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luted Water Bodies
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Abstract This study employed a modified biochar material to construct a permeable reactive barrier (PRB) for the treatment of water bodies
polluted with mercury and arsenic. The experimental results demonstrated that the addition of goethite-modified biochar significantly enhanced
the remediation efficiency of As (III), achieving a maximum removal rate of 100% . Conversely, pure biochar exhibited high efficiency in the
removal of Hg (II), with a maximum removal rate approaching 100% . Furthermore, the pH level of the water significantly influenced the ad-
sorption efficiency of heavy metal ions, with the optimal removal performance observed at a pH of 6.0. The PRB system demonstrated excellent
removal rates under low concentrations of heavy metals. However, as the concentration increased, the remediation efficiency exhibited a slight
decrease. In summary, the findings of this study provide compelling evidence for the use of modified biochar in the construction of PRBs for the
remediation of mercury and arsenic-polluted water bodies. Furthermore, the study reveals the mechanism by which pH and heavy metal concen-

tration influence remediation efficiency.
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1 Introduction
Heavy metal ions are highly toxic, accumulate in large quan-

tities, and are extremely harmful to humans and the environ-

[1]

ment' . They are non-biodegradable, stable, and persistent, and

have diverse forms, with a variety of ions often coexisting, making

their removal difficult. A variety of technologies have been em-

ployed to treat heavy metal ions in wastewater'' >’

3-6] -8]

, including ad-
. L (7 [9-10]

, chemical precipitation

'~ These methods have both advanta-

ges and disadvantages in the treatment of heavy metal wastewater.

-0 .
sorption , lon exchange

1
and membrane treatment

However, they are not effective in the treatment of coexisting
heavy metal ions, particularly when anions and cations coexist .
Therefore, it is of great importance to identify efficient and eco-
nomical methods for the removal of heavy metal ions.

The removal of heavy metal ions has emerged as a significant
area of research interest. The permeable reactive barrier ( PRB)
technology has emerged as a promising approach for the remedia-
tion of heavy metal-polluted water, due to its cost-effectiveness,
high efficiency, and environmental compatibility” ™', This tech-
nology employs an in situ permeable reaction medium to treat pol-
luted groundwater. This approach allows for the removal of con-
taminants in situ, thereby reducing costs. PRB technology is par-
ticularly advantageous for groundwater contamination remediation
as it minimizes operation and maintenance costs compared to sur-
face treatment of large quantities of low concentration water'” ~"*'.

The reaction medium plays a pivotal role in determining the
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efficacy and longevity of PRB systems. The selection of an optimal
reaction medium should be guided by considerations such as activ-
ity,, permeability or hydraulic conductivity, environmental compat-
ibility, availability, cost, and long-term stability"™’.

This study investigated the performance of goethite biochar
mixtures in PRB columns for the remediation of mercury and arse-
nic polluted water bodies. The specific aims were to examine the
removal effects of the mixtures on mercury and arsenic, analyze
the effects of pH and initial concentration on the removal effect,
and reveal the removal mechanism of mercury and arsenic by the

mixture.

2 Materials and methods
2.1 Materials

Xinjiang Academy of Agricultural Sciences. The pretreatment

The cotton straw biochar was obtained from the

process involved soaking the material in 5% hydrochloric acid for
24 h, washing it with deionized water to achieve a pH of 7.0, dr-
ying it at 60 °C for 24 h, and storing it in a desiccator for future
use.

Regarding the synthesis of goethite biochar composite, the
following adjustments were made: the ratio of the raw materials
was altered to 1 : 1, with the mass ratio of Fe(NO,), - 9H,0 to
biochar adjusted to 1 : 1. Other synthesis conditions were main-
tained throughout the experiment, with the pH of the mixture ad-
justed to approximately 12 using a SM KOH solution, followed by
aging at a temperature of 60 “C for 60 h. Following the completion
of the synthesis, the goethite biochar composites were rinsed with
deionized water until the pH of the supernatant was nearly neutral

(approximately 7.0).
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2.2 PRB column test

struct a simulated PRB system under laboratory conditions

A plexiglass column was utilized to con-

(Fig.1). The PRB reaction column was designed from plexiglass
with a length of 20 cm and an internal diameter of 4.4 cm. The

specific design parameters are shown in Fig. 1.

[ Quartz sand
Activated carbon

I Biochar

Influent Pomp Effluent

Fig.1 Schematic diagram of experimental setup

The first step involved the filling of the column with 50 g of
goethite biochar composite. This composite was screened through a
60-mesh sieve with a particle size of approximately 0.250 mm and
a length of 4.0 cm after filling. Subsequently, 20 g of activated
carbon was introduced above and below the goethite biochar com-
posite. The activated carbons had a particle size of approximately
0.3 -0.5 mm and a total length of 3.0 cm after filling.

Finally, to complete the entire system, it is necessary to fill
the upper and lower portions of the column with 60 g of quartz
sand (particle size 2 =5 mm, height 3.5 cm). This serves as a
filtration, buffer, and protection medium. As outlined in the liter-

[20-22
ature” !

, the incorporation of activated carbon between the
media of the PRB system serves to enhance the pollutant removal
effect. The judicious selection of media components enables the
construction of an efficient and stable PRB system, capable of
meeting the diverse demands of treatment.

A simulated wastewater with a composite pollution of Hg (1I)
and As (III) was employed as the flow environment, wherein the
concentration of both Hg (IT) and As (IIT) was 10 mg/L. The
core medium, comprising goethite biochar composite, was fully
mixed with activated carbon and quartz sand in a fixed ratio and
then filled into the reactor. The test was conducted in two stages:
the first stage involved the simulation of the treatment of arsenic-
containing wastewater, while the second stage simulated the treat-
ment of mercury-containing wastewater. In each stage, water sam-

ples were filled into Mariotte bottles and passed through the reactor

at a flow rate of 1 mL/min.

Following the stabilization of the effluent, water samples were
collected and filtered through a 0.22 pm membrane. The mercury
and arsenic contents were then determined by an AFS-810 atomic
fluorescence photometer ( AFS-810, Jitian, Beijing, China). The
removal rate was calculated based on the concentration difference
between the influent and effluent to evaluate the treatment effect of
the reactor.

3 Results and analysis

3.1 Remediation performance of biochar PRB on mercury
and arsenic composite polluted water bodies

3.1.1 Remediation of mercury and arