr(VI )-treated soils although such transformations 
may be retarded by Mn(!V) ox ides (lames and 
Bartl ett 1983 a,b,c, 1984) , Since Cr(I LI ) binds 
strong ly to soil colloid partic les it is ex tremely 
imm o bil e a nd is no t consi de red a threat to 
subs urface and g round wa ter co nta min ation, 
However, leaching studies in our laboratory us ing 
s ludge materi al fro m tanneries show both Cr(IlI) 
and Cr(V I) in the leachates . This suggests that 
s ludge Cr(I lI ) is mob il e and also is transformed to 
Cr(V I), although the precise nature of the ox idation 
process is not c lear, S uch tran s iti on may be 
poss ible at the ox ide- so luti on interfaces that often 
infl uence redox reactions by allowing acce lerated 
redox pathways, e,g. by oxygenati on of metal ions 
(Wehrli a nd Stumm 1989) or by actin g as an 
oxidant or reductant of spec ies present in so ils and 
waters (S tone 199 1). Manganese oxide is the on ly 
naturall y occurring ox idant of Cr(I lI) at pH < 9 
(Eary and Rai 1987) and readil y oxidises th is 
species (Bartlett and l ames 1979; Eary and Ra i 
1987), However, ma ny of these stud ies we re 
conducted using pu re systems. Mo re recently, 
Ferndorf et aL ( 1993) in vestigated the effect of 
competing ions on Cr(lI l) ox idation by 8-MnO? 
conclud ing that a lum inium ions influenced the 
extent of Cr( lI !) ox idation, However, thi s effect 
was pH dependent At pH 2': 4 and at pH 5, AI 
decreased the extent of ox idat ion of Cr(II I). 
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Figure 4. Total Cr concentrations in the piezometer water samples at 50 and 100 cm depth in July- November 1996 

Analyses of soil samples from the Mount Barker 
site show the presence of significant amounts of 
extractable Mn. Soil water also showed the 
presence ofMn(ll). Currently we are investigating 
the role of Mn-oxidising bacteria on C r(lll) 
oxidation through indirect processes. Such a 
process may occur in soils containing Mn2+. 
Microbial oxidation ofMn2+ to MnO? may catalyse 
the ox idation of Cr3+ as shown here: 

MnO/ s) + 4W + 2e <::::} Mn2+ + 2H 20 

20')++ 7H20 <::::} Cr20 t + 7H+ + 3e 

where (s) means solid. 

Chromium movement through the soil profile 

The data on total Cr from the piezometer samples 
at the site suggest that Cr was quite mobile through 
the so il profile, particularly at locations where the 
total Cr in surface soils was high (Table A I). A 
typical distribution ofCr in water samples collected 
fro m different depths during the winter- spring 
season of 1996 is shown in Fig. 4. The figure shows 
that C r concentrations in the water samples varied 
both with depth in the so il profil e and with time. 
The highest concentrations were noted in the 
piezometer install ed to a depth of 50 cm in wh ich 
water samples ranged from 0.35 I-lg Cr mL- ' during 
the dry period (July- August) to 0.1 0 ~lg Cr mL I 

after substantial rain (September- October). The 

concentration ofCr in samples from 100 cm depth 
ranged from about 0.05 I-lg mL- ' during July and 
August to 0.1 0-0.151-lg mL- ' during the September 
- October sampling period . The samples from 
groundwater had much lower concentrations, 
around 0.02 I-lg mL- ' at this site, which shows a 
very small degree of contamination (Fig. 5). 

Speciation ofCr in the subsurface water samples 
indicated that the concentration of C r( V I) 
decreased with increasing depth (Fig. 6a), with a 
concomitant increase in Cr(Ill). This was 
particularly evident in the soil profile with acidic 
pH at depths approaching 50 cm. 

Chromium concentrations in water samples 
collected during July- August were consistently 
different from. those collected during September
October (Fig. 4). The concentrations in the water 
samples from the piezometers installed to a depth 
of 50 cm decreased during September- October but 
increased in the samples from lOO cm depth. This 
suggests that Cr present in the surface (0- 50 cm) 
contam inated soil was probably movi ng rapidl y 
and contaminating water at 100 cm depth. The data 
also indicate that during August, because of lower 
volumes of water flowing through the soil (see 
rainfall pattern in Fig. 6b), adsorbed C r from soil 
was enriching the C r in water, and with the 
incidence of rain the released Cr in soil water was 
flushed down the profile , resulting in lowe r 
concentrations at the surface but relati vely high 
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Figure 5. Total C r concentrations (~tg mL-' ) in th e 
groundwater samples in September- December 1996 

concentrations in the subsurface layers of the soil 
profile. However, this hypothesis needs to be 
investigated further. 

Movement of sodium 

The sodium (Na) concentrations in the samples 
for the period July to November 1996, at two 
depths in the soil profile (50 cm, 100 cm) and at 
the water table are presented in Fig. 7. The trend 
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in Na concentration in the water samples differs 
from that observed for Cr. The concentrations of 
Na in soil water at 50 cm depth were much lower 
than those at 100 cm depth, throughout the sampling 
period. The concentration of Na varied from 20 
to 40 /lg mL - I at 50 cm depth and from 60 to 
140 /lg mL - I at 100 cm depth. This suggests that, 
with continuous leaching over a sustained period 
of time after the disposal of effluent, Na had moved 
deeper than Cr in the profile. The concentrations 
of Na in the water table were found to be very 
high (1400- 1600 mg L- '). 

The effect of precipitation received during the 
sampling period was noticeable in the Na 
concentrations of the water samples, particularly 
at 100 cm depth. There was higher rainfall during 
September- October (Fig. 6b), and the Na 
concentration in the water samples decreased at 
100 cm depth during this period, suggesting either 
a leaching ofNa or a dilution ofNa with the larger 
volume of water. However, it is noteworthy that 
this trend was in sharp contrast to that observed 
for Cr, where the Cr concentration decreased in 
samples from 50 cm depth but was enriched at 100 
cm. C learly Cr is not as mobile as Na, although 
considerable movement of Cr is occurring during 
the wet period. [n contrast to the water in the 
unsaturated zone, the groundwater samples showed 
an appreciable increase in concentration ofNa over 
the same pe riod indicating e nri c hm e nt of 
groundwater with respect to salt (Fig. 8). 
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Figure 6. Nat1lre of Cr species in subsurface water sa mpl es (from Iysimeters) at various pH (left) at sites at Mount 
Barker, and total rainfall during the sampling period (right) 
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Figure 7. Total sodium concentrations in subsurface water samples during July to November, 1996 

Movement of sulfur down the profile at the Mount 
Barker site 

The data for sulfur (S) concentration in the water 
samples at the site (Fig. 9) show that there is a 
similarity between the movements of Na and S. 
As with Na, the concentrations of S in the water 
samples at 50 cm depth were lower than those at 
100 cm depth. The amount of rainfall had similar 
effects on the leaching of S from 100 cm depth. 
This suggests leaching ofNa as Na:S ion pairs and 
the dominance ofNa2S04 salt at the site. 

Fate of other metals at the site 

The water samples collected from the site were 
analysed for several other metals, including Cd, 
Co, Cu, Pb, Mo, Ni , AI , Fe. The concentrations of 
Cd, Cu, Pb, Ni , Mn, Mo and Zn were found to be 
negligible in the water samples collected from the 
two d epths. However, relativ e ly high 
concentrations of these metal s were noted in the 
groundwater. The trend of concentrations noted for 
Ca, Mg, K and AI in the water samples obtained 
from the two depths was essentially similar to that 
observed for Na and S. 

Conclusion 

This study confirms the extensive contamination 
of soils at the tannery waste disposal site in Mount 
Barker, South Australia. The concentration of total 
C l' in the surface and subsurface soils ranged from 
< 100 mg kg- I to ~ 70000 mg kg- I. The high Cr 
concentration in subsurface soils at depths greater 
than 50 cm indicates high Cl' mobility, because the 
si tes showed neither buried horizons nor mixing 

of surface and subsurface soils. At all sites where 
C r exceeded 1000 mg kg- I an appreciable 
concentration of Cr was detected in the surface 
and subsurface water samples in the Iysimeters and 
piezometers. Speciation ofCr showed the presence 
of a large prop0l1ion of he xava lent Cr in all samples 
except those with pH <4.0. In these samples the 
bulk of the Cr was present in trivalent form. 
Detailed studies on seasonal variation in solutes 
at the contaminated sites showed a marked increase 
in the concentration of Cr in the piezometer water 
samples following wet winter months. A similar 
and much more marked increase in salt levels was 
also recorded in subsurface and groundwater 
samples during the wet winter months confirming 
our original hypotheses on the high mobility ofCr 
and salt in the high pH soils at the contaminated 
sites. Our current studies focus on the mechanisms 
that enhance transformation of Cr(Ill) to Cr(VI) 
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Figure 8. Concentrations of Na in the gro undwater 
pi ezometer samples 
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Figure 9. Total sui fur concentrations in subsurfa ce water samples during July to November, 1996 

in th e soil and wate r e nvironments. Thi s s tudy 
demonstrates that lon g -te rm tann e ry wa s te 
disposal s have seve re ly contaminated so il and 
groundwate r at the site under curre nt investigation . 

References 

Bartlett, R.J. and James, B. R. 1979. Behav iour of chro
mium in soil s. Ill. Oxidati on. Journal o f Environmen
ta l Quality , 8, 31 - 35. 

Bleeker, P. and Austin, M.P. 1970. Relationship between 
trace element contents and other so il variables in some 
Papua New Guinea soil s, as shown by regression 
ana lys is. A ustralian Journal o f So il Resea rch 8 
133- 143. ' , 

Davids, H.W. and Lieber, M. 195 1. Underground water 
contaminati on by chromium wastes. Water Sewage 
Works, 98, 525- 530. 

Eary, L. E. and Ra i, D. 1987 . Kinetics o f chromium (Ill ) 
ox idati on to chromium (VI ) by reaction with manga
nese di ox ide. Environmental Science and Techno l
ogy, 2 1, 11 87- 1193. 

Ferndorf, S.E ., Zasoski , R.J. and Burau, R.G . 1993. 
Competing meta l ion influences on chromium(1I1) 
oxi dati on by birness ite . So il Sc ience Society o f 
America Journal, 57, 1508- 15 15. 

Forstner, U. and Wittmann, G.T. W. 1983. Metal Poll u
tion in the Aquatic Environment. Springer-Verl ag, 
Berlin , 487p. 

Jackson, M.L. 1969. So il Chemica l Analys is - Ad
vanced Course, 2nd edn . Uni ve rsity of Wi sconsin , 
Madi son, WI. 

James, B.R. and Bartl ett, R.J . 1983a . Behavio ur of 
chromium in so il s: V. Fate of orga nica lly compl exed 
Cr(lll ) added to soil. Journal of Environmenta l Qual
ity , 12, 169- 172. 

65 

--and -- 1983 b. Behaviour of ch romium in soil s: 
VI. Interacti ons between oxidati on- reduction and 
orga ni c complexati on. Journ al of Environmenta l 
Quality, 12, 173- 176. 

--and -- 1983c. Behaviour of chromium in so il s: 
VII. Adsorpti on and reducti on of hexavalent forms. 
Journa l of Environmenta l Quality, 12, 177- 18 1. 

.lames, B.R. and Bartlett, R.J. 1984. Plant- soil inter
ac ti ons of chromium. Journ a l of Environm enta l 
Quality, 13, 67- 70. 

Lund, L.J. , Page, A.L. and Ne lson, C.O. 1976. Move
ment of heavy metals from sewage disposal ponds. 
Journal of Environmental Quality, 5, 330-334. 

Naidu , R. , Williamson, D. , Fitzpa tri ck, R.W. and 
Hollingsworth , I. 1993. Chemi stry of through fl ow 
water above clayey sodic B hori zon: implicati ons to 
catchment management. Austra lian Journal o f Ex
perimental Agri cul ture, 33, 239- 244. 

NHMRC 1992. Australi an and New Zea land Guidelines 
for the Assessment and Management of Contami
nated Sites. 57 pp. 

Stone, A.T. 199 1. Oxidati on and hydrolys is of ioni zabl e 
orga ni c po llutants at hydrous ox ide surfaces. In : 
Sparks, D.L. and Suarez, D.L., eds, Rates of Ch em i
cal Processes. Soil Science Society o f America Pub
li cation No . 27. So il Science Society of America, 
Madi son, WI, 23 1- 254. 

USEPA 1976. National Interim Primary Drinking Wa
te r Reg ul a ti o ns. Report No EPA /570/9-76/003 , 
United States Environmenta l Protecti on Agency, 
Washington, DC, 163 p. 

Wehrli , B. and Stumm , W. 1989 . Vanydyl in natura l 
waters: adsorption and hydrolys is promoted oxygena
ti on. Geochimica et Cosmochimi ca Acta, 53 , 69- 77 . 



Appendix 

Table A I. Electrical conductivity, pH , chloride (Cl) and total Cr content of contaminated soils from Mount Barker, 
near Adelaide 

Sample ID Depth EC pH pH Cl Cr 
(cm) (dS III ' ) (1:5 soil:HP) (0.0 I M CaCI) (Illg kg ') (mg kg-I) 

SL I 0-10 0.38 7.76 7.34 20 42701 
10- 20 0.48 7.79 7.40 17 34500 
20- 30 0.69 7.76 7.43 17 36911 
30--40 1.54 7.59 7.45 34 27944 
40--46 2.18 7.56 7.48 48 23091 
46- 50 2.06 7.59 7.45 48 30754 
50- 56 1.74 7.75 7.49 35 8805 
56- 64 1.40 7.66 7.40 36 6182 
64- 70 1. 76 7.72 7.50 60 6697 

SL 2 0- 10 0.52 8.00 7.40 34 33903 
10- 20 0.58 7.99 7.45 32 29606 
20- 30 0.71 7.97 7.51 31 29719 
30--40 0.89 7.93 7.56 23 13740 
40- 50 0.51 7.56 7.35 20 1063 
50- 60 0.72 6.70 6.75 27 518 
60- 70 1.48 4.70 4.80 63 603 

SL 3 0- 10 0.11 6.85 6.27 10 929 
10- 20 0.08 7.40 6.29 8 354 
20- 30 0.09 7.63 6.32 10 226 
30--40 0.13 7.66 6.33 13 289 
40--46 0.17 7.69 6.33 15 219 

SL 4 0- 10 0.20 7.67 6.72 9 7069 
10- 20 0.20 7.81 6.77 7 7244 
20- 30 0.19 8.12 7.10 8 5363 
30--40 0.08 8.27 7.04 7 346 
40- 50 0.07 8.24 7.04 7 150 
50- 60 0.09 8.25 7.05 7 169 
60- 70 0.15 8.19 6.93 10 174 

SL 5 0- 10 0.59 8.05 7.18 119 8412 
10- 20 0.48 8.61 7.46 184 462 
20- 30 0.42 8.98 7.52 200 69 
30--40 0.64 8.82 7.52 317 48 
40- 50 0.76 8.80 7.45 396 48 
50- 60 0.69 8.64 7.42 408 28 
60- 70 0.59 8.33 7.32 378 28 

SL 6 0-10 0.85 7.63 7.35 17 59517 
10- 20 0.92 7.68 7.28 8 4744 
20- 30 1.24 7.43 7.12 15 2577 
30--40 0.53 5.90 5.82 14 458 
40- 50 0.63 5.93 6.60 20 639 
50- 60 0.48 5.60 5.40 25 339 
60- 70 0.77 5.68 5.59 28 1107 
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Table A t continued. Electri cal conductivity, pH , chl oride (Cl) and total Cr content of contaminated soi ls from 
Mount Barker, nea r Adelaide 

Sample ID Depth EC pH pH C l Cr 
(cm) (dS m- ') ( 1:5 so il :HP) (0.0 I M CaCI) (mg kg- I) (mg kg-I) 

SL 7 0-- 10 0.D3 6.5 1 5.53 9 249 
10- 20 0.04 6.54 5.69 7 183 

1-
1 20- 30 0. 14 7.29 6. 15 8 3697 

30-40 0.1 4 7.68 6.55 6 2728 
40- 50 0. 13 8. 10 6.97 7 1005 
50- 60 0. 10 8.24 7. 14 7 7 1 
60- 70 0.09 8.2 1 6.9 1 7 95 

SL 8 0-- 10 0.24 7.9 1 7.05 17 17257 
10- 20 0.18 8.07 7. 17 9 11 630 
20- 30 0. 14 8. 13 7.40 8 2 133 
30- 40 0.09 8.3 1 7.50 7 297 
40- 50 0.07 8.33 7.40 8 154 
50- 55 0.07 8.20 7.30 8 76 

SL 9 0- 10 0.1 9 8.06 7.40 16 15804 
10- 20 0.1 7 8.23 7.50 13 10300 
20- 30 0. 16 8.28 7.38 10 857 1 
30-40 0.20 8.2 1 7.37 7 12400 

( 40- 50 0.46 7.88 7.37 9 34500 
50- 60 0.1 9 8.2 1 7.50 7 3300 
60- 70 0. 11 8.38 7.50 6 65 

SL 10 0- 10 0.3 1 8.05 7.44 26 69500 
10- 20 0.5 1 7.97 7.40 36 5 1000 
20- 30 0.26 8. 18 7.49 13 5200 
30-40 0.34 7.80 7.4 1 7 70 
40- 50 0. 19 6.84 6.8 1 7 55 
50- 55 0.32 6.20 6.30 8 225 

SL 11 0- 10 0.14 7. 10 6.27 17 405 
10- 20 0.06 7.43 6.53 11 400 
20- 30 0.03 7.62 6.45 7 110 
30-40 0.04 7.69 6.65 6 94 
40- 50 0.04 7.67 6.67 6 96 
50- 60 0.03 7.75 6.64 6 30 
60- 70 0.04 7.88 6.50 6 52 

SL 12 0- 10 0.22 7.64 6.67 18 17250 
10- 20 0. 13 8.06 6.73 9 1050 
20- 30 0.08 8.26 6.85 7 45 
30-40 0.04 7.26 6.49 6 100 
40- 50 0.04 7.59 6.47 5 28 
50- 60 0.05 7.69 6.52 6 28 
60- 70 0.05 7.89 6.45 6 22 

SL 13 0- 10 0.25 7.78 6.80 33 67500 
10- 20 0.22 8.20 7.50 14 25000 
20- 30 0.17 8.32 7.29 7 4400 
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Table A I continued. Electrical conductivity, pH, chloride (Cl) and total Cr content of contaminated soils from 
Mount Barker, near Adelaide 

Sample ID Depth EC pH pH Cl Cr 
(cm) (dS m ') (1:5 soil:HP) (0.0 I M CaCI) (mg kg-') (mg kg ') 

SL 14 0- 10 0.29 8.09 7.29 24 42000 
10- 20 0.28 8.21 7.63 20 23500 
20- 30 0.12 8.63 7.70 8 3800 
30-40 0.05 8.55 7.69 6 275 
40- 50 0.05 8.41 7.63 7 220 
50- 60 0.05 8.35 7.55 6 280 
60- 70 0.05 8.34 7.55 7 146 

SL 15 0- 10 0.29 8.16 7.55 35 43000 
10- 20 0.24 8.24 7.49 14 9250 
20- 30 0.10 8.52 7.67 8 3400 
30-40 0.08 8.47 7.61 6 146 
40- 50 0.06 8.38 7.58 5 60 
50- 60 0.06 8.37 7.53 6 80 
60- 65 0.04 8.44 7.59 6 22 

SL 16 0- 10 0.32 8.12 7.43 46 19000 
10- 20 0.11 8.51 7.53 9 2300 
20- 30 0.06 8.53 7.58 7 328 
30-40 0.06 8.49 7.54 10 108 
40- 50 0.11 8.57 7.44 23 138 
50- 60 0.18 8.57 7.40 43 40 
60- 70 0.32 8.44 7.32 78 104 

SL 17 0- 10 0.43 7.71 7.26 45 59000 
10- 20 0.53 7.86 7.44 23 57000 
20- 30 0.69 7.83 7.40 13 16000 
30-40 0.84 6.32 5.36 14 1250 
40- 50 0.61 4.58 4.10 16 3 10 
50- 60 0.51 4.15 3.79 14 152 
60- 70 0.51 3.90 3.69 14 128 

SLI8 0-10 0.42 7.95 6.97 53 56000 
10- 20 0.37 8.18 7.18 56 27500 
20- 30 0.29 8.32 7.49 20 26633 
30-40 0.52 8.23 7.52 29 8612 
40- 50 0.44 6.62 6.53 39 821 
50- 60 0.29 6.42 6.45 14 600 

SL 19 0- 10 0.04 6.88 6.20 22 1092 
10- 20 0.02 6.95 6.10 12 171 
20- 30 0.04 6.74 6.06 26 62 
30-40 0.05 6.67 6.09 41 34 
40- 50 0.02 6.20 6.11 16 19 
50- 60 0.02 6.36 6.04 15 16 
60- 70 0.01 6.04 5.98 11 12 
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Table A 1 continued. Electrical conductivity, pH, chloride (Cl) and total Cr content of contaminated soils from 
Mount Barker, near Adelaide 

Sample ID Depth EC pH pH Cl Cr 
(cm) (dS m ') (1:5 soi l:HP) (0.0 I M CaCI,) (mg kg-I) (mg kg ') 

SL20 0- 10 0.26 7.66 6.93 95 9976 
10- 20 0.09 7. 86 6.98 38 1054 
20- 30 0.08 7.70 6.90 38 1097 
30---40 0.07 7.58 6.78 34 350 
40- 50 0.06 7.47 6.68 25 126 
50- 60 0.07 7.43 6.65 32 122 
60- 70 0.04 7.58 6.68 18 77 

SL 21 0-10 0.25 8.32 7.68 75 1936 
10- 20 0.08 8.38 7.06 21 52 
20- 30 0.09 8.26 7.03 32 54 
30- 35 0.10 8.02 6.96 40 65 

SL 22 0-10 0.11 7.62 6.74 24 10667 
10- 20 0.03 7.89 6.64 19 93 7 
20- 30 0.03 7. 85 6.5 8 15 826 

SL 23 0- 10 0.21 7.78 7.24 38 44355 
10- 20 0.25 7.51 7.17 31 4900 
20- 30 0.60 6.25 6.15 14 14708 
30---40 0.27 6.42 6.26 33 5566 
40- 50 0.10 6.48 6.15 22 1350 

SL 24 0- 10 0.07 7.07 6.46 32 547 
10- 20 0.07 7.29 6.55 42 553 
20- 30 0.12 7.54 6.75 30 576 
30---40 0.28 7.65 6.95 75 13236 
40- 50 0.14 7.94 7.08 46 3428 

SL 25 0- 10 0.37 7.86 7.24 63 48323 
10- 20 0.28 8.00 7.38 19 18458 
20- 30 0.22 8.24 7.41 19 3352 
30---40 0.20 7.50 7.04 22 833 
40- 50 0.17 7.25 7.00 13 703 
50- 55 0.17 7.44 6.93 17 330 

SL 26 0- 10 0.28 7.75 7.32 60 56952 
10- 20 0.31 7.90 7.49 27 53933 
20-30 0.27 8.13 7.61 106 15612 
30---40 0.13 7.19 7.60 87 3311 
40- 50 0.13 7.97 7.55 33 188 1 

SL 27 0- 10 0.33 7.74 7.65 53 51934 
10- 20 0.29 7.96 7.71 37 59271 
20- 30 0.33 7.99 7.69 32 66312 
30---40 0.54 7.93 7.71 17 8 119 
40- 50 0.49 8.00 7.76 17 4351 
50- 60 0.12 8.34 7.74 15 1113 
60- 70 0.11 8.44 7.77 21 1458 
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Table A I continued. ElectTical conductivity, pH, chloride (Cl) and total Cr content of contaminated soils from 
MOllllt Barker, near Adelaide 

Sample ID Depth EC pH pH Cl Cr 
(cm) (dS m-') (1:5 soil:HP) (0.0 I M CaCI2) (mg kg ') (mg kg-I) 

SL 28 0- 10 0.14 7.31 5.64 60 10892 
10- 20 0.07 7.32 5.49 39 716 
20- 30 0.04 7.57 5.59 17 191 
30-40 0.09 7.48 5.70 64 76 
40- 50 0.05 7.92 5.84 17 50 
50- 60 0.09 7.90 5.89 25 42 
60- 70 0.15 7.86 6.02 48 35 

SL 29 0- 10 0.61 8.01 6.78 78 62621 
10- 20 0.70 8.01 6.93 148 49734 
20- 30 0.34 8.34 7.25 90 6408 
30-40 0.67 8.74 7.50 235 2523 
40- 50 0.86 8.96 7.90 298 1450 
50- 60 1.05 9.06 8.05 434 1405 
60- 70 1.15 8.50 7.75 595 376 

SL30 0- 10 0.27 8.43 6.51 126 34553 
10- 20 0.24 8.45 6.95 56 16351 
20- 30 0.44 8.16 7.13 42 35467 
30-40 0.56 8.16 7.37 62 32126 
40- 50 0.65 6.87 6.86 26 4279 
50- 60 1.03 5.76 6.20 58 3356 
60- 70 1.19 3.96 3.97 57 1439 

SL31 0- 10 0.27 7.05 6.73 22 41169 
10- 20 0.13 7.41 6.88 12 5150 
20- 30 0.09 7.61 7.76 15 1460 
30-40 0.10 7.78 7.76 26 891 
40- 50 0.08 7.80 7.68 26 739 
50- 55 0.07 7.81 7.57 14 459 
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Fate and Behaviour of Chromium at the Long-term 
Tannery Waste-contaminated Site Near Adelaide 

P. Thangavep,2 and R. Naidu l 

Abstract 

Samples to 70 cm depth were taken at 10 cm intervals from three contaminated soi I 
profiles at Mount Barker, near Adelaide. These samples were fractionated using the 
speciation procedure of Noble and Hughes (1991) with modifications to include the ionic 
nature of chromiulll (Cr) species. The modified procedure partitions Cr in the solution 
phase as soluble species, and as exchangeable hexavalent and trivalent forms. The 
extractants used in sequence were deionised water for the soluble fraction , 0.5M KNO) 
for the exchangeable and sorbed fraction , 0.5M NaOH for the organic fraction , 0.05M 
Na2EDTA for the remaining organic compounds plus iron oxide, and finally digestion 
with 4M HNO) to extract the residual forllls of C r. Over 90% of the Cr was extractable by 
HNO) while the general order of the remaining extractants was EDTA > NaOH » KNO) 
= H20. The water and KN03 fractions constituted < 0.5% of the total C r. Speciation of Cl' 
into Cr(VI) and Cr(lIl) using the diphenyl carbazide indicator technique showed the pres
ence of appreciable concentrations of Cr(VI) in the surf·ace soils. The Cr added to so il s 
with tannery wastes is trivalent, and Cr(VI) is generally rapidly reduced to Cr(lIl) in the 
presence of organic matter and Fe, so ox idat ion ofCr(lIl) to Cr(Vl) is not expected under 
the conditions that prevail in the so il environment at the contaminated s ite. Further stud
ies are continuing to investigate the reasons for the presence of Cr(VI) in these soils. 

LAND-based tannery waste disposals have led to 
extensive contamination of soil and groundwater 
resources in many parts of the Asian region. 
Recent studies in India demonstrate the presence 
of chromium (Cr) in excess of the World Health 
Organization guidelines in borewell water samples 
at sites in close vicinity to tannery industries in 
India (Mahimairajah et al. these Proceedings). 
These disposals have also led to degradation of 
thousands of hectares of productive agricultural 
land , with both Cr and salt exceeding the 
max imum permissible concentrations. Land-based 
disposa l of tannery waste was permitted because 

I CS IRO Land and Water, Private Mail Bag No. 2, Glen 
Osmond , Adelaide, South Australia 5064 

2 Present address: Department of Environmental Sci
ences , Tamil Nadu Agricultural University, Coimbatore 
641003 , India 
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the non-toxic form ofCr is used during the tanning 
process. Numerous investigators promoted such 
disposals because of the thermo-dynamic stability 
of Cr([[[) compared to C r(V[) in the so il 
environment. Once it is in the soil environment, 
Cr(l [I) may interact with both the mineral and the 
organic components of soil colloid particles. 
Interactions with soil colloids modify the 
bioavailability of Cr(lI!) in the field , leading to 
changes in its mobility. 

However, soil samples in the field are subject 
to periodic wetting and drying cycles during the 
wet and cool winter and hot and dry summer 
months. Such changes in soil conditions may 
induce a series of biological and chemical 
processes that may influence the stability of Cr 
species in the soils at th e contaminated sites . 
Moreover, presence of even small concentrations 
of Mn(lV) oxides would induce oxidation of 
Cr(lll) to Cr(VI) (Bartlett and Kimble [976). In 



Table I. Sequential fractionation of Cr in soils from 
the Mount Barker contaminated site using a modified 
Noble and Hughes (1991) technique 

Extractant Duration (hours) Nature of Cr 

Deionised water 2 soluble 

O.5M KNO] 16 exchangeable 
and sorbed 

O.5M NaOH 16 organic 

O.05M Na2EDTA 6 remaining 
organics plus 
iron oxide 

4M HN03 16 (at 80°C) residual 

this study we investigated the transformation of 
Cr(Ill) in the soil at the long-term tannery waste
contaminated site at Mount Barker, near Adelaide. 

Materials and Methods 

Soils 

Samples to 70 cm depth were taken from three 
contaminated soil profiles. These samples were air 
dried and crushed to pass through a 2 mm stainless 
steel sieve. Total Cr concentrations in these soils were 
determined in triplicate following extraction of I g 
soil subsamples with aqua regia for 16 hours at 
105°C. Samples were allowed to reflux at constant 
temperature until all the soil was digested. The digest 
was then diluted with deionised water, and total Cr 
in the extract was estimated by atomic absorption 
spectrophotometlY and acetylene nitrous oxide. 

Sequential fractionation 

Samples were selectively fractionated using the 
spec iation procedure of Noble and H ughes (1991 ). 
This procedure was slightly modified to include 
investigation of the ionic nature ofCr species. The 
modified procedure partitions C r in solution phase 
as so luble species, as exchangeable Cr(VI) and 
C r(lIl) . If the procedure is correct then the sum of 
these fractions should yield a near perfect 
agreement with the total Cr estimated by the 
nitric: hydrochloric method . 

The procedure involved sequential extraction of 
duplicate 2.5 g subsamples of air dried soils 
«2 mm) as shown in Table I. Following end-over
end equilibration at 20 ± 2°C, the samples were 
centrifuged at 10 000 rcf, and the supernatant was 
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Figure 1. Comparison of sum of Cr in various sequen
tial fractions with the total Cr in soil s extracted by the 
nitric : hydrochloric digestion technique 

filtered using a 0.45 J..lm millipore filter. Before 
extraction and between each extraction the tubes 
plus contents were weighed to account for 
entrapped solution and transfer of Cr between 
extractions. The concentration ofCr in each of the 
extracts was estimated by atomic absorption 
spectrophotometry. Amounts of Cr (J..lg g- I) 
extracted by each reagent were calculated by the 
following equation: 

Cr extracted = C x (25 + M) - (C' x M) , 

where C is the concentration ofCr in the extraction 
solution, C' is the concentration of Cr in the 
extraction solution in the preceding step of the 
sequence, and M is the mass (g) of the entrained 
solution carried over from the previous extraction. 

Chromium fractions in the water, KNOJ and 
NaOH extracts were speciated to determine the 
proportions of trivalent and hexavalent forms. To 
ensure that the extraction procedure did not lead 
to transitions between Cr(lll) and Cr(VI) we added 
known concentrations ofCr(I 11) and Cr(VI) to soil 
samples and subjected these soils to the sequential 
ex traction described above. Results showed no 
change in the amounts and nature of added Cr 
during the extraction procedure. 

Results 

The concentrations ofCr measured in the sequential 
fractions are listed in Table 2. The sum of the various 
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Table 2. Cr (mg kg-I) distributions in various fractions of three soil profiles from the contaminated site at Mt Barker 

Sample Depth water I water 2 water 3 
(cm) 

SL2 0- 10 5.80 4.53 3.15 
10- 20 7.50 5.42 4.00 
20- 30 23.7 J 15.55 12.96 
30-40 0.00 0.77 0.50 
40-50 0.00 0.57 0.39 
50- 60 0.08 0.00 0.44 
60- 70 0.47 0.04 0.42 

SL12 0- 10 2.12 0.86 1.18 
10- 20 0.40 0.24 0.95 
20- 30 0.29 0.01 0.83 
30-40 0.34 0.12 0.02 
40-50 0.00 0.18 0.09 
50- 60 0.47 0.12 0.17 
60- 70 0.38 0.15 0.23 

SL29 0- 10 4.70 2.72 3. J3 
10- 20 2.99 2.20 1.98 
20- 30 0.3 I 0.07 0.22 
30-40 0.29 0.10 0.06 
40- 50 0.28 0.19 - 0.01 
50- 60 0.53 0.55 O. JJ 
60- 70 0.29 0.69 0.88 

fractions is about 5% lower than the total 
concentration of elemental Cl' obtained by the 
nitric: hydrochloric digestion technique (Fig. I). 

Over 90% of the C l' was extractable by HNO, 
while the general order of effectiveness of th~ 
remaining extractants was EOTA > NaOH » 
KNO, = H20 . The water and KNO, fractions 
constituted < 0.5% of the total Cr. Th~se results 
indicate that most of the Cr at the contaminated 
site is present in residual fractions. Further detailed 
studies using a combination of scanning electron 
microscopy and X-ray diffraction revealed the 
presence of Cr in association with calcareous 
material , although a small fraction also appeared 
to be present on iron- oxyhydroxide surfaces 
(Audinayagam et al. 2000). These results are 
consistent with the EOTA and NaOH extractable 
fractions that show the presence of an appreciable 
fraction ofCr in the organic and iron oxide mineral 
pools present in the soil. While Cr in these pools 
is not of concern , g iven its low bioavailability, the 
presence of Cr in the water and KNO, extracts is 
of concern, because these fractions r~present the 
soluble and most mobile forms ofCr. The data in 

KN03 NaOH EDTA HN03 Total 

5.05 406.20 338.10 35945 36708 
5.34 320.64 336.38 37523 33202 

13.87 183.01 162.93 31730 32142 
0.55 51.10 323.74 9979 10356 
0.02 28.28 33.55 1140 1172 

- 0.02 I 1.33 15.33 296.5 323.6 
0.53 I 1.8 I 17 .25 487.0 5 I 7.5 

1.49 108. I 8 189.35 17226 17529 
- 0.05 7.30 41.80 1128 1179 
- 0.09 2.82 16. 11 49.0 60.0 

0.06 0.57 5.22 60.8 67. I 
0.15 - 0.01 3.00 44.6 48.0 
0.08 0.05 1.21 21.6 23.7 
0.06 0.00 1.82 56.6 59.2 

3.47 332.26 270.91 61314 61931 
2.90 348.61 233.38 47166 47758 

-0.02 19.05 206.74 5673 5899 
0.00 3.70 64.02 1631 1699 
0.00 4.36 50.75 1525 1580 

- 0.01 3.42 61.83 1053 I 119 
0.09 1.22 16.90 362 382 

73 

Table 2 show that even at the end of three repeated 
extractions Cr was still rel eased in water, so there 
is considerable potential for the leaching of Cr in 
these soils. Speciation ofCr into Cr(IIl) and Cr(Y[) 
using the colorimetric diphenyl carbazide (OPC) 
indicator technique showed the presence of 
significant concentrations of Cr(YI) in the soils 
from profiles SL2 and SLl2 (Table 3). In the third 
soil profile Cr(YI) was detected only in the 
subsurface sdil samples. F urther studies are 
continuing to find out why Cr(YI) is present in these 
soil water extracts. The results suggest that there is 
high mobility of Cr(YI) at the contaminated sites, 
and cause for concern about potential groundwater 
contamination. In general , Cr(VI) was not detected 
in the EOTA extracts. 

As discussed above, the presence of Cr(Yr) in 
the soil water extracts and the soil solid phase is 
surprising, given that the Cr salt that was being 
used was predominantly of the Cr(ll I) form. Most 
C l' added to soils is rapidly reduced to Cr(1 ll) in 
the presence of organic matter (electron donor 
group), so oxidation of Cr(lU) to Cr(YL) is not 
expected under the conditions that prevail in the 



Table 3. Concentration (mg L -I) of Cr(VI) in each of the sequential extracts 

Depth water I water 2 water 3 
(cm) 

0- 10 5.122 2.97 3.072 
10-20 6.39 3.708 3.501 
20- 30 20.58 10.807 9.518 
30-40 NO 0.146 0.079 
40- 50 NO NO NO 
50- 60 NO NO NO 
60- 70 NO NO NO 

0-10 1.686 0.201 NO 
10- 20 0.179 0.066 NO 
20- 30 0.127 NO NO 
30-40 NO NO NO 
40- 50 NO NO NO 
50- 60 NO NO NO 
60- 70 NO 0.151 NO 

0- 10 3.308 2.673 2.593 
10- 20 3.043 1.912 1.541 
20- 30 0 NO NO 
30-40 0 NO NO 
40- 50 0.104 NO NO 
50- 60 0.329 NO NO 
60- 70 0.083 NO NO 

soil environment at the contaminated site. 
Consequently we have been investigating the role 
of microbial processes in Cr(lIl) oxidation in these 
soils. Our limited optical microscopic studies, 
using both the contaminated soils and effluent 
samples, have indicated the presence of microbes 
similar to Cr oxidising bacteria (Gupta et al. these 
Proceedings) although the rate of oxidation was 
slow. Further studies are continuing to establish 
the effects of other fac tors, including the effect of 
Mn(IV) on Cr(IIf) oxidation at the contaminated 
site. The potential for indirect oxidation of Cl' (I If) 
by Mn(lI) in the presence ofM n oxidising bacteria 
is also being investigated. 

Conclusion 

Solid phase speciation of so il s contaminated over 
a long period with tannery waste at the Mount 
Barker waste disposal site shows the presence of 
significant amounts of Cr(Vl) in the soi l matrix , 
suggesting there is potential for Cr(I If) oxidation 
in soi ls. These studies also reveal the presence of 
appreciable amounts of Cr(VI) that are soluble in 

Total KN03 NaOH EOTA 
water 

11.164 3.877 28.79 1.901 
13.599 4.814 30.2 0.301 
40.905 11.175 29.41 1.444 

0.268 0.128 8.59 NO 
NO NO 0.222 NO 
NO NO NO NO 
NO NO NO NO 

1.887 0.985 15.31 NO 
0.245 NO 5.01 NO 
0.127 NO NO NO 

NO 0.044 0.216 NO 
NO 0.039 NO NO 
NO NO NO NO 
0.15 1 NO NO NO 

8.574 2.953 22.665 4.69 
6.496 2.317 29.34 2.52 

NO NO 3.709 NO 
NO NO 2.19 NO 
0.104 NO 2.041 NO 
0.329 NO 2.46 NO 
0.083 NO 0.059 NO 

water and KN0 3 , suggesting that there is 
considerable potential for leaching and subsequent 
contamination of groundwater. 
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Extent and Severity of Contamination around 
Tanning Industries in Vellore District 

S. Mahimairajah l, S. SakthiveJl, J. Divakaran l, 
R. Naidu2 and K. Ramasamyl 

Abstract 

Long-term disposal of tannery wastes has led to extensive contamination of the soil 
environment in many parts of India. The major contaminants in the wastes include chro
mium (Cl') and high concentrations of dissolved salts. In this shldy the extent and severity 
of contamination of the soils around selected tanneries in the Vellore district was investi
gated. Samples of tannery effiuents and sludge were collected. Surface (0- 15 cm) and 
subsurface (15-60 cm) soils were sampled around the tanneries and analysed for total Cr, 
pH and electrical conductivity (1:5 soi I :water), and salt content. The results showed that 
the eftluents varied considerably in pH (6.17- 8.17), EC (10.4-23.0 dS m '), Na (2040-
9000 mg L-') and total Cl' (620- 26 200 ~lg L '). The sludge contained higher Cl' (1179-
16 158 mg kg ') than the eftl uent. Variation was also observed between tanneries. Though 
no definite pattem has been observed in the distribution of Cl' at different depths, Cr 
accumulation ranged from 569- 79865 mg kg-I in surface and subsurface soils and the 
reasons for subsurface accumulation are not clear. Soils around the closed (old) tanneries 
were particularly high in Cl' relati ve to the existing tanneries. This may be attributed to the 
more stringent guidelines recently (last 15 years) imposed by the Tamil Nadu Pollution 
Control Board. The speciation of Cr, determ ined by a sequential fractionation procedure, 
indicated that over 85- 99% of Cl' was extractable by HNOJ. The Cl' extractable by NaOH 
(organic) and EDTA (remaining organics plus iron oxide) constituted only 0.5- 15%. 
Though no Cr (soluble) was detected in the water extracts, concentrations ranging fro III 
5.5 to 128 J..lg kg 1 obtained in KNO] extract are of concern, because this fraction repre
sents the exchangeable and sorbed Cr. 

TH E leather industry is among the major sources 
of pollution in the state ofTamil Nadu. The effluent 
and sludge discharged from these tanneries into 
ri ve rs and onto land has led to ex te nsive 
degradation of productive land. The tannery wastes 
typically contain high concentrations of salts 
(sodium, chloride and sulfates, etc. ) and chromium 
(Cl') which threaten surface and subsurface soil and 
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water resources. High concentrations of heavy 
metals in soil, due to effl uent or sludge, are of 
concern because of possible phytotoxicity or 
increased movement of metals into the food chain 
(Chaney 1990) and the potential for surface and 
groundwater contamination. Even in cases where 
there is low or zero metal contamination, po llution 
of surface water and groundwater may also be of 
concern because of excessive N and P loading of 
potable water supplies. 

Lack of scientific information on the potential 
environmental impact of tannery effluent and 
s ludge in India has culminated in extensive 
pollution of productive agricultural land , surface 



Figure I. Locations of the sampling sites (dots) 

and groundwater in Tamil Nadu. Moreove r, 
information on the composition of tannery wastes 
(both effluent and sludge) is limited, particularly 
for Tamil Nadu where the environmental pollution 
due to tanneries is of serious concern. It is also not 
known to what extent the hazardous Cr has 
accumulated in the soil and water environment. 
This study was undertaken to characterise a range 
of tannery wastes available in Vellore district 
(North Arcot Ambedkar district) where many 
tanneries are located , and to assess the extent to 
which the soil and ground-water are contaminated 
with Cr from the disposal of tannery wastes. 

Materials and Methods 

Collection of samples 

To characterise a range of tannery wastes, replicate 
samples of effluents and sludge were collected 
from selected tanning industries at Ambur, 
Vaniyambadi , Walajapet , Pernampet and 
Vaduganthangal in the Vellore district of Tamil 
Nadu. The locations of the sampling sites are 
depicted in Fig. I. The effluents were collected in 
separate new I L polyethylene containers which 
were rinsed with effluent several times before 
filling. Samples of sludge were collected and stored 
in polyethylene bags. 

Surface soils (0- 15 cm) and subsUlface soils 
(10-20 cm intervals to depths exceeding 60 cm) 
were collected, air dried at 25 °C and passed 

N 

t 

through a 2 mm sieve. The homogenised soils were 
stored in polyethylene bags for alllaboratOlY studies. 

Analyses 

The pH of soil was measured both in water and in 
0.0 I M CaCI, (I :5) suspension after one hour 
shaking, using a combination pH electrode. The 
electrical conductivity (EC) was measured only in 
soil:water (I :5) suspension. The effluent samples 
were acidified with concentrated HNO, to a pH of 
approximately 3.0 to stabilise the origi:lal valence 
state of Cr. The samples were stored at 4°C until 
further chemical analysis. Duplicate samples of 
sludge (I to 2 g) or soil ( I to 2 g) were digested 
with 10- 15 mL aqua regia at 110°C for 2 hours. 
The effluent samples were also digested using aqua 
regia at 1:2 ratio, because earlier observations 
showed that the determination ofCr in undigested 
and filtered effluent or water samples recorded a 
reduced level of total Cr content. Acid digestion 
recovers Cr both in solution as Cr(Vl), and in 
colloidal particles as Cr(IlI). After filtration and 
appropriate dilution , Cr and other heavy metals 
including copper (Cu) and z inc (Zn) were 
determined using an atomic absorption 
spectrophotometer (AAS; Varian SpectrAA-200) 
and air-acetylene flame. A wavelength of 358 nm 
was used with a spectral slit width of 0.2 nm. The 
sodium (Na) content was also determined using a 
flame photometer. 
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Table I. Mean pH, EC, total Na and Cr contents of tannery effluent 

Effluent pH EC 
(dS m- ') 

Ambur 
Raw effluent 6.17 11.4 
Treated effluent 8.17 10.4 

Vaniyambadi 
Treated effluent 7.02 23.0 

Walajapet 
Treated effluent 8.17 13 .5 

Pernampet 
Raw effluent 7.26 20.0 
Treated effluent 7.43 20.4 

Vaduganthangal 
Treated effluent 7.56 13.0 

Fractionation of Cr 

To determine the nature ofCr in the contaminated 
sites, the Cr in soils was fractionated following a 
sequential fractionation procedure according to 
modified Noble and Hughes (1991) technique. 
Duplicate I g samples of air dried soil were shaken 
end-over-end with 25 mL of double disti lied water 
(three times) at 20 ± 2°C for 2 hours in a 50 mL 
polypropylene centrifuge tube. The tubes were 
centrifuged at 10000 rpm for 20 min and filtered 
through Whatman No. 40 filter paper. The soluble 
Cl' in the water extract was detemlined using AAS 
as described above . 

To the residue in the tube, 25 mL of 0.5 M KNO, 
was added. The tube was shaken for 16 h and thel~ 
centrifuged and fi Itered. This was followed by 
extraction with 0.5M NaOH for 16 hand 0.05M 

Table 2. Some important characteristics of tannery sludge 

Na Cl Cr 
(mg L- ') (l1lg L - I) (~lg L- ') 

2280 1805 26200 
2040 1644 8800 

9000 3674 900 

2600 3143 2300 

3150 3191 7200 
3250 2410 620 

2900 1720 760 

Na,EDTA for 6 h. The Cr in the respective extracts 
was determined by atomic absorption spectro
photometry. Before extraction and between each 
extraction the tube plus contents were weighed to 
calculate the volume of entrapped solution and 
transfer of Cr between extractions. The amounts 
of Cr (~lg g-l) extracted by each extractant were 
computed by the equation, 

Cr extracted = C x (E + M) - (C' x M) , 

where C = concentration of Cr in the extraction 
solution, E = mass (g) of the extractant, M = mass 
(g) of the entrained solution carried over from 
previous extraction, C' = concentration of Cr in 
the extraction solution ofthe preceding step of the 
sequence. The residue in the tube was carefully 
transferred to a 150 mL conical flask using ajet of 
water, and dried in an oven . Concentrated HN03 

p H EC 
(dS m ') 

Na Cl' C u Zn 
(mg kg- I) (mg kg- I) (l1lg kg ') (mg kg ') 

Ambur 
Site I 7.81 7.65 16.0 62781 5728 58 106 
Site 2 8.28 8.01 6.0 44875 1179 13 38 
Site 3 7.76 7.65 15.5 40698 9312 54 218 

Vaniyambadi 
Site I 8.16 7.77 ) , _ . .) 10125 1314 21 60 
Site 2 8.05 7.85 5.7 9917 1895 16 48 

Vaduganthangal 8.46 8.3 12231 8241 42 67 
Pernampet 7.70 7.41 20.8 29239 16158 32 51 
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Table 3. Sa lt and heavy metal content in soils around tanneries at Ambur 

Depth H EC 
(cm) Hp O.OIM CaCI2 (dS m-I) 

Ambur 

Site I 0- 15 8.57 8. 10 1.28 
15- 20 9.51 8.3 1 0.39 
20-40 9.67 8.20 0.35 

Site 2 0- 5 8. 19 7.98 12.32 
5- 20 8.54 8. 17 3.60 

Site 3 0- 15 8.3 9 8.1 3 3.02 
25-40 8.43 8.11 3.26 
50- 70 8.09 8.01 2.40 

Site 4 0- 15 8. 11 7.80 2. 15 
15- 30 8.29 7.70 0.88 

ite 5 0- 15 8.2 7.70 0.15 

Site 6 0- 5 8.20 8.1 0 1.28 

Reference soil 

Site I 0- 15 7.96 7.49 0.55 

Site 2 0- 15 8.24 7.86 0.32 

Site 3 0- 15 8.23 7. 16 0.59 

( 10 mL) was added to the so il residue and it was 
digested at II ODe. The digest was diluted and 
filtered before the Cr was measured . 

Results and Discussion 

Tannery effluent and sludge 

The effl uent collected at di ffe rent locations varied 
considerably in pH and EC (Ta ble I). The pH 
ranged from 6.17 (raw effl uent) to 8.17. The EC 
was genera lly high and ranged between lOA and 
23.0 dS m- I. The effl ue nt de ri ved during the 
washing of preserved skin was highly sa line, with 

Table 4. Range in pH , EC, Na, Cl and Cl' of surface soil 

Location pH ( 1:5 HP) EC (dS m I) 

Ambur 8. 11 - 8.57 0.1 5- 12.3 
(n = 12x2) (8.27) (3 .36) 

Vaniyambad i 7.68- 8.87 0.43- 20.6 
(n = 25 x 2) (8.28) (9.94) 

Reference soil 7.96- 8.23 0.32- 0.59 
(n = 3 x 2) (8. 14) (0.48) 

n = num ber of samples; mean va lues given in parentheses 
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Na Cr Cu Zn 
(mg kg-I) (mg kg I ) (mg kg-I ) (mg kg-I ) 

142 16 924 23.6 924 
10265 8 13 12 . 1 813 
8838 543 9.3 543 

43301 1733 18.8 1733 
15150 29 15 19.4 29 15 

18445 949 29.2 949 
24959 528 1 37.9 5281 
19900 4117 23.9 4117 

77711 1229 3 1.4 1229 
42102 11 8 1 21.2 11 8 1 

41 936 1182 10.0 12.8 

42635 1673 1 35 .9 89.3 

1022 5.2 7.0 20.0 

2697 8.6 35.9 54.8 

1226 6.4 15.9 34.7 

concentrations of Na greater than 2000 mg L - I at 
a ll sites. The high salt content orig inated from the 
sodium chloride and sodium sulfide used in the 
washing process. Wide vari at ion was also observed 
in the total C r concentrations of the effl uents (620-
26200 ).lg L- I) co ll ected at di ffe rent locat ion s 
(Tab le I ). T hese di ffe rences in the chemical 
constituents may be due to di ffe ring process ing 
methods employed by the va rious tanneries. 

The pH of s ludge, measured both in water and 
in 0.0 I M CaClv was relati vely high (7 AI to 8A6) 
compared to effl uent, but EC values were fo und 
to be lower in li10st sludge samples (Table 2). This 

Na (mg kg I) Cl (mg kg-I) Cr (mg kg I) 

14216- 777 11 2 1.3-4587 924- 1673 1 
(39707) (3240) (379 1 ) 

2405- 74398 60.9- 8 175 569- 79865 
( 18952) (5 165) (20 164) 

1022- 2697 45.4- 84.0 5.2- 8.6 
( 1648) (58.0) (6 .7) 



Table 5. Salt and heavy metal content in soi ls around tanneries at Vaniyambadi 

Depth H EC Na Cr Cu Zn 
(cm) H2O O.OIM CaCI2 (dS m-I) (mg kg I) (l11g kg I ) (mg kg I ) (mg kg I ) 

Site I 0- 5 7.68 7.65 15.7 38501 41065 39 108 
5- 15 8.13 7.87 4.9 44064 8450 66 116 

15- 30 8. 15 7.81 4.5 14786 69495 30 153 
30- 50 8. 15 7.86 5.1 46194 44838 29 152 
50- 70 8. 19 7.68 5.7 97 19 10096 33 133 

> 70 8.26 7.89 5.2 50724 73 111 30 125 
Site 2 0- 15 8.00 7.86 18.9 48870 79865 28 148 
Site 3 0- 15 7.94 7.74 11.1 59830 11464 31 146 
Site 4 0- 15 8.08 7.84 11.5 38592 14052 30 138 
Site 5 0- 15 8.00 7.78 12.4 29214 16790 32 151 
Site 6 0- 15 8.01 7.75 4.9 24705 13064 32 135 
Site 7 0- 15 7.94 7.67 7.9 34444 14116 33 122 
Site 8 0- 15 7.97 7.70 10.6 3539 1 11975 32 126 
Site 9 0- 15 8. 11 7.59 9.3 74398 16858 28 125 
Site 10 0- [5 8.06 7.7 1 7.8 11644 37087 41 123 

15- 30 7.83 7.62 2.9 5858 12341 31 39 
Site 11 0- 15 8.87 7.70 0.43 2405 28 168 40 46 
Site 12 0- [5 8. 13 7.65 3.08 10553 28952 40 78 
Site 13 0- 15 8. 14 7.74 3.68 7563 8422 38 69 
Site 14 0- 15 7.91 7.65 10.3 15979 177539 44 89 
Site 15 0- 15 7.94 7.71 17.0 22833 18287 39 53 
Site 16 0- 12 8. 10 7.6 1 20.6 29707 25664 67 161 

12- 32 7.93 7.70 10.1 19218 33714 69 148 
Site 17 0- 15 7.73 7.49 2.65 5219 3646 43 72 
Site 18 0- 15 7.84 7.43 10.2 12120 8762 52 11 8 
Site 19 0- 15 7.83 7.27 7.26 7117 5827 35 83 
Site 20 0- 15 7.70 7.21 11.4 5793 1750 23 42 
Site 2 1 0- 15 7.8 1 7.46 5.86 4926 569 19 45 
Site 22 0- 15 7.8 1 7.54 6.59 4875 4252 31 82 
Site 23 0- 15 7.84 7.55 8. 16 5450 9485 30 68 
Site 24 0- 15 7.86 7.65 13.0 18665 37036 109 207 
Site 25 0- 15 7.93 7.73 8.22 14068 49202 122 2 15 

may be due to the nature of the salts present in Chromium Contamination in the Environment 
sludge. The concentration of Na varied from 9917 Chromium in soil 
to 62 781 mg kg-I and the total Cr content ranged 
from 1179 to 16 158 mg kg -I. Other heavy metals The pH, EC and the distri bution ofNa and Cr in 
such as Cu and Zn were also observed in the sl udge surface an d subsurface so il s around selected 
(Table 2). Disposal of this efnuent and sludge onto tanneries at Ambur and Vaniyambadi are presented 
land is of concern since high sa linity is linked to in Tables 3, 4 and 5 and Figs 2 and 3. The pH 
sodicity as well as to sa lt-a ssoc iated land (H ,O) of surface and subsurface so il at Ambur 
degradation and its related constraints to crop ranged from 8. 11 to 8.57 and 8.09 to 9 .67 , 

productivity. According to one estimate (Naidu and respectively, and the EC from 0.15 to 12.32 and 
McLaughlin 1993), such disposals in the past have 0.35 to 3.60 dS n,-I , respective ly. At Vaniyambadi, 
already degraded over 50000 ha of agricultural the pH and EC vari ed from 7.68 to 8.87 and 0.43 

land in Tami! Nadu. to 20.6 dS m-I, respective ly, over all depths. The 
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Figure 2. The distribution of sodium within two different soil profiles at contaminated sites in Ambedkar district 
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Figure 3. Distributi on of chromium within soil profiles typifying Cr contamination at the contaminated sites 
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Table 6. Threshold levels of Cl' permissible in soils of some developed cOLlntries (mg kg-I) 

Cl' III 
Cl' VI 

Australia' 

50 (Total) 

New Zealandb 

600 
10 

a ANZ ECC / NHMRC (1992) 

UK' 

600 
25 

Canadad 

250 
8 

USEPA' 

1500 

d CCME (1990) 

Germanyr 

200 

b Ministry of Envi ronment / Ministry of Health (1995) 
C UK Department of Environment (1987) 

C USEPA (1993), Alloway (1995) 
r Marshall (1994) 

surface and subsurface soils both at Ambur and at 
Vaniyambadi had very high Na: 8838- 77 711 mg 
kg-I and 2405- 74398 mg kg-' , respectively. The 
salt-rich effluent and sludge discharged at the sites 
are thought to cause the Na accumulation in the soils. 

At both locations, the C l' content showed no 
definite pattern with soil depth , but tended to 
accumulate in disproportionate amounts within the 
soil profile (Fig. 3). This may partly be due to the 
varying texture of soil and hydrological features 
of the sampling sites which may have influenced 
the mobility of Cr, resulting in differential 
accumulation in the soil profile. Nevertheless, at 
Vaniyambadi the Cl' level exceeded 70000 mg kg-I 
at depths exceeding 70 cm. The different chemical 
compositions of effluent and sludge also 
contributed to the variation in Cr accumulation. 

The data clearly show that the soils around 
tannery industries are severely contaminated with 

a) Ambur 

700 

600 

500 

" Cl 400 >< 
Cl .s 300 u 

200 

100 EDTA-Cr 

0·15 25-40 50-70 

Cr. However, the nature and speciation of Cr has 
not been determined. In nature, Cr can occur both 
in hexavalent forms , as Cr(VI), and in trivalent 
forms, as Cr(11 I) , depending on the nature of the 
soil environment. The Cr(VI) which exists 
primarily as CrO/ - and HCr04- in natural systems 
(Richard and Bourg 1991) is of particular concern 
because it is toxic, even at low concentrations, to 
both plants and animals (Bartlett and Kimble 1976) 
and it is more soluble and more mobile in the 
environment than Cr(1Il). The Cl' accumulation in 
soi Is of Ambur and Vaniyambadi exceeded the 
maximum threshold limits prescribed 111 varIOUS 
developed countries (Table 6). 

Speciation of Cr 

The speciation of Cl' as determined by a sequential 
fractionation procedure indicated that 85- 99% of 
Cl' was extractable by HN03 (data not presented here). 

b) Vaniyambadi 
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Figure 4. Nature of Cl' in the surface and subsurface hori zons in two of the contaminated soi Is 
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The Cr that was extractable by NaOH (organic) 
and EDTA (remaining organic compounds plus 
iron oxide) constituted only 0.5- 15% (Fig. 4). 
Though no Cr (soluble) was detected in the water 
extracts, Cr concentrations of 5.5- 128 Ilg kg- I 
obtained in KNO, extract are of concern since this 
fraction represents the exchangeable and sorbed 
Cr that has the potential to leach. This study 
demonstrates that long-term disposal of tannery 
wastes has severely contaminated the soils around 
the tanning industries in Vellore district. 

Implications of Tannery Waste Disposals to 
Environmental Quality 

The long-term disposal of tannery wastes has 
implications both for environmental quality and 
for animal and human health issues. The 
salinisation of the soil and groundwater has 
implications for crop production in this district. 
While salt per se is not of major concern to human 
health hi ah salt content has been shown to have 

, b . .. . 

an impact on micro- and macrofaunal actIvItIes In 
soils. Of major concern is the presence of Cr(VI) 
in the soils as well as the groundwater; the latter is 
the major source of water for local consumption. 
Many people also grow food in backyard gardens 
and raise poultry for local consumption. With both 
of these activities there is the potential for Cr 
transfer from soils to animals and human beings. 
Thus there is an urgent need for the environmental 
scientists to assess the Cl' contents of back yard soi Is 
and garden crops. 

Conclusion 

The tannery effluents and sludge examined had 
varied amounts of salt and Cr and differed in their 
chemical compositions. Disposal of these wastes 
onto land has resulted in severe Cr contamination 
in surface and subsurface soils. A maximum level 
of79 000 mg Cl' kg-I was observed in Vaniyambadi 
soil. Chromium fractionation revealed that water
soluble Cr was not detected in contaminated soil. 
Considerable exchangeable and sorbed Cr were 
present, showing that there is potential for Cl' to 
leach into surface and groundwater. 
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Chromium Contamination of Groundwater 
in Vellore, India: Evidence of Chromium Mobility 

at Contaminated Sites 

S. Mahimairajah', J. Divakaran', S. Sakthivei', 
K. Ramasamy' and R. Naidu2 

Abstract 

This study investigated the extent of chromium (Cl') contamination of the groundwaters 
around selected tanneries in the district ofYeiiore, sampled in borewells and piezometers. 
Samples of groundwater were analysed for Cr(lll) , Cr(YI) , pH , electrical conductivity 
and total salt content. The concentration of total Cl' ranged f,'om 50 to 990 ~g L- ' in 
borewell waters. A concentration of >500 ~l g Cr L-' was obtained for the groundwater 
sampled at 10 m depth inside the Palar Ri ver; a concentration of>950 ~l g Cr L-' was found 
in a borewell 2 km away from a c losed tannery. The normal average background value 
reported in var ious parts of India is 4- 7 ~l g L I . In the majority of water samples the Cl' 
concentration exceeded the maximum permissible limit (50 ~g L-I ). Of greater concern 
was the finding that 89- 96% of the Cl' in most of the borewell waters was toxic Cr(YI). 
The Cl' concentration was be low the detectable limit in groundwaters collected from piezo
meters installed at uncontaminated sites. However, during successive sampling sessions 
at a contaminated site, the Cl', sodium and chlorine concentrations showed an increasing 
trend. This suggests that with continuous leaching the Cl' and sa lts had moved down the 
soil profile and contaminated the groundwater. The results demonstrated that Cr is highly 
mobile in contaminated soils around tanneries. Trivalent Cr(lll) is the form of Cl' pre
dominantly used in the tanning process and added to soils in the tannery wastes. The 
presence of Cr(Y I) in borewell waters raises questions about the mechanisms that enhance 
oxidation of Cr(l ll) to Cr( YI ) in ground waters. The water samples showed microbi al 
activity, so microbi al oxidation- reduction may have favoured the transformation. 

MAIIIMAIRAJAH et al. (these Proceedings) prese nt 
data to show the extent and severity of 
contamination in soils around tannery industri es 
in India. The chromium (Cr) and salt-rich tannery 
effluent and s ludge discharged onto land have led 
to ex tensive degradation of productive land , due 
to salinity and sodicity and accumulation of C r. 
C hromium in natural waters exists both in trivalent 
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(0.3+) and in hexavalent (Cr6+) states. Generally, 
the presence of C r(YI) is indicative of industrial 
pollution , although naturally occurring C r(YI) has 
been found (Robertson 1975). Whil e C r(" I) is 
considered to be an esse ntial e lement for humans 
(Mertz et al. 1974), C r(YI) can be quite toxic to 
organisms even at relative ly low concentrations 
( U SEPA 1976) , because of its biochemical 
behaviour. Speciation snldies (Mahimairajah et al. 
th ese Proceedings) provide evidence for the 
presence of exchangeable and sorbed C r at 
concentrations rang ing from 5.5 to 128 Ilg kg- I 

which are likely to form soluble C r(YI). Further, 



if oxidation ofCr(lU) occurs, the resultant Cr(VI) 
dissolves in water, moves down the soil profile and 
can contaminate groundwater. 

This study was undertaken to assess ground
water contamination by Cr and to examine the 
transport (mobility) ofCr in soil and its potential 
to contaminate groundwater. 

Materials and Methods 

Collection of samples 

Replicate samples of groundwater were collected 
from borewells that were approximately 10 m deep 
around selected tanneries at Ambur, Walajapet, 
Vaniyambadi , Vaduganthangal and Vinnamuthi 
villages in Vellore district. The samples were 
collected in new I L polyethylene containers which 
previously had been soaked in an acid bath and 
rinsed several times , first with deionised water 
and then with groundwater, before filling. The 
samples were kept in an ice-box and brought to 
the laboratory. 

To examine the mobility of Cr in soil and its 
potential to contaminate the groundwater, nests of 
piezometers were installed at depths varying from 
50 cm to 200 cm at selected locations around 
Vaniyambadi , including uncontaminated sites. At 
each site , boreholes were dri lied to depths of 
approximately 50 cm, 100 cm or 200 cm with a 
specially designed soil auger, and the piezometers 
were inserted . Piezometer I was located in an 
uncontaminated area which was situated upstream 
of the direction of groundwater !low from a chrome 
tannery. Piezometer 2 was located right in the 

centre of a disposal site very close to a 
chrome tannery, where the distribution of Cr in 
the soil profile ranged between 8450 mg kg- land 
73 II I mg kg- I. Piezometer 3 was located 
approximately 2 km away from the contaminated 
site, along the direction of the groundwater !low. 
A total of22 piezometers were installed , but only 
nine have escaped human interference. Water 
samples (piezowaters) were collected from the 
piezometers at monthly intervals during the rainy 
season (October 1997 to January 1998) when 
moisture saturation allowed subsurface !low. 

Laboratory analyses 

After their pH and electrical conductivity (EC) had 
been measured, the water samples were acidified 
with concentrated HNO, (2 mL L- I) to a pH of 
approximately 3.0, to stabilise the original valence 
state of Cr. The samples were stored at 4°C and 
analysed within 48 hours (APHA 1980). The water 
samples were digested using aqua regia at I :2 ratio, 
because our earlier studies had shown that 
undigested but filtered samples of effluent or water 
recorded a reduced level of total Cr content. Acid 
digestion recovers Cr both in solution as C r(VI) 
and in colloidal particles as Cr(lll). After filtration 
and appropriate dilution, Cr was measured using 
an atomic absorption spectro-photometer (Varian 
SpectrAA-200) with air- acetylene fl ame. The 
wavelength of 358 nm was used with a spectral 
slit width of 0.2 mn. The sodium (Na) content was 
determin ed using a flame photometer. Th e 
concentration of Cr(VI) in the borehole water 
samples was estimated in samples filtered through 

Table I. Mean pH, EC and total a, Cl and Cr concentrations of borehole water samples 

Site pH EC Na Cl Total Cr Cr(VI) 
(dS m I) (mg L-I) (mg L-I) (~g L-I) (~g L-I) 

Ambllr Site I 7.40 6.5 1200 946 178 159 
Site 2 6.78 2.7 4850 395 511 480 

Walajapet Site I 8.42 1.0 50 105 996 922 
Site 2 8.40 1.1 100 147 923 895 

Vaniyambadi Site I 7.71 2.5 765 464 720 640 
Vadllganthangal Site I 7.23 11.2 1600 1628 256 231 
Pernampet Site I 7.13 6.5 780 947 54 52 

Site 2 8.10 6.9 960 1006 51 48 
Vinnamuthi (uncontaminated site) 7.90 1.5 198 221 D ND 

ND = not detectable 
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Figure I. Total Cl' and the nature of Cl' species in borewell water samples from districts in Coimbatore, India 

0.45 I-Im milliporefi lters using the colorimetric 
diphenyl carbazide indicator technique (Clesceri 
et al. 1989). 

Results and Discussion 

Chromium in grounrlwater 

The concentration of total Cl' in contaminated 
groundwaters ranged from 51 to 996 /-I-g L- I with a 
pH variation from 6. 78 to 8.42 (Table I). Wide 
variation ( 1.0 to 11.2 dS m-I) was also observed in 
EC. The conce ntration of Cl' was bel ow the 
detectable limit in water sa mpl es from 
uncontaminated sites in Vinnamuthi vi llage. A low 
concentration , onl y about 50 ~lg L- I, was recorded 
fo r the samples from Pernampet where tanneri es 
have only been establi shed recently and function 
with a common effluent treatment plant. The well 
waters at Vaduganthangal , where only one large
scale chrome tannery without a treatment plant has 
been operating for the past 10 years, contained a 
relati vely high concentration of Cl' (256 ~lg L I). 
At Ambur, where many small- and large-sca le 
tanneries are located, Cr concentrations va rying 
from 178 to 511 /-lg L-I were recorded. The result 
showed that Walajapet and Vaniyambadi are the 
worst affected areas , with Cr concentrations of 
720- 996 /-l g L- I in the groundwate rs, and 
exceptionally high Cl' contents in water samples 
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from Walajapet. Chromium concentrations of>500 
/-I-g C r L- I in th e groundw ate r sa mpled at 
10 m depth inside the Palar River (A mbur, site 2) 
and > 950 I-Ig Cl' L - I in ground water sampled from 
a borewelllocated approximately 2 km away fro m 
the effluent outlet of a closed tannery at Walajapet 
(s ite I) clearly indicate the extent ofCr pollution 
in groundwater. The most worrying feature about 
this contamination is that these borewell waters 
are currently in use for potable purposes. Given 
that many of these villages do not have any other 
source of potable water, continued consumption 
of Cr-contaminated water can pose risks to both 
animals and humans li vi ng in these di stricts. 

It was surprising to note that 33- 97% of the Cl' 
in groundwaters was in the form of toxic Cr(V I) 
in concentrations of 48- 922 I-Ig L- I (F ig. I and 
Table I). If site I at Ambur is excluded, 89- 96% 
of total Cl' occurred as Cr(VI). Chromium(VI) was 
not detected in the borewell water samples from 
the uncontaminated site (Vinnamuth i). These 
results presumably indicate that Cr(lll ) is bei ng 
oxidised to Cr(VI) in the so il , and that the soluble 
Cr(VI) is subsequently mov ing into ground water. 

The Cl' concentration in groundwaters was much 
higher than the normal average background va lue 
of 4- 7 /-I-g Cl' L- I reported in various parts oflndia 
(Handa 1978). A high Cl' content in groundwater 
has been reported by several workers. Davids and 
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Figure 2. Relationship between Na+ and CI- in the piezometer water samples 

Lieber (1951) reported an average of 450 ~g L- 1 

in groundwater. Forstner and Wittman (1983) 
reported a mean value of > I 0 000 ~g Cr L-1 in 
groundwater of Tokyo. They suggested that 
0.5 ~g Cr L-1 was the background content of Cl' in 
surface water. Drinking water standards have been 
set at 50 ~g total Cr L- 1, because of the toxic effect 
of Cr(VI) and the possibility that Cr(Ill) will 
oxidise to toxic Cr(VI) (USEPA 1976). The Cr 
content in groundwaters examined in our study also 
exceeded the maximum permissible limit of the 

Australian National Health and Medical Research 
Council (NHMRC). 

Mobility of Cr 

At the first sampling of the piezometer nest around 
Vaniyambadi (after approximately 140 mm of rain) 
the piezowate rs (150- 210 cm depth) of the 
contaminated site had a Cr concentration of on ly 
67 ~lg L- 1, which increased to > I 00 ~g L 1 during 
subsequent sampling (Table 2). Throughout the 
sampling period , the Cr was below the detectable 

Table 2. Salt and Cl' content in piezowaters (depth 1.5 m to 2.0 m) around Vaniyambadi 

pH EC Na Cl Total Cl' 
(dS m I) (mg L I) (mg L-I) (pg L I) 

First sampling 
Piezometer I (uncontaminated site) 7.89 3.42 786 497 trace 
Piezometer 2 (contaminated site) 7.60 21.60 1246 3141 67 
Piezometer 3 (2 km away from contaminated site) 7.57 2.58 540 375 trace 

Second sampling 
Piezometer I (uncontaminated site) 7.95 3.56 613 518 trace 
Piezometer 2 (contaminated site) 8.01 27.9 1014 4057 112 
Piezometer 3 (2 km away from contaminated site) 7.68 2,91 500 423 trace 

Third sampling 
Piezometer I (uncontaminated site) 8.23 3.70 740 538 trace 
Piezometer 2 (contaminated site) 8.18 25.6 1550 3723 106 
Piezometer 3 (2 km away from contaminated site) 8.01 3.06 572 445 trace 
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Figure 3. Concentrations orCr, Na and Cl in piezowater 
samples (at 1.5 to 2.0 m depth) from contaminated sites 

limit in the piezowaters of uncontaminated sites. 
The Cl concentration followed a trend similar to 
that of Cr in waters of the contaminated site, but 
the Na behaved differently. However, when all the 
results were pooled together, a close relationship 
(R 2 = 0.874) was obtained between Cl and Na in 
piezowaters (Fig. 2). While the concentration of 
Na decreased at the second sampling it increased 
at the third sampling in all the piezowaters. A 
marked increase in the C l content (from 3141 to 
4057 mg L- I ) was observed at the second sampling, 
but it decreased slightly at third sampling (Fig. 3); 
this pattern was also reflected in EC values. 

The pH varied from 7.57 to 8.23 and increased 
in all the piezowaters from all the sites (Table 2). 
The EC, as a measure of total soluble sa lts, ranged 
from 2.58 to 27.9 dS III I and the highest values were 
observed in piezowaters of contaminated sites at all 
sampling times (Table 2). 
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The increase in the concentration of Cl' as well 
as salts (Na and Cl) in piezowaters , with a 
corresponding increase in EC, suggests that the Cr 
and salts originated from the disposal of tannery 
effluent and sludge onto soil. The presence of Cr 
in piezowaters showed evidence that Cr, which is 
often regarded as immobile, can leach in these soil 
environments. The lower Cr concentrations at the 
first sampling may be attributed to dilution effects 
resulting from higher rainfall and infiltration of a 
large volume of water. Another reason could be 
the transfer of Cr from soil water to soil colloid 
particles by adsorption processes. 

Adsorption was found to be an important 
mechanism for removing Cr(VI) from solution 
(Stollenwerk and Grove 1985). However, the 
increase at second sampling could be attributed to 
leaching of Cl' from contaminated soil. 

The soils at different sampling sites are mostly 
sandy loam to sandy clay loam with saline and 
alkaline conditions. The presence of Cl' in ground
water depends on its solubility and its tendency to 
be adsorbed by soil or aquifers. The Cr species 
most frequently found in groundwater studies 
elsewhere include chromate (CrO} -) and cationic 
hydroxo complexes such as Cr(OH)2+, depending 
upon the pH and Eh (Robertson 1975). In the 
tanning industry, Cr(ll I) is the species that is mainly 
used during the tanning process. In the soil 
environment, which consists of minerals and 
organic matter, many previous studies have shown 
rapid transformation of Cr(VI) to Cr(lll) (e.g. 
lames and Bartlett 1983). Therefore the presence 
ofCr(VI) in borehole waters is surprising and raises 
questions about potential mechanisms that can 
enhance transition of the Cr(lll) added to soils in 
the tannery wastes to Cr(VI) in groundwaters. The 
water sampled in such locations had microbial 
activity suggesting that microbial oxidation
reduction systems might have favoured the 
conversion. However, the particular type of 
organism involved remains to be discovered. 

Conclusion 

Disposal of tannery effluent and sludge onto land 
has resulted in severe contamination of soil and 
deterioration of the quality of groundwater. In 
Vellore district, the groundwaters examined had 
high concentrations ofCr and salts (Na and C l). In 
the majority of water samples the C r 
concentration exceeded the maximum permissible 



limit (50 ~g L-l ). More than 89% of the Cr in most 
of the borewell waters was in toxic hexavalent 
state, Cr(V I), which suggests that transformation 
of Cr( llI) to C r(Vl) has occurred in these so il 
env ironments and resulted in the leaching ofCr(VI) 
which has contaminated the groundwater. The Cr 
concentration was below the detectable limit in 
groundwaters collected from piezometers installed 
at uncontaminated s ites. However, substantial 
leve ls of C r were detected in piezo-wate rs of 
contaminated si tes and they tended to increase 
during subsequent sampling. Sodium and chloride 
concentrations also increased . This suggests that 
with continuous leaching the C r and salts had 
moved down the soi l profile and contaminated 
the groundwater. The res ults also demon strate 
that Cr is highly mobile in contaminated soils 
around tanneries. 
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Leaching of Chromium from Soils 
Heavily Contaminated with Tannery Wastes 

R.S. Kookana·, R. Naidu·, D. Mowat·, G. Riley· and L.H. Smith· 

Abstract 

Monolithic cores, 300 mm diameter and :s; I m long, from highly contaminated soils at 

an old tannery waste disposal site, were equipped to sUldy the factors that control chro
miulll (Cr) chemistry and movement in soils. Since Cr can occur as Cr(lIl) and Cr(VI), 
mini-electrodes were installed to monitor in s itu changes in redox potential. Moisture 
probes were installed to trace changes in the moisture potential during leaching, and pH 
was measured as well. At regular intervals, the so il solution was sampled using fibreglass 
wick samplers installed at several depths in the core. The leachate samples obtained from 
the wick samplers showed that the pH in the soil monolith decreased from >8 in the 
surface soils to <4 at depths exceeding 40 cm. A similar trend in soluble Cr was recorded 
in the leachate samples, with values exceeding I mg L I in the surface 10 cm and <0.1 mg 
L- 1 at depths exceeding 40 cm. However, Cr was not detected in the solution leaching out 
of the I m long columns. This indicates that Cr that is mobilised in the surface soil laye rs 
is rendered immobile towards the deeper end of the profile. In addition to the changes in 
pH and Cr, l1uctuations in Eh and soluble sa lts were observed in this study, indicating 
marked changes in soil solution chemistry with increasing depth of the soil profile. 

SOURCES of chromium in the soil environment 
include wastes from industrial activities such as 
electroplating, electric power production , the 
leather and pulp industry, and ore and petroleum 
refining. These industries generate waste products 
that contain solid and aqueous forms of chromium 
(Cr) (Forstner and Wittman 1981). Extensive 
contamination of soils and groundwater has 
occurred in many instances due to indiscriminate 
and unchecked waste disposal on land in a lax 
regulatory environment prior to the 1970s. After 
the introduction of legislation in the late 1970s and 
'80s, landfills became the repositories of such 
wastes. However, disposal of wastes in landfill s 
can also lead to potential release ofCr(V[) species 
to surface and subsurface waters. Since Cr(V[) is 
both toxic and mutagenic (Adriano 1986), it is 
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imperative that the release behaviour of Cr is 
properly understood and that techniques are 
developed for remediating Cr-contaminated water 
and soils. 

[n soil, Cr exists in anionic and cationic states, 
and the nature of the species may vmy with changes 
in the soil environmental conditions, such as 
fluctuations in soil moisture levels, pH , redox 
potential, etc. Of the two species, Cr(VI) is of 
concern because of its high mobility and toxicity. 
The hexavalent Cr species, being anionic in nature 
(i .e. HCr04- and CrO/ -), is generally mobile in 
neutral to alkaline systems. [n acidic conditions, 
Cr(V[) may be removed from the solution phase 
either by adsorption involving positively charged 
sites on oxidic surfaces (Bartlett and James 1988) 
or by reduction to Cr(lll). Trivalent Cr reacts like 
cationic heavy metals, i.e. it fOl1l1S complexes with 
humic matter, is involved in cation exchange on 
humic acids or clay minera ls, and forms hydroxy 



compounds by hydrolysis. Although many studies 
have been conducted on the behaviour of Cr in the 
aquatic environment (James and Bartlett I 983a,b,c; 
Stollenwerk and Grove 1985; Richard and Bourg 
1991; Anderson et al. 1994) limited effort has been 
directed towards studies of the transport behaviour 
ofCr at heavily contaminated sites. 

The objectives of this study were (i) to 
understand the release and migration behaviour of 
Cr under flow conditions in intact cores of a soil 
historically contaminated with leather tannery 
wastes, (ii) to determine the nature of transformations 
occurring in the soil profile during the transport of 
chromium, and (iii) to investigate the transport of 
other salts from the contaminated soil. 

Materials and Methods 

Collection and preparation of intact soil monoliths 
or cores 

Eight large intact cores (300 mm internal diameter 
and up to I m long) were collected in November 
1996, using a drilling rig mounted at the back of a 
truck. The time of drilling was chosen so that the 
soil was neither too wet (because on drying it could 
shrink inside the column) nor so dry that pushing 
the barrel into soil would become impossible. The 
coring rig used here consisted of a barrel fitted 
with a cutting edge, into which a sleeve could be 
inserted. The corer cut into the soil in a spiral action 
and an intact soil monolith moved up into the PVC 
sleeve. The rig was pushed to the desired depth 
and lifted out. The two ends of the column were 
capped and the monolith was taken to the laboratory. 
Cores ranged from 50 cm to 100 cm in length. 

Four intact cores were prepared in the laboratory 
for transport studies . The empty section of each 
column was cut to leave PVC edges high enough 
to accommodate a specially-made solution delivery 
head (described below). The surfaces at the 
bottoms of cores were uneven , simply due to 
shearing and lifting off the core from the profile, 
and required smoothing. This was done with the 
utmost care to avoid any smearing of soi I and thus 
any effect on the flow properties of the core. The 
soil from the bottom of each core was chipped off 
to obtain a reasonably smooth surface leaving 
about a 5 cm collar of empty column. This space 
was filled with a layer of acid-washed sand to 
facilitate the flow. The sand was held by a nylon 

cloth often termed ' shade cloth' glued to the bottom 
of each column. The column was finally capped 
and a hole in the middle of the cap was fitted with 
a funnel leading to the leachate collection bottle 
(see Fig. I). One of the main concerns about use 
of intact cores is that there may be wall effects and 
the possibility of solution running along the core 
walls and bypassing the soil matrix. To avoid any 
preferentialllow along the walls of the core, about 
I cm width of soil was dug out to a depth of about 
2 cm all round the core at the column wall and 
filled with vaseline. 

Installation of fibreglass wicks as sampling po,·ts 

One of the objectives of the transport studies was 
to assess the movement and transformation of Cr 
throughout the depth of the soil column. Therefore 
ports were needed through which samples could 
be withdrawn at various points in each column. 
Porous ceramic cups are commonly used as 
Iysimeters to extract solutions tl·om soil profiles. 
However, the ceramic is known to show high 
adsorption for several inorganic ions. Significant 
adsorption of heavy metals including Cr by ceramic 
cups has been reported. For example in a recent 
study, Wenzel et al. (1997) observed that ceramic 
cups almost completely removed Pb, Cr, Cu and 
As at pH 4 , 5 and 6. Therefore in the present study 
we tried fibreglass wick samplers. The braided 
wicks were obtained locally, acid washed and 
tested for Cr retention. A very small amount of 
Cr(l I I) retention was noted in the fibreglass wick, 
as shown later. The wicks were then quenched with 
phosphate ions and washed again. The wicks were 
found to have a negligible retention ofCr following 
this treatment. 

The conditioned wicks were cut and inserted into 
10 cm long plastic tubes, so that about I cm of 
wick protruded. The tubes were prepared so that 
about 5 cm of tube could be inserted into the soil 
column. The tube section to be embedded in soi I 
was split in such a way that the top of the wick was 
in contact with soil but the lower halfhad a plastic 
lip preventing contact with the soil solution below 
that point. Holes of about the diameter of the tube 
were drilled 5 cm into each column at 10, 25 , 40 , 
55 and 70 cm depths. The tubes fitted with wicks 
were then inserted into the holes and sealed with 
silicone sealant. The ends of the tubes were capped 
with rubber stoppers. 
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Probes for measuring redox potential and moisture 
content 

Probes were installed for the measurement of redox 
potential and moisture contents at several depths 
in the columns. The redox potential was measured 
relative to hydrogen electrode potential (Eh) 
using polished platinum electrodes. The 
e lectrodes were calibrated against ZoBell (1946) 
solution - O.IM KCI containing 3.33mM 
K4 Fe(CN)6 and 3.33mM K/e(CN)6 - in the 
temperature range 25- 62°C. The emf readings 
were recorded on-line with a multi meter fitted to a 
multi-channel chart recorde r. The platinum 
electrodes were prepared in the laboratory. 

The moisture content of the soil column was 
measured periodically us ing time domain 
reflectometry (TDR). Three-pronged probes, each 
prong 20 cm long, were calibrated against known 
moisture content and inserted sideways at 12, 27, 
42 , 57 and 72 cm depths . 

Leaching solution delive,"y system 

The leaching solution was fed to the column 
through a specially-designed delivery head fitted 
with hundreds ofhypodermic syringes and needles 
to cover the entire cross-sectional area of the 
column. The flow through the needles was 
controlled via a peristaltic pump connected to an 
airtight reservoir on top of the array of needles. 
Therefore the leaching solution was introduced into 
the soil in the form of raindrops. To avoid 
evaporation from the surface of the core, a layer 
of plastic beads was spread on the soil. 

Tracer studies 

To characterise the flow properties of the soil 
monoliths , we carried out tracer studies using 
bromide (100 mg L- 1) solutions. The studies 
provided valuable insight into the wate r 
transmission characteristics of the column, which 
is essential if any inferences are to be drawn about 
the transport of reactive solutes from the core. 

Treatments imposed during leaching studies 

To simulate realistic conditions as closely as 
practically feasible , we applied the leaching 
so lutions through the aforementioned solution 
delivery system . In addition, since the rainfall 
events are often episodic in nature, we provided 
leaching events intermittently to s imulate wetting 
and drying cycles. This allowed us to assess the 
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Figure I. Schematic diagram of a soil monolith and 
the instrumentation used in the transport study 

leaching of Cl' and salts available in leaching 
solutions as well as the potential for Cr(VI) release 
during the no-flow periods. 

Measurements and analysis 

Samples ofleachates from the cores were obtained 
through the wick samplers as well as at the bottom 
of the core. The samples were obtained by applying 
a small amount of suction with the help of hand
held hypodermic syringes and needles inserted 
through the bungs. To obtain several samples 
simultaneously, we also designed a manifold 
vacuum system for all ports, connected to a suction 
pump. The vacuum for each line was controlled 
by a regulator to ensure that the solution from the 
wick samplers was obtained drop by drop. The total 
drainage and solution input into the columns were 
recorded. 

The leachate samples obtained were subjected 
to several analyses. The pH , EC and Cr(Vl) were 
immediately analysed and the solution was then 
stored at - 14°C for multi-element analysis with 
inductively coupled plasma emission spech"ometry. 
Eh was measured on-line at several points in the 
column, as discuss ed above. Moisture was 
monitored frequently, through TDR probes . 

Total Cr in soil solution was measured by flame 
atomic absorption spectrophotometer and Cr(V I) 
was analysed using a colorimeteric method based 
on diphenyl carbazide. 
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Figure 2. Total Cr concentrations in solution samples 
obtained from the intact core via fibreglass wicks treated 
with phosphate, in comparison with untreated wicks. 
Each wick was at a different point in the column. 

Results and Discussion 

Conditioning of fibreglass wick 

Before installation offibreglass wicks as sampling 
ports the retention capacity of wicks for Cr was 
measured . It was observed that wicks had a 
tendency to take up a small amount of Cr(lIl) but 
not Cr(VI). It was found that if the fibreglass wicks 
were soaked overnight in a phosphate solution 
tollowed by acid washing, the retention ofCr was 
negligible. Therefore a study was carried out to 
assess the differences in total C r concentrations in 
solutions obtained through phosphate treated and 
untreated wick samplers (Fig. 2). In Figure 2, the 
solid line represents I: I. Treated samplers gave a 
slightly higher concentration ofCr than untreated 
samplers. However, it must be recognised that the 
wick samplers were obtaining samples from 
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Figure 3. The measured pH va lues of the solution sam
pl es obtained at various depths during the leaching study 
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Figure 4. The regression between temperature and emf 
(mean of II electrodes) measured in ZoBell 's solution 
using Eh electrodes manufactured in laboratory 

different points in the column and therefore there 
was possibly variability between concentrations. 
The good correlation between the two sets of 
measurements s upports the reliability of the 
technique. Based on these data, only the treated 
wicks were used. 

pH of soil solution at different depths 

The leachate samples taken at the wick samplers 
showed that pH in the soil monoliths decreased 
markedly with depth in the profile (Fig. 3). While 
the pH in the surface layers of the soi I (0- 40 cm) 
was high , the profile be low 40 cm depth was 
extremely acidic (pH < 4) . The acidity in the 
subsurface layers of the soil had a major effect on 
the movement of Cr and other elements through 
the so il profile, as discussed later. 
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Figure S. An example of moisture profiles in the col
umn, as measured by the TDR probes shown in Fig. I, 
frol11 the start of leaching on I October in a relatively 
dry column 
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Eh during the leaching period 

The calibration of platinum electrodes in ZoBell 
solution gave straight line regression equations in 
the temperature range measured (Fig. 4). The range 
of emfreadings among I1 different electrodes at a 
given temperature was < 3 mY. The overall 
regression equation obtained from the probes was 
as follows , with R 2 = 0.9948: 

emf(Pt/sat. KCl/AgI AgCI) = 0.2272 - 0.0016 (1- 2S°C), 

where t is temperature and emf is in volts. Since 
the em f measured is the potential difference 
between the reference and platinum electrodes, the 
half-cell potential for the reference electrode is 
needed. It was taken from Bates (1973): 

emf (Pt, H2(g)/sat.KCIIAglAgCl) 
= 0.1988- 0.00 10 (t- 2S°C). 

The Eh for the ZoBell solution was obtained by 
subtracting the Ag/ AgCI half cell potential from 
the measured emf, giving the regression equation 

emf(I /2 cell: Pt H2(g)/Zobell 's solution) 
= 0.4260- 0.0026 (1- 2S°C). 

Therefore the platinum electrodes fabricated in our 
laboratory gave an Eh of 426 m V for ZoBell's 
solution at 25°C. ZoBell (1946) obtained a value 
of 430 mV under similar conditions. 

Moisture distribution in the column 

The moisture distribution in the core as measured 
with TOR probes (Fig. 5) shows that the flow 
through the deeper layers (>40 cm depth) was 
relatively slower than through the profile layers 
above, and hence there was accumulation of water 
at a depth of about 40 cm. This is consistent with 
the field observations that the surface materials, at 
0- 30 cm or so appeared to be aggregated
possibly deposited during the former effluent 
disposal period. This layer supported rapid 
transport of water. The layers below about 30 cm 
consisted of sticky clay. 

Movement of chromium through the soil column 

Total Cl" versus Cr(VI) 

The concentrations of Cr obtained at 10 cm, 40 cm 
and I m depth (at the exit) of the column are shown 
in Fig. 6 for total Cr and Cr(V!). The figure shows 
that fairly high concentrations of Cl' (> I mg L -I) 
were available in the solution phase at 10 cm depth, 
especially in the initial parts of the leaching 
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Figure 7. pH- pE relation and stability diagram for Cr 
and Fe; data points are observed values of pE and pH at 
three depths in the column 

process. It is also evident from the figure that most 
(>90%) of the Cr obtained in samples at this depth 
was Cr(Vl). In contrast, however, much smaller 
concentrations ofCr were available in solution at 40 
cm depth, and essentially all of it was in the less 
toxic Cr(III) form. This shows that reduction of 
Cr(VI) was occurring during the transport through 
the column, and that the Cr(lII) formed was more 
sorbed, leaving little residue in the soil solution. 
The low pH of the soil solution at depths >40 cm 
in the core is conducive to Cr(VI) reduction (Eary 
and Rai 1989). At I m depth, i.e. column exit, Cr 
was still being leached out of the system, but the 
total Cr concentrations were about the same as at 
40 cm depth and consisted of Cr(I LI) species, 
because Cr(VI) was not detected in the solution 
leaching out of the column exit. 

pH- pE conditions in the intact core profile 

Figure 7 shows the redox potential plotted against 
pH at various depths in the column. For reference, 
the stability lines between oxidised and reduced 
species for Cl' and Fe redox couples are provided 
in the figure. It is evident that in the surface layer 
of the profile, the conditions were favourable for 
the stability of the oxidised form of Cl', whereas in 
the subsurface layers the converse was true. Soil 
pH distribution in the soil profile had the main 
influence on the nature of Cl' speciation . This 
explains why the Cr(VI) mobilised from the surface 
layers of the profile did not appear in solutions 
obtained from depths greater than 40 cm. It is 
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TlIble I. The average concentrations in mg L- ' of elements present in soil water at different depths in the columns 
during leaching from August to November 1997 

Oepth (cm) C u Fe 

10 0.01 ±0.04 SOL 
25 SOL SOL 
40 0.OS±0.07 SOL 
55 0.19±0.OS SOL 
70 0.23±0.10 0.30±0.35 

100 0.34±0.04 SOL 

SDL = below detection limit 

highly likely that Cr(VI) anions were reduced either 
by organic matter or by ferrous iron to the Cr(lll) 
cation at lower pH in the subsurface. This has been 
observed by several other workers (Eary and 
Rai 1991; Weng et al. 1996). At low pH Cr(llI) 
sorption is I ikely to be small , so Cr(llI) leached 
out of the column. 

Effect of wetting and drying cycles on Cr(Vl) 
movemel1l 

It was observed that, with continuous leaching , 
Cr(VI) concentration progressively decreased with 
time (Fig. 6a). For example, after the start of 
leaching, in the first week of August, the Cr 
concentration progressively decreased. However 
when the column was allowed to dry for a period, 
the subsequent leaching produced greater 
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concentrations of Cr in the soil solution. This is 
evident for leaching periods in early September 
and early November which coincided with the 
leac hing event following a dry period. This 
suggests that either the sorbed chromium is being 
released during the drying phase or that oxidation 
of chromium is occurring in the drying phase. 

Movement of other elements 

Due to the very high salinity of the effluent which 
had been disposed of at the site in the past, the soil 
was heavily contaminated with salts. The leachate 
samples from different depths were analysed for 
AI , B, Ca, Cu, Fe, K, Mg, Mn, Na, P, Sand Zn. 
Some of the elements were present at very low 
concentrations in solution (Table I). Others, such 
as Na , S and AI, were present at very high 
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Figure 8. Na concentrations (mg L-') in so lution obtained at three depths in the core during leaching 
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concentrations (Figs 8, 9, 10). Concentrations of 
Na, S and Al were higher deeper in the column, 
and this was because of leaching during the last 
35 years in the case of mobile elements sllch as Na 
and S; but the very low pH « 4) in the column at 
depth was responsible for mobilising AI. In soil 
solutions at I 0 cm depth the concentrations of Al 
were negligible but they were very high at the 
column exit (Fig. I 0). Very high Na, Ca and S 
concentrations moving through the system (Figs 8 
and 9) would be very detrimental to the quality of 
surface and groundwater at the site studied. 

Conclusions 

Several conclusions can be drawn from the study. 

• High concentrations ofCr(VI), up to 2 mg L- 1, 

are present in the surface 30 cm layer of soi I. 

• Cr(VI) moving from the surface layers of the 
profile was reduced to Cr(ll!) in the subsurface 
(> 40 cm depth) under highly acidic conditions 
(pH < 4 .5) in the soil profile. 

• Cr was mobile through the entire length of core 
and it was detected in solution at column exit 
i.e. at I m depth. However Cr(lll) instead of 
Cr(Vl) dominated in solutions at deeper levels. 

• Both the mobile Cr and high concentrations of 
salts leaching beyond I m depth in the profile 
can seriously affect water quality at the site. 
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Biodynamics at Sites Contaminated 
with Tannery Waste 



Impacts of Tannery Wastes on Soil Ecosystems: 
Preliminary Observations 

K. Rarnasarnyl 

Abstract 

India is rich in cattle, but the waste from manufacture of leather is a hazard to environ
mental safety. The skins and hides of the animals are processed for leather through vegeta
ble and chemical tanning. India is a leading leather exporter and also supports several 
small-scale processing industries. Chrome (Cr) tanning is preferred, but the use of 
hexavalent chromium, Cr(VI), during processing poses the problem of its release in waste 
water. Because of this fact , attempts are being made to use trivalent chromium, Cr(III), or 
to recycle the Cr in tanneries. Long-term use of several chemicals including Cr in tanner
ies has spoiled the land and water ecosystem. More detailed studies in the Palar River 
basin provide clues that may circumvent the present difficulties. Attempts are being made 
to treat the effluent through common eftluent treatment plants, using the treated eftluent 
for irrigation, and recycling the sludge for productive purposes. Selective sorption of Cr 
by a few microbes, plants and animals is known, but a technology to exploit these systems 
is wanting. The reduction of Cr(VI) to Cr(I 11) by microbes and their products provides 
additional possibilities. Attempts to reduce the toxicity of Cr(VI) in land and water are 
summarised. India has the resources (skin and hides) and the process chemicals (c1lro
mium and tannins). It is time to make safer use of these systems, for the sustainable 
progress of humanity and ecosystem. 

TANNE RI ES have attracti ve foreign exchange 
earning potential, but also cause pollution of the 
agroecosystem. Tanning is a process by which 
animal hides are converted to leather. The hides 
and skin , after dehairing and removal of flesh and 
fat, are treated with chemicals to form stable 
durable leather material. Once India was a net 
exporter of raw hides and skin. After the Second 
World War, necessity compelled the government 
to set up tanneries to satisfy the local need for 
leather. In the beginning, vegetable tanning was 
practised as a cottage industry. As the demand 
increased, industrialisation and associated 
improvements in tanning were introduced. At 
present, in Tamil Nadu alone, there are 1008 small
scale tanneries and 75 large-scale tanneries with 

I Department of Environmental Sciences, Tamil Nadu 
Agricultural University, Coimbatore, India 641003 

an employment potential of one million persons; 
they account for 6% of the world's leather 
production. Chrome tanning, a widely practised 
method, uses 276 chemicals including 14 heavy 
metals. It is estimated that approximately 32000 t 
of basic chromium suI fate salts are used annually 
in Indian tanneries. 

Resources for Tanneries 

In the conversion ofraw hides into finished leather, 
the industlY uses approximately 30 kL water r-I raw 
hide. Water consumption in the tannery starts from 
the initial removal of the sodium chloride used 
for temporary preservation. Table I shows the 
projected supply of skins and hides in India for 
the year 2000, and the expected discharge of 
effiuent from tanneries for that year. Chrome (Cr) 
tanning will be continued, either as Cr(llI) or as 
Cr(VI) with a recovery system, in association with 
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Table I. The numbers of hides and skins expected to be 
available in India in the year 2000, and anticipated dis
charge of tannery effluent (from Kotasek 1997) 

Hides or Wet salted wt 
skins supply kg piece 1 kg x 10· 

Cattle 27 x 106 9.S 2SS 
Buffalo 23 x 106 12.0 279 
Goat 126 x 106 2.3 290 
Sheep 42 x 106 3.S 161 
Total 21S x 106 10 17 

Average discharge of ellluent: 40 L kg 1 wet salted weight 
Annual discharge: 40 x 106 kL approximately 

traditional vegetable tanning. The concentration 
of Cr in the discharge effluent ranges from 2000 
to 5000 mg L - I. This accounts for an annual loss 
of nearly 2000 to 3200 t of Cr, which could be 
recycled instead, to reduce the cost of production. 
These monetary considerations rather than 
pollution considerations have forced the industry 
to accept Cr recovery. Besides the hides and skin 
available in India, some imported hides are also 
processed. 

Tannery Effluent Characteristics 

Tannery waste water is a serious pollutant to the 
receiving land and water ecosytem. In North India, 
tanneries located at Agra and Kanpur are the major 
contributors of the suspended solids and chromium 
in the Ganga river. Likewise in Tamil Nadu the 
entire Palar River basin is affected by the tannery 
discharges from the Vaniyambadi , Walajapet, 
Pernampet and Ranipet areas. The changeover to 
chrome tanning from vegetable tanning has 
resulted in the accumulation of solids and sludges 
in most of the tanneries, because the presence of 
Cr and salt has made the sludge unacceptable for 
land application. The environmental damage to the 
ecosystem is so visible in the Palar River basin 
that a systematic scientific study is in progress to 
quantify the extent of damage to land by tannery 
effluent. At the same time, action is being taken to 
install Cr recovery and reuse in the tanneries. In 
selected locations, vegetable tanning is being 
brought back . Within the next six months, it is 
expected that the Cr release to the environment 
will be to the accepted standard of 2 mg L-l of 
total Cr or 0.5 mg L-1 of Cr(VI), as a result of 

Table 2. Characteristics of the raw and treated tannery 
effluent 

Before After 
treatment treatment 

pH 7.0- 9.0 6.5- S.5 
Total suspended 

solids (mg L-') 2000-4000 10- 10 
Total dissolved 

solids (mg L-I) 11 000- 1 6000 5000- 10000 
Chlorides 

as Cl - (mg L-') 6000-9500 1600- 5000 
SuI fates 

as SO/ - (mg L-') 2400-4000 S00-2000 
BOO (mg L ') 2500- S000 150-400 
Oils & greases (mg L- ') 1.5-4.0 0.2- 2.5 

combined effluent treatment plants that are being 
erected in the tannery complexes. 

Based on the success of the Ganga Action Plan, 
treatment facilities are being built and maintained 
by the joint efforts of tanneries, Central Leather 
Research Institutes, Pollution Control Boards and 
the Ministry of Environment. Currently we have 
achieved a considerable reduction in pollution. 
However, even though the biological oxygen 
demand (BOD) and Cr levels are reaching the 
prescribed standards, the total dissolved solids 
(TDS) are still very high (Table 2). The effluent 
still requires additional treatment before being 
suitable for land disposal or for agricultural use. 

Distribution of Chromium in Air, 
Water and Food 

Chromium is ·widely used in the metallurgical, 
refractory and chemical industries, for chrome 
alloys, chrome plating, pigment production , 
tanning, oxidising agents and corrosion inhibitors 
and in the textile, ceramic, glass and photographic 
industries. Orissa is the State that is by far the most 
important producer of chromite (the principal ore 
of Cr), accounting for 96% of the country's total 
production . Karnataka is the second largest 
producer of chromite. Bihar, Tamil Nadu and 
Andhra Pradesh together account for less than 1% 
of India's total output of chromite. 

Chromium in air originates from wind erosion 
of shales, clay and other kinds of soil, mining, 
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Table 3. Number and percentage of water samples exceeding quality guidelines in Indian states (Krishna Murti and 
Viswanathan 1991) 

Cd Cl' 
No. % No. % 

Tamil Nadu 5 2.0 5 2.0 
Kerala I 19 0 0 
West Bengal 0 0 12 12.5 
Orissa 0 0 0 0 
Uttar Pradesh 4 2.7 7 4.7 
Bihar 9 9.0 3 3 
Gujarat 1I 7.3 6 4.0 
Rajasthan 8 7.1 7 6.2 
Chandigarh 15 22.7 2 3.0 
Him . Pradesh 20 37.7 7 13.2 
Haryana 43 2.4 10 12.2 
Punjab 49 63.6 4 5.2 
Andhra Pradesh I 1.2 3 3.5 
Karnataka 0 0 0 0 

forest fires and volcanic eruptions. Human-induced 
sources include all types of combustions and 
emissions by the Cr industry. Mean concentrations 
in towns are typically about 0.021lg m-3. In heavily 
industrialised areas, readings 20 times this value 
have been recorded , particularly near coal-fired 
power plants , cement plants , iron and steel 
industries and municipal incinerators. Ferro
chromium plants have the highest emission rates. 
In Punjab, all samples analysed contained 
measurable Cr, above the detectable limits. In 
10- 20% of the samples from Uttar Pradesh 
(UP) , Rajasthan, Chandigarh, Himachal Pradesh 
(H P) and Karnataka, and in less than 10% of the 
samples collected from the rest of the states, Cl' 
could be detected but not measured. In drinking 
water samples collected from Orissa, Cl' was not 
detected by the sensitive method of DC plasma 
spectrometer. In Chandigarh, HP and Haryana, 
in one or two samples Cl' concentrations were 
below the detectable limit. In Tamil Nadu , 
Kerala , and West Bengal , Cl' concentrations 
were below the detectable limit in 40- 80% of the 
samples. I n the other states , Cr concentrations 
were below the detectable limit in 10- 30% of 
the samples. 

The highest concentrations observed were in 
samples collected in Gujarat urban area in summer 
(5 Ilg mL-1). In Kerala and Karnataka, the max
imum concentrations were around 0.02 Ilg mL- 1 • 

Cu Mn Pb Zn 
No.% No. % No. % No. % 

0 
0 
0 
0 
I 
0 
0 
0 
0 
0 
0 
0 
0 

0 34 13.5 68 27 3 1.2 
0 2 3.8 6 7.5 I 1.9 
0 28 29.2 61 63.5 0 0 
0 2 12.5 14 87 5 0 
0.7 14 9.3 98 65.3 I 0.7 
0 41 41 56 56 0 0 
0 17 11.3 33 21.8 0 0 
0 10 88 7 6.2 0 0 
0 7 10.6 3 4.5 0 0 
0 2 3.8 10 18.9 0 0 
0 4 4.9 5 6.1 1.2 
0 ~4 5.2 17 22.1 1.3 
0 9 10.5 6 7.0 2 3 
1.7 6 10.5 3 5.3 I 1.7 

In West Bengal and Punjab, 1.2 and 1.6 ~lg mL- 1, 

respectively, were the highest concentrations 
observed. In other states, concentrations between 
0. 1 and 0.5 Ilg mL I were the maximum observed. 
The actual numbers and percentages of water 
samples exceeding the guidelines are given in 
Table 3.In West Bengal , HP and Haryana 12- 13% 
of the samples exceeded the guideline values, while 
in other states less than 6% exceeded the guideline 
values. The Cr content of all the water samples 
collected in Kerala and Karnataka was within the 
World Health Organization guideline value. 

Chromium was detected in food in almost all 
the samples analysed. In Haryana, Punjab and 
Chandigarh the maximum concentration observed 
was between 105 and 140 ~g g- l dry weight. In 
Tamil Nadu, West Bengal , UP, Bihar and HP the 
maximum individual concentration was between 
10 and 22 Ilg g- l while in the rest of the states it 
was less than 10 Ilg g- l. The Cr contents of 
vegetarian and non-vegetarian types of food in 
West Bengal and Orissa did not show any 
significant difference (Table 4). The mean levels of 
Cr in food constituents in several states are given in 
Table 5 (Krishna M urti and Viswanathan 1991). 

Pollution and Toxicity Due to Chromium 

Chromium is a potential contaminant of soil , 
surface water, groundwater, sediment and air. High 
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Table 4. Mean Cl' concentrations in air, water and food 
constituents (J.lg g-I dry weight) (Krishna Murti and 
Viswanathan 1991) 

Range 

Talllil Nadu Air 0.002- 0.09 
Water 0.22 -0.98 
Food 0.14 - 11.86 

Kerala Air 0.003- 0.07 
Water 0.007- 0.02 
Food 0.058- 9.7 

West Bengal Air 0.002- 0.83 
Water 0.010- 1.12 
Vegetable 0.030- 14.98 
Non-vegetable 0.080- 17.50 

Orissa Air 0.007- 0.67 
Water 0.018- 1.64 
Vegetable 2.130- 8.83 
Non-vegetable 5.550- 8.75 

U ttar Pradesh Air 0.002- 0.99 
Water 0.002- 0.24 
Food 0.020- 22.34 

Bihar Air 0.005- 0.68 
Water 0.002- 0.09 
Food 0.190- 13.8 

soil Cr is usually associated with human-induced 
contamination, mainly from industrial operations 
such as tanning (Thangavel et al. 1997) and direct 
disposal of sludge and waste water for land 
application. Chromium's toxicity and mobility 
depend on its oxidation state. The trivalent form 
Cr(lll), is relatively immobile, more stable and 
lower in toxicity than the hexavalent form, Cr(Vl). 
It forms a large number of relatively kinetically 
mert complexes, mostly amines . Chromium is not 
a significant contaminant of plant tissues, except 
at site-specific discharge points. Oxidation of 
Cr(lll) to Cr(VI) by abiotic means, mainly by Mn 
oxides and dissolved oxygen, is known. Biological 
reduction of Cr(Vl) to Cr(lll) is common in soils 
but biological oxidation of Cr(lll) to Cr(VI) is 
unknown. High concentrations of Cr(VI) are the 
result of man-made pollution. Hexavalent Cr is a 
highly soluble, toxic carcinogen . On the other hand , 
a more positive feature is that the mid-point 
potential of the Cr(VI)- Cr(lll) couple 
(approximately 1.3 V) indicates that the known 
physiological electron donors for microbial 

Table 5. Mean Cr concentrations in food types (Ilg g I 
dry weight) (Krishna Murthi and Viswanathan 1991) 

States Cereals Pulses Leafy Non-leafy 
vegetables vegetables 

Talllil Nadu 0.23 14.84 2.73 
Kerala 2.00 17.69 5.47 
West Bengal 5.83 3.34 9.57 4.95 
Orissa <DL <DL 0.36 0.55 
Uttar Pradesh 0.14 0.33 0.41 0.17 
Bihar 0.21 0.30 0.33 0.24 
Gujarat 0.50 0.79 5.65 0.67 
Rajasthan 0.26 0.46 12.97 2.07 
Chandigarh 0.52 0.77 4.48 1.75 
H illl. Pradesh 1.68 1.58 10.14 3.53 
Haryana 1.07 1.34 5.38 2.85 
Punjab 0.59 0.90 9.28 2.62 
And. Pradesh 0.16 0.40 4.27 4.03 
Karnataka 0.18 0.22 14.43 5.13 

<DL = less than detectable level ; - not determined 

metabolism also can potentially serve as electron 
donors for the reduction ofCr(VI) to stable Cr(lll). 

Athalya et al. (1995) reported that chelation can 
reduce toxic Cr to Cr(lll) and can increase the 
uptake of Cr by plants. Addition of amendments 
also influences the transfonnation ofCr in soil (Oas 
etaI.1991). 

Because Cr(VI) is toxic, on-site remediation is 
aimed at reducing it to Cr(lll). Positive reduction 
and complexing (Ramasamy 1997) are carried out 
by B.acteroides and Methanosarcina (by its 
protemaceous cell wall and reductase system). As 
a means of detoxification, Bacteriodes ovates is 
able to convert tannin to an easily settleable 
brownish black pigmented polymer, with flavenol 
and indole in the early stages and gallic acid and 
catechol during later stages as intermediary 
compounds (Vetriselvan et al. 1990). 

Sediment chromium concentrations from fresh
water industrial zone sources generally range up 
to 50 mg kg- I. Unlike some metals, Cr neither 
concentrates in specific tissues nor accumulates 
in fish. As a result, the burden is low in marine 
and freshwater species. Concentrations in fish 
tissues are below 0.25 mg kg- I. Under mos t 
conditions , mercury, cadmium , copper, lead , 
nickel , and zinc are more toxic than Cr. Growth 
inhibition in aquatic plants generally occurs at 0.5-
5 mg Cr(VI) while potassium dichromate may 
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Table 6. Chromium concentration in groundwaters of 
orth Indian locations 

Location Cr (~g L-J ) 

Varanasi 133 
Bhadohi 418 
Sunderpur 800 
Kanpllr 1200 
Anwarkanj, UP 27000 
LlIcknow 550 
Barabanki 43 
Aligarh 56 
LlIdhiana 210 
Faridabad 31000 

stimulate the growth of some species. Abbasi and 
Soni (1984a,b) have reported that the larvae of 
amphibian Rana ligninG and freshwater teleost 
Nuria denricus are affected by Cr in the water. The 
freshwater prawn Macrobrachium !amarrei is also 
known to be affected by Cr toxicity (Murti et al. 
1983). However, little is known about the factors 
influencing the uptake of Cr by aquatic plants, 
though Rai et al. (1995) have reported the 
accumulation of Cr in Hydrilla verticil/ata. 

Toxicity to plants depends on the pH of the 
media and hence on the availability of the free 
and chelated ions. Other factors such as the 
presence of organic chelators, cations, nutrients, 
and other heavy metals in solution influence the 
toxicity to plan ts . 

Effl uen t discharges have damaged the 
biodiversity of the region through stress-induced 
initial enhancement of reproduction (Abbasi and 
Soni 1983) in earthworm Octochaelus pattoni. 
Recent studies indicate that the presence of organic 
matter and C r-tolerant grasses support the 
earthworms in the rainy season . However, the 
earthworm population declines in the dry season, 
during which period the toxicity is acute because 
of reduced dilution or wash-off by the rain. Such 
variations lead to changes in biodiversity and the 
cropping system. Studies on the nematode 
population, another dominant faunal component 
of soil , find an increased population in polluted 
soils (150- 220 per 100 cm3 soi I) compared to 
normal soils, the dominant species being the plant 
parasitic Xiphenema sp. (Ramasamy 1997). 

Chromium is not acutely toxic to humans. This 
is because of the high stability of natural Cr 

complexes in abiotic matrices; the acidic nature 
of Cr imparts strong affinity for oxygen donors 
rather than sulfur donors present in biomolecules. 
However, Cr(VI) is more toxic because of its high 
rate of absorption through i ntesti nal tracts. In 
contrast to the biomagnification of methyl
mercury and cadmium , Cr is not shown to 
accumulate and biomagnify, but accumulation of 
Cr far above the average levels is known, both in 
the plant kingdom (Prasad and Vljayasarathi 1986; 
Azeez and Banerjee 1988; Prasad and Raghu 1994; 
Ramana and Sastry 1994; Misra et al. 1995) and 
in the animal kingdom (Murthi et al. 1983; Sastri 
and Sunitha 1984; Balasubramanian et al. 1995). 
In normal soils with total Cr of20-1 00 mg kg-J, the 
plants grown have less than I ~g Cr g- J dry weight 
and seldom exceed 5 ~g Cr g-I. Like plants, most 
invertebrates die before accumulating amounts of 
Cr that might prove toxic to predators. Among the 
animals, gastropods are known accumulators ofCr, 
to concentrations of 140-440 mg Cr kg-J dry weight 
including shells. For the Indian subcontinent, with 
178 million ha of annual renewable water resources 
the average Cr content of natural waters is 6 ~g C;' 
L -J. Thermodynamic considerations show that at 
pH 8 and at slightly lower Eh, the Cr content should 
be less than 0.5 ~g L-1• However, Cr(VI) can occur 
at much higher concentrations depending on the pH 
and Eh of the water (Handa 1988). 

Chromium in Groundwater 

Studies on groundwater occurrence of Cr have 
been confined to Uttar Pradesh, Rajasthan , Jammu 
and Kashmir, Punjab, Haryana, Delhi , coastal areas 
ofSaurashtra and Gujarat, and a few samples from 
Maharashtra and Kerala. Nearly 50% of the dug 
wells analysed·had <2 ~g Cr L- 1• Table 6 gives the 
Cr concentrations in the groundwater of some of 
the major cities ofNOIth India. 

Examination of the data clearly indicate that in 
some areas the groundwater has exceptionally high 
Cr content compared to the normal average 
background levels found in different palts oflndia. 
The Cr content in such areas does not remain 
constant but shows considerable variations , 
apparently depending on the Cr content in the 
polluting plume and the local hydrogeologic 
features. Anwarkanj (UP), Kanpur, Sunderpur 
(Varanasi) , Bhadohi (Varanasi), Faridabad -
Delhi area, Ludhiana (Punjab) and Lucknow are 
the areas with high Cr content in groundwater. In 
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Table 7. Cr concentration in surface waters 

Location 

Ganga, Kanpur 
Gomathi , Gaughat, Lucknow 
Assi drain , Lanka, Varanasi 
Lower Ganga canal , Muradnagar 

21 - 23 
50- 120 
1300 
41 

general , surface waters contain Cr at 
concentrations lower than 50 l1g L- I . The River 
Ganga is highly polluted by the nearby industries; 
the concentration varies from place to place 
according to the density of the industries (Table 7). 

Our attempts to characterise the effluents of 
tanneries in and around the Palar River basin show 
that the rate of pollution is higher in underground 
waters beside surface waters that contain toxic levels 
ofCr, mostly Cr(VI) (Table 8). 

Distribution and Activity of Soil Biota in 
Polluted Areas 

The tannery waste discharged onto the land has its 
own deleterious effect. The pH and EC and the 
distributions ofNa and Cr in surface and subsurface 
soils around selected tanneries showed an increase 
in concentration (Table 8) compared to 
uncontaminated sites (Mahimairajah et al. 1997). 
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Figure I. Effect of various concentrations of chro
mate on total soil aerobic bacteria 

Table 8. Distribution of Cr in soil, surface water and 
groundwater (from Mahimairajah et al. 1997) 

Sample pH EC Na Cr 
(dS m-I) (mg L-I) (!1g L I) 

Raw effluent 6.17 11.4 2280 26200 
Treated effluent 8.17 13.4 2040 8800 
Soil 

Ambur 7.81 15.5 40698 5728 
Vaniyambadi 8.16 5.5 10125 1314 
Pernampet 7.70 20.8 29239 16158 

Water 7.80 6.0 780 59 
Borehole water 8.20 6.9 1600 511 
Groundwater 

Ambur 7.40 6.5 1200 178 
Walajapet 8.42 1.0 50 996 
Vaduganthangal 17.23 1\ .2 1600 256 
Pernampet 7.13 6.5 780 54 

In all the locations, the Cr content did not show a 
definite pattern with soil depth but accumulated in 
soil. In some locations, Cr exceeded 70000 mg 
kg I at depths greater than 70 cm. Salinisation of 
soil has been shown to have a major impact on the 
soil macro- and microfauna. 

The distribution of aerobic and anaerobic 
microtlora varied depending on the concentration 
of the prevalent form ofCr. At low concentrations, 
Cr had a stimulatory effect: here, there were larger 
populations of bacteria (Fig. I) and fungi than in 
soils devoid ofCr. Some of the important bacterial 
genera include Pseudomonas, Beijerinckia , 
Azotobacter and Bacillus. The fungi were 
Penicillium and Aspergillus. It was observed that 
an aerobes were stimulated, like aerobes. As the 
concentration increased, a decline was observed in 
the distribution. The predominant bacterium was 
Pseudomonas sp. (P3Iwin Banu and K. Ramasamy, 
unpublished observation, 1997). 

M icrobial reduction of Cr(VI) is attractive for 
several reasons. Microbes reduce Cr under either 
aerobic (Gopalan and Veeramani 1994) or 
anaerobic conditions (Ramasamy 1997). The 
reason that some microbes have developed a 
capacity for Cr(VI) reduction has not yet been 
adequately explained. It has been suggested that 
• the reduction may be a mechan ism for chromate 

resistance; 
• Cr(VI) reduction may provide energy for some 

microbes; 
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Table 9. Chromate sorption by anaerobic bacteri a 

Metilanogens 
Melhanosarcina sp. 
Melhanollirix sp. 

Cellulo lysers 
Acelivibrio sp. 
Closlridillm sp. 

Sorption (%) 

88 .7 
74.7 

16.8 
40.8 

C r(V I) reduc tio n may just be a fo rtui to us 
reacti on carri ed out by enzymes that have other 
physiologica l substrates . 
Chromium reductase is wides pread in microbes, 

but it is primarily present in the so luble fract ions 
of the microbi al ce ll. Our laboratory experiments 
with Cr-to lerant Pseudomonas and Beijerinckia 
revea led that 35- 68% C r reducti on could be 
achieved during the exponenti al growth phase; the 
C r(VI ) was complete ly transformed after 72 h 
incubation (F igs 2, 3). 

Methan oge ns and an aero b ic ce ll ul o lytic 
clostridi a can perfo rm thi s reduction through their 
enzyme complexes . Our results on the sorption of 
hexavalent Cr by methanogens and ce llulolysers 
(Tabl e 9) revea l th a t Me lhanosarcina and 
Melhanothrix cell s sorb over 80% and over 70%, 
respecti vely, within 6 h. The membrane protei n and 
the ce ll wall components appear to be important 
fo r C r(V I) red uc tio n by bac te ri a. Direct and 

Table 10. Viabl e colony count at various Cr concentra
tions (N air and Kri shnamoortily 199 1) 

Tota l Cr [Cr(VI )] [Cr(1I1 )] 
(mg L ') (No. X 10 ') (No. x 10S) 

0 5.5 1 7.69 
10 5.30 6 .93 
20 5.10 6.47 
40 4.84 5. 17 
60 4.54 3.93 
80 3.2 1 0.57 

100 I. I 7 0.46 

ind irect microbially-medi ated bioreducti on of 
Cr(VI ) have been observed. Anaerobic bacteria l 
strains wi th accelerated Cr(VI) reducing capabil iti es 
have been isolated from chromate-contaminated 
wa ter a nd s ludge. It is evi de nt that anae robi c 
bacteri a can effect preferenti al bioreduction of 
chromates under reducing conditions. 

Toxic and mutagenic effec t of Cr on microbes 
are known. So il bacteria have been in hibited with 
10- 12 mg L - I Cr(V I). Chrome-electroplating waste 
is toxic to saprophytic and nitri tying bacteria. 

The presence of both triva lent and hexavalent 
fo rms of Cl' at higher concentrat ions decreased the 
viable ce ll count of Pseudomonas (Table 10). The 
effect was marked at higher concentrati ons of the 
meta l ion (Na ir and Krishnamoorthy 1991). There 
was a direct effect on the cellular contents, as shown 

Table 11. Effect ofCr(V I) and Cr(l ll ) on cel lul ar contents of Pselldomonas aem ginosa (Nair and Kri shnamoorthy 
199 1 ) 

[Cr] Form of Protein Carbohydrate Lipid DNA RNA Increase in Cr sorbed (mg kg- ') 
Cr (mg dry weight) 'amino ac ids (%) 

10 Cr( llI ) 4. 3 1.2 5.0 1.5 2.0 8.0 0 .6 
Cr(VI ) 1.2 0 4 

20 Cr(lIl ) 16 .6 3.4 16.0 8.0 7.0 14.0 0.9 
Cr(VI ) 4.8 7. 0 5.0 10.0 12.0 10.0 0.5 

40 Cr(l ll) 24.0 12.0 25.0 16.0 19.0 22 .0 1.5 
Cr(VI ) 15.6 10.0 15.0 18.0 2 1.0 14 .0 0 .6 

60 Cr(lll ) 33 .0 24.0 32 .0 22.0 32 .0 36.0 1.9 
Cr(VI ) 23 .7 20.4 2 1.0 28.6 45.0 23.0 0.8 

80 Cr(lll ) 62 .0 36.0 56.0 36.0 47.0 53.0 2.4 
Cr(VI) 36.3 28 .4 32.0 40.0 50.0 37.0 0.9 

100 Cr(l ll ) *' * * * * * * 
Cr(VI ) 59 34.3 38 .0 46 .0 46 46 1.2 

- no inhibition; * no growth at 100 Il1g L ' concentration 
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Figure 2. Cr reduction by Pseudomonas 

by Table 11; they decreased, and only free pool 
amino acids increased. The decrease in the oxygen 
uptake was more pronounced in the trivalent than 
the hexavalent form of Cr. 

Bacteria can live in varied environments where 
heavy metals occur naturally at high concentr
ations , because they evolve with resistance 
mechanisms, including the ability to transform 
toxic species through the processes of methylation, 
demethylation, oxidation , reduction , hydro
genation , hydroxylation , or dehydroxylatio'1 
changes in uptake or transpol1 of metals. Anaerobic 
growth with acetate, ethanol , malate, or succinate 
favours reduction of Cr. 

Mitigation of Chromium Pollution 

There is a need to search for innovative methods 
for minimising the pollution . What is needed is a 
practical method that can be implemented soon, 
to curtail the much feared toxicity of Cr, the foul 
smelling suI fides and the quantities of common salt 
in tannery effluents. Many of our tanneries are 
small-scale industries and hence it is not economic 
for them either to construct waste water treatment 
plants or to treat the waste waters chemically. It is 
necessary at this stage to work out an economical 
treatment process which will effectively alleviate 
the problem. One approach could be to use 
biological waste water treatment processes . It is 
known that all biological processes work faster in 
tropical conditions. It is possible that 
microorganisms could be used to degrade the 
pollutants , and then their fate in the natural 
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Figure 3. Cr reduction by Beijerinckia 

environment could be worked out. Tannin, which 
is the biggest pollutant in the effluents of vegetable 
tanning, is an organic and a phenolic compound. 
Hence microbial degradation of this compound is 
possible. Microbial accumulation of C r is a 
possibility in biological waste water treatment 
processes which can be broadly classified into 
anaerobic and aerobic treatment. 

Anaerobic digestion of vegetable tan liquor can 
reduce BOO by 95%, but this is reported at a low 
loading of 0.8 kg m-3 of volatile solids and a high 
retention period . Our group has isolated and 
characterised an anaerobic bacterium, Bacteroides 
sp., capable of degrading tannin from the combined 
effluent (Vetriselvan et al. 1990). We have also 
characterised the intermediary compounds formed 
by these bacteria and developed a treatment strategy 
for removing residual tannin from a composite 
effluent from tanneries. 

Russian researchers first proposed the use of 
Cr(VI)-reducing bacterial isolates for the removal 
of chromates from industrial effluents. Since then , 
various reduction parameters have been evaluated 
for a diverse group of microorganisms. The 
parameters accelerate the microorganisms' Cr(VI)
reducing capabilities. There is the prospect of 
developing commercially viable bioremediation 
techniques exploiting these organisms (Rai and 
Oubey 1988, 1989; Rai and Raizada 1989 ; 
Gopalan and Veeramani 1994). Bioreactors are 
used which basically consist of a reduction phase 
with Cr(VI)-reducing bacteria immobilised on inel1 
matrices within the reactor, followed by a settling 
or filtration phase to remove Cr( ll!) precipitates. 
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Chromate-contaminated effluent is pumped into the 
reactor and supplemented with various carbon 
sources and nutrient additives; the Cr(VI) is then 
reduced, precipitated and removed. A disadvantage 
here is that the lowest achievable effluent Cr 
concentrations are probably around I mg L - I , 

considerably higher than the national 
Environmental Protection Agency drinking water 
standard of 0.05 mg L- ' . Also the reaction rate is 
slow. However, combining aerobic polishing with 
aquatic floating weeds would solve the problem 
of Cr concentration in water, because plants in 
constructed wetlands selectively sorb Cr from 
water containing low levels ofCr. 

The majority of the bioreactors employ sulfate 
red ucers as efficien t consortia for ch romate 
reduction , and they also have an added advantage 
of reducing the sulfate from the effluents. In our 
studies we observed that the photosynthetic purple 
and green sulfur bacteria were predominant and 
capable of reducing 20- 25 % sulfur at lower 
concentrations from the effl uent. Maximum 
reduction occurred during the first two weeks and 
declined gradually afterwards. Cultures that had 
acclim atised to higher concentrations (500-
600 mg SO/ - L I) showed a lag phase initially, but 
were able to reduce 10- 12% of sulfate in the 
effluent (Ramasamy, unpublished observation). 

Studies have indicated that at a mixed liquor 
suspended solid (MLSS) concentration of 3000-
4000 mg L- ' the BOO of the pretreated effluent 
can come down to 34 mg L - I from 988 mg L- ' 
within 24 hours of aeration . Generally a BOO 
removal of 85 to 95% can be expected from this 
system. We have isolated and characterised several 
floc-forming bacteria associated with sewage 
sludge digestion . Simi lar cultures adapted to agro
industrial wastes have performed well in 
association with other heterotrophic bacteria , 
reducing the protein concentration and metals. 
Most of the metal removal is by sorption and 
sedimentation. The BOO of pretreated vegetable 
tannelY effluent can fall fi·om 900 mg L- ' to 158 mg 
L I . Settling of the filtered effluent reduces the 
BOO to 56 mg L- ' . I n the case of chrome tanning 
waste , the BOO can be reduced to 88 mg L- ' from 
129 mg L 1 and further reduction in BOO can be 
obtained at a value of 56 mg L- ' , after settling the 
effluent from trickling filtration. A BOO removal 

of70- 90% can be achieved with this system. Solar 
evaporation ponds and combined aerated lagoons 
support algal blooms. Concerted study is needed 
to assess the algal growth and salt reduction. 

The use of constructed wet lands with native 
water plants and floating macrophytes (Garg and 
Chandra 1990; Gupta et al. 1994; Srivastav et al. 
1994) will also be a good alternative. Some 
macrophytes accumulate heavy metals faster than 
terrestrial plants can, and are suitable candidates 
for use in tertialY treatment. An at1ificial wetland 
provides an environment that is aerobic and micro
aerophilic ; it is a positive system to translate so as 
to reduce the heavy metal contamination and 
organic loading in waste water. 

Conclusion 

In India, with its increasing population, scarcity 
of land and water are major issues limiting 
increased and sustainable land use. Any detrimental 
change to these ecosystems will definitely hamper 
progress. By pooling and testing our fragments of 
knowledge, we have been able to formulate a 
combined treatment system, with initial anaerobic 
processing of effluent and secondary aerobic 
polishing. Tertiary treatment with macrophytes 
should follow these treatment systems. 
Demonstration of th i s com bi ned system is in 
progress with cooperation from tanners, planners 
and researchers. 

As well as efforts to treat the waste water from 
the tanneries, sincere attempts are being made to 
reduce the release of Cr into the environment. 
These attempts should at least reduce or perhaps 
control the future damage to the ecosystem. What 
about the damaged ecosystems in which Cr and 
salt concentrations are above the permissible 
limits? Remedial measures may be chemical , 
physical or biological. Plant and microbial 
remediation is being investigated intensively. 
Selective sorption and removal of contaminants 
from the contaminated sites through microbial 
products and macrophytes, being tested by the 
scientific community, will pave the way for 
sustained growth of tanneries in I ndia. What is 
more encouraging is the reduction of toxic Cr to a 
non-toxic form by anaerobes in the groundwater. 
The resulting precipitation will protect the village 
population from the drastic toxicity of Cr(VI). 
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Transformations of Chromium by Soil Microorganisms, 
and Toxicity of Chromium to Earthworms 

V.V.S.R. Gupta l,3,4, P.R. Dalby"\ R. Naidu ,,2 and L.H. Smith2 

Abstract 

Chromi um (Cr) contamination ofsoi Is fro m tannery waste di sposa ls, effl uents and sludges 
is a serious environmental po llu tion problem worl dw ide. Chemica l ox idat ion mediated 
by manganese ox ides is the onl y proved mechani sm fm the ox idation ofCr( llI) to Cr(VI). 
This study eva luated the abili ty of bacteria isolated from a dri ed sludge to oxidi se Cr( lIl) 
and fo und that one of the bacterial isolates was capabl e of ox idi s ing Cr(IJI ) to Cr(V!) in 
liquid cul ture, but a t a s low rate . Standard direct toxicity ex perim ents were used to test the 
tox icity of Cr(VI) to earth worms and determine the LD50 va lues fo r Cr(VI) on E. fetida 
over three time peri ods. The LDso is an arbi trary va lue that measures the relative tox icity 
of metals but rarely predicts the im pact of tox ins on organi sms in the soil , fi rstly because 
not a ll tox ins cause death in a short period of time and secondly because a number of 
phys ica l and chemi ca l properties of soil contTo l the bi oavail abili ty of heavy meta ls. There
fo re, the ab ili ty o f earthworms to exclude Cr was also tested . Fina lly, measures of eart.h
worm performance o ther than surv iva l or death were considered, to determine whether 
there were any bi omarkers which could be used to predict, more accurate ly, the im pact of 
meta ls on earth worms in soil. The Cr accumul at ion by earthworm s in so il s contaminated 
with low levels of Cr was measured in 14 d laborato ry experiments. There was a strong 
nega ti ve re lati onship (,2= 0.79 1, P < 0.05) between the level ofCr accumul ated in e3lih
worms and the Cr adsorption partition coefficient (kd). 

TI-IE chromium (Cr) contamination of so il s by 
tannery effluents and sludges is one of the most 
serious envi ronmenta l pollution problems fac ing 
the world, including As ia and Australi a (ACIAR 
1996) . Although Cr may exi st in a number of 
ox idation states, the two most common fo rms 
found under natural condi tions are the tri va lent 
Cr(I lI) and the hexava lent Cr(Vl ) species. The 
tran sform at ion s be twee n the two fo rm s 
(ox idati on- reduction reacti ons) may be mediated 
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by chemical and biological reactions (Bartlett and 
l ames 1994; Na idu and Koo ka na, th ese 
Proceedings) . Thermodynamically, Cr(l II) is less 
susceptible to oxidation (kinetic inertness) and is 
less toxic to biota. In contrast, Cr(VI ) is highly 
unstable, is tox ic to animals and plan ts, and readily 
changes to Cr(lll) (Bartlett and l ames 1988) . 
Therefore, even in so il s with high levels of total 
Cr, the concentration ofCr(V I) is often relative ly 
low. Money ( 199 1) reported that there is little 
likelihood of oxidation ofCr(lU) to Cr(V I) in so il s 
because conditions favour Cr reduction (i. e. low 
Eh and the presence of organic matter). Ho vvever 
thi s contrasts with results reported by Bartl ett and 
lames ( 1979) who demonstrated that the potenti al 
for Cr(I I I) oxidation is significant in fresh moist 
so il s. The extent ofCr oxidation was fo und to be 
dependent on the fo rm of Cr(lll) (e.g. its so lubili ty 
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Figure I. Conceptual diagram indicating the various 
factors regulating the oxidation- reduction reactions of 
chromium in soils (based on information in Bartlett and 
James 1988; Ishibashi et al. 1990; Arillo and Melodia 
1991; Skinner and Fitzpatrick 1992 ; Naidu and 
Kookana, these Proceedings). 8 I - biological reduc
tion of chromium is mediated by bacteria, fungi , algae 
and earthworms whereas chemical reduction (C I) is me
diated by Fe and organic compounds. C2 - Mn oxides 
are the principal regulators ofCr oxidation whereas evi
dence is lacking for either the direct microbial oxida
tion of Cr (82) or for indirec t influence via the oxida
tion of Mn (83). 

and complexation with organic materials) but 
independent of dissolved oxygen (lames and 
Bartlett 1983; Eary and Rai 1987). 

A number of reports show that as well as 
chemical agents there are soil biota (bacteria, fungi 
and earthworms) capable of reducing Cr(VI) to 
Cr(ll I) (Komori et al. 1989; Ishibashi et al. 1990; 
Arillo and Melodia 1991). However, oxidation of 
Cr(lll) to Cr(VI) has only been demonstrated in 
the presence of manganese oxides , Mn(IV) 
(Bartlett and lames 1979; lohnson and Xyla 1991). 
Presence of oxidised forms of Mn and conditions 
that favour oxidation of Mn are considered to be 
limiting factors for Cr oxidation. No published 
reports documenti ng direct oxidation of Cr by 
microorganisms exist in the literature. Oxidation of 
Cr(lII) may also be mediated by indirect oxidation 
processes that involve microbial coupling of 
chemical agents such as Mn oxides that have a 
lower chemical potentia l than Cr(VI) (Na idu and 
Kookana, these Proceedings). A diverse array of 
soil biota (bacteria, fungi , algae) are capable of 
cata lysing Mn(ll) oxidation (Ghiorse and Ehrlich 
1992; Tebo et al. 1997) which in turn could cause 
oxidation of Cr. Figure I illustrates how oxidation 
of Cr(lll) could occur either by direct 
transformation of Cr or through microbially-

mediated Mn oxidation. Experimental evidence to 
support either hypothesis is lacking. 

The ecotoxicological effects of Cr(VI) on soil 
biota depend on the soil solution concentration of 
Cr(VI). The soil solution is the medium for plant 
growth and determines the availability both of 
nutrients and of other ionic species to microbes. 
The concentration of a contaminant that is 
supposedly available for uptake by animals and 
plants is often called its ' bioavailability ' . Most of 
the current measurement techniques for 
bioavailability are based on chemical extraction 
procedures (Luoma 1995). However, such 
chemical extraction techniques often overestimate 
the bioavailability indices, given their high ionic 
strength and the markedly different mode of action 
of the extractants compared to the ionic 
composition of the soil solution. The toxicity of a 
heavy metal (e.g. Cr) to biological organisms in 
soil will not only depend on the concentration of 
the toxic form of the metal but will also be 
influenced by a number of physical and chemical 
properties of soil. These properties may affect the 
processes governing the transformation of the toxic 
species, and also the response ofbiota to changing 
environmental conditions (van Gestel 1997; van 
Straalen and Lokke 1997). For these reasons the 
responses of biological organisms to contaminants 
are better measures of bioavailability. 

A number of laboratory tests using microflora, 
microfauna , meso- and macro-fauna have been 
evaluated and some have been recommended for 
determining the toxicity of environmental 
contaminants including heavy metals (Moss and 
Adak 1986; Maltby and Calmv 1990; Lebrun et al. 
1995; Luoma 1995; Crommentuijn etal. 1997; Gupta 
and Naidu 1997; Paton et al. 1997; Rundgren and 
Nilsson 1997). A suitable bioassay should be 
simple, inexpensive, amenable to standardisation 
and reproducible by different operators or analysts. 
The interpretive and predictive depth of the data 
determines the test 's wider use. 

Bioassays using earthworms as test organisms 
have tested for various types of contaminants, 
including heavy metals. Based on this, standard 
procedures have been developed (EEC 1982, 
1983) in which LD50 values are calculated for 
earthworms using standard techniques over a set 
period of time. Currently the LDso values are 
arbitrary measures of the relati ve toxicity of 
chemicals or metals to earthworms. They do not 
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accurately predict the impact of toxins on 
organisms in the soil, firstly because not all toxins 
cause death in a short period of time, and secondly 
because the properties of soil affect the 
bioavailability of the toxin to earthworms. 

Standard procedures are set at a fixed time: two 
days for contact filter paper and two weeks for 
artificial soil. However, some toxins do not cause 
death on contact. Toxins that are highly 
carcinogenic, such as Cr, affect DNA replication 
and lead to cytotoxicity and mutagenicity (Ono 
1988). It may take some time before their effects 
are expressed as earthworm death. For these toxins, 
tests for toxicity may have to run for a longer period 
of time to allow expression of the toxicity. 
Alternatively, some other measure of earthworm 
performance may be fOllnd that will predict whether 
emthworms will die as a result of exposure. 

Soil properties sllch as clay content, organic 
matter and pH affect the availability of toxins to 
organisms. Measurement of total levels of toxins 
is not very useful because they do not accurately 
retlect the concentrations of toxins that the biota 
are exposed to in soil. Static measurements of 
extractable concentrations of toxins in soil are not 
useful because they do not consider temporal 
changes in solution concentrations. Therefore, a 
method is required that can accurately predict the 
behaviour of toxins in the soil. 

The objectives of this study were two-fold: first, 
to determine the role of bacteria, isolated from 
sludges, in the oxidation ofCr(Ill); and second, to 
evaluate the toxic effects ofCr(V!) on earthworms 
and their influence on the earthworm bioassay 
as a method for measuring the bioavailability 
of Cr in soils 

Materials and Methods 

Transfonnations of chromium 

Soils and sludges 

The soil used in earthworm experiments was an 
Oxisol with an organic carbon level of 1.4% and 
46% clay. It was air-dried, then crushed to pass 
through a 2 mm sieve, before all laboratory studies. 
Lime (analytical grade Ca(OH),) was thoroughly 
mixed into replicate samples o(the soil. The lime 
rates were chosen to obtain a pH span of about 
5.1 - 7.15. After thorough mixing, the soils were 
moistened with distilled deionised water to field 
moisture capacity and allowed to react at a 

temperature of 60°C for 24 h. The moist samples 
were dried, remoistened and allowed to react 
overnight at 60°C. Finally these soils were air
dried, ground to pass through a 2 mm sieve and 
used for all chemical analyses and in experiments 
with earthworms. 

Sludge samples were obtained from tanneries in 
South Australia and Victoria. Subsamples of the 
sludges used in isolation and oxidation 
experiments were stored samples of the air-dried 
sludges, ground to pass through a I mm sieve. 
More details of sludges are given by Naidu et al. 
(these Proceedings). 

Chromium adsorption partition coefficient (kd) 

The partition coefficient of Cr was estimated by 
using a single point isotherm. To 30 mL of solution, 
120 f.lg ofCr(V!) and I g of soil were added (I :30 
soil:solution ratio) and the mixture was allowed to 
equilibrate end-over-end for 16 h. Then the 
samples were centrifuged at 15000 rpm and passed 
through a 0.45 f.lITI millipore filter. The Cr(V!) in 
the extract was analysed. The Cr sorbed was 
calculated by difference and the partition 
coefficient was obtained by taking the ratio of Cr 
sorbed and Cr in solution. 

Isolation and identification of bacteria 

Bacteria were isolated from the dried sludge 
material SL21-3 and its enriched liquid leachate. 
The enriched liquid leachate was obtained by 
incubating the dried sludge in inorganic nutrient 
solution for two weeks at 20°C on a rotating shaker 
at 100 rpm. The supernatant, after a 2 min settling 
of the enrichment culture, was directly used for 
plating for isolating bacteria. Serial dilutions of 
the sludge material (SL2I-3) were made using 
saline phosphate buffer; 0.1 mL of the appropriate 
dilution was plated onto 1/ 10 TSA plates (3 g of 
Difco tryptic soy broth with dextrose, 15 g Oxoid 
agar no. 3 L- ' , pH 6.8). All the inoculated plates 
were incubated at 25°C, and after 48 h individual 
colonies were marked for differences in colony 
morphology and transferred onto TSA plates with 
cyclohexamide (400 f.lg mL- ') for purification. 
After three transfers, microscopic observations and 
gram stain reaction tests were made on the purified 
isolates and 12 different isolates were prepared for 
identification using a MIDI-FAM E (fatty acid 
methyl ester) identification system. 
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Individual colonies of purified isolates were 
inoculated onto trypticase soy broth agar (TSBA) 
plates and incubated at 27°C, in the dark. After 
24 h, or longer for slow growing bacteria, cells were 
harvested by scraping colonies with a sterile spatula. 
They were suspended in 3.75M NaOH. Sapon
ification, methylation and extraction were done using 
the SherIock Microbial Identification System (MIS) 
method (MIDI 1993) developed by the Microbial 
ID (MIDI, Inc. , Newark, DE, USA). The fatty acid 
methyl ester mixtures were separated using a 
Hewlett-Packard 5890 series 11 gas chromatograph 
fitted with an HP Ultra 2 capillary column (cross
linked 5% phenyl methyl silicone fused silica 
capillary column, 25 m x 0.2 mm x 0.33 pm film 
thickness) and aflame ionisation detector. A MIDI 
calibration standard (a mixture of the straight chain 
saturated fatty acids 9:0 to 20:0 in length) was 
included after every tenth sample. 

The MIDI program automatically identified the 
peaks as specific bacterial fatty acids on the basis 
of their equivalent chain length. The MIS system 
reads the fatty acid profiles of the unknown isolates 
and compares them to stored data bases (TSBA 
Rev. 3.90, C UN Rev. 3.90) using a covariance 
matrix , principal components analysis and pattern 
recognition software. To assign a name to an 
unknown isolate the pattern recognition software uses 
ratios between fatty acid amounts of the unknown 
isolate, in addition to the principal component base. 
Finally the system gives a similarity index for the 
suggested bacterial identification. 

Cr(JI/) oxidation by pure cultures of bacteria 

Pure cultures of bacterial isolates from agar plates 
were inoculated into 10 mL of sterile inorganic 
salt (INS) medium in McCartney bottles and 
incubated at 25°C. The I S medium is made as 
follows: dissolve ~HP04 1.21 g, KJ-l104 0.34 g, 

aCI 4 g, (NH4)2S04 I g, MgS04.7HP 0.03 g, 
CaCI, 0.1 g, glucose 2 g, and yeast extract 0.1 gin 
I L of distilled water, adjust pH to 6.8 and 
autoclave sterilise (20 min at 121 °C). Bacterial 
cultures in their logarithmic growth phase, after 
48 h, were used as inoculum for the oxidation 
experiments which were carried out in the INS 
medium supplemented with filter-sterilised Cr(lll) 
at 50 ppm. Inoculated Cr-media bottles were 
incubated at 25°C on a rotary shaker (at 150 rpm) 
and subsamples were analysed for Cr(VI) by the 
modified method of Templeton (C. Templeton 

pers. comm. 1997). Briefly, 5 m L of I iquid sample 
was centrifuged at 10000 rpm for 2 min. To a 
4 mL subsample of the supernatant, 10 mL of IN 
H2S04 and 4 mL of diphenyl carbazide reagent 
were added and mixed. The optical density of the 
developed colour was measured at 540 nm and 
the concentrations of Cr(Vl) in solution were 
calculated from a calibration curve prepared using 
a K2Cr20 7 standard. All samples were analysed 
in dupl icate. 

Cr(lIl) oxidation by sludge materials 

Subsamples of SL2 I -3 sludge materials were 
sterilised by autoclaving at 121 °C for 20 min on 
two consecutive days . Sterile INS medium (15 mL) 
in test tubes was supplemented with filter-sterilised 
Cr(lIl) at 50 ppm and inoculated with 0.2 g of 
sterile or non-sterile sludge materiaL Inoculated 
medium was incubated at 25°C on a rotary shaker 
(150 rpm), and after 7 or 14 days subsamples were 
analysed for Cr(V I) by the method of Templeton 
(pers. comm. 1997). 

Toxicity of chromium to earthworms 

Earthworms of species Eisenia / etida (Savigny) 
were obtained from commercial suppliers (Worms 
R Us , Adelaide, South Australia). Species 
Aporrectodea caliginosa (Savigny) was collected 
from a pasture near Smithton, northern Tasmania, 
and kept in soil and sheep dung in the laboratory 
at 20°C for up to one year. Both species of worms 
were washed (three times) with Cr-free distilled 
water. To remove soil from earthworm intestines 
and standardise the water content of their tissues 
before use , all earthworms were placed 
overnight in 50 mL plastic vials (two worms 
per vial) containing Whatman #42 (5 cm 
diameter) filter paper wetted with distilled water 
(Dalby et aL 1996). This procedure was used for 
all earthworms in the study. 

Solution experiments wilh E. fetida: (I) LDso 

Individua l earthworms, their intestines cleared and 
weights recorded , were placed into 9 cm diameter 
petri dishes containing one 7 cm Whatman #41 
filter paper and 5 mL of either distilled water or 
Cr(VI) solution of known concentration. One 
earthworm was used per petri dish and each 
treatment had ten replicates. The concentrations 
of Cr(VI) tested were 0, 6, 12, 24, and 48 !lg mL- ' ; 
~Crp7 was the source ofCr(VI). Individual plates 

115 



were closed using non-toxic adhesive tape to 
prevent earthworm escape and the plates were 
incubated in the dark at 18°C (± I 0C) for 14 days. 
Observations were made at regular intervals to note 
the behaviour and death of earthworms. 

(2) Cl' accumulation and enzyme activities 

Details of eal1hworm preparation and filter paper 
assays were similar to those for LDso experiments. 
In experiment 2, the concentrations of Cr(VI) 
tested were 0, 12, 24, 30, 36, 42, 48 , S4 , 108 and 
162 ~Lg mL- 1; K2Crp7 was the source ofCr(VI) . 
Individual plates were closed using non-toxic 
adhesive tape to prevent earthworm escape and the 
plates were incubated in the dark at 18°C (± I QC). 
Observations were made daily to note the 
behaviour and death of earthworms. 

I n both experi ments, after 48 h, earthworms were 
removed from treatment petri dishes, washed 
(twice) with distilled water and freeze dried (using 
a Thermovac model FD-3-V7 freeze drier for 2 d) 
after snap freezing using liquid nitrogen. Freeze
dri ed earthworms were stored at - 20QC until 
analysed for enzyme activity. 

Phosphatase assay 

Freeze-dried earthworms from experiment 2 were 
macerated in liquid nitrogen and a known quantity 
of powdered earthworm was added to 2.S mL of 
modified universal buffer (pH 10) and mixed by 
vortexing for 30 s. After incubation for I h at room 
temperature (20QC), the activity of phosphatase 
enzyme was determined using SO mM p-nitro
phenyl phosphate-disodium salt as substrate 
(Tabatabai 1982). 

ATP assay 

The activity of adenosine S'-triphosphate (ATP) 
in earthworms was measured using the ATP assay 
diagnostic kit (Procedure No. 366-UV) of Sigma 
Aldrich Pty Ltd. The principle of the method is 
that ATP is catalysed by the enzyme phospho
glycerate phosphokinase (PGK) in the presence 
of added NADH and the decrease in absorbance 
at 340 nm is determined as a measure of the amount 
of ATP originally present (Sigma Diagnostics 
1997). Freeze-dried earthworms from experiment 
2 were ground into fine powder and 
2 mL of 12% trichloroacetic acid was added and 
mixed by vortexing for IS s. The mixture was 
allowed to stand for S min in an ice bath. Samples 

were centrifuged at 3000 rpm for S min and the 
supernatant was used for the ATP assay (Sigma 
Diagnostics 1997). Final reaction mixtures were 
centrifuged at 6000 rpm for 2 min prior to the 
measurement of optical density of sample, to avoid 
interference from turbidity. A solution of known 
concentration of ATP was assayed to verify the 
accuracy of the procedure. 

Soil experiments 

The effects of soil pH and added Cr(VI) on the 
behaviour of earthworms were investigated using 
E. fetida (experiment 3) and A. caliginosa 
(experiment 4). Subsamples of the soil were limed 
to soil pH values S.S6 , 6.20, 6.SS and 7.IS. For 
each sample, 30 g of air-dried soil was weighed 
into a 9 cm diameter plastic petri dish and moisture 
adjusted with either distilled water or Cr(VI) 
solution to give a water potential of 10 kPa. Each 
treatment had six replicate petri dishes and one 
earthworm was added to each dish. I nitial weights 
of earthworms were recorded (after clearing soil 
from their intestines; Dalby et al. 1996) before the 
worms were placed in appropriate petri dishes, and 
the petri dishes were incubated at 18QC (± I QC), in 
the dark. Observations were made at regula r 
intervals to note if any deaths occUlTed. After 14 d, 
earthworms were removed from the soi I and 
washed (twice) with distilled water to remove 
surface adhered soil. Ea rthworms were again 
placed in containers with moist filter paper to void 
gut contents and standardise tissue moisture. All 
the worms were snap frozen using liquid ni trogen 
and freeze dried for 2 d using a Thermovac model 
FD-3-V7 freeze drier. 

Analysis of total 0- in earthwomls and soils 

The concentrations of total Cl' in freeze-dried 
earthworms were analysed using the method of 
Cartwright and Spouncer ( 19 87) and C l' 
concentrations per unit dry weight were calculated. 
Total Cl' in soil samples was measured as described 
by Merry and Zarcinas (1980). 

Statistical analyses 

Data were analysed using one-way analysis of 
variance (ANOVA), and differences between 
means were determined using Tuk ey ' s tes t 
(P = O.OS). Proportions (proportional change in 
weight, survival) were transformed by the square 
root of (x + O.S), and counts were transformed by 
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Table I. A list of bacterial species isolated from the sludge SL21 and soil , and their ability to oxidise Cr(lIl) in 
solution culture* 

Bacterial species** (with Source Colony type Cr(Jll) oxidation 
colony identity numbers) (~lg Cr(YI) L I) 

Pseudolllonas jlllorescens (3 ,4) dried sludge type I <0.01 
P jluorescens (1 ,2) dried sludge type 2 <0.01 
Bacillus i/7lIrino iensis (5) dried sludge ty pe 3 <0.01 
B. mycoides (6) dried sludge type 3 o. I 35 ± 0.008 
P jlllorescens (7) enriched leachate type I 
P chlororaphis (8) enriched leac hate type I <0.01 
P jlllorescens (9) enriched leachate type I 0.053 ± 0.00 I 
P jluorescens (10, 11) enriched leachate type 2 <0.01 
P jlllorescens ( 12) enriched leachate type 2 0.08 I ± 0.075 
B. thllringiensis soil <0.01 

" Bacterial cultures frol11 their 10ga rithl11ic growth phase were inoculated into Cr-oxidation l11edia and incubated at 20"C 
;""., MIDI-FAME analysis gave a sil11ilarity index , based on TSBA library, for the pseudol11onads ranging from 0.713 to 0.859, 
whereas for Bacilllls species it was only 0.307- 0.639 

log(x + I). If the variances differed significantly 
(as determined by Bartlett's test), a Kruskal- Wallis 
analysis was used instead of ANOVA. 

Results 

Chromium transformations by bacteria and sludge 

Six different bacterial types were isolated from the 
sludge material SL2l-3. They were identified as 
Pselldomonas .f1uorescens (two colony types) , 
Bacilllls mycoides and B. thuringiensis (Table I). 
Two species of bacteria (P fluorescens and 
P chlororaphis) were isolated from the enrichment 
culture. Pseudomonas fluorescens (two colony 
types) was common to both the sludge and the 
enrichment culture. The similarity index values for 
the Pseudomonas species ranged from 0.713 to 
0.859 and 0.307 to 0.639 for Bacillus species. With 
the M IS system the values observed for our isolates 
are considered normal. M icroscopic observations 
provided supporting evidence for the isolates 
identified as Bacillus species. 

The ability of isolated bacteria to oxidise Cr(lll) 
in the absence of Mn was determined in liquid 
culture experiments. Ten out of 12 bacteria isolated 
from the dried sludge SL21-3 and its enriched 
leachate failed to oxidise measurable amounts of 
Cr(ll I) after one week of growth in the presence 
of 50 Ilg mL - I of Cr(I I I) in the aerated inorganic 
liquid medium at pH 6.8 (Table I). One bacterial 
isolate from the dried sludge (i.e. Bacillus 
mycoides) showed measurable levels of Cr(TI I) 
oxidation after one week of growth. 

Measurable Cr(lll) oxidation was observed in 
the presence of the dried sludge sample SL21-3 
and its liquid leach ate after 10 days of incubation 
at 25 °C (Table 2). 

Toxicity of chromium to earthworms 

Experiment I 

The LDso ofCr(VI) to Efetida was ~50 Ilg mL-1 

after 3 days and 5.61lg mL- 1 after 6 d (Fig. 2). The 
concentration ofCr in E.fetida after 6 d increased 
as the Cr(VI) treatments increased (Figs 3a,b). The 

Table 2. Cr(J 11) oxidation in the presence of tannery sludges in aerated liquid cultllre 

Treatment Source Presence of Mn Cr (J 11) oxidation 
(~tg Cr(Y I) L I) 

Enriched leachate of SL2 1-3 Mt Barker-old not added 1.83 ± 0.6 
Dried SL21-3 Mt Barker-old not added 2.42 ± 0.3 
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Figure 2. LDso values for E.felida on exposure to Cr(VI) 
after 3 days (e) and 6 days (A) in Cl filter paper assay 

level of Cr was significantly lower in the control 
compared to the treatments with added Cr(VI) 
(one-way ANOVA , df = 4 , 15 , F = 8.99 , 
P < 0.00 1). There was a trend for Cr concentration 
to remain constant at the 6, 12 and 24 ~g mL- ' 
treatments (944 - 1015 ~g mL-') and then increase 
dramatically between the 24 and 48 !-lg mL- ' 
treatm e nts (1015- 15410 !-lg mL- ') , but thi s 
increase was not significant. The concentrations 
of C r(Vl) in so lution in the 0- 24 ~g mL- ' 
treatments were associated with a linear increase 
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FigUl'e 3a. Cr concentrations in E. f elida in a filter 
paper assay (Experiment I) 

(,.:2 = 0.76, P < 0.05) in the tissue concentrations of 
Cr(VI) in E. ./etida. 

Experiment 2 

The survival of E. fetida earthworms ranged 
between 65% and 100% in the 0- 48 !-lg mL- ' 
treatments and then fell from 70% to 20% between 
the 54 and 108 !-lg mL- ' treatments (Table 3). The 
two-day exposure of earthworms to Cr(VI) gave a 
considerably higher value for LDso, 79 ~g mL- 1, 

than the three-day and six-day exposures observed 
in Ex periment I. Over 48 h, the average weight 
dropped in every treatment, by 3.06% in the control 
to 21 % at 42 !-lg Cr( VI) mL - I (Table 3). 
Calculations of we ight change were not made 
beyond 54!-lg mL- 1 because of the high mortality 
rate. Earthworms in all treatments with Cr(V I) 
added lost significantly more weight than in the 
control treatment, and weight loss was significantly 
greater at the 42 ppm treatment than at the 12 and 
30 ppm treatments (one-way ANOVA, df= 6, 124, 
F = 14.58, P < 0.001). 

The concentration o f C r in the surviving 
earthworms ranged from 0.99!-lg g- I dry weight 
in the control to 118 !-lg g 1 dry weight in the 
108 !-lg m L - I treatment (F ig. 3 b) . C hrom ium 
concentrations were sign ificantly higher in all 
treatments with added C r(VI) than in the control. 
There was no significant difference in th e 
concentration of C r between treatments with 12 
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Figure 3b. Cr concentrations in E. f elida in a filter 
paper assay (Ex periment 2) 
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Table 3. Weight change and survival of E. j etida on 
exposure to various levels of Cr(VI) in a filter paper 
assay after 2 days (Ex periment 2) 

Cr(VI) (ppm) Weight change (%) Survival (%) 
in solution 

0 - 3.1 (\.7) 100 
12 - 15.2 (1.5) 100 
24 - 16.9 (lA) 100 
30 - 14.5 (1.0) 95 
42 - 21.1 (lA) 100 
48 - 17.1 ( 1.1) 100 
54 - 16.0 (\.7) 65 

108 na 20 
162 na 10 

and 48 ~lg mL- 1, but a significant increase in Cr 
concentration in earthworms was observed at the 54 
and I 081lg mL-' treatments. 

The activity of ATPase dropped between the 24 
and 48 ~g mL - I treatments and then rose again. 
However these trends were not significant (one-way 
ANOVA, df= 4,9, F = 1.14, P = 0.3968) (Table 4). 
Phosphatase activity dropped between the 0 and 
30 Ilg mL 1 treatments and then rose again at the 
42 ~g mL- ' treatment and above, although the 
means were not significantly different (one-way 
ANOVA, df= 6,27, F = 2.18, P = 0.0761) (Table 4). 

Experiment 3 

The mean weight of the earthworms (£. fetida) 
decreased in each treatment over the course of the 
experiment, with weight loss ranging from 10.6% 
to 14.0%. There was no significant effect of pH 
(two-way ANOVA, df= 2,31 , F = 0.20, P = 0.820) 
nor of concentration of Cr (two-way ANOVA , df 
= 2,31 , F = 0.09, P = 0.912) on weight loss. 
Although all earthwon11s survived the treatments, 

Table 4. Enzyme activity in E. j etida on exposure to 
various levels of Cr(VI) after 2 days (Experiment 2); 
numbers in brackets are standard errors of the mean. 

Cr(V I) (ppm) ATP activity Phosphatase 
in solution (~lg g 1 dry wt) activity Cllg PNP 

released h ') 

0 2.847 (0.298) 468.2 (6 104) 
12 473.0 (35.6) 
24 2.194 (00493) 40004 (42.0) 
30 368.1 (45.3) 
42 615.1 (72.7) 
48 I. 728 (0.578) 485.9 (67.9) 
54 531.1 (88.8) 

by the end of the two weeks they were e ither 
aestivating or inactive. 

There was no significant difference between the 
final concentrations ofCr in earthworms from soil 
with different amounts ofCr added because of the 
high variability within the treatments (data not 
included). There was a tendency for higher 
concentrations of Cr in earthworms at higher pH, 
but this was not significant (one-way ANOVA , 
df = 3, 16, F = 3.9, P = 0.763) . 

Experiment 4 - Aporrectodea caliginosa 

Only one Aporrectodea caliginosa died during the 
two week incubation period. Between 20% and 
80% of living earthworms were aest ivating after 
one week and all were aestivating after two weeks. 
There was a trend for earthworm aestivation to 
increase in soil with a higher pH (lower kd). All 
earthworms lost weight (13- 23%) during the 
experiment. Earthworms lost significantly more 
weight in soil at pH 5.5 than in so il at pH 6.2 and 
6.55 (one-way ANOVA , df = 3, 15 , F = 4.59, 
P < 0.018) (Table 5). 

Table 5. Weight change and aestivation of A. caliginosa in Cr-contaminated soi ls of differing pH after 2 weeks 
(Experiment 4); values in brackets are standard errors of the mean; means followed by different letters are signifi
cantly di fferent 

Soil pH Weight change (%) Aestivation (%) after I week Aestivation (%) after 2 weeks 

5.56 - 23.0 ( 1.8) a 20 a 100 a 
6.2 - 13.6 (1.6) b 40 a 100 a 
6.55 - 12.9 (2.8) b 80 a 100 a 
7. 1 - 17.0 (2.1) ab 60 a 100 a 
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Figure 4_ Effect of pH on Cr sorption and partition 
coefficient (kd) in an oxisol 

The more acid the soil treatment, between pH 
7.2 and 5.5 , the lower the concentration ofCr(VI) 
in solution (,bioavailable'). The concentration of 
Cr in earthworms was significantly higher at pH 7 
than at pH 5 or 6 (Kruskal- Wallis, U = 11.34, 
p ~ 0.0034). Data in Fig. 4 (average values only, 
error bars not shown) indicate the adsorption 
partition coeffi cient values (kd) in soils at various 
pH values; kd values reduced from 30 mL g- I at 
pH 5.5 to 0.8 mL g- I at pH 7.2. A strong negative 
relationship (/-2 = 0.791 , P < 0.05) was observed 
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Figure 5. Levels of Cr in A. caliginosa from soil s with 
different partition coefficients (kd) after two weeks of 
ex posure 

between the level ofCr accumulated in earthworms 
incubated in soils with different pH and the Cr
adsorption partition coefficient (kd) (Fig. 5). 

Discussion 

Biohazards from the toxicity of Cr in land
disposed industrial wastes such as tannery sludges 
depend mainly on the concentration of Cr(VI) in 
soil solution. Oxidation of the less toxic Cr(lll) 
into the acutely toxic Cr(VI) is one of the critical 
transformation processes that regulate the toxicity 
arising from Cr contamination. Direct biological 
oxidation ofCr(I11) is one possible mechanism of 
Cr(VI) formation. We evaluated the ability of 
bacteria isolated from tannery sludge from South 
Australia to oxidise Cr(lIl) in solution culture. 
During a two week incubation assay, only one of 
the isolates (Bacillus mycoides) was able to oxidise 
Cr(II I) into Cr(Vl). Bartlett and James (1979) 
reported the oxidation of Cr(IIl) mediated by Mn 
oxides . Since no Mn oxides were added in either 
the original growth medium or the oxidation 
medium, the appearance of Cr(VI) in the liquid 
culture could only be from a direct oxidation 
mediated by the test bacteria. No measurable 
Cr(VI) was found in the sterile liquid medium. 
However, the concentration of Cr(VI) measured 
was very low. This suggests that the kinetics of the 
process are extremely slow. Bacterial reduction of 
Cr(VI) into Cr(I 11), mediated by various enzymatic 
reactions associated with soluble protein , has been 
previously reported (Ishibashi et al. 1990). Organic 
material such as mucus, and saliva compounds such 
as thiols, can also react with hexavalent Cr and 
cause reduction (Wiegand et al. 1984; Arillo and 
Melodia 1991). We did not test the reductive 
capacity of Cr by the test bacteria . 

The direct microbial oxidation of Cr observed 
in the present study is only preliminary and its 
potential role in the oxidation ofCr in sludges and 
so il- sludge mixtures needs to be further assessed. 
Another microbe-mediated pathway for C r(III) 
oxidation may be through step reactions involving 
indirect chemical oxidation of Cr(III) following 
biological oxidation of Mn(ll) to Mn(IV). A 
number of studies have been reported showing the 
abiliti es of various types of soil biota (bacteria, 
fungi, algae) capable of oxidising Mn (Ghiorse and 
Ehrlich 1992). Thus the Mn2+ form ed during the 
oxidation ofCr is further oxidised by biota, keeping 
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the Cr oxidation cycle active, but experimental 
evidence for these processes is lacking. 
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Figure 6. A conceptual diagram indicating the rela
tionship between concentration ofheavy metal and vari
ous performance indicators of earthworms. Note: Le
thal concentrations are levels of Cl' that cause more than 
50% death in earthworms; sublethal concentrations may 
cause metabolic stress but not result in death; 'hidden ' 
lethal concentrations do not cause greater than 50% 
death over the time period of an assay, but will cause 
death in the longer term. CA) Survival of earthworms is 
affected by the concentration and time of exposure; in
creased time of exposure will result in reduced survival ; 
(8) Metabolic performance indicators such as enzyme 
activities and accumulated metal concentrations are af
rected by concentration of metal. 

of exposure of earthworms to Cr. This means that 
an LD 50 of 79 ppm calculated after two days 
exposure is not a true reflection of how earthworms 
respond to similar concentrations of Cr in soil 
solution. There is a ' hidden mortality' which is not 
expressed injust two days, and earthworms in field 
soil are likely to die on exposure to a solution 
concentration of 5.6 Ilg mL-' and perhaps lower. 
Therefore the LDso value does not seem to be the 
most appropriate measure of toxicity, because it is 
unable to predict an environmental outcome. 

However, there are other performance indicators 
which can indicate fatal concentrations after only a 
short period of time (Fig. 6). For example, even 
though the LDso was calculated as 79 Ilg mL- I, 
ea.1hwonllS were unable to exclude Cr when solution 
concentrations were ~50 Ilg mL- ' (see below). 
Phosphatase activity dropped steadily in response 
to increasing external concentrations at 0- 30 Ilg 
Cr mL- ' and then increased , indicating a 
decoupling of metabolic pathways. The 
earthworms' change in weight was significantly 
smaller at concentrations of 121lg mL- ' compared 
to the control, which indicates that there had 
already been a metabol ic cost at this concentration. 
Further investigation is required to find a 
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Figure 7. Changes in survival at 2, 3 and 6 days of Cl' 
exposure in solution assays and the effect of Cl' con
centration on various metabolic properties of earth
worms at 2 days ; • = % survival; . = Cr concentration ; 
o = phosphatase activity; ... = weight loss 
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biomarker that is sensitive to Cr at low 
concentrations, that will indicate Cr concentrations 
which eventually are toxic to earthworms, that can 
be rapidly tested for, and that is easy to interpret 
(Weeks 1995). 

Earthworms are able to metabolically exclude 
Cr from their tissues up to a concentration in solution 
of~50 Ilg mL-'. Beyond this concentration, Cr levels 
in earthworms rise according to the concentration 
ofCr in solution. There is a metabolic cost involved 
in excluding Cr which eventually becomes too 
great to maintain (Fig. 7). The metabolic cost may 
be the energy required to actively excrete Cr from 
cells (van Straalen 1996) or to reduce Cr(VI) to 
Cr(lll) (Arillo and Melodia 1991). 

Earthworms are able to maintain internal 
concentrations of Cr at ~20 Ilg mL- ' even when 
external concentrations reach up to 48 Ilg mL - I. 

However there is a decline in earthworm 
performance, as measured by phosphatase activity 
and change in weight even at these lower 
concentrations. At levels of Cr concentrations 
exceeding 50 Ilg mL - I, earthworms are unable to 
exclude Cr and the concentration of Cr in 
earthworm tissues mirrors that in solution. It is not 
clear whether this is due to cytotoxicity of Cr to 
the cells or the metabolic cost ofCr exclusion. The 
level of Cr in solution that an earthworm cannot 
tolerate without dying (~50 Ilg mL- ' in this study) 
depends on the time and extent of exposure of the 
earthworm to Cr(VI) - thus the 'hidden lethal' toxic 
effects. The long-term ecological consequences of 
this decline in performance may be reduced 
earthworm activity, population decline and even 
local extinction. Further investigation is required 
to determine the long-term consequences to 
earthworm activity that may result at low soil 
concentrations of Cr(V I). 

The concentration of Cr in solution is regulated 
by the chemical properties ofsoil , such as organic 
matter content, type of clay, etc . (Naidu and 
Kookana, these Proceedings). We did not find any 
clear cut relationship between the Cr(VI) 
concentrations in the soil solutions (measured at 
the beginning and end of the experiment) and the 
Cr accumulated in the earthworm A. caliginosa. 
The level of heavy metal accumulated in the 
earthworms will have depended on the solution Cr 
concentrations that the earthworms were exposed 
to during the two week incubation assay. We found 
a significant negative relationship between the 

adsorption partition coefficient (kd) and the 
concentrations of Cr accumulated in the 
earthworms (kd describes the Cr transfer between 
soil solution and other soil constituents). This 
suggests that, unlike the total Cr level in soil and 
static measurements of solution Cr, kd may be a 
useful measure of the bioavailability ofCr in soil. 
However, the potential for kd to be a useful 
measure of bioavailability needs further detailed 
investigation before it can be used routinely. 

Conclusions 

Six different bacterial types were isolated from 
sludge material that had shown a capacity to 
transform Cr(1I1) to Cr(VI). Purified isolates were 
characterised using a MIDI-FAME method and 
found to be Pseudomonas .fluorescens (three 
colony types), P chlororaphis, Bacillus mycoides 
and B. fhuringiensis. 

Using an earthworm toxicity test, LDso values 
for death of the earthworm species Eisenia jetida 
were calculated for Cr(VI). After exposure for 2, 
3 and 6 days, LDso values were 79, 50 and 5.6 ~lg 
mL- ', respectively, indicating that LD values are 
. ~ 

tllne-dependent. 
Individual earthworms of species E.fetida were 

able to maintain intemal concentrations of Cr at 
- 20 Ilg mL- ', even though external concentrations 
reached 48 Ilg mL- ' . However, at concentrations 
of 54 Ilg mL- ' and higher, the internal 
concentrations of Cr were similar to the external 
conccntrations in solution. 

After 2 days of exposure, the LDso value was 
calculated at 791lg mL-' . However, other biomarkers 
of eal1hworm perfomlance were showing signs of 
stress at much lower concentrations. These measures 
of earthworm performance may be better than LD _ 
values as indicators of the long-term impact oftoxil{~ 
on earthworm activity and survival in soil. 

A change of soil pH from 7.2 to 5.5 reduced the 
concentration ofCr(VI) in solution ('bioavailable') 
which resulted in a declining trend in the 
concentration of Cr(VI) accumulated in the 
earthworms. The heavy metal adsorption partition 
coefficient (kd) may be a useful measure of the 
bioavailable level of that toxin in soil and needs 
fUl1her investigation. 

Future research should investigate whether there 
are other biomarkers which could be used to predict 
earthworm response to toxins in soil. These could 
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include physiological, behavioural or ecological 
measures of earthworm performance. 
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Management of Tannery Wastes and Effluents: 
Laboratory and Field Studies 



Is it Safe to Use Tannery Chrome Sludge for Growing 
Vegetables? Results from a Glasshouse Study 

K. Sara Parwin Banu', P.T. Ramesh', K. Ramasamy', 
S. Mahimairajah' and R. Naidu2 

Abstract 

The effect of tannery chrome sludge on the growth of three vegetable crops, namely 
bhendi (Abelmosches esclllenIIlS), brinjal (Solanum tnelongena) and chillies (CapsiclIm 
annum), was studied. Incubation of soils with sludge led to marked changes in the soil pH 
(6.8- 7.9), electrical conductivity (0.11 - 0.83 dS m-I), organic carbon and the major nutri
ents including N, P and K. Sludge applications also had a marked effect on plant and 
produce yield. In general, there was an appreciable increase in both shoot and produce 
yield up to a total soil chromium (Cr) concentration of750 mg kg-I; above this there was 
a sharp decline in yield in all the crops except chillies, but the decrease was not statisti
cally significant compared to the control. However, the Cr uptake by the plants was sig
nificant in all the test crops. Of the total plant Cr uptake, 30-40% accumulated in shoots and 
10-15% in fruits. The critical plant concentration was 30-40 mg Cl' kg-I dry matter. Above 
this level , toxicity symptoms were recorded that persisted throughout the growth period. 

THERE is increasing interest in the agricultural 
application of sludge obtained from waste water 
treatment plants , because of the possibility of 
recycling valuable components such as organic 
matter, N, P, K and other nutrients (Soll1mers 
1977). An increase in crop yield often exceeding 
that of well managed fertilized controls has also 
been reported by many researchers (e.g. Moreno 
et al. 1996). 

The tannery industries discharge about 50000-
60000 t of sludge as biological wastes in India 
each year (Rajamani and Buljan 1997). The sludge 
retains 40% of the chromium (Cr) used during the 
manufacturing processes. The discharge of this 
sludge has already degraded over 50000 ha of 

I Department of Environmental Sciences, Tamil Nadu 
Agricultural University, Coimbatore, India 641003 

2CSIRO Land and Water, Private Mail Bag No. 2, Glen 
Osmond, South Australia 5064 

agricultural land in Tamil Nadu, India (Naidu and 
McLaughlin 1993). The major problems associated 
with soils contaminated with tannery waste include 
high salt and Cr contents. These are of concern 
because of phytotoxicity and heavy metal 
accumulation in the plant tissues (Chaney 1990). 
Also there is a possibility that Cr will be 
translocated and accumulate in the produce. The 
present study aimed to analyse the influence of 
tannery sludge applications on soil , vegetable 
yields and the uptake of Cr by the plants. 

Materials and Methods 

Soil 

Surface soils (0- 15 cm) were sampled from 
Vaduganthangal , air dried and crushed to pass 
through a 2 mm sieve. The sieved soils were 
homogenised and randomised before being used 
in the growth studies. Pertinent properties of the 
study soils are listed in Table I. 
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Table I. Soil and sludge characteristics 

Parameters Soil Sludge 

pH 6.85 7.86 
EC (dS m ') 0.11 3.50 
Organic carbon (%) 0.16 9.56 
Nitrogen (%) 0.08 0.43 
Phosphorus (%) 0.33 0.51 
Potassium (%) 0.19 0.004 
Calcium (mg kg-I) 5332 8000 
Chromium (mg kg ') 38.4 812 
Chlorides (mg kg-I) 8.29 287 
Sulfate (mg kg-I) 6500 40000 

Sludge 

Chrome sludge accumulating after the waste water 
treatment process was collected from RSL tannery, 
Virinjipuram, Tamil Nadu, India. It was air dried, 
passed through a stainless steel 2 mm sieve and 
analysed for its nutrient status and other 
characteristics (Table I). The amount of sludge 
added to soils ranged from 0 to 3.7 kg pori. This 
corresponded to Cr concentrations ranging from 0 
to 3000 mg kg- ' soil (Table 2). The soil- sludge 
mixture was transferred to pots at 5 kg pori and 
incubated for a week at field moisture capacity. 
The control treatment (three replicates) had no 
addition of chrome sludge. After completion of 
the experimental study, the results were analysed 
statistically in a randomised block design. 

The experimental crops chosen were brinjal 
(Solanum melongena), bhend i (A belmosches 
esculenlus) and chillies (Capsicum annum) 
because these are the major crops grown in the 
region polluted by tannery effluent. 

Growth studies 

The crops were grown from seed in controlled 
glasshouse conditions. Three weeks after 
aermination the seedlings were thinned to two 
~Iants per pot. Following the establishment oft.he 
seedlings, soil was kept at field mOIsture capacIty 
usina double-distilled water. The study period b 

lasted five months. The fruits were collected at the 
reproductive stage and weighed. At the end of the 
study period the crops were harvested, thoroughly 
washed and dried. 

Table 2. Treatment details 

Treatments Wt of sludge Amount oCCr 
added (kg pot- I) added (mg kg ') 

TI 0 0 
T2 0.92 750 
T3 1.85 1500 
T4 3.7 3000 

Soil and sludge analysis 

The soil and sludge was dried and sieved (2 mm) 
before analysis. The pH , electrical conductivity 
(EC), chlorides, sulfates and water extractable Cr 
were measured in subsamples in 1:5 soil:water 
suspension following end-over-end shaking for 
12 h. The total organic carbon was measured by 
chromic acid wet digestion (Walkley and Black 
1934), available N was measured by the alkaline 
permanganate method, available P by the Olse~l et 
al. (1954) method, and available K by the ammonIum 
acetate extraction method (Piper et al. 1966). 

Subsamples of the soil and sludge were ground, 
passed through a 2 mm sieve and subjected to 
nitric- hydrochloric digestion for the analysIs of 
macronutrients and total Cl' content. 

Plant analysis 

The oven dried plant samples were digested in aqua 
regia (HC!: HN03 3: I) for 1.5 h, and ana~ysed both 
for total Cr content and for macronutnents. The 
roots, shoots and fruits were separately dried , 
around in a pestle and mortar, and digested in aqua 
b . 

regia, after which the total Cr concentratIon was 
estimated by atomic absorption spectrophotometer 
using air acetylene flame. 

Data analyses 

The data were analysed statistically using a 
randomised block design and GENSTAT. 

Results and Discussion 

Composition of the sludge 

The tannery sludge was alkaline (pH 7.89) with 
an EC of3.5 dS m I. Its organic carbon, nitrogen , 
phosphorus and calcium contents were hi gh 
(Table I). The sludge contained high levels ofCr, 
chlorides and sulfates. These results are 110t 
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Table 3. Effect of sludge on soil characteristics 

Treatments pH EC (dS 111 I) Organic carbon (%) Ca (mg L-I) Water extractable Cr (Illg kg-I) 

Control 7.1 0.28 1.2 
SI 7.2 0.35 1.3 
S2 7.6 0.46 2.2 
S3 7.9 0.61 3.9 

surprising given the large number of chemicals 
added during the skin preservation and leather 
tanning processes. However, the high nutrient 
content may be beneficial to plant growth. The 
sludge Cr content is of concern especially if the 
Cr is bioavailable. 

Effect of sludge on soil properties 

The addition of sludge to the soil at several rates 
changed the characteristics of the soil (Table 3). 
There was an increase in soil pH from 7.2 to 7.9, 
EC from 0.35 to 0.61 dS m- I, organic carbon from 
1.3 to 3.9% and Ca from 100.1 to 160.1 mgL-1• 

The water extractable C r also increased from 
0.19 mg kg- I in the control to 3.38 mg kg- I at the 
highest sludge application rate. 

Effect of sludge on plant charactel"istics 

With regard to fruit yield, the lowest Cr treatment 
resulted in an apparent but non-s ignificant increase 
in the yields of brinjal and bhendi (Fig. I). 
Treatments with sludge Cr at levels exceeding 1500 
mg kg- I resulted in 40- 50% decrease in y ie ld 
compared to control treatments. However, the sludge 
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80.1 0.188 
100.1 0.4 
120.1 2.23 
160.1 3.38 

treatments did not significantly affect the yields 
of the vegetabl e crops tested (Fig. I). Examination 
of the water extractable nutrients suggested that 
the treated soils were sufficient in nutrients. 
Therefore, the major factor responsible for yield 
reduction may have been the accumulation of Cr 
in plants. De leterious effects due to the 
accumulation of Cr in soils have been reported for 
various crops including radish, Raphanus safivus 
(Yiyong et a!. 1989) , ryegrass , and clover 
(N ishimura and Takayashi 1982). 

Plant Cr uptake 

The amounts of Cr taken up by plants varied 
considerably both between plant species and 
between rates of sludge appl ication. The Cr uptake 
was least in chillies, intermediate in brinja l, and 
greatest in bhendi . Accumulation by bhendi was 
2- 3 times higher than the other crops. These results 
suggests that bhendi is a more effective absorbent 
of C r than the other c rops and may not be 
appropriate for cultivation in Cr-contaminated soil. 

Increase in sludge application rate led to an 
appreciable increase in Cr uptake by plants (Fig. 2). 

3000 

D Brinjal 

~ Bhendi 

OChilli 

Sludge Cr concentration (mg/ kg) 

Figure I. Effect of sludge Cr on the growth of selected commonly used vegetables 
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Figure 2. Effect of sludge Cr on Cr uptake by selected commonly used vegetables 

The increased uptake may be attributed both to 
increased Cr in the soil so lution and to the alka line 
pH of the so il at the higher appli cati ons of s ludge. 
The data showed elevated leve ls ofCr in soil water 
extracts from treated soi ls . Since a large propOltion 
of so luble C r is present as C r(VI) it is like ly that 
thi s factor enhances Cr upta ke by plants. N umerous 
investigati ons have demonstra ted the importance 
ofso il pH in plant absorpti on of heavy meta ls (e.g. 
Moraghan and Mascagni 199 1). In a lkaline so ils, 
Cr can exist as Cr(VI ) and is more readi ly ava ilable 
to t he p la nt s th a n in ac idi c so il s in w hi c h 
preci pitati on of Cr may decrease Cr ava ilability 
(Losi et a l. 1994) . A pa rt f ro m pH, the redox 
potentia l, cation exchange capac ity, organ ic matter, 
ligand ions and di sso lved organi c carbon of the 
soil have al 0 been reported to play maj or roles in 
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Cr uptake by plants (S umner and Na id u 1997). 
A nalyses of soi I water ex tracts of treated soi Is show 
that most of th ese pa ramete rs inc reased w ith 
increasing sludge application rate. 

T he amount of tota l C r in so il was di rectly and 
s igni ficantly correlated with plant C r uptake in all 
the vegetable crops (LSD = 6.27, 4 .9, 1.37 for root, 
shoot, f rui t, res pecti ve ly). T his was surpri sing 
because the bioava il able frac ti on is the most labile 
compo nent that is directl y ava il abl e fo r plant 
uptake. However, to ta l Cr conten t ofthe so il s may 
also control the concentrati on of Cr in the so il 
so lution through the quanti ty- intensity relationship 
and the partiti on coeffic ient. T hus, in so il s with 
the same partiti on coeffic ient, increas ing total C r 
content wo uld lead to increased soi l so luti o n 
concentration . Of the to ta l C r added to th e so i I, 
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Figure 3. Relati onship between plant ti ssue Cr concentration and plant y ield 
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Figure 4. Effect of increasing sludge Cl' concentration on the Cl' transport index 

4- 7% was taken up by the plants, with least uptake 
by chillies. Keefer et al. ( 1986) made si milar 
findings using field Iysimeters. They demonstrated 
that the uptake of Cl' by alfalfa (Medicago saliva) 
in loamy soils was directly correlated with the Cr 
content ofthe soils. These investigators, however, 
reported that less tha n 1% ofthe total Cr was taken 
up by plants due to increa ed application of sewage 
s ludge to the sandy loam soils. 

In the present study, comparison of the plant Cr 
uptake and yield data showed that the critical plant 
Cr concentrations were 100 mg kg- I for bhendi and 
55 mg kg-1 (Fig. 3) for brinjal. Beyond these levels, 
marked decreases in yield were observed. 

50 
,. 40 0') 
.0£ 

0') 30 E-
U 20 -::J 
'- 10 LL 

0 

o 750 1500 

Root-shoot relationship 

The transport indices of the Cr for brinjal , bhendi 
and chillies (Fig. 4) ranged from 21 % to 39%, 
which confirmed the higher accumulation of C l' in 
the roots. The roots of bhendi accumulated more 
Cr than those of the other plant species. Further, 
the transport index remained constant even with 
increased application of s ludge. This implies that 
the root- shoot Cr ratio remained the same for all 
the crops and was independent of the amount of 
total Cr added to the soil. The roots retained 40-
50 mg Cr kg- I. There existed direct and significant 
correlations among Cr uptakes by roots, shoots and 
fruit of all crops. Ramachandran et al. ( 1980) also 
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Figure 5. Effect of increasing sludge Cr concentration on the Cl' content of vegetabl e produce 
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observed higher accumulation of Cl' in roots of 
barley (Hordeum viI/gare), peas (PiSUll1 sativum) 
and tomato (Lycopersicon escu/enlul11). In general , 
a larger proportion of Cl' accumulated in roots than 
shoots. In most plants, the root functions as the 
important barrier to the transport ofC r compounds 
into the aboveground parts (Lyon et al. 1969). 

The Cl' uptake in thlits increased significantly 
(P < 0 .05) with increased C r loadin g in a ll 
vege tabl es (F ig . 5 ) . Howeve r, the re wa s no 
consistent pattern of Cr uptake with Cr loading. 
While brinjal showed a linear relati onship with Cr 
loading, there was an exponential relationship fo r 
chillies. From this limited study it is not possible 
to explain the exponential uptake by chillies. The 
total uptake accounted fo r only I % of the total 
ava il able concentration. Among the crops tested, 
chillies recorded the lowest accumulat ion (0.4%) 
of the total Cr in soil. Apart from total C l' ava ilable 
in so il , the water extractable Cr a lso plays a major 
ro le in Cr uptake by plants. 

Summary and Conclusion 

The results of thi s study confirmed that there is 
uptake of C l' by plants when tannery chrome sludge 
is appli ed to the soil. Tra ns po rt indi ces al so 
confirmed thi s trend . However, further stud ies are 
warranted to confirm the complementary effects 
of other nutri ents such as ca lcium and phosphorus 
o n C r up ta ke by pl a nts. It is mainl y th e 
nonconsumable parts, espec ially the roots, that 
accumulate the Cr. However, because the edibl e 
parts conta in some of the Cr uptake, it is necessary 
to understand the consumer use efficiency so that 
the ri sks invo lved can be understood. 
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Soil-plant Transfer of Chromium from Tannery 
Waste Sludge: Results from a Glasshouse Study 

R. Naidu l , L. Smith l , D. Mowat l and R.S. Kookana l 

Abstract 

The effect of tannery waste sludge on the growth of clover (Trifolillll1 F agiferum) and 
on soil solution chemistry of three acidic soils fro m South Australia was investi gated in a 
replicated glasshouse srudy. The composition of the sludge material va ried considerabl y. 
Chromium (Cr) concentrati ons ranged from I % to 3% with similar va ri ation in the con
centrations of lime and major and minor nutrients. Incubation of soil s with varying amounts 
of sludge led to signifi ca nt (P < 0.00 I) changes in pH (from 5 to >7), and soil solu tion 
concentrati ons ofCr ( 12- 222 pg mL ') and all the major and minor nutrients. Scatter plot 
diagrams together with correlation studies revealed a strongly signi fi cant (P < 0.00 1) re
lati onship between soil solution Cr and pH and Cr and manga nese (Mn) ions. The strong 
relati onship between Cr and Mn may indicate Mn(IV)-induced ox idati on of Cr(Ill ) in 
these soil s. Pots of the study soil s were seeded with clover and germinati on was recorded 
iil all treatments. However, seedling emergence and pl ant shoots in ' high' treatment pots 
showed symptoms similar to those induced by metals such as alullliniulll. These symptollls 
persisted throughout the growth period. Markedly smaller yields were recorded at sludge 
applications exceeding 4 g kg-' in two sludge treatlllents and 2 g kg-' in the other sludge 
treatment. Examination of the plant compositi on data and the soil solution Cl' concentra
tions showed severe tox ic effects of Cr on pl ant growth in so il solutions exceed ing 
40 pg Cr L ' . These resul ts confirm the tox ic effect of Cr on pl ant growth. The Cr concen
trations of plant ti ssues also increased initi all y with sludge appli cation and then decreased 
at high sludge additions. The decrease was mainly related to the Cr tox icity to plant roots. 

THE tanning indu stry generates approximate ly 
50 000 t of solid waste per year frolll chromium
mediated lea th e r tannin g in Indi a and th e 
surroundin g countri es ( Ramas amy, th ese 
Proceedings) . Approximately 60% is waste water 
from hair removal and tanning operations. While 
tannery wastes in many industri ali sed countries are 
di sposed of in landfill s, trenches or lagoons, in 
deve lopin g countri es th ese wastes have been 
released onto land and into freshwater bodies. 

The sludge and effluent wastes consist of heavy 
metals such as cadmium, chromium (Cr), copper, 
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nickel, lead and zinc, so the disposa l sites must be 
carefully managed to ensure minimal percolation 
of water and to control trace element mobil ity that 
may be hazardous both to plants and to human 
health. Of the heavy metals present in the tannery 
waste, Cl' is of parti cular concern because of its 
hi gh conce ntrati ons in th e was te mate ri a l. 
However, the Cr added during the tanning process 
is in the non-toxic tri valent form . Nu merous 
investi ga tors (Bartl ett and Kimbl e 1976a,b; 
Bartlett and James 1979; Ciavatta and Sequi 1989) 
have shown that the environmental pollution ri sks 
induced by the presence ofC r(llI ) in soil s are very 
low. Given that the major fac tors controlling Cl' 
reduction in so il s include low Eh and the presence 
of organ ic matter, the like lih ood of Cr(l ll ) 
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Table I. Mean pH, EC and chemical composition of three sludge samples CM I, M2 , M3) ; all concentrations are 
in mg kg-I sludge except where indicated 

EC pH CaC03 Ca Cr Cu Fe 
dS m-I % % % 

MI 4.84 8.81 32.3 12.8 1.44 11 1473 

M2 35 7.7 1 11.7 4.7 3.04 66.5 1.09% 

M3 3.33 9.44 50.3 17.9 1.15 8.5 2829 

oxidation to Cr(V I) has been claimed to be low 
(Money 1991). This was also evident from Chaney 
et al. (1991) who found no Cl' build up in soils 
below the zone of tillage and no increase in C l' in 
plants beyond the first crop year following land 
application of sewage and tannery sludges as 
ferti I izers. These findings indicate that Cr(Ill) 
binds strongly to soil colloid particles, and they 
contrast with the observations of Bartlert and lames 
(1988) who have demonstrated that Cr(llI) in 
tannery wastes can oxidise to Cr(VI) in soils. 

Although C r(lIl) is not itself a hazard , the 
potential for oxidation to Cr(VI) can make it a 
significant threat to the environment. [n natural 
systems, manganese (Mn) oxides have proved to 
be the only compounds capable of oxidizing Cr(l[I) 
to Cr(V I) (Bartlett and lames 1979; Nakayama et 
al. 1981 ; Saleh et al. 1989; lohnson and Xyla 
1991). Therefore, any conclusions regarding the 
disposal of tannery wastes must consider the 
presence of manganese oxides in the natural 
system. Although Money (1991) argues against the 
potential for Cr(lII) oxidation in the sludge and 
soil system, she ignores the presence of MnS04 

that is added to control odour during the waste 
treatment process. Preliminary studies in our 
laboratory reveal the pres e nce of high 
concentrations ofMn and Cr(VI) in leachates from 
a number of tannery industries in Australia. The 
Cr(VI) detected in surface and groundwaters at 
tannery waste disposal sites in Australia (Naidu et 
aI. , these Proceedings) and in India (Handa 1988; 
Mahimairajah et aI. , these Proceedings) is of 
concern, especially where people depend solely 
on groundwater for their drinking supplies. 

The phytoavailability of Cr added to soils is 
generally low (Huffman and Allaway 1973 ; Cary 
et al. I 977a,b; Bartlett and lames 1988), with litt le 
Cl' translocated to plant tops and ed ible plant parts. 

K Mg Mn Na P S Zn 
% 

510 2.82% 1152 2890 1990 0.97 102. 5 

3549 1852 1.32% 4.67% 4032 1.89 467 

269 1.88% 1.00% 6719 1438 0.91 142 

Huffman and Allaway (1973) studied Cr uptake 
using Cr-51 labelled Cr(Ill) and Cr(VI) in bean 
and wheat plants grown in nutrient solution. At 
maturity bean plants could remove as much as 55% 
and wheat plants as much as 81 % of the added Cr-
51. More than 90% of the Cl' taken up by the crops 
remained in the roots. Similarly, the C l' 
concentration in corn leaves was not affected by 
application to soil of up to 5860 mol Cr ha- I in 
sewage sludge (Mortvedt and Giordano 1977). 
Although these studies indicate minimum 
translocation of Cr from root to shoot , recent 
studies on Cr uptake by onions (Srivastava et al. 
1994) and mai ze (Mishra et al. 1995) found 
significantly higher uptake of both forms of Cr 
when suppli ed through irrigation water. This 
sugges ts greater bioavail-ability of Cl' in the 
presence of irrigation water. 

The conflicting data on C l' uptake from sludge 
material necessitate further investigation of the 
potential phytoavailability of Cl' in tannery waste 
sludges. This is also important if guidelines are to 
be set up for the disposal of tannery wastes. Guide
lines for the re-use of sludge in agriculture in USA, 
developed by the US EPA (503 regulations; USEPA 
1993) have identified that plant phytotoxicity is the 
major limiting pathway for regulation of Cl' 
applications to soil , and that risk to human or 
animal health is minimal. A cumulative threshold 
rate 00000 kg ha-I has been suggested. However, 
regulations have been based mostly on studies of 
municipal sewage sludges, with only a few reported 
studies of crop uptake of Cl' from tannery wastes 
or smelter emission contamination (Wickliff et al. 
1982; Stomberg et al. 1984) being used to deve lop 
the g ui de lines. In this study we investigate the 
effect of s ludge incorporation on the growth of 
clover (Trifoliumfragiferum) in three agricu ltural 
soil s from South Australia. 
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Table 2. Rates of sludge and Cr added to Bordertown 
so il for the growth study 

Treatment Amount Cr in CaCO, 
added sludge in sludge 
(g kg-I) (mg kg-I) (mmol kg-I) 

Sludge MI 3.1 52 20 
7.74 130 50 

31 52 1 200 
Sludge M2 2.14 72 5 

6.41 215 15 
17. 1 573 40 

Sludge M3 1.5 19 15 
4 50 40 

20 248 200 
0.141 50 na 
0.354 125 na 

Control 0 0 0 

Rates of Cr added to other so il s were identi ca l but the amount 
of' sludge added va ried slightly among the so ils depending on 

the total Cr con tent of' the s ludge 

Materials and Methods 

Sludge 

Bulk samples of sludge were obtained on three 
occasions from a tannery in South Australi a. The 
samples were air dried and ground to pass through 
a 2 mm mesh stai nless stee l sieve, and then stored 
in polyethylene bottles for subsequent chemica l 
analyses and plant growth studies. Some chemical 
properties of the three sludge material s M I, M2 
and M3 are g iven in Table I. The sludges contained 
1.7%, 3.3% and 1.2% Cr, respectively. 

Table 3. Lime added per treatment for the incubation 
study 

Treatment Amount added Amount added 
(11l 1ll01(+) kg-I soil) (g kg-I soil ) 

Control (LO) 0 0 
Lime (L I) 10 0.05 

L2 25 1.25 
L3 40 2 
L4 60 3 
L5 100 5 
L6 150 7.5 
L7 200 10 

Soils 

This investigation was conducted usi ng so il s with 
different chemical and physica l properties fro m 
three s ites in South Australia: Bordertown, 
Kapinni e , and Coo ke Plain s. So il sa mpl es 
(collected at 0- 1 0 cm depth) were air dri ed, passed 
through a 2 mm sta inless steel sieve and stored in 
polythene bottl es for laboratory incubation and 
glasshouse studies. The pH of the soils ranged fi'om 
4.5 to 5. I (1:5 suspension of soil in 0.0 I M CaCI2) 

and all so ils were classed as Duplex (Australian 
so il classification) or Xeral f (US so il taxonomy). 

Preparation of soils 

Incubation with sludge samples 

The prepared sludge samples (M I, M2, M3) were 
added to sepa rate I kg samples of the three so il s 
at rates based on the USE PA reg ul ations and 
depending on the Cr content of the sludge materia l. 
The concentrations of Cl' added in the sludge 
ranged from 19 to 573 mg kg- I. After thorough 
mixing, the so il s were moistened to field capacity 
and incubated in pots , with prov ision for aeration 
at a temperature of 20 ± 2°C, for fo ur weeks. All 
treatments were replicated four times. The sludge 
treatments are li sted in Table 2. 

Incubation with lime 

All tanning in vo lves application oflime during the 
waste treatment and leather tanning process , so 
in c ubat ion of soils with s lud ge res u lted in 
sign ificant (P < 0.00 I) increases in so il pH and 
li me leve ls. Each of the three so il s was initi ally 
assessed for this expected increase in so il pH by 
adding varying amounts of Ca CO, (Table 3) to 50 g 
soi l samples, at field moisture capac ity, and then 
incubating them at 60°C (Barrow and Cox 1990). 
T he pH was meas ured in 1:5 s uspensions of 
soi l: 0.0 I M CaCI, in subsamples taken at 0, 5, 30, 
54 and 96 hours. -Buffer curves were drawn fro m 
which the amounts of CaCO, needed to effect 
prescribed pH shifts could be c;lcu lated for sludge 
incubation studi es. 

To examine the effect of lime on plant growth 
and uptake of C l', subsamples of the Kap inn ie soil 
were also incubated with lime (A R grade CaCO,) . 
The lime additions were based on the amounts ~f 
CaCO, added through sludge app lications, and 
rangel from 15 to 200 mmol (+) CaCO" Two levels , 
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of Cr (20 and 50 mg kg- I soil) were added to the 10 -,---------------, 
lime-treated Kapinnie so il. All treatments were 
replicated four times. 

Glasshouse study 

Because the sludge samples contained several major 
and minor nutrients that are essential for plant growth 
(see Table I), major and minor nutrients were added 
to an additional four replicates of each soil to 
monitor plant growth without sludge. Also Cr(V I) 
was added as potassium dichromate (at 50, 125,500 
or 3000 mg kg I soi l) to the Bordertown soil pots. 

Seeds of clover (T Fagiferum) were sown in 
these pots and in the pots containing the soils 
incubated with sludge or lime. Two weeks after 
germination, the plants were thinned to six plants 
per pot. Plants were watered daily, to keep the soil 
moisture at about field capacity. Plastic beads were 
arranged on the soi l surface to prevent plants being 
contaminated with so il from sp lash es during 
watering. Twelve weeks after ge rmination the 
plants were harvested , washed thoroughly to 
remove any ad heri ng soil , and dri ed for 2- 3 days 
at 65°C. They were ground and stored in sealed 
plastic bags ready for chemical analyses. Sub
samples of the so il s were air dried , passed through 
a 2 mm sieve and stored in polypropylene bottles . 

The growth and Cr uptake of the clover plants 
were compared between soil treatments. 

Chemical analyses 

Soils 

Before use and after harvest, the pH and electrical 
conducti v ity (EC) of the incubated so il s were 
measured in water, at a so il :solution ratio of 1:5 , 
using a combinati on glass e lectrode. Total Cr 
concentrations in all soil samples were estimated 
following a 2 hour digestion in aqua regia . The 
digested samples were filtered and then analysed. 
Chromium was determined by graphite furnace 
ato mi c absorpti o n s pect ro scopy ; Mn was 
determ ined by flame atomic absorption spectro
scopy; remaining elements were determined by 
inductively coupled plasma emission spectroscopy. 

Plants 

The total Cr content of the ground plant samples 
was estimated following digestion in nitric acid. 
The samples were analysed using graphite furnace 
atom ic absorption spectroscopy. 

• • 8 
I • • a. • 
(5 • 

Cl) .. .. 
• M1 6 4 
.. M2 

• M3 
• Control 

4 ~---,---,---.---,---,----,-~ 

o 5 10 15 20 25 30 35 

Amount of sludge added (g kg- 1 soil) 

Figure I. Effect of sludge on the pH of study soi ls 

Statistical anaLyses 

Th e data were analysed s tati s tically us ing a 
randomi zed block des ign and GENSTAT. 

Results and Discussion 

Chemical characteristics of sludge 

The data in Table I show that the s ludge materials 
were alkaline in reaction (pH 7.7- 9.4 in water) and 
contained a wide range of elements which are 
essential for plant growth. The concentrations of 
phosphorus (P) and sulfur (S) ranged fro m 1400 
to 4000 mg kg- I and 0.9% to 1.90%, respecti ve ly. 
A large proportion of P was available in water 
extracts. The concentrations of calci um (Ca; 5-
18%), magnes ium (Mg; 0 .2- 2.8%), sodium (Na; 
0.3-4.7%) and Mn (0 .1 - 1.3%) were extremely 
high. This is not surpri s ing given that lime, Na and 
Mn sa lts are ·added during the waste treatment 
process. As with P and S, large proportions of these 
metal s were ex tractable in water. A wide range of 
trace meta l ions were detected in the s ludge 
samples . The concentration of Cr was also very 
high, rang ing from 1.2% (M3) to 3.3% (M2). 

Apa rt from high Na and Cr concentrations most 
of the ionic spec ies present in the sludge have 
beneficial effects on soil physical properties and 
plan t g rowth. Thorstensen and S hah (! 979) 
analysed wastes from four tan neries and reported 
a similar composition in s ludges: concentrations 
ranged fro m 3 to 5% for total N, 5 to 143 mg kg-I 
for Zn, 5 to 323 mg kg-I for Pb and <0.0 I to 2% 
for C r. COIll'ad et al. ( 1976) , however, reported 
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Table 4a. Effect of sludge added at various rates (g kg I soil) on soil solution composition of the Bordertown 
soils (EC in dS m-I, Cr in flg L-I and all other ions in mg L-I) 

Sludge Rate pH EC Cr Ca 

Control 0 5.59 0.04 4.2 9.6 

MI 3.1 6.61 0.05 28 37.8 
7.74 7.59 0.12 60 127 

31 8.19 OA2 127 157 

M2 2.14 6.00 0.13 20 50A 
6AI 5.89 OA5 38 245 

17.1 6.76 0.72 71 526 

M3 1.5 6.64 0.03 12 17A 
4.0 7.23 0.08 15 87.8 

20 8.25 0.31 70 200 

15.5- 75 .0 mg Cr, 0.05- 5.8 mg Cu and < I 0- 800 mg 
Pb per kilogram of dry matter. These results 
suggest that while the concentrations of metals are 
usually high , they vary considerably between 
tanneries and that therefore caution must be 
exercised during the disposal of such wastes. 

Effect of treatments on soil chemical p"operties 

Sludge 

Incubation of soils with s ludge had a marked effect 
on soil chemical properties. In general , soil pH 
increased from 5.6 in the control samples to >7 at 
the highest rate of sludge application (Fig. I). Thus 
application of sludge material to acid soils could 
reduce potential toxicity of native or applied metals 
such as AI , Mn, Zn or Cu (Jackson et al. 1967). 

Mg K Mn P S Na Zn 

2.5 4.5 0.15 0.54 1.7 39.3 0.12 

13 .8 2.7 0.12 0.9 5.6 39.9 0.09 
61 1.9 0.14 0.9 16.6 58.8 0.12 

226 9.9 0.22 6.1 79.6 151 0.57 

12 .3 16.8 1.8 0.33 36 206 0.90 
39.6 51 25.8 OA2 116 756 0.39 
58.8 82 59.3 0.57 247 1960 0.36 

3.5 3.7 0.10 0.60 13.8 57.6 0.06 
21.8 5A 0.27 0.52 69.6 82.6 0.06 
77.4 10.8 lA 0.72 167 207 0.18 

Repeated application of sludge with high CaCQ, 
content might produce strongly alkaline condition~ 
and limit availability of such nutrients as P and Zn 
(Naidu et al. 1990). 

The effect of sludge on other soil properties was 
more pronounced than the effect oflime at the rates 
used. Incubation of soils with sludge caused an 
almost two-fold increase in the cation exchange 
capacity (CEC) of the soils relative to the control 
samples whereas with the addition oflime the effect 
was less marked (data not shown). This increase in 
CEC may be attributed to the greater organic matter 
content of the sludge samples and the subsequent 
increase in soil organic matter following 
incubation. Wickliff et al. (1982) reported marked 
increases in the amounts of humic substances and 
total N in soils treated with tannery sludge. 

Table 4b. Effect of sludge, added at various rates (g kg-I soil), on the soil $olution composition of the Kapinnie 
so il s (EC in dS m-I, Cl' in flg L-I and all other ions in mg L-I) 

Sludge Rate pH EC Cr Ca Mg K Mn P S Na Zn 

Control 0 5.86 0.04 4 13.6 3A 14.8 0.15 1.1 5.9 35.6 0.11 

MI 3.86 7.09 0.06 37 50.7 18.3 21.6 0.36 0.75 44.1 61.8 0.04 
7.74 7.61 0.13 40 134 59.7 37.5 0.15 0.87 11 8 98.7 0.06 

31 8.32 0.36 132 262 272 58.6 0.26 1.1 286 185 0.11 

M2 2.14 6.26 0.13 18 42.2 10.2 33A 1.1 0.5 26.8 180 0.08 
7.7 6.33 0.36 40 186 35A 78 6A OA8 126 603 0.24 

17 .1 6.57 0.76 70 421 58.8 125 32.5 0.6 235 1120 0.18 

M3 1.5 6.72 0.05 23 18A 4.6 18.7 0.21 1.1 12A 49.0 0.54 
3.5 7.21 0.06 30 50.9 12A 18.5 OA5 1.64 36 69.6 0.30 

20 8.34 OA2 51 453 138 75.6 0.91 0.85 i 8 1 230 0.35 
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Table 4c. Effect of sludge added at va rious rates (g kg , so il ) on so il soluti on compositi on of the Cooke Pl ains 
soils (EC in dS m " Cr in Ilg L ' and all other ions in mg L- ') 

Sludge Rate pH EC Cr Ca 

Contro l 0 6.24 0. 03 11 12.7 

M I 3.86 6.9 1 0 .04 87 36 
5.42 7.03 0.06 122 92 .2 

3 1 8.52 0 .28 222 162 

M2 2.1 4 6.8 1 0.09 27 45 
6.4 6.98 0.1 7 55 70 

12.8 7A9 0.24 82 103 

M3 I 6.57 0.04 35 27.6 
2.5 7.36 0 .05 18 45.3 

20 8AI 0 .1 3 21 8 88A 

As ex pected the re w as al so a pro noun ced 
increase in the so il solution concentrati on of Ca, 
Mg, Na, K, Cr and S (Tables 4a,b,c) . The increased 
concentrations of the major nutrients reflect an 
increase in the intensity and the quantity of these 
spec ies in the so il fo llow ing s ludge addi tions. 
Because plant roots are dependent on the nutri ent 
intensity ( i. e. nutri ent concentrati o n in the soil 
so lution), the marked increase in thi s parameter 
fo llow ing sludge additi ons suggests that s ludge 
could have a larger impact on crop growth than 
lime. However, as well as increased concentrations 
of the essential e leme nts, s ludge additi ons a lso 
led to pronounced increases in the concentrations 
of Cr and C l. 

8 
7.5 

7 
6.5 

, 
6 • ~ 

~ 5.5 • • 5 • 
4.~ 

4 
3.5 

3 

0 25 &l 75 100 125 1&l 175 DJ 
CaCO, (m mol kg-' ) 

Figure 2. Effec t of li me on the pH of soil s in this study 

Mg K Mn P S Na Zn 

2.5 5.1 0.1 8 0.33 3.1 23 .9 0.11 

10.2 3.6 0.1 2 0 .36 15.6 19.2 0.24 
33.9 4.3 0.5 1 1.3 26.2 27 .2 0.1 9 

260 4.3 0.43 l A 279 7 1 0.75 

6.6 SA 0.58 0.72 23 .1 144 0.1 2 
8.1 10 .8 1.3 0.78 5 1 30 1 0.06 

30.0 4. 1 1.7 82.2 506 0.1 2 

4. 1 5.3 OA9 1.1 3.8 26 .2 0 .06 
8. 7 13.8 0. 15 I 9.9 36 0 . 12 

36.8 6.8 OA 0.6 48 8 1.2 0 .32 

Effect of lime on soil properties 

Lime appli cati ons led to a s igni fi cant (P < 0.00 1) 
increase in the pH of all so il s. Dependi ng on the 
rate of applicati on, the so il pH increased from < 5 
in the control samples to > 7 at the highest lime 
rate (F ig. 2). In keeping with the increased pH, the 
CEC (data not reported here) of a ll so i I samples 
also increased although the changes were not as 
marked as w ith sludge applicati ons. Unlike sludge
treated so il s, the soil so lution concentrations of a ll 
maj or ca ti o ns (except Ca) a nd mino r ca ti o ns 
dec reased wi th increas ing lime rate, whil e the 
nutri ent ani ons increased with increas ing rates of 
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Figure 3. Relationship between so il solu tion pH and 
Cr(V I) in sludge-treated soils 
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Figure 4. Re lationship between Mn and Cr(VI ) in so il 
solution in Bordertown so il treated with s ludge M3 

application. These trends confirm many previous 
observations on the effects of lime on the urface 
chemical properties of soi Is (e.g. Naidu et a l. 1990). 

Relationship between soil solution pH, Cr and Mn 

There was a s ignificant (P < 0.00 I) relati onship 
between soil solution pH and the total concentration 
of Cr in the so il so lution (Fig. 3). Increas ing soil 
so luti on pH led to a marked in c rease in the 
concentration of Cr, and greater than 95% of Cr 
was present as Cr(Vl). G iven that Cr(VI ) is the 
toxic fo rm of Cr, the increase in solubility with pH 
indicates increased bioavail ability w ith s ludge 
applicat ions and with limi ng. Examination of the 
so il so luti o n Mn d a ta re vea ls a s ig ni f ica nt 
relati onship wi th soil solution Cr (Fig. 4) . These 
results indicate that so il so lution Mn concentrati on 
is re lated to in creased ava il a bility of C r(VI) 
suggesting Mn-mediated ox idation ofCr(lll ) in the 
sludge-amended so il s. 

Effect of sludge on plant growth 

There was a significan t (P < 0.00 I) effect of s ludge 
on plant growth in a ll so il s (F ig. 5; only ty pica l 
trends presented). In general, increas ing amounts 
of added sludge led to an increase in the dry matter 
yield to a maxi mum value and then a decline . 

The sl ud ge leve l at w hich max im um y ie ld 
occurred varied both between the soils and between 
sludges. For the Bordertown soi I, max imum yield 
occurred at the lowest leve l of sludge add ition 
whereas fo r the Cooke Plains soi l, highest y ield 
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Figure 5. Plant yield (g pori), Cr concentrati on in plant 
tissue (mg kg ') and Cl' uptake (~g pori ) by clover plants 
g row n in so il fro m Kap inni e (+ = s ludge M I ; 

• = sludge M2; ." = sludge M3) 

occurred at the medium leve l s ludge add itions. 
These s ludge levels corresponded to pH va lues of 
5.9- 6.6 fo r Bordertown so il, 6.3- 7.2 for the 
Kapinnie so il and 6.9- 7.4 for the Cooke Plains 
so il. T he pH at which y ie ld dec line occurred 
generally varied between 5.9 and 6.5. These pH 
values a lso correspond to li me-indu ced cro p 
decline in strongly weathered so ils, which has been 
reported by numerous investigators (e.g. Naidu et 
al. 1990). These in vestigators fo und that plan t 
growth was adverse ly affected at low and high pH 
va lues even in the presence of added P. Tannel-Y 
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Figure 6. Effect of lime on dry matter top yield; verti
cal bars represent LSD (yield, g pOr-I) at the 5% level 
of significance 

waste sludge materials, however, contain varying 
amounts of lime. Therefore, the amount of lime 
added at the highest rate of sludge application 
varied from 40 (sludge M2) to 200 mmol lime kg-I 
soil (for sludges M I and M3). 

To investigate the effect oflime, separate growth 
studies were conducted using lime to assess 
whether the observed decline in plant growth was 
associated with lime present in the sludge. The data 
in Fig. 6 show an increase in yield with increased 
application rates of lime up to a pH of6.6. Above 
that, there was no significant change in yield with 
increasing lime rates. Thi s suggests that factors 
other than lime and pH may be associated with the 
observed plant growth decline in soils amended 
with tannery waste sludge. 

The sludge material itself is extremely inhibitory 
to plant growth and concentrations exceeding 
2- 8 g sludge per kg soil reduced shoot growth by 
40- 50% and caused stunting at the highest rate of 
application, i.e. 2- 3% (w/w) . This contrasts with 
many previous studies on plants grown in soils 
amended with either Cr(I 11) as soluble Cr(OH)" 
or tannery wastes, or sewage sludge. Also, in th~ 
previous studies, there was no effect of sludge on 
plant tissue Cr concentrations. The concentrations 
of Cr in plant ti ssue in treated soils were often 
similar to the Cr concentrations in control plants 
(Bolton 1975; Cunningham et al. 1975; Cary et al. 
I 977a,b, 1983 ; Kelling et al. 1977; Lahouti and 
Peterson 1979; Sykes and Earl 1981; Stomberg et 
al. 1984). Contrary to the present investigation , 
the previous results indicate a low soil- plant 
transfer coefficent for Cr. 

The stunting observed at the highest application 
rate is similar to that recorded for plants growing 
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Figure 7. Relationship between the amount of sludge 
added and the concentration of Cr in soil solution 

in metal-contaminated soils, resembling AI toxicity 
(Naidu et al. 1990), and Cr toxicity reported by 
Bartlett and James (1979). Examination of the soil 
solution composition of sludge-treated soils 
showed a pronounced increase in the concentration 
of Cl' with increasing sludge applications (Fig. 7). 
Speciation of soluble Cr indicates that over 90% 
of Cl' was present as Cr(VI). The increased 
concentration of soil solution Cr may be one reason 
for the observed stunting of the plants. However, 
there was no significant relationship between soil 
solution Cr and yield when all the data were pooled 
together. This may be due to the widely different 
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Figure 9. Effect ofCr (added as K~Cr207) on dry matter top yield (a) and plant tissue Cr concentration (b) in clover 
grown in the Bordertown soil 

properties of the soils and the v3Iying native Cr 
and other ionic species pertinent to plant growth 
present in the soil solution. When the data for the 
different soils were considered separately, a 
strongly significant (P < 0.00 I) relationship was 
evident between soil solution Cr and yield. The 
data in Fig. 8 indicate that Cr concentrations 
exceeding 40 ~lg L - I severely retard plant growth. 
While the data for Bordertown soil did not yield a 
significant relationship there was a trend consistent 
with that of the Kapinnie soil, indicating a marked 
decrease in yield at soil solution Cr concentrations 
exceeding 40 ~g L- 1 (data not presented) 

To investigate further the effect of Cr(VI) on 
plant growth we incubated one soil with pure 
potassium dichromate (K2Crp) and studied the 
growth of clover. The results in Fig. 9 show a 
marked toxic effect ofCr(Vl) on the clover. There 
was no germination in pots containing soils with 
C r contamination exceeding 125 mg kg- I. 
However, even in soils with 125 mg Cr(VI) kg-I 
soil , plants were stunted and there was damage to 
shoots and stems. Thus as Cr concentration 
increased the plant yield declined markedly, such 
that at concentrations exceeding 125 mg Cr kg-I 
soil there was no germination while at 125 mg kg-I 
there was 60% reduction in growth compared to 
the control soil. The adverse effect of C r(VI) on 
plant growth has been reported previously. James 
and Bartlett (1984) found that level s of Cr in 
Phaseolus vulgaris L. roots after 46 days of growth 
were highly correlated (R 2 = 0.99) with soluble 
Cr(VI) concentrations in unplanted field moist soil 

amended with the same levels ofCr(lll) but in the 
form of Cr(OH), or tannery wastes. Despite the 
linear relationship between Cr(VI) and Cr(OH)" 
levels ofCr in bean tops were only increased abovJe 
those of the control at the highest Cr treatment 
(10 mmol C r(OH) , kg- I soil). Based on these 
observations, Jame~ and Bartlett concluded ~hat 
oxidation ofCr(lll) enabled anionic Cr(VI) formed 
in the soil to diffuse to the roots and be absorbed 
by them. 

Bartlett and James (1979) studied the effect of 
air-drying on Cr uptake by mustard (Brassica rapa 
L.), barley (Hordeum vulgare L.) , and alfalfa (i.e. 
lucerne; Medicago saliva L.) using a pot study. T hey 
found that all the plants were severely stunted , 
misshapen and chloritic after growing for 2 weeks 
in fioeshfield-moist Eldridge Loamy fine sand (Aquic 
Udorthent) treated with 30 mmol CrCL kg-I soil. 
However, there was little plant injury whe'n the soils 
were air dried prior to the addition of CrCL and 
the yield was at least three times greater th~n in 
the continuously moist soils. They found that 
40 hours after the addition of CrCI 3, there was a 
mean value of 260 ~mol exchangeable C r kg-I in 
the continuously moist soil compared to 20 /1mol 
Cr kg-I in the rewet air-dried soil. 

Effect of sludge on Cr offtake 

The data for Cr in plant tissue show trends identical 
to those in the yield response curves. When the 
data were compared to the yield and the total C r 
offtake , there was a marked increase in Cr 
concentration with decreasing yield (Fig. 5). This 
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indicates a concentrating effect ofCr with reduced 
plant growth. Similarly, in the data on plant growth 
studi es using the soi ls trea ted with potassium 
dichromate , th e plant growth declined with 
increasing Cr concentration and thi s corresponded 
with an increase in C l' in the plant material (F ig. 9). 
These results suggest that Cr toxicity may be one 
reason for the dec lin e in plant g rowth at high 
sludge leve ls. The plants at th e highest sludge 
application rate and in Cr-treated soils all showed 
visibly stunted growth similar to that reported for 
metal toxicity. 

Conclusions 

Both laboratory and glasshouse studi es revea led 
that incubation of so il s with tannery waste results 
in an in c rease in the bi oava ilability of C r. 
Incubation of soils with varying amounts of sludge 
led to s ignificant (P < 0.00 I) change in pH , so il 
solution Cr concentration ( 12- 222 ~lg L - I) and all 
the major and minor nutri ents. Corre la ti on studi es 
reveal ed strongly s ig ni f ica nt (P < O.OO I ) 
relationships between so il solution Cr and pH and 
Cr and Mn. When the pots were seeded with clover, 
ge rminat ion was recorded in a ll treatments 
although seedling emergence and plant shoots in 
' high ' treatment pots showed symptoms s imi lar to 
those induced by metal s such as AI. A marked 
decline in yi e ld was reco rded at s ludge leve ls 
exceed ing 3 g kg-I in two s ludge treatments (M I 
and M3 , conta in ing Cr concentrations of 1. 7% and 
1.2% , respectively) and 2 g kg-I in the other sl udge 
trea tment ( M2 , C r conce ntrat io n 3 .3%) . T he 
decl ine in yield was attributed to the toxic effect 
ofCr on plant growth. 

References 

Barrow, N.J. and Cox, v.c. 1990. A quick and simple 
method for determining the titration curve and esti
mating the lime requirement of soil. Australian 
Journal of Soil Research, 28, 685- 694. 

Bartlett, R.J. and James, B.R. 1979. Behaviour of chro
mium in soil s. Ill. Oxidation. Journal of Environ
mental Quality, 8, 31- 35. 

Bartlett, R.J. and .lames, B.R. 1988. Mobility and 
biavail ability of chromium in soil s. In : Nri agu, lO. 
and Nieboer, E., eds, Chromium in the Natural and 
Human Environments. John Wil ey and Sons, New 
York, 267- 303 . 

Bartlett, R.J . and Kimble, J.M. 1976a. Behaviour of 
chromium in soils. I. Tri va lent forms. Journal of 
Environmental Quality, 5, 373- 383. 

Bartlett, R.J. and Kimble, J.M. 1976b. Behaviour of 
chromium in soils. 11. Hexavalent form s. Journal of 
Environmental Quality, 5, 383- 386. 

Bolton, J. 1975 . Liming effects on the tox icity to per
ennial ryegrass for a sewage sludge contaminated 
with zinc, nickel, copper and chromium. Environ
mental Pollution 9, 295- 304. 

Cary, E. E. and Rutzke, M. 1983 . Electrotherrnal atomic 
absorption spectroscopi c determination of chro
mium in plant tissues. Journal of the Association of 
Official Analytica l Chemists, 66, 850- 852. 

Cary, E.E. , Allaway, W.H. and Olson, O.E. I 977a. Con
trol of chromium concentrations in food plants. I. 
Abso rption and translocation of chromium by 
plants. Journal of Agricultural and Food Chemi s
try, 25 , 300- 304. 

Cary, E.E. , All away, W.H. and Olson, O. E. I 977b. Con
trol of chromium concentrations in food plants. 2. 
Chemi stry of chromium in soil s and its availability 
to plants. Journal of Agricu ltural and Food Chem
istry, 25, 305- 309. 

Chan ey, R. L. , Rya n, J .A . and Brow n, S. L. 199 1. 
Development of the USEPA limits fo r chromium in 
land-applied biosolids and applicability of these lim
its to tannery by-product-deri ved fertilizers and to 
Cr-rich so il amendments. In: Canali , S., Tittarelli , F. 
and Sequi , P. , eds, Chromium Environmental Is
sues. Franco Angeli , Milano, Italy. Proceedings of 
the Chromium Environmental Issues Workshop, San 
Miniato, Italy, April 12- 13, 1996, 229- 295 . 

Ciavatta, C. and Sequi , P. 1989. Eva luation of chro
mium release during the decomposition of leather 
mea l fertilizers applied to the soil. Fe rtili zer 
Research , 19, 7- 11. 

Conrad, E.T. , Mitchell , G.S. and Bauer, D.H. 1976. 
USEPA Assessment of Industrial Hazardous Waste 
Practices- Leather Tanning and Fini shing Industry. 
Pearce, A. , ed. Hazardous Waste Management Divi
sion, Office of Solid Waste, USEPA, Washington, DC. 

Cunningham, lD. , Keeney, D.R. and Ryan, l A. 1975. 
Phytoxicity and uptake of metals added to soi ls as 
inorga ni c sa lts or in sewage sludge. Journal of 
Environmental Quality, 4, 460-462. 

Handa, B.K. 1988. Occurrence and di stribution of chro
mium in natural waters of India. In: Nriagu, J.O. 
and Nieboer, E., eds, Chromium in the Natural and 
Human Environments. John Wiley and Sons, New 
York, 189- 214. 

142 



Hu ffman, E. W.D. and Allaway, W.H. 1973 . Chromium 
in plants: di stribution in tissues, organe ll es and ex
tracts and ava il ability of bean lea f Cl' to animals. 
Journal o f Agri cul tural and Food Chemi stry, 2 1, 
982- 986. 

Jackson, R. L. , Kn ox, E.G., Halvorson, A.R. and Baker, 
A. S. 1967 . Crop response to lime in the wes tern 
United States. In : Pear'son, R.W. and Adams, F., eds, 
So il Ac idity and Limin g. American Soc iety of 
Agronomy, Mad ison, Wi sconsin, 26 1- 269. 

James, B.R. and Bartlett , R. J. 1984. Plant- soil interac
tions of chromium . Journa l of Environmenta l Qual
ity, 13, 67- 70. 

Johnson, C.A. and Xyla, A .G. 199 1. The ox idation of 
chromium ( Ill ) to chromium (VI ) on the surface of 
manganate (g-MnOO H). Geochimi ca et Cosmo
chimica Acta, 55 , 286 1- 2866. 

Ke lling, K.A ., Keeney, D. R., Walsh, L.M. and Ryan, 
J.A. 1977 . A fi e ld study of the agri cul tura l use of 
sewage sludge. Ill. Effect on uptake and ex tract
abili ty of sludge-borne metals. Journal of Environ
menta l Quality, 6, 352- 360. 

Lahouti , M. and Peterson, P.l . 1979. Chromiu m accu
mulation and distribution in crop pl ants . Journal of 
the Science of Food and Agri cul ture, 30, 136- 142 . 

Ma him a iraja h , S ., Diva ka ra n, l ., Sa kt hi ve l, S. , 
Ramasamy, K. and Na idu, R. T hese Proceed ings, 
p. 83 . 

Mishra, S., S ingh, V, S ri vastava, S., Sri vastava, R., 
Sriva stava, M.M., Dass, S., Satsang i, G .P. and 
Prakash, S. 1995 . Studi es on uptake of tri va lent and 
hexava lent chromium by maize (Zea lI1ays). Food 
Chemi stry and Tox icology, 33, 393- 397. 

Money, C. 199 1. T he 199 1 John Arthur Wi lson Memo
rial Lecture. Journa l of the American Leather Chem
ists Association, 86, 227- 244. 

Mortvedt, J .1 . and Giordano, P.M. 1977 . Crop uptake 
of heavy-meta l conta min ants in fe rtili ze rs . In: 
Wilding, R. A. and Drucker, H. , eds, Biologica l Im
pli cations o f Metals in the Env ironment. Energy 
Resea rch and Development Admini stra ti on, Oa k 
Ridge, Tennessee, 402-4 16. 

Naidu, R., Syers, J.K., Tillman, R.W. and Ki rkman, J.H . 
1990. Lime- aluminium- phosphate interactions and 
th e growth o f Leucaena leucocephala . I. Pl ant 
growth. Plant and Soil , 126, 1- 9. 

Na idu, R., Kookana, R.S., Cox, J. , Mowat, D. and Smith, 
L. H. These Proceedings, p. 57. 

Nakayama, E., Kuwamoto, T , Tsurubo, S., Tokoro, H. 
and Fujinaga, T 198 1. Chemi ca l speciat ion of chro
mium in sea water. Part I . Effect o f naturally occ ur
rin g organi c mate ri a ls on the co mpl ex fo rmatio n 
of chromium ( Ill ). Analytica Chimi ca Acta, 130, 
289- 294. 

Ramasamy, K. These Proceed ings, p. tOI. 
Sa leh, F.Y., Parkerton, TF., Lewis, R.V, Huang, J.H. 

and Dickson, K. L. 1989. Kineti cs of chromium 
transformations in the environm ent. Science of the 
Total Environ ment, 86, 25-4 1. 

Sri vastava, M.M. , Juneja, A. , Dass, S., Sri vastava, R., 
Sri vastava, S. , Mi shra, S. , Sri vastava, S., Singh, V 
and Prakash, S. 1994. Studies on the uptake of tr i
va lent and hexava lent chromium by oni on (Allium 
cepa). Chemica l Speciati on and Bioava ilab ili ty, 6, 
27- 30. 

Stomberg, A.L., Hemphill , D. D. Jr and Volk, VV 1984. 
Yield and e lementa l concentra ti on of sweetcorn 
grow n on tannery waste-amended soi I. Journal of 
Environmenta l Q uali ty, 13, 162- 165 . 

Sykes, R.L. and Earl , N.1. 198 1. The effect of soil -chro
mium ( Il l) on the growth and chromium adsorpti on 
of va rious plants. Journa l of the American Leather 
Chemists Assoc iation, 76, 102- 125. 

Thorstensen, TC. and Shah, M. 1979. Techni cal and 
economi c aspects of tannery sludge as a fe rtili ze r. 
Journal of the Ameri can Leather Chemi sts Asso
ciati on,74, 14- 23 . 

USEPA 1993 . Standards fo r the use and di sposa l of sew
age sludge; fi nal rules (40 CF R pal1s 257, 403 and 
503) . Federal Register, 58 . 

WickJi ff, c., Volk, VV, Tingey, D.T., G ri ftis , W.L., 
Trunk , MY and Witherow, J. L. 1982 . Reactions of 
chrome tannery sludge with organi c and minera l 
so il s. Water, Air and Soil Pollution, 17,61 - 74. 

143 



Tannery Effluent Irrigation for Tree Plantations: 
Preliminary Observations from Field Experiments 

S. SakthiveI', S. Mahimairajah' , J. Divakaran', K. Saravanan' , 
R.S. Kookana2, K. Ramasamy' and R. Naidu2 

Abstract 

Tannery industries produce milli ons of litres of secondary treated e ffluents that are cur
rently d ischarged into water bodies and have led to extensive degradation of land and 
water resources in many parts of India Thi s study in ves ti gated the potential fo r using 
secondary e ffluent in commercial tree plantations of three multipurpose tree species, namely 
Acacia leucophloea, Casuarina equisetijiJlia and Eucalyptlls lerelicornis. Secondary ef
flu ent was applied at three concentrati ons ( 100% effluent, o r 50% efflu ent + 50% water, 
or 100% water) and its effects on tree product ion and on soil chemi cal propert ies and the 
qual ity of surface and groundwater at the study site were measured. The treated e riluent 
has hi gh concentrat ions of tota l d issolved sol ids ( 13245 mg L '), sodium (5640 mg L ' ), 
chl or ides (45 17 mg L-1) and suI fa tes (426 mg L I). There was a marked e ffect of e ftl uent 
on so il properties, composi ti on of surface and groundwate r and plant growth . In general 
the e lectri cal conducti vity o f sur face so ils increased fi 'om 3 dS m-' in the water treatment 
plots to approx imately 3.5 dS n,- ' at the higher effl uent appli cation rate. The exchangeable 
sodiu m percentage of top so il increased fi'om 34 in the contro l soil s to 39 in soil s irrigated 
with 100% effl uent. The impact of sa lt was also ev ident fi'om the groundwater data whi ch 
showed a marked increase in the concentrations of Na (4400- 5280 mg L- I) with effluent 
irriga tion. Data on the chromium status of soil s and subsurface (piezometer) water sam
ples showed a s igni ticant buildup fo llowing monsoon events fo r a ll trea tments. This con
fi rms our hypothesis that Cr mobili ty is high in contaminated so ils parti cularly fo ll ow ing 
heavy rainfall. Efflu ent irriga ti on a lso had a signifi cant impact on pl ant growth . 

TH E leather industry is one of the maj or fore ign 
exchange earners in Indi a. Ex port of leather and 
lea the r produ cts ea rns mo re tha n Rs 7 x 107 

(US$2 milli on) pe r year. T he lea ther industry 
directl y empl oys more than one milli on people 
apart from the workers in the cottage-based sector 
( i .e. fa rm ers) of the leather industry. 

It is estimated that approx imately 17000 t of 
hides and skins are dail y converted into leathe r. 

, Department of Environmental Sciences, Tamil Nadu 
Agricultu ra l University, Co imbatore, India 64 1003 

2CSIRO La nd and Water, Pri vate Mail Bag No. 2, G len 
Osmond, South Austra li a 5064 

T hi s process 'uses about 35- 40 L Hp kg I of 
leather processed, w hich impli es that approx
imate ly 680 x 106 L of waste water are generated 
da ily. The waste water, after treatment, is currently 
being di scharged either into rivers or onto land . 
T hi s has led to severe degradat ion of so il and of 
the qua l ity of both surface water and ground water 
(Mahima iraj ah et a l. these Proceed ings) in many 
parts oflndi a. Contaminants in waste water incl ude 
high concentrati ons of salt and chromi um (Cr). 
Because of the extensive conta mination of land 
and groundwater, the regul atory body in the Tamil 
Nadu state has imposed stri ct g uidelines on land
a nd ri ve r-based effl uent and was te d isposa ls, 
statin g that the concept of ' zero d ischarge into 
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Table I. Characteristics of the treated effluent and wa
ter used for irrigation 

Treated effluent Water 

pH 9.83 7.5 
EC (dS m-I) 18.3 1.08 
Total dissolved solids (mg L I) 13245 1168 
Na (ll1g L-I) 5640 21 
K (ll1g L-I) 8.2 4 
Cl (ll1g L-I) 4517 290 
Sui fates (ll1g L I) 426 45 
Cr (ll1g L-I) 2.94 BDL 

BDL = below detection limit 

rivers ' has to be implemented in the near future . 
For this reason, the tanning industry, in 
collaboration with UNIDO (United Nations 
Industrial Development Organization) and Central 
Leather Research Institute scientists, has developed 
Cr-recycling technology. The technology minimizes 
the concentration of Cr in the treated effluent 
although the concentration of solute is not reduced. 
Uncontrolled disposal of such effluent can lead to 
salinisation of soil and water resources. Secondary 
effluent has been effectively used for tree 
production in other countries, so we developed the 
current project to assess the potential for using 
tannery waste effluent as an irrigant for tree 
plantations, especially on land currently declared 
contaminated. Bearing in mind the salt content of 
the effluent, we selected sites where groundwater 
has medium to high salt content. 

Materials and Methods 

Site, baseline sampling and chemical analyses 

One of the major objectives of this study was to 
investigate the potential for salt movement and 
subsequent salinisation of surface water and 
groundwater. First, the groundwater quality was 
surveyed at selected locations representing the 
areas most affected by tannery effluents . Special 
care was taken during the selection of sites to 
ensure that a wide range of soil types, geological 
formations and watertable depths were 
represented. Data from this study revealed an 
appreciable variation in salinity and Cr content 
(Mahimairajah et al. these Proceedings). Based on 
this information, the field trial site was selected
at Ranipet Common Effluent Treatment Plant, 
Ranipet, Vellore district, in Tamil Nadu. 

Soils were sampled at 10 cm intervals to 90 cm 
depth , and analysed for pH and electrical 
conductivity (EC) in a 1:5 soil:water suspension 
after shaking for 16 h end-over-end, and for 
organic carbon (Walkley and Black 1934) , 
exchangeable cations, cation exchange capacity 
and total Cr (Table I). These data formed the 
benchmark for comparisons made at the end of 
the field trial. Treated effluent from the Common 
Effluent Treatment Plant and the water used for 
irrigation were also analysed for pertinent 
characteristics. 

Groundwater samples were taken at the stalt of 
the study, to form a baseline data set, and then at 
one month intervals . The samples were passed 
through a 0.45 J..lm millipore filter, transferred to 
the laboratory on ice, and analysed for pH , EC, 
total dissolved solids, Na, K and total Cr. Total Cr 
concentrations in groundwater samples and soils 
were determined following digestion with aqua 
regia (Mahimairajah et al. these Proceedings). 
Chromium in the digest was determined using 
atomic absorption spectrophotometry in air 
acetylene flame. 

Experimental design 

The field experiment was laid out in a split-plot 
design. The main plot consisted of effluent 
concentrations: high = 100% effluent; low = 50% 
effluent + 50% water; control = 100% water. The 
sub plot was tree species : Acacia leucophloea, 
Casuarina equisetifolia and Eucalyptus 
tereticornis. The tree seedlings were transplanted 
to a spacing of 2 m x 2 m with five replications. 
Each plot size was 8 m x 4 m. A buffer space of 
two metres was provided between main plots. 

Growth study 

Commercially available two-month-old tree 
seed I ings were used for all the growth studies. The 
seedlings were initially examined to ensure 
uniform tree height and health as evident from 
the number of branches and shoot quality. The 
plants were then transferred into pre-dug holes . 
Following transplanting, all the plants were 
watered to field capacity until the seedlings 
became established, and this continued for 10 
weeks by which time new shoots had started to 
emerge in all plants. At this stage, pertinent 
properties (e.g. stem girth, height) of the plants 
were established as the baseline data set. 
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Table 2. Initial soil properties at the study site 

Depth (cm) 
0- 15 15- 30 30--60 60- 90 

pH (1:5 soil:water) 9.41 9.54 9.75 9.35 
EC (dS m-I) 3.11 2.42 1.96 1.91 
N (kg ha-I) 138 103 90 75 
P (kg ha I) 17.1 15.7 15.5 9.3 
K (kg ha I) 260 210 240 240 
Org. carbon (%) 0.43 0.38 0.32 0.27 
Cr (mg kg I) 22.7 12.8 33.4 52.2 
Exchangeable 

cations (cmol kg- I) 
Ca 2.8 3.0 3.2 3.0 
Mg 2.0 1.9 2.1 1.8 
Na 3.6 3.9 4.1 3.9 
K 0.70 0.78 0.69 0.58 

CEC (cmol kg- I) 10.4 10.9 11.2 10.3 
ESP 34.6 35.8 36.6 37.9 
Clay 24.3 29.9 21.5 
Silt 13 .2 16.3 15.0 
Fine sand 32.1 23.6 25.4 
Coarse sand 30.5 34.2 38.2 
Textural class SCL SC L SCL 
USDA classification: Typic Uslropets 

The plants were then subjected to effluent 
application at the concentrations detailed above. 
Initially 10 L of the effluent were applied manually 
by transferring water onto the tree roots in a basin
shaped hole dug around the tree. The tree 
plantation was irrigated when 60% of avai lable soi I 
moisture had been depleted . This approach 
prevented lateral loss of the effluent. Following 
three months of manual irrigation, flood irrigation 
was imposed on the plantation as described below. 
During the growth study the soil between plants 
was sampled regularly for assessment of soil 
chemical characteristics. 

Flood irrigation 

To facilitate flood in'igation, each water or effluent 
treatment strip was subdivided into five beds 
representing one replication. Each bed was 8 m x 
12 m (96 m2) with 24 plants, and levelled so that 
there could be uniform distribution of the water or 
effluent. Irrigation was facilitated by use of PVC 
piping running along the centres of the five beds 
in each strip , with a controlled opening in the 
middle for all the 20 beds. 

The water and effluent were stored in separate 
2000 L water tanks on a platform raised I m off 
the ground. The water and effluent were pumped 
to storage tanks by two I hp (746 W) motors, fixed 
in the water storage tank of the Central Effluent 
Treatment Plant and in the effluent outlet discharge 
point, and connected to the water or effluent storage 
tanks by flexible hosepipe. 

Solute movement 

A nest ofpiezometers was installed within the trial 
to monitor watertable level and water quality. 
Changes in watertable depth were also used as an 
indicator of gradient in subsurface water 
movement. Samples were collected for pH , EC, 
major anions and cations, and for heavy metals 
especially Cr. The piezometer depths were chosen 
to enable sampling of both the unsaturated zone 
and the groundwater (deep piezometer) to quantify 
the distribution of salts and heavy metals including 
Cr. Piezometer samples were taken every 30 days; 
however, during the first three months of our study, 
there was no water in the shallow piezometers. 

Routine soil analyses and plant measurements 

Routine soil samples were taken periodically to 
60 cm depth at 10 cm intervals, from sites between 
the trees . Samples were analysed for pH , EC, 
exchangeable Na and K and total Cr as described 
above. Biometric observations for the tree plantation, 
namely plant height and stem girth, were made every 
month after the plant roots were established. 

Results and Discussion 

Effluent and irrigation water quality 

Table I, the i11ean chemical composition of the 
effluent used for irrigation, shows that the effluent 
is highly saline with an EC of 18.3 dS m- I and 
total dissolved solids exceeding 13000 mg L- I. The 
mean pH of the effluent exceeded 9.5; the water 
was weakly alkaline. Although most of the Cr is 
removed during the recycling process, the effluent 
still contained Cr in excess of2 mg L-I. 

Baseline soil properties 

The surface and subsurface soils at the study site 
were strongly alkaline (pH > 8) with EC ranging 
from 3 dS nrl in the surface horizon to 1.9 dS m- I at 
depths exceeding 60 cm (Table 2). Consistent with 
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Figure I. Effect of effluent irrigation on the electrical 
conductivity of surface soils. 

the high exchangeable sodium status , the 
exchangeable sodium percentage (ESP) of the soils 
exceeded 30. According to USDA and Australian 
soil classifications, an ESP of > 15 (in USA) and 
>6 (in Australia) indicates soils which have a 
dispersive 50dic nature. This suggests that the 
study site is highly sodic and extreme care must 
be exercised during effluent applications to 
minimise the sodic effect on soil properties and 
plant growth . In keeping with the low fertility status 
of soils (-"om the region , the site was low in organic 
carbon (0.43 % ) , medium in nitrogen and 
phosphorus (138 kg N ha- I and 17. I kg PP 5 ha- I) 
and low in potassium (260 kg ha- I; Table 2). The 
soil has a sandy clay loam texture and is a Typic 
Ustropet by USDA classification. 

Effect of eftluent on soil properties 

There was a significant effect of irrigation on the 
EC, exchangeable cations and pH of the soil during 
the II months of the plant growth study. In general , 
the EC of soils increased by 0.2- 0 .3 units after the 
high concentration effluent treatment compared to 
the control treatment in which the soil EC showed 
a consistent decline with time. The increase in EC 
was coupled with a significant (P < 0.005) 
increase in the ESP of effluent irrigated soil. 
This is not surprising because the effluent used 
for ilTigation had high contents of total dissolved 
solids (13 245 mg L- I), sodium (5640 mg L- I) , 
chlorides (4517 mg L- 1) and sulfates (426 mg L- I). 
At the appl ication rate used here (10 appl ications 
per month), approximately I 324500 mg of solute 
was added per plant species, or approximately 3 t 
solute ha- I per month added at the highest rate of 
effluent application. Accumulation of salt was also 
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Figure 2. Effect of effluent irrigation on ESP of the 
surface (0- 15 cm) soils during the first 11 months of 
irrigation 

evident from the EC and the exchangeable cation 
status of the soils. The exchangeable cations 
increased for the first four months and then 
declined during the north-eastern monsoon rain. 
Continued effluent irrigation resulted in 
appreciable increase in both EC and exchangeable 
cations even after the north-eastern monsoon 
season (Fig. I). In contrast to the effluent treated 
soils, both the EC and the ESP of soils in'igated 
with water showed a consistent decrease with 
increasing period of irrigation , indicating possible 
loss of salt through leaching in the percolating 
water. As the soils at the site were loamy sands, 
the enhanced percolation during irrigation could 
result in the leaching and subsequent deposition 
of salt in the subsurface environment. Examination 
of the ratio of Na added in effluent to the change 
in exchangeable Na values, 

8Nae.\:Ch.= Nalrcat - Nacxch_nativc ' 

during the first six months of the study indicates 
that there is a net accumulation ofNa (ratio > I) in 
effluent treated soils. However, when the samples 
were taken at the end ofthree months, 8NaoXCh showed 
a ratio of < I, indicating leaching of Na from the 
surface soils during the north-eastern monsoon. 
Similar changes in the Na status of soils were also 
evident from the ESP and SAR of the water in the 
shallow piezometers at the trial site (see below). 

Sodicity 

The changes in the exchangeable cation status of 
the soils led to a marked increase in the ESP of 
both the surface and the subsurface soil samples 
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from the trial plots. In general , the ESPs of the 
control plots (water) were significantly lower than 
those of the 100% effluent irrigated plots. With 
increasing effluent irrigation, the ESP of the sUlface 
soils rose from 37% to 39% and then declined to 
30% during the wet north-east monsoon rains (Fig. 
2). However, subsequent irrigation of soils with 
effluent led to saturation of the soil exchange 
complex with Na, causing an increase in ESP. In 
contrast, the ESP of soil samples irrigated with 
water decreased during the study period although 
the decline was most marked during the north-east 
monsoon period. The effect of irrigation was also 
evident from field observations that showed 
dispersion and extensive waterlogging of soils 
typical of sodic soils following the north-east 
monsoon. Waterlogging of soils may be attributed 
to the reduction of the soil EC below the threshold 
level required to maintain soil structure. The 
observed decline in soil structure following the 
north-east monsoon indicates that precautions must 
be taken to develop irrigation strategies that 
minimise the effect ofsodicity. FUltherwork should 
assess the dispersion charactersitics of these soils 
using the Emerson disperson soil test, as discussed 
in Naidu et al. (1996). 

Chromium movement through the soil profile 

The total Cr concentration in the piezometer water 
samples ranged from below detectable limit 
(BOL), during the first three months of irrigation, 
to approximately 2 ~g L-1 (Fig. 3) during the nOlth
east monsoon rainy period. This trend is similar to 
that shown by data ofNaidu et al. (1996) on Cr in 
piezometer water samples at the tannery waste
contaminated sites in Adelaide , Australia. 
Consistent with our findings , those investigators 
report that the concentration of Cr in subsurface 
water samples increased during the peak rainfall 
period, indicating substantial leaching ofCr in the 
percolating water. Speciation ofCr in the leachates 
(piezometer water) indicated that approximately 
80% of Cr was present as Cr(Vl), with the rest 
present in association with colloid particles. These 
results indicated firstly that Cr(lIl) added during 
the tanning process is oxidised to Cr(VI) in the 
soil environment, and secondly that Cr may move 
in association with sol id colloid particles. Thirdly, 
the Cr(VI) is extremely mobile in soils of the Tamil 
Nadu district. The high mobility ofCr(VI) together 
with the potential for Cr(I 11) oxidation need careful 
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Figure 3, Distribution of total Cr (.) and rainfall dur
ing the study period at the effluent irrigation trial site 

consideration by the regulatory authorities during 
the establishment of guidelines for tannery waste 
effluent disposals. 

Movement of sodium 

The concentrations ofNa in soil water at 2 m depth 
increased for the first three months. With 
continuous leaching, the Na had moved to deeper 
soil layers. The concentrations ofNa in the water 
table were high (4400- 5280 mg L -I) reflecting the 
saline nature of the groundwater. However, it 
is noteworthy that the trend was in sharp 
contrast to that observed for Cr, which was not 
detected in piezometer water samples until the 
north-east monsoon. However, in keeping with the 
sodium absorption ratio (SAR), the concentration 
of Na decreased during the north-east monsoon 
period , suggesting either leaching of sodium 
beyond the 2 m depth or dilution of Na with a 
large volume of water. 

Groundwate.' <Juality 

The changes in the soil EC and the ESP are 
reflected in the chemical composition of the 
shallow water and groundwater. For instance, the 
EC of the shallow and deep piezometer samples 
in the high effluent plots increase with time (up to 
three months) (Table 3). However, as with the soil 
EC and exchangeable Na status, the EC and the 
TOS in the piezometer samples decreased during 
the north-east monsoon period when the rainfall 
exceeded 415 mm. The decrease in solute 
concentration in the shallow piezometer samples 
may be attributed to the dilution of the solute during 
the high rainfall period. It is also likely that salt 
was leached from the system in lateral water flow 
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Figure 4. Effect of irrigation on the relationship between SAR and EC of surface and sub-surface soils from the 
field plots; the lines show theoretical values 

because the field sloped towards the Palar River. 
When the SA R of the soil water was calculated 
and expressed by the stability phase diagram of 
Rengasamy et al. (1984) it was evident that 
irrigation of soils with water caused a slow drift of 
the SAR towards that ofsodic soils, while irrigation 
with 100% effluent increased both the SAR and 
the EC, causing the soils to become saline- sodic 
(Fig. 4). The effects of effluent on soil sodicity 
and on the quality of subsurface water wi 11 perhaps 
be more evident following the long-term irrigation 
study which is underway now. 

Plant growth 

There was a significant effect of effluent 
appl ications on the growth of trees. j rrespective 
of the plant species, effluent applications resulted 
in a significant decline in tree height (Fig. 5). In 

general, the tree height declined by 5- 10% 
depending on the plant species. Nevertheless, none 
of the plants showed growth constraints reflecting 
either toxicity or any other adverse impact of 
effluent. Given that nutrient applications led to 
appreciable increases in the nutrient status of the 
soils, with no visible signs of nutrient deficiency, 
it is likely that any reduction in growth results from 
osmotic effects caused by the increased salt 
concentration of the soil water that serves as the 
nutrient reservoir for plants. 

Further long-term study is required to confirm 
the effect of salt on the growth of plants. Among 
the tree species, Eucalyptus was highly sensitive 
to effluent irrigation . Acacia and Casuarina were 
able to withstand effluent irrigation to a certain 
extent. This could be seen in the reduced plant 
growth with effluent irrigation compared to the 

Table 3. Change in chemical composition of groundwater (at 2 m) during the first four months of the study 

Water treatment 50:50 effluent:water 100% effluent treatment 
1st 2nd 3rd 4th 1st 2nd 3rd 4th 1st 2nd 3rd 4th 
Illth Illth Illth mth mth mth Illth Illth Illth mth Illth Illth 

pH 7.51 6.91 6.97 6.99 7.35 6.96 7.26 6.79 7.32 6.94 7.22 6.88 
EC (dS m-I) 13.98 17.94 17.18 13 .00 15.8 17.27 17.1 15 .0 18.25 18.78 19.00 15.2 
TOS (mg L- ') 1363613017 14175 13444 14282 14980 14688 14874 17314 18293 16955 16504 
Na (Illg L-I) 4480 4800 4600 2400 4560 4960 4640 3133 4580 5280 5160 3125 
K (mg L ') 9.1 9.5 9.2 10.0 9.0 10. 1 9.0 7.3 8.7 10.4 12.5 7.7 
Ca (Illg L- I) 631 837 687 
Mg (mg L-I) 422 412 418 
SAR 18.2 22.1 24.7 
Cr (Illg L-I) BOL BOL BOL 1.57 BOL BOL BOL 1.94 BOL BOL BOL 1.7 
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Figure 5. Effect of effluent applications on the tree growth 

control. The pronounced effect of effluent was also 
reflected in the stem girth of the trees. The stem 
girth was significantly reduced with increasing 
effluent concentration. 

Conclusion 

It is evident from the above study that effluent 
applications to soils lead to marked changes in soil 
and groundwater quality and in the growth of 
commercial tree species. In general, the EC of 
surface soils increased from 3 dS m-I, in the plots 
irrigated with water, to 3.5 dS m- I at the higher of 
the two effluent application rates. A similar effect 
of effluent was observed in the surface and 
subsurface soil ESP and SAR of the piezometer 
water samples. Comparison of the EC and SAR of 
surface and subsurface soils, using the model of 
Rengasamy and Olsson (1991) , indicates that 
irrigation with water leaches salt from the surface 
soils, leading to subsurface sodicity. Consequently, 
application of water shows a gradual tendency to 
displace salts beyond 60 cm and the subsurface 
soil tends to become sodic. This contrasts with the 
high effluent treatments in which soils either 

maintained their saline- sodic nature or showed a 
gradual build up of salt. Data on the Cr status of 
soils and subsurface (piezometer) water samples 
show a significant buildup ofCr in the groundwater 
following the north-east monsoon period in all 
treatments. This confirms our hypothesis that Cr 
mobility is high in contaminated soils particularly 
following heavy rainfall. Effluent irrigation also 
had a significant impact on plant growth. 
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Tannery Sludge Disposal Using Earthworms and 
Microorganisms: Preliminary Investigations 

P.T. Ramesh l, K. Ramasamyl, S. Mahimairajah l, 
K. Gunathilagarajl and R. Naidu2 

Abstract 

The large volumes of solid and liquid wastes produced by tanneries have a negative 
impact when discharged onto land and surrounding water bodies. There is now increasing 
demand for the production of sludge that has minimal impact on land and water bodies. 
The present study investigated the role of earthworms and microbes in sludge decomposi
tion under field conditions. Treatments were established to study the efficiency of these 
organisms acting separately as well as in combination for the decomposition of sludge. 
Composting led to a marked increase in the concentrations of nitrogen (N), phosphorus 
(P) and potassium (K). A sludge bed with added earthworms and microbes produced 
increased Nand P, while the maximum increase in K (two-fold) was recorded in the 
sludge bed that included sawdust and microbes. Appreciable reductions in pH , electrical 
conductivity and C:N ratio were also observed in all the treatments. In 120 days of 
composting, the C:N ratio was reduced below the preferred level of 20, except in the 
control beds. The chromium content of the sludge was also reduced by 40%. Counts of 
microbial populations during the composting process revealed marked changes in the 
populations of bacteria and n.lI1gi , and some changes in the actinomycete population. 

TH ERE are about 75 large and 1008 small tanneries 
that generate more than 50000 t yr- I of sol id and 
liquid waste in India (Ramasarny, these 
Proceedings). Disposal of such waste has led to 
extensive contamination of soil and groundwater 
in the immediate vicinity of the tanneries 
(Mahimairajah et al. these Proceedings) in many 
locations around Tamil Nadu. 

Although the sludge is rich in nutrients, it 
contains high concentrations of salts in addition 
to chromium (Cr). The Cl' is of particular concern 
in 90% of tannery wastes, because chrome tanning 
is the preferred process in many tanneries in India. 
In contrast to Cr tanning, the vegetable tanning 

I Department of Environmental Sciences, Tamil Nadu 
Agricultural University, Coimbatore, India, 641003 

2 CSI RO Land and Water, Private Mail Bag No. 2, Glen 
Osmond, South Australia 5064 

process produces sludge that is rich in salt and 
organic compounds originating in the plants. While 
it is the high salt and Cl' content that make the Cl' 
tanning sludge unattractive for land-based 
application, it is the organic compounds together 
with the high salt content that make the vegetable 
tanning sludge unsuitable for land-based 
application. As reported by Mahimairajah et al. 
(these Proceedings) and Naidu et al. (these 
Proceedings), land-based disposals could lead to 
contamination of soil, surface water and sub
surface water. Given the large foreign exchange 
this industry generates, the Government of India 
would like to support tannelY operations. However, 
because of the negative impacts of the current 
sludge disposal methods , the Government is 
placing increasing restrictions on land-based waste 
disposal. Therefore the survival of this industry 
requires development of appropriate waste 
disposal technology which has minimal impact on 
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Table J. Treatment details and pertinent properties of the sludge mixture at the start of the decomposition study 

Treatment pH EC total Cr Organic total N avail. P exch. K C:N 
(dS m-I) (mg kg-I) C(%) (%) (mg kg I) (mg kg- I) ratio 

TI S + control 7.70 12.62 82 .0 7.19 0. 18 0.125 530 40.02 
T2 S + soil control 7.70 12.60 79.3 7.86 0.18 0.125 530 42.88 
T3 S + soil + EW 7.61 12.89 77.6 7.18 0.19 0.141 580 38.11 
T4 S + soil + EW + MO 7.66 12.64 77.0 7.45 0.18 0.115 580 41.47 
T5 S + MO 7.76 12.76 80.6 7.38 0.19 0.125 580 39.14 
T6 S + SO control 7.68 16.62 83.0 12.81 0.09 0.141 530 129.4 
T7 S + SO + MO 7.69 16.29 88 .3 12.99 0.06 0.125 505 133 .55 

where S = sludge, EW = eaJ1hworms, MO = microbes, SD = sawdust 

the environment. With this background in mind, 
we investigated the possibility of converting the 
sludge into manure and its potential use in 
agriculture. The experimental study was sub
divided into two phases: phase I focused on 
vegetable-tanning sludge while phase U focused 
on Cr-tanning sludge. For the phase 11 study, our 
aim was to investigate the changes in the nature 
and the potential bioavailability of Cr following 
the decomposition of sludge. In this paper we 
report the results from our phase I study. 

The experiment was initiated using earthworms 
and microorganisms, which are major groups of 
decomposers of carbon-rich wastes (Edwards and 
Lofty 1977). The earthworms and microbes break 
down complex materials into simpler substances 
by releasing enzymes and various organic acids 
(Jeuniaux 1969). They are also known to 
accumulate heavy metals in their tissues (Ireland 
1983). For these reasons, these organisms were 
selected to investigate the possibility that they could 
decompose sludge to a quality that can be used on 
productive land. 

Materials and Methods 

The experiment was conducted using vegetable 
sludge at the Ranipet Common Effluent Treatment 
Plant. One-month-old sludge was crushed to 
approximately I cm size prior to its use in the 
incubation studies. The treatment combinations of 
sludge, sawdust, earthworms and microbes are 
listed in Table I. 

Sawdust was included in the experiment because 
it increa'>es the air space in the sludge bed, thereby 
favouring microbial activity, and it also serves as 
the carbon source for the microorganisms (Wani 

and Lee 1995). Moreover, in Cr-tanning sludge, 
the dissolved organic compounds in sawdust may 
enhance the reduction of any hexavalent Cr to non
toxic trivalent Cr. 

The experiment was done on large unreplicated 
beds and replicate samples were taken from five 
points in each bed every 30 days. 

Preparation of sludge beds for composting 

Vermiculture beds 

The worm beds were I m x I m in area and 0.3 m 
high. First, a thin layer of fine sand was spread 
(for water infiltration); above this, field moist soil 
was added to a height of 15 cm to serve as the 
worm bed. Then 300 earthworms (150 each of 
Perionyx excavatus E. Perr. and Eudrilus eugeniae 
Kinsperg.) were introduced. These two species 
were selected because they are common in Indian 
soils and are also very good decomposers of 

Water 

Figure 1. Schematic diagram of the venniculture bed 
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Figure 2. Changes in pH during com posting 

organic wastes. When a ll the worms had burrowed 
into the soil , approximately 10 cm depth (3 0 kg) 
o f I month o ld crushed s ludge was added. 

In trea tm e nt T4, 150 ea r th wo rm s we re 
introduced a nd a mix ed mi c ro bi a l inoc ulum 
cons istin g of Bacillus sp. , Pseudomonas sp. , 
nitrogen f ix in g Clostridia , Penicillium and 
Streptomyces was sprayed over the sludge at 10% 
wt/vol bas is. This is the rate which is normally used 
fo r mi crobi a l compos ting of organi c was tes. 
Although nati ve em1hworms are assoc iated with 
microorgani sms, the additional mixed mi crobial 
inoculum was introduced to test whether it enhanced 
the capacity of the system to decompose sludge. 

Microbial trealment beds' 

Like the ve rmic ulture beds, s ludge beds were 
prepared to I m x 1 m x 0.3 m in size. About 30 cm 
(60 kg) of s ludge was added to each bed. Fo r 
treatments T6 and T 7, 15 kg of sawdu st was 
thoroughly mi xed with 45 kg of sludge on a I: I 

Table 2. Characteri st ics of soil and sludge samples 

Soil Sludge 

pH 9.78 7.6 
EC (dS n,. ') 3.06 12.6 
Organic carbon (%) 0.3 7 .4 
Nitrogen 127 kg lw ' 0. 18% 
Phosphorus 17 kg ha-' 0.1 8 mg L ' 
Potass iu m 2 10 kg ha-' 580 I1lg L-' 
Chrom iulll (mg kg-' ) 23 77 

vo l:vo l basis. Mic robial inocul a, as used for the 
earthworm beds, were sprayed over the beds at 
20% wt/vol bas is. For a ll the treatments, suitable 
controls were maintained. 

The beds were watered da ily fo r the first three 
weeks, by which time the sludge had become 
hyd rophilic . After that, the beds were watered 
every altern ate day to mainta in a moisture level 
between 50% and 60%. 

Samples were collected every 30 days, to study 
the changes that occur during composting. The 
samples were air dri ed, mixed and homogeni sed, 
and ana lysed fo r pH, e lectri ca l conductivity (EC), 
organic carbon, nitroge n (N), phosphorus ( P), 
potass ium (K), chromium (Cr) and the microbial 
populati on, using standard methods. 

Laboratory analyses 

Th e pH and EC of th e s ludge mi xture were 
ana lysed after e nd-over-e nd shaking of a 1:5 
s ludge:water mixture. The organic carbon content 
of the s ludge samples was ana lysed by the wet 
oxidation method (Walkley and Black 1934) . Total 
nitrogen was estimated by the Kj eldahl method . 
Ava ilable phosphorus and exchangeable potassium 
were estimated by the methods of Olsen et al. 
( 195 4 ) a nd Sta nfo rd a nd Eng li s h ( 194 9) , 
respectively. The prime heavy metal in the tannery 
s ludge, Cr, was ana lysed in the atomic absorpti on 
spectrophoto-meter (Varian Spectra A2000) after 
a known weight of sample had been digested in 
aqua reg ia at 120°C for 2 h, then made up to a 
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Figure 3. Changes in e lectrica l conductivity during compost ing 

known vo lume , a nd fi lte red ; the va lu e was read 
at 358 nm. The microbial populati on was assessed 
by the viable count method. Sludge samples ( I g) 
were serially dilu ted to 10" for bacteria, 104 for fungi, 
and 103 fo r actinomycetes, and the colony-forming 
uni ts were counted. Table 2 gives the baseline data 
for the soil and sludge used for this study. 

Results and Discussion 

Analysis of thi s prelim inary in vesti gation revealed 
encouraging decompos ition results. There was an 
increase in the maj or plant nutri ents, and a favour
able reducti on in the C :N ra tio, pH , EC of the 
compost samples. 
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There was a s igni fica nt decrease in the pH of the 
s ludge mix tures during 90 days of incubation. The 
maximum decrease in pH (7.7 to 6.8) was recorded 
fo r the sawdust- s ludge mix ture (Fi g. 2) . Thi s 
dec rease in pH durin g co mpos tin g m ay be 
attributed to the release of vari ous organi c ac ids 
by microorgani sms for particle breakdown (Wani 
and Lee 1995). Cell lysis and ammonia re lease may 
have contributed to a pH increase in the later stages. 
Leachates from sawdust are often high in di ssolved 
organic carbon and acids, so this may also contribute 
to the observed reduction in the pH. 

In general , the EC of the composting mixture 
ranged from 12 dS m-I in the s ludge- so il bed to 
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Figure 4. Effect of time on changes in organic carbon during composti ng of tannery sludge 
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Figure 5. Changes in the total nitrogen (top graph) and ava ilab le phosphorus (lower graph) during compost ing 

16 dS m-I in the sawdust- sludge mixhlre at the 
start ofthe study. Just as with pH , the EC of all the 
composting mixtures decreased with increasi ng 
period of incubation; the most marked changes 
were recorded at the end of 30 days (Fig. 3). 

The decrease in EC may be attri buted to sa lt 
percolating out in the water that was added to the 
beds during the incubation peri od. Our subseq uent 
column studies in the laboratory revea led large 
concentrations of salt in water leachates of the 
s ludge mixture. 

O rganic ca rbon 

The total organ ic carbon content of the composti ng 
mixture varied substantially between the treatments 
(F ig. 4). As expected, the hi ghest organ ic carbon 
content was reco rded for the sawdust- s ludge 
mi xture and the lowest for the s ludge- so il mi xture. 
With increasing periods of composting the tota l 
carbo n content decreased by between 38% 

(control) and 60% (sawd ust mixture). Reduction 
in carbon conte nt durin g composting is not 
surprising because carbon serves both earthworms 
and microorganisms as an energy source for their 
ti ssue build-up. 

The marked. reduction in the carbon content of 
sawdust is interesting because sawdust is not easily 
deco mposed beca use of its w ide C:N ratio ; 
howeve r, in th e presence of s lu dge the 
decomposition is fas t. Th is fi nding is importa nt 
because two di ffe rent wastes are being converted 
into compost in a sing le process. However, much 
work needs to be done to assess the opt imum 
condit ions for effective and rapid decompos ition 
of the s ludge in combi nation with the sawdust. 

Nutrients 

In contrast to pH, EC and organ ic carbo n, the 
concentrations of the major p lant nutri ents, N , P, 
and K, increased in the compost samples, pri mari ly 
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Figure 6. Changes in exchangeable potassium during composting of vegetable-tanned sludge 

because of the reduction in the volume of sludge. 
The maximum increase in nutrients was recorded 
in the earthworms + microbes treatment mixture. 
In this mixture the concentrations of and P 
increased by 133% and 1032%, respectively, relative 
to their levels at day I (Fig. 5). A similar marked 
increase in P was also recorded in treatment 3 
(si udge+soi I+earthworms). 

These results are consistent with the finding that 
earthworms increase the concentration ofP by their 
activity (DOl-cas et al. 1991). Many studies indicate 
that earthworms alone (Satchell and Martin 1984) 
and in combination with microbes (Kucey 1983) 
induce phosphatase activity thereby increasing the 
solubilisation of bound P and making it available to 
plants. Increased phosphatase activity was also 
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noted in earthworm-composted paper waste sludge 
(Satchell and Martin 1984). It is likely that both 
increased phosphatase activity and the reduced 
volume during composting may have contributed 
to the observed increase in P. 

Exchangeable K doubled in the sludge with 
added sawdust + microbes, in the first four months 
(Fig. 6). The control for sawdust also showed more 
K content than most other treatments. Though the 
reason for this is not known, it is possible that there 
is a contribution to K from the sawdust itself. 

C:N ratio 

The C :N ratio is the conventional index used to 
establish the maturity of compost. The C: N ratio 
steadily decreased during composting (Fig. 7). 
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Figure 7. Effect of composting on the CN ratio during 90 days of incubation 
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Maximum reduction (82%) was observed in 
sludge with added sawdust + microbes, while the 
sludge with earthworms and microbes produced 
76% reduction. 

Comparison of the C and N data from treated 
and control plots reveals a marked decrease in total 
organic carbon in the treatment plots relative to 
the control plots (Fig. 8; only typical results are 
presented). Concurrent with the decrease in 
organic carbon, there was an increase in total N 
indicating that mineralisation of organic carbon 
contributes to the increased N during the 
composting process. The reduction in C:N ratio 
is due to the conversion of carbonaceous materials 
into cell biomass, CO2, water and humus, and thus 
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the ratio between carbon and nitrogen reduces 
progressively with th e age of composting 
(Kalaiselvi and Ramasamy 1996). 

Chromium 

The total Cr content of the sludge was 78 mg kg-I 
which is high considering that the sludge used is 
from vegetable tanning. The presence of Cr can 
be attributed to the disposal of Cr-tanned effluent 
in the common effluent treatment plant. The sawdust 
used for the study contained 19 mg Cr kg-I, also. 
Results of Cr analysis in the composts show that 
there was reduction in volume as composting 
progressed. There was a small reduction of Cr in 
the first 30 days, but after that, Cr content fell by 
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Figure 9. Changes in Cr content of the sludge during composting 
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Figure 10. Changes in bacterial population during cOlllposting of tannery sludge 

up to 40%. After 60 days, the concentration of Cr 
was more or less similar in all treatments (Fig. 9). 

The reason for the observed decrease in Cr with 
composting is not clear, although accumulation in 
earthworm and microbial tissue may be considered 
as possible mechanisms. In an earlier laboratory 
study we found a Cr concentration of 35 mg kg-1 

in earthworm tissue . Before the Cr concentrations 
in earthworm tissue were assessed, the Cr in the 
earthworms' gut contents was removed by filter 
paper feeding . Chromium accumulation by 
earthworms was also reported by Hartenstein et 
al. (1980). Chromium forms complexes with 
organic matter and becomes unavailable for 
extraction at low pH , but in this study the pH was 
near neutral ; therefore , it is unlikely that 
comp lexation occurred. T he mecha nis m, and 
especially the roles played by the soil enzymes, 
organic acids and microbial enzymes, needs to be 
studied in detail to better understand the process 
of Cr reduct ion during the composti ng process . 
Another reason for the reduction in C r may be 
leach ing in the percolating water. Our subsequent 
studies with water extracts of sludge material showed 
soluble Cr rangi ng from I to 2 mg L- 1• 

Microbial population 

There was a significant increase in the number of 
bacte ri a a nd fungi , whi le the population of 
actinomycetes reduced after an ini t ial increase 
(Fig. 10). Pseudomonas, Bacillus, Penicillium, 
Aspergillus, Beijerinckia and Streptomyces were 
the mai n organisms observed. 

The presence of these microorganisms was not 
treatment-specific. In sludge beds that did not 
receive any microbial inoculum, Pseudomonas and 
Beijerinckia were found to be common organisms. 
However, the maximum number of micro
organisms was present in the beds into which 
microbial culture had been introduced, especially 
the sawdust-mixed beds. Though there were fewer 
bacterial colonies here, the bacterial population 
was larger, taking into account the dilution factor. 
Fungi followed bacteria in population numbers and 
actinomycetes were the smallest population. 
Sawdust reduced the compaction in compost beds 
and thereby increased aeration, which may have 
resulted in better aerobic microbial activity. 
Microbial colonisation in uninoculated beds 
indicated that the sludge serves as carbon source 
to the native population. It is unusual to see a 
reduction in the population of actinomycete 
during composting because of their ability to 
withstand heat. Competition by bacteria and fungi 
for nutrients might have excluded actinomycetes. 

Conclusion 

It is ev ident from our preliminary study that 
there is scope for increasing the nutrient content 
of vegetable tann ing sludge using earthwo rms 
a nd microorganisms. However, based o n the 
pre liminary data, it is is not poss ible to explai n the 
roles of these nvo organisms during the composting 
of tannery s ludge. Diffe rent se ts of trea tments , 
us ing chrome-tanning s ludge as well as vegetable 
sludge are currently being stud ied. The responses 
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of crops and the bioavaiability of Cr as assessed 
by plant uptake are being tested . Based on these 
detai led studies the potential for long-term field 
scale composting will be determined with a view 
to using composted material as a source of plant 
nutrients . 
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Developmental Studies on Bioreactors with Immobilised 
Biomass for the Removal of Chromium in Tannery Effluent 

T. Emilia Abraham I and Saswathi Niyogi I 

Abstract 

Discharge of toxic chromium (Cr), from industries such as ore mining and processing, 
textiles, leather and tanning processes, steel processing and battery processing, into the 
main stream of effluents is hazardous. Chromium compounds from industrial effluents 
accumulate in sludge and have created other environmental problems. Biological 
remediation of these contaminants could reduce the hazards. The biological systems of 
plants, animals and microbes have certain functional groups in their cell walls or cell 
membranes which could react with heavy metals in anionic or cationic fonns. Good 
bioadsorption beads have been prepared by immobilising dead biomass of a fungus in a 
polysulfone matrix which can withstand more than 15 adsorption- desorption cycles. These 
beads can be used in a packed bed or in a fluidised bed reactor without any particle 
damage. The beads can take up 35- 60 mg g I of Cl' in 4-24 h. The biotlx beads are usef1.i1 
for treating Cr(VI) at concentrations from 10 to 100 mg L-'; they are efficient at a stirring 
speed of 100 rpm, at pH 2. The adsorption characteristics fit the Langmuir isotherm better 
than the Freundlich isotherm. 

H EAVY metals and radio nuclides are discharged 
into the environment and lllunicipal sewers by 
various industries during rapid industrialisation. 
They constitute one of the major causes of land 
and water pollution . These metals include 
chromium, copper, lead, zinc, cadmium, nickel , etc. 
The cumulative toxicity and environmentally 
detrimental effects of heavy metals have stimulated 
increased investigation into their removal from 
industrial wastes. The chromium (Cr) present in 
effluent is primarily in the trivalent, C r(lII) , and 
hexavalent, Cr(VI), forms. C hromium(VI) is 
considered to be toxic, carcinogenic and lllutagenic 
in animals and hence deserves special attention 
(Roe and Carter 1969). Several industrial products 
and activities, such as dyes and pigments, film and 
photography, galvanometry, metal cleaning, 
electroplating, leather making and the mining 

I Biochemical Processing and Wastewater Technology, 
Regional Research Laboratory, Trivandrum 695019, 
India 

industries release undesirable amounts of Cr(VI). 
The permissible concentration of Cr in drinking 
water is 0.05 mg L- 1 and not more than 
2 mg L-1 in eftluent. Remova l of this rr'ietal from 
waste water by conventional physical and chemical 
methods such as precipitation- filtration , ion
exchange, reverse osmosis , oxidation- reduction , 
electrochemical recovery, membrane separation , 
etc. , is found to be ineffective and more expensive 
when the metal ion concentration in the polluted 
environment is in the range 10- 100 mg L-1 and 
the set value is usually less than I mg L-I (Zagic 
1975; Patterson 1977). 

In recent years, biosorption of heavy metals has 
been recognised as a potential alternative to 
existing technologies for removing beavy metals 
from industrial effluents, because this process can 
remove metal ions at concentrations lower than 
10 mg L - I . Various types of microbial biomass
algae , fungi , bacteria and yeasts- have been 
reported as potential metal sequestering 
biosorbents (Tsezos and Volesky 1981 ; Kuyacak 
and Volesky 1989a; Ting and Teo 1994; Phi lip et 
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al. 1995). The biosorptive capacity of dead fungal 
cells has been studied extensively and may be often 
greater than, equivalent to, or less than that ofliving 
cells (Urrutia Mera et al. 1992). Dead biomass in 
industrial applications enjoys certain advantages 
over living cells because of its ease of handling 
and ability to withstand toxicity and adverse 
operating conditions. Moreover, it can be procured 
from industrial sources as waste product from 
established fermentation processes. Inactivated 
biomass of the filamentous fungus Rhizopus 
arrhizus has been reported to be effective in 
scavenging heavy metals such as strontium , 
cadmium, copper, zinc, nickel , uranium , thorium, 
chromium and lead (Tsezos and Volesky 1982a,b; 
Brady and Tobin 1994; Fourest et al. 1994; 
Nourbaksh et al. 1994; Sag et al. 1995a). 

Studies on the mechanism of removal of Cl' ions 
by dead biomass have shown that the cell wall is 
the primary site of metal ion accumulation , and 
a var iety ofligands (carboxyl , amino, hydroxyl , 
phosphates and sulfllydryl groups) located in 
the cell surface are known to be involved in 
metal binding. Chitin and chitosan, present in 
high concentration in the fungal cell wall , are also 
thought to be important sites of metal chelation 
and therefore important for Cl' uptake (Tsezos 
and Volesky 1982a,b; Tobin et al. 1984; Holan 
et al. 1993). 

Use of non-living biomass in its native form for 
large scale processes is limited because of the small 
particle size and low mechanical strength of the 
biomass. Moreover, the separation ofbiomass and 
effluent is difficult and expensive (Tsezos 1986). 
Therefore, immobilisation ofbiomass is necessary 
for an industrial biosorption unit. This yields 
mechanically strong, rigid particles with a high 
dens ity, and of a size that allows easy operation of 
reactors. In addition , minimum clogging under 
continuous flow conditions, efficient regeneration 
of biosorbent and recovery of metal , and easy 
separation of biomass from effluent can be 
achieved (Gadd 1991). 

Several reports are available on the use of 
immobilised biomass for the removal of metal 
contaminants from industrial effluents. Calci um 
alginate , a popular entrapment agent in 
immobilisation technology, has been one of the 
most extensively investigated biopolymers for 
binding heavy metals in diluted aqueous solution 
(Sag et al. 1995b ; Lu and Wilkins 1996). 

Polyacrylamide gel has been used successfully as 
an immobilising matrix for the removal of various 
metals (Wong and K wok 1992; Wong et al. 1993 ; 
Andres et al. 1995). Polysulfone-entrapped 
biomass (mostly sphagnum peat moss) has been 
reported to be effective for the removal of heavy 
metals from mining waste water (Seidel and Jeffers 
1991 ; Truj i 110 et al. 1991). Other matrices such as 
polyurethane, polyvinyl chloride, silica gel and 
adsorbent resins , have been evaluated for their 
metal uptake capacity (Tengerdy et al. 1981 ; Feiler 
and Darnell 1991 ; Zhou and Kiff 1991 ; Philip et 
al. 1996; H u and Reeves (997). H u and Reeves 
( 1997) have developed a technique using 
Pseudomonas aeruginosa biomass entrapped in 
porous polyurethane-based materials for the 
removal of uranium from acidic waste water. 
Rhizopus arrhizlls biomass immobilised in 
reticulated polyester foam has been reported 
capable of binding cupric ions (Zhou and Ki ff 
1991). Tsezos and Deutschman ( 1990) have shown 
higher uptake efficiency of uranium by the same 
organism entrapped in polyvinyl formaldehyde . 
The same immobilised biosorbent has been 
successfully used for the removal of radium and 
uranium from process streams at pilot plant scale 
(Tsezos et al. 1989). 

The metal-sequestering cycle which results in 
binding of the metal in the solid biosorbent 
material should be followed by a cycle which 
results in the release of the metal in a concentrated 
fornl. This part of the process, similar to the ion 
exchange process , is based on eluting the metal 
by a small volume of an appropriate so lution 
which, ideally, regenerates the biosorbent for 
subsequent reuse. A successful biotechnological 
remediation process, therefore, would depend on 
the coupling of effective removal of soluble metal 
ions from th e aqueous environment and 
subsequent recovery of these metals to enable 
regeneration of biomass for use in mUltiple 
adsorption- desorption cycles. This would lower 
biomass treatment costs for users and enhance 
profitability for biosorbent producers. An 
appropriate immobilisation technique would 
increase the number of sorption- des or pt ion cycles 
and biosorbent life span. Dilute mineral acids such 
as HC I, H2S04 or HN03 could be used for 
desorption of metal from loaded biomass (de Rome 
and Gadd 1987; Luef et al. 1991 ; Zhou and Ki ff 
1991 ; Holan et al. 1993; Pons and Fuste 1993). 
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Among all th ese acids, dilute HCI has been 
found to be the most effective eluent. Various 
reagents , such as sodium carbonate, sodium 
bicarbonate, EDTA, thiourea, citrate, ammonia, 
calcium chloride and nitrilotriacetic acid have been 
reported fOl' elution of metals bound to the biosorbent 
(Kuyacak and Volesky I 989b; X ie et al. 1996; Hu 
and Reeves 1997). 

The present work is aimed at developing 
economically viable bioreactor systems using 
immobilised microbial biomass to remove C r 
from effluent. During industrial operations, use 
ofbiomass in native form causes problems such 
as blockage offlow lines and clogging offilters. 
Application of immobilised biomass solves such 
problems. 

Dead biomass of Rhizopus arrhizus was encap
sulated in various polymeric matrices such as 
alginate, polyacrylamide, polyvinyl alcohol (PVA) 
and polysulfone, and the meta l binding efficiencies 
of the matrices plus biomass were evaluated so 
that a suitable biofix particle could be developed 
for removing Cr(VI) from industrial efiluents. The 
effects of initial pH , biomass loading, temperature, 
contact time, initial metal ion concentration on 
adsorption of C r(VI ) and other aspects were 
investigated. Isotherms for the adsorption of C l' 
by native and by immobilised biomass were 
developed from optimum conditions, and the 
adsorption phenomena were explained by use of 
classical iso therm equation s (F reundlich and 
Langmuir) . The C r removal efficiencies of 
immobilised beads in a stirred tank reactor and a 
fluidised bed reactor were eva luated. 

Materials and Methods 

Organism media and gl'Owth conditions 

Rhizopus sp. was procured from NCL, Pune, and 
grown at pH 6.8 in liquid medium consisting of 
bacteriological peptone 109 L- ', sucrose 20 g L-' , 
KHl04 1 gL ' , NaN03 1 gL- ',andMgS04.7Hp 
0.5 g L- ' . It was kept in static condition at room 
temperature for s ix days. Then it was killed by 
autoclaving for I hat 15 Ibs ( 121 °C) and washed 
twice with deionised distilled water and dried in 
an oven at 90°C for 6- 8 h. The dried biomass was 
thoroughly powdered into uniform particle sizes. 

Preparation of immobilised biomass 

Four matrices- alginate, polyacrylamide, PVA and 
polysulfone- were used for entrapment of dead 

biomass of Rhizopus arrhizus. In each case, 
blank beads were also prepared with no loading 
of biomass. 

Sodium alginate was obtained from the CDH 
company. The PVA (MW 125000) was supplied 
by SD Fine chemicals. Acrylamide , N'N'
methylenebi s(acrylamide) and dimethyl form
amide were purchased from SRL chemicals. 
Polysulfone resin (MW 30 000) was obtained from 
Aldrich chemicals. Ammonium persulfate and 
N ,N ,N' , N'-tetramethy lethyl ened iam ine were 
purchased from Sigma chemicals. 

Synthetic efflu ent was prepared so it resembled 
the effluent be ing discharged from the tannery 
industry: NaHCO. 2g L- ' ; glucose 5g L- ' ; NaCI 
10 g L- ' ; Na2S04

J 2.5 g L- ' ; K1Crp7 100 ppm. 
The pH of the solution was 8.3. 

EntJ'apment of biomass in gels 

Alginate beads 

Alginate (2%) was mixed with 2% dry powdered 
biomass and made into beads in CaC I2 . Th e 
resultant beads were cured for 6 h and stored in 
0.2% CaCI 2 at 4°C. 

Polyacrylamide beads 

Acrylamide/N'N'-methylenebis(acrylamide) (10% 
wt/vol) was mixed with 2% biomass . Poly
merisation was initiated by ammonium persulfate 
and N ,N,N',N'-tetramethylethylenediamine. The 
resultant slab gel (4 mm th ickness) was cured for 
4-6 h and cut into small cubes and stored at 4°C. 

PVA beads 

The PVA (4%) was mixed with 2% biomass. The 
mixture was extruded into 4% CaCI? solution as 
spherical particles and polym errsa tion was 
achieved by repeated freezing and thawing. 

Polysulfone beads 

Biomass (2%) was added to 10 9 of polysulfone 
in dimethyl formamide solution, and the slurry was 
ex truded as spheri ca l beads. The beads were cured 
in water for 16 h. 

Preparation of C"(VI) solution 

A stock C r(VI) so lution of 1000 mg L- ' was 
prepared in distilled water. It was used as the basis 
for Cr solutions containing 50- 300 mg L- ' . The 
range of pH studied was 2.0- 9.0. The pH of the 
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solution was adjusted to the required value with HCI 
(IN) or NaOH (IN) before immobilised biomass 
was added. 

Metal adsorption studies 

The metal adsorption efficiencies of fungus 
immobilised in alginate, polyacrylamide, PVA and 
polysulfone were shldied by adding an adequate 
quantity of beads containing 100 mg of biomass 
(dry wt) to 50 mL of Cr solution (100 mg L - I, pH 
2.0, at 100 rpm) at ambient temperature for 24 h. 
Samples were taken at regular intervals and 
analysed for presence ofCr(VI) ion in the residual 
solution. The effects of pH (2 to 9) , biomass 
loading (0.2 to 10%), duration of adsorption (0.5 
to 24 h), agitation (50 to 200 rpm) and the initial 
metal ion concentration (50 to 300 mg L- 1) were 
studied in the Cr(VI) solution. 

Analysis of Cr(VI) ions 

The concentration of residual Cr ions in the 
adsorption medium was determined spectrophoto
metrically at 540 nm using diphenyl carbazide as 
the complexing agent (Nourbaksh et al. 1994). 
A calibration curve was prepared in the range 
1- 10 mg L-1• 

Reactor operations 

The process of metal recovery using microbial 
biosorbent is basically a solid- liquid contact 
process consisting of a metal uptake cycle and 
metal desorption. Appropriate contact between the 
solution and the solid can be accomplished in a 
reactor; for example, a stirred tank , a packed bed 
or a fluidised bed reactor, as in this study. 

Stirred tank reactor 

The granular biosorbent was kept in contact with 
the metal-bearing liq uid by stirring it, to maintain 
a homogeneous suspension and good mass transfer. 
To study the effect of turbulence in the reactor on 
the adsorption capacity the speed was varied (75-
200 rpm). Immobilised beads containing 2 g of 
biomass we re added to 500 mL of synth etic 
eftluent having a C r concentration of 100 mg L- 1 

at pH 2.0 (liquid : biomass ratio of I :50) . T he 
experiments were monitored for 8 h and samples 
were collected every hour and analysed for residua l 
metal ion concentration . Experiments were also 
conducted by v3lying the liquid:biomass ratio to I: 10 
and I: 16.66. 

Packed bed reactor 

The fixed bed reactor is a column in which the 
bioadsorbent granules (particle size 3 mm) are 
packed and do not move. When the whole bed 
becomes exhausted and saturated, the bioadsorbent 
is regenerated, in situ or separately. A serious 
drawback of this column is the sensitivity to 
suspended foreign matter in the influent, which 
clogs the bed. A packed bed of biofix beads 
(60 cm x 10 cm glass column) was used for the 
study. The Cr solution was pumped in from the 
bottom of the column. The residence time was 
varied to study the efficiency of the reactor. 

Fluidised bed reactor 

Fluidised bed reactors (FBRs) offer an attactive 
kinetic alternative to packed bed reactors because 
they use solution containing suspended matter. 
However, conditions in FBRs are difficult to 
control. In this study, the immobilised biomass 
particles of absorbent (Rhizopus) were fluidised 
in a 2.5 cm diameter column by a stream of the 
synthetic effluent continuously flowing upward to 
achieve a high degree of mixing. Fluidisation was 
attained by supplying compressed air through the 
bottom of the column. Studies were conducted by 
varying the liquid:biomass ratio (as was done for 
the stirred tank reactor, i.e. 2 g, 6 g and 109 
biosorbent in 100 mL of solution). Synthetic 
effluent containing 100 mg Cr L- 1 at pH 2 was 
continuously fed into the column for 4 h. The 
samples eluting out of the column were monitored 
for metal ion concentrations at regular intervals. 

Results and Discussion 

Screening of polymeric matrices fo,' immobilisation 
of RhizoplIs arrhiws 

Preliminary experiments were carried out to 
determine the metal binding efficiencies of 
biosorbents immobilised in the PVA, polysulfone, 
polyacrylamide and alginate matrices. The metal 
adsorption efficiencies of encapsulated biomass 
beads were compared with the native biomass. The 
results are presented in Table I. Both polysulfone 
and PVA matrices were identifi ed as superior 
candidates for fungal immobili sation in our study. 
Experimental results showed a higher effectiveness 
factor (> 0.9) in both cases . Both matrices exh ibi ted 
im proved adsorption eff iciency (> 63%) in 
comparison to alginate-entrapped biomass (55%). 
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Table I. Evaluation of Cr(VI) removal by polymeric matrices with or without immobilised Rhizopus arrhizus 

Polymeric matrix % Removal of Cr(VI) Cr(VI) loading Effective factor 
after 24 h of incubation (mg g-I of dry biomass) 

Free biomas (control) 
PVA with biomass 
PVA without biomass 
Alginate with biomass 
Alginate without biomass 
Polyacrylamide with biomass 
Polyacrylamide without biomass 
Polysulfone with biomass 
Polysul fone without biomass 

69.604 
63.513 

6.116 
55.015 

4.412 
21.465 

9.380 
65.160 

6.5 

34.802 
31.756 

0.441 
27.507 

0.455 
10.732 
0.753 

32.676 
0.526 

0.912 
0.087 
0.790 
0.063 
0.308 
0.134 
0.936 
0.0933 

100 mg 0 1" biomass was used in all cases; initial Cr(VJ ) ion concentration in the solution was 100 mg L 1 

Higher metal uptake capacity was observed in these 
cases. The metal uptake efficiency ofpolysulfone
immobilised biosorbents was found to be 33 mg 
g- I ofbiomass whereas in the case ofPVA beads it 
was 32 mg g- I of biomass. Biomass entrapped in 
polyacrylamide gel showed poor chromium
binding capacity in our study. However, 
polyacrylamide gel was reported to be a successful 
immobilising matrix for the removal of various 
metal ions such as copper, nickel , or uranium 
(Wong and Kwok 1992; Wong et al. 1993; Andres 
et al. 1995). 

Parallel experiments were conducted to evaluate 
the adsorption efficiency of biomass-free 
polymeric matrices. Removal ofCr(VI) was found 
to be negligible in all these cases. 

The variation in the metal uptake capacities of 
the various matrices could be attributed to the 
differences in porosity of polymeric gels. In the 
case of PVA- and polysulfone-entrapped 
biosorbents, higher metal uptake was recorded, 
perhaps due to the better porosity of the beads 
which would allow metal ions to be freely 
transported through the matrix. 

Our study found differences in the performances 
of the nati ve and immobilised biomass. Free 
biomass showed highest metal loading capacity 
(35 mg g- I of biomass) and percent adsorption 
(69%). Biomass after entrapment in immobilising 
matrices (PVA and polysulfone) had 6- 8% lower 
adsorption capacity than free fungal biosorbent. 
The binding of metal ions to the fungal cells was 
presumed to occur exclusively through surface 
adsorption. The active sites present in the cell wall 

of free biomass had greater exposure to the metal 
ions present in solution, which resulted in higher 
meta l uptake . The encapsulated biosorbent 
adsorbed less metal and this was probably because 
of the cross linking of the potential metal binding 
sites with matrices, and masking of the active sites 
due to immobilisation. Moreover, the rate of the 
adsorption process could also depend on the rate 
of mass transfer from the bulk metal solution in 
the case of immobilised beads. However, the 
negati ve effect was found to be negligibl e 
compared to the distinct advantage of 
immobilisation in industrial operation. 

There are reports of polysulfone-entrapped 
biomass being used for removal of mainly cationic 
metals from industrial effluents (Seidel and Jeffers 
1991 ; Trujillo et al. 1991). However, the use of 
polysulfone and PVA-immobilised biosorbents for 
treatment of waste water contaminated by anionic 
metal ions such as Cr(VI) has not yet been reported. 

Adsorption isotherm 

Ad so rption isotherms are graphs of solute 
concentration in the adsorbed state as a function 
of solute concentration in the solution at a constant 
temperature. They are useful for estimating the 
amount of adsorbent needed to adsorb a given 
amount of sorbate from the solution. They give 
valuable information that is useful for the selection 
of an adsorbent. They also facilitate the evaluation 
of the feasibility of the adsorption process for a 
given application (Weber 1985). The metal uptake 
data (8) plotted against the final so lution 
concentration (C) at equilibrium yields the 
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Figure 1. Adsorption isotherm for Cr(VI) removal 
using free and immobilised biosorbents 

adsorption isotherm. The resulting relationship is 
most often hyperbol ic because the biosorbent 
uptake value approaches the va lue of complete 
saturation of the sorbing material at a high 
concentration of the sorbed species (Volesky 1990). 

The adsorption isotherms of immobilised biofix 
particles for uptake ofCr(VI) were compared with 
the isotherms for native biomass (Fig. I). For each 
isotherm, initial Cr(VI) concentrations were varied 
from 50 to 300 mg L-1 while the biosorbent in 
each sample was held constant (4 g L- I). It was 
observed that the adsorption isotherm of native 
biosorbent was steeper than that of immobilised 
biosorbents, indicating more affinity of the sorbent 
towards the given sorbed species. Of the four 

V PoIysulfone immobilIZed biomass In" = 2 13, V" = 0.373 

• Polyacrylamide ImlllOblllzed btomass InK=183, Vv '" 0 319 

'" Alglllate Immobilized biomass In 1\ = 1 7, IIv = 0.374 

0 PVA Immobcllzed blOlllass In 1(= 22 . 11\'=0355 

• Free blomass In I( = 24, 11,,=0332 

OL------------------------------------" o 
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Figure 2. Freundlich adsorption isotherm of free and 
immobilised biosorbents for Cr(VI) removal 
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Figure 3. Langllluir adsorption isotherm of free and 
immobilised biosorbents for Cr(VI) removal 

matrices compared, PVA- and polysulfone
immobilised biosorbents had similar adsorption 
isotherm patterns. Biomass entrapped in 
polyacrylamide gel showed least metal binding 
affinity. The highest metal uptake capacity was 
45 .876 mg g-I with free biosorbent. In comparison, 
biofix particles immobilised with PVA and 
polysulfone recorded 43.745 and 43.608 mg g-I 
of biomass, respectively. 

During adsorption, a rapid equilibrium is 
established between the adsorbed metal ions on 
the microbial cell (8) and the unadsorbed metal 
ions in solution (C), and it can be represented by 
either Freundlich or Langmuir adsorption 
isotherms which are widely used to present data 
for water and waste water treatment applications. 
The Freundlich isotherm, used to describe the 
adsorption of solutes from dilute solution, can be 
given by 

8 = K C I!v. 

This can be linearised by taking the natural 
logarithm of both sides of the equation to give 

In 8 = In K + I/v x In C. 

The intercept In K gives a measure of the adsorbent 
capacity of the microorganism. The slope I/v 
indicates th e effect of concentration on the 
adsorption capacity and shows the adsorption 
intensity. 

Unlike the empirical Freundlich isotherm, the 
Langmuir isothem1 has a theoretical basis which 
relies on a postulated chemical or physical 
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Table 2. Model regression isotherms of free and immobilised biosorbents 

Biosorbent Freundlich model Langmuir model 
K v ,..2 eo ~eo ,:2 

Free biomass 11. I 3 0.976 43.67 8.93 0.991 
Polysulfone + biomass 8.4 2.67 0.981 42.29 5.29 0.987 
PVA + biomass 9 2.8 0.977 41.67 5.95 0.985 
Alginate + biomass 5.46 2.59 0.963 36.76 1.83 0.998 
Polyacrylamide + biomass 6.24 3.14 0.991 28.8 2.81 0.97 1 

Frellndlich isotherm model: 8 = KC' ,. where K and v are model parameters 
Langmllir isotherm model: 8 = 8o~C / ( I + ~C) where 8 = uptake of species, 80 = max imum uptake, 
C = equilibrium (final) concentration in so lution, ~ = constant related to energy of adsorption 
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Figure 4. Compari son of the removal efficiencies of a 
continuous sti rred tank (CSTR) and a fluidi sed bed 
reactor (FB R) 

interaction (or both) between solute and vacant 
sites on the adsorbent surface, and the heat of 
adsorption is independent of the fraction of surface 
covered by the adsorbed solute. The Langmuir 
isotherm model has the form 

8 = (80~C) I (I + ~C), 

where 8 = uptake of the species, 80 = maximum 
uptake, C = equilibrium (final) concentration in 
solution, and ~ is a constant related to energy of 
adsorption . The linear form of the Langmuir 
equation is 

1/8 = 1/80 + [1 /~8o x I /C]. 

The constants of the Langmuir equation can be 
determined by plotting 118 versus lie. This gives a 
straight line with slope 1 /~80 and intercept 1/80 , 

In the present study both the models were used 
for evaluation of the adsorption data. Freundlich 
and Langmuir adsorption isotherms are presented 
in Fig. 2 and Fig. 3, respectively, for free and 
immobilised biosorbents. Freundlich constants and 
Langmuir constants obtained from the respective 
isotherms are listed in Table 2. It can be seen that 
adsorption equilibrium data give a better fit to the 
Langmuir model for all bio sorbents except 
polyacrylamide gel, indicati ng a mono layer 
adsorption pattern . Polyacrylamide-immobilised 
biomass showed a higher correlation (0.991) for 
the Freundlich adsorption isotherm confirming a 
better fit to thi s model. This might indicate that C r 
wa s adsorbed through a mu lti laye r binding 
mechani sm. Free biomass showed the highest 
adsorption constants for both mode ls. Among the 
immobil ised biosorbents , adsorption constants 
were higher for both models in the case of PVA
a nd polysulfone-immobili sed biofi x particl es. 
Though the adsorption effic iency was found to be 
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larger for free biomass than for immobilised 
biosorbents (PVA and polysulfone), the di fference 
was marginal and would not offset the advantage 
of immobilisation in industrial applications for 
removal of heavy metals from effluents. 

Reactor studies 

Batch experiments in a stirred tank reactor 

Removal effic iencies of immobilised absorbents 
(PVA, polysulfonate and alginate) were tested in 
batch experiments in stirred tank reactors with 
100 mg Cl' L -I and 4 g biomass at impeller speeds 
ranging from 75 to 200 rpm. In all cases the 
impeller speed of 100 rpm was found to be idea l 
for adsorption ofCr(VI). At higher impeller speed 
(200 rpm) a 12% decrease in adsorption was 
noticed with biomass on PVA and polysulfone 
beads, mainly due to eddy f0n11ation and improper 
contact between the adsorbent and Cr. A similar 
trend was observed with alginate-immobilised 
biomass. The lower impeller speed (75 rpm) also 
exhibited poor performance. Therefore further 
studies with immobilised biomass were carried out 
at 100 rpm only. 

Figure 4 shows the adsorption of Cl' (100 mg L-') 
by immobili sed biomass from synthetic effl uents 
in continuous stirred tank and fluidised bed 
reactors. In both cases the adsorption was more 
eftic ient at lower solid:liquid ratios. The fluidised 
bed reactor was generally more efficient than the 
continuous stirred tank reactor, especia lly in more 
dilute systems (solid:liquid ratio of I :50). The 
study showed that with PVA and polysulfone
immobilised beads , about 90% adsorption of 
Cr(VI) and a metal uptake capacity of 23 mg g-I 
can be achieved in a four hour contact at I: 10 
so lid:liquid ratio. The fluidised bed reactor 
performance was superior to that of the packed 
bed reactor (data not shown). 

Conclusion 

This study inves tigated the deve lopment of a 
suitable biofix particle for the removal of Cr(Vl) 
from industrial eftl uents by entrapping the dead 
biomass of Rhizopus arrhizus in various matrices. 
The following important observations were made. 
I. Poly(vinyl alcohol) and polysulfone matrices 

were identified as superior candidates for fungal 
immobilisation . These matrices had a higher 

effectiveness factor (>0.9). They exhibited a 
higher metal uptake capacity (33 mg g-I of 
biomass) than alginate (27.5 mg g-I ofbiomass) 
and polyacrylamide (10.73 mg g-I of biomass). 

2. Adsorption equilibrium data gave a better fit to 
the Langmuir isotherm model for PVA- , 
polysulfone- and alginate-immobilised bio
sorbents. In the case of polysulfone-entrapped 
biomass, the experimental data had a better fit 
to the Freundlich isotherm model. 

3. The optimum agitation speed for Cr(VI) 
adsorption in a stirred tank reactor in batch process 
was found to be 100 rpm. Polyvinyl alcohol- and 
polysulfone-immobilised biomass beads showed 
92% adsorption and a metal uptake capacity of 
23 mg g-I of biomass after 4 h of contact. In 
comparison, 59% metal removal was achieved 
with alginate-immobilised biomass during the 
same period of time. The corresponding metal 
uptake was 14.6 mg g-I of biomass. 

These observations establish that a good 
bioadsorbent particle can be obtained by 
immobilising dead fungal biomass in a 
polysulfone-matrix, and that it can be used for the 
removal and recovery of heavy metals from 
industrial eftluents in large-scale operations so as 
to make the process economically viable. 
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Development of Treatment Processes 
for Waste Emissions at Their Source 

Y.R. Obst' and T.W. Riley' 

Abstract 

Waste minimisation and recycling has become a high profile concern, both in manufac
ture and in material processing. The environmental aspects, in particular those associated 
with food and fibre products, are of vital importance because the associated industries use 
large volumes of water. The methods of 'cleaner production' enable these industTies to 
address pollution through analysis of their production to discover where improvements 
can be made. As a result, energy consumption, water and material usage can quite often be 
reduced, with significant reduction or elimination of waste discharges and emissions while 
improving productivity. The engineers at the Agricultural Machinery Research and De
sign Centre (AMRDC) have developed various systems capable of handling the heavily 
polluted large volume waste treatment requirements of the food and fibre by-product in
dustries. The methods involved are based on classic sizing, sorting and separation princi
ples using appropriate yet often simple concepts. The AMRDC has developed one such 
system for the treatment of waste water, a portable filtration unit, now referred to as the 
'Selective Separation Unit' (SSU), patented in key countries, which has attracted much 
broad interest. A prototype unit, capable of handling 50 L S- I but able to be readily trans
ported has been demonstrated in a number of difficult industrial situations such as a dried 
fruit (sultana) processing plant, a plastics recycling plant, a meat processing and by-prod
uct recovery plant, and a fruit and vegetable processing plant. In each case, the results 
have been most encouraging. This paper gives details of developments to date. 

FOR many years, water and waste products have 
been discharged together into river systems or the 
sea itself, sometimes after some contaminants have 
been allowed to settle in holding tanks or dams. A 
great deal of suspended matter can be separated in 
the tanks, but because of the associated costs, most 
industries have dumped all waste streams into 
either one or a small number of tanks. That 
produces a troublesome waste stream, making it 
sometimes difficult to obtain water clean enough 
for re-use in production. Stream separation and 
'at-the-source' treatments are now being more 
readily adopted by industry, helping to simplify 
this problem. 

1 Agricultural Machinery Research and Design Centre, 
University of South Australia, Adelaide, South Australia 

Some industries attempt to filter at various stages 
of production using currently available filters , but 
because there are normally large volumes of water 
involved, this is a very expensive procedure. There 
are large capital costs and maintenance problems 
associated with conventionalftltration systems. In 
most cases, centrifuges, mechanical screens , 
pressure filters or rotating drum filters are used. 

Stringent legislation is creating many challenges 
and new and economical methods of waste water 
treatment have to be found to satisfy the ever 
increasing safeguards being developed to protect 
the environment. 

Researchers are investigating 'at-the-source' 
treatment opportunities, or the use of ' cleaner 
production ' methods, but to design and develop 
improved equipment capable of carrying out the 
necessary tasks is often difficult. The engineers at 
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the Agricultural Machinery Research and Design 
Centre (AMRDC) of the University of South 
Australia have developed several systems capable 
of solving the heavily polluted, large volume waste 
treatment requirements of the food and fibre 
industries. The methods are based on classic sizing, 
sorting and separation principles using appropriate 
yet often simple concepts that target both the 'dry' 
and 'wet' processes associated with production. 

One system that the AMRDC has developed for 
the treatment of waste water is a modular filtration 
system, referred to as the ' Selective Separation 
Unit ' (SSU). This technology has been patented 
in key countries and has attracted significant 
interest. It is described later in the paper. 

'Cleaner Production' Principles 

The philosophy of'cleaner production ' entails the 
use of revised management practices and processes 
that minimise environmental impacts associated 
with production. It can readily be applied to most 
industry practices. The revised practices not only 
protect the environment but may also reduce 
production costs by implementing improvements 
that increase efficiency, reduce waste of material 
inputs and increase productivity, while lessening 
energy usage and waste generation. 

There can be added benefits in the food and fibre 
industries: marketable by-products can be 
collected; quality of the primary product can be 
i m proved ; market com peti ti veness can be 
increased; and available resources can be recycled 
and reused. Particular benefits arise when the 
production system removes contaminants at the 
first point of identification, rather than trying to 
handle them at the end of production as a complex 
waste stream. This point-of-identification approach 
provides further reductions in waste discharge 
volumes , potency and the level of treatment 
required , while increasing financial return. 

Cleaner production methods in essence promote 
higher efficiency for industrial processes, products 
and services so as to prevent pollution, in many 
cases for financial gain. Application of these 
methods, however, requires know-how and the use 
of modern technology and practices. While the 
benefits for both the producer and the environment 
are evident, recognition of a need for cleaner 
production develops a competitiveness within 
industries for sustained economic development 
through state-of-the-art plant improvements. 

Sizing, Sorting and Separation 

One approach that alleviates waste disposal 
problems involves the collection of specific 
by-products or waste constituents as they become 
apparent in processing. This enables the production 
system to steadily lower the percentage of waste 
matter in the final waste stream while reducing the 
effluent load on waste water discharges. The use, 
rather than disposal, of wastes creates a means of 
repayment for the costs incurred , thereby offsetting 
the total cost associated with the process changes 
implemented. 

A key requirement of this approach is the 
division of a complex problem into a number of 
key parameters or smaller problems. This 
eliminates as many parameters as possible, and 
thereby simplifies the original problem. For 
example, consider the fundamentals of production: 
a raw material is subjected to a number of process 
operations which require input of energy for plant 
operations and result in a waste stream and the 
desired product stream. 

Simplification of the final waste problem can 
be achieved by identifying all sources of waste 
generated from each process in the operation. Each 
of these smaller waste problems is addressed by 
applying the particular procedures or treatments 
necessary to solve it. In many cases, this allows 
the waste to be collected before it degrades, with a 
potential for making by-products. 

This method of simplification focuses on solving 
the waste problem practically, by adopting a 
versatile array of sizing, sorting and separation 
techniques that can be implemented in both the 
'wet' and 'dIy' stages of production. The result 
can improve product quality and enable the 
collection of constituent waste contaminants of 
relatively similar character. 

The science of sizing, sorting and separation is 
very important in the handling of natural products 
and waste streams. It can be applied both to the 
handling and to the process operations up to the 
final stages of industry production , and its 
outcomes can readily lead to improved raw 
material handling and enhanced product quality. 

The concepts can be divided into two activities, 
viz. dry sizing, sorting and separation (e.g. removal 
of coarse particulates from fresh produce) and 
wet sizing, sorting and separation (e.g. removal 
of particulates and chemical residues from 
process water). 
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The basic principles of sizing, sorting and 
separation for treatment of wastes and by-products 
are based upon: 
• the distinction of raw materials, intermediary 

and final products from constituent contaminant 
matter, by both physical and chemical 
classification techniques; 

• the sorting of each product, by-product or waste 
contaminant by physical, chemical or biological 
means or a combination of them, ensuring efficient 
removal of dissolved or suspended solids. 

An immediate outcome of the sorting regime is 
separation, generally enabled by physical means 
once the correct sorting principle has been 
established. 

Once the process has been truly understood in 
terms of the related scientific and engineering 
principles, a cost-effective solution can usually be 
applied to specific industry problems. The sizing, 
sorting and separation method is a way of 
facilitating cleaner production. It is valuable tool 
with which engineers can develop cost-effective 
and environmentally-aware waste solutions for 
industry. Primary product purification and 
by-product collection is thus made possible. The 
' sizing, sorting and separation ' technique is 
implemented as an integral component of routine 
sampling and analysis to obtain basic data. The 
treatment procedures that evolve can prevent 
undesirable interaction of wastes , further 
degradation and odorous emissions. 

The ability to classify, sort and separate materials 
to achieve a contaminant free, high quality final 
product with minimal waste-bearing streams can 
assist agricultural production systems to add value 
to their products , and to achieve a 'clean green ' 
image for food and fibre industries. 

Solutions to Waste Problems 

The best long-term solution is to reduce pollution 
at its source, or to stop generating waste in the 
first place through appropriate strategies. In some 
cases however, some form of 'end-of-pipe ' 
treatment is the only means of preserving production 
and the environment. In either case it is important 
that any unit processes are simple and reliable. 

Waste water is generally contaminated with 
inorganic and organic matter and micro-organisms. 
The traditional aims oftreatment are first to remove 
suspended matter, and then to facilitate the 

reduction of dissolved matter without added 
degradation of the water quality. Treatment should 
therefore begin with the physical removal of grit 
and other easily separable solid matter associated 
with the raw material. Effective screening must be 
correctly implemented for solids recovery and 
value-added by-product opportunities. 

Chemical and biological treatments, while likely 
to provide further treatment benefits for obtaining 
improved quality waste water, should be only used 
once all screenable solids have been separated. All 
waste treatments should be selected so as to be 
cost effective and perhaps offer cost benefits as an 
offset to treatment costs. 

As we have said, it is far better to treat pollution 
through preventative measures by tackling the 
waste as it occurs. Water monitoring equipment 
for recording temperature, salinity, flow, and 
turbidity measurements should be used to provide 
accurate material balances for a processing plant 
and thereby identify potential improvement areas. 
Such measures not only assess the performance 
both of management and of production workers, 
but can allow waste handling costs to be reduced, 
and enhance water conservation and re-use, 
resulting in possible raw material savings. 

After all in-plant waste management 
opporl1l1lities have been explored, decisions can 
be made about appropriate methods of treatment 
and disposal of the resultant wastes. 

Once the sources and quantities of waste have 
been established, it is usual to find that there are 
methods of reducing water consumption and waste. 
Process re-design and reorganisation can also 
improve energy consumpti on, lower product 
losses, and result in fewer accidents and spills, 
better public relations and reduced liability. 

By-product or resource recovery often creates a 
range of potential uses, depending on the character 
and quality of the by-product or resource. 

By-product Recovery 

Most of the by-products associated with the 
agricultural, food and fi b re industries can be 
recovered as animal feeds, waste paper, fats and oils, 
or feltilizers; the water can be used without alteration 
for land irrigation. Simpler by-products generated 
through biochemical treatment include biogas and 
energy derived from combustion of waste. 
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Examples of by-product recovery include: 
• protein from meat , shellfish and by-product 

process ing; 
• fruit matter from dried vine-fruit process 

operations; 
• citrus and vegetable meal from canning andjuicing 

operations; 
• starch from vegetable and grain processing; 
• fats , oils or gelatin from animal offal-containing 

wastes; and 
• solids from food process ing operations which 

can often be used for animal feed , compost, and 
as soil conditioners. 

Implementation of a cleaner production approach 
can also provide benefits by improving by-product 
quality in a host of industries . 

Abattoirs, tanneries and meat works all offer a 
diverse range of by-products , both edible and 
non-edible, and perhaps refl ec t a typical example 
of good by-product utilisation. However, a great 
numbe r of 'c lea ner product ion ' opportunities 
st ill ex ist particularly in the recovery of raw 
materi a ls or chemicals , espec ially in tanneries. 
For example, process operations assoc iated with 
these industri es produce apprec iab le amounts of 
hair, wool , feathers, fat , oil and prote in which are 
carried away by water streams at a large sca le. 
Losses of these by-products occur in each section 
of process ing, whether it be the process ing of meat 
or its related by-products; they are not only ' dollars 
down the drain ' but a lso present se riou s 
environmental concerns. 

Tanneri es in particular use large vo lumes of 
concentrated liquors in each stage of production. 
The removal of contaminants from spent liquors 
therefore provides the opportunity to recycle and 
re-use chemicals, and also the opportunity for 
va lue-adding through by-product recovery. Good 
management practices and improved waste 
handling measures not only reduce pollution 
output by the industry but enable commerc ial 
realisation of recog ni sab le by-products and 
chemical recovery. 

Assoc iated mea t by-products can be 
manufactured into industrial chemicals, cosmetics, 
pharmaceuticals, glue, soap, glycerine, animal 
feeds, fe rtili ze rs, candl es, lubricating o il s and 
shaving cream. 

Leather, scrap and assoc iated waste generated 
by skin processors and tanneries , which a re 

uncontaminated by worn parts, nails , adhesives , 
and so on, offer significant recycling potential for 
comm e rcial gain, and can also be used as 
biodegradable fertilizer. Smaller pieces of leather 
trimmings and shavings of both tanned and 
untanned waste can be used for the manu facture 
of gelatin and collagen-based products and for the 
manufacture of insulation and a range of recycled 
leather products. 

A Cleaner Production Technology: The SSU 

The Selective Separation Unit or SSU is a technical 
breakthrough in the extraction of a lean filtrate from 
a solid-carrying I iquid. It combines simplicity and 
effectiveness with low capital and operational 
costs. Its real s ignificance, however, li es in the t~1ct 
that it can operate under high flow conditions 
without req uirin g reg ular mainte nan ce as 
conventional ' dead-end ' filtration methods do. 
Thus , t he S SU e nables in-lin e recyclin g 
opportunities previously not achievable by other 
filtration solutions for waste treatment. 

The system possesses the following advantages: 

• minimal floor space required; 
• no operator involvement; 
• very little power requirement; 
• littl e or no maintenance required ; 
• no residence time; separation is immediate and 

in-line with flow; 
• system can alter operation to suit contaminant 

leve l and flow character; 
• relati vely small in size and capital outlay ; 
• virtually zero pressure differential. 
[n general , the SS U has enormous potenti al in 
industry because it may be used for v iltually any 
type of water or effl uent in which a predominant 
liquid vo lume is to be separated fro m its suspended 
solid constituent. The SSU's operating principle 
re li es on the response of the so lid contaminants' 
particle dynamics in response to fluid flow, thereby 
using counter-flow techniques for the eftlc ient 
separation of solids. The SSU is in fact a 'se lf 
cleaning ' n itration unit that can be used in various 
in-line situations. 

The SSU offers two modes of application: ( i) 
particle filtration , from coarse so lids down to a 
p3lticle size of less than 100 I1m, e.g . sand; ( ii) 
micro filtration , from particles down to colloidal 
ma tter of less than 5 I1m, e.g. flocs. 
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Some examples include: final filtration of effluent 
before irrigation; insurance filtration during waste 
water recycling to ensure solids removal; primary/ 
secondary/tertiary filtration during conventional 
treatment 'at the source' for solids reduction and 
water recycling; by-product recovely. 

A prototype unit, capable of handling 50 L S- I is 
readily transportable and has been demonstrated 
in a number of difficult industries such as a dried 
fruit (sultana/raisin) processing plant, a plastics 
recycling plant, a meat processing and by-product 
recovery plant, and a fruit and vegetable 
processing plant. 

Cleaner production demonstrations are planned 
for various other industries, including the tanning 

industlY, for a number of potential applications, 
from stream purification to by-product recovery. 

Conclusion 

The University of South Australia is now in the 
process of formulating a marketing strategy to 
commercialise the technology. A full patent has 
been granted for world protection of the SSU 
technology in the light of the commercial 
opportunity presented. The prototype SSU has 
received interest from various organisations and 
government bodies, and is an excellent example 
of technology which can assist in cleaner 
production. 
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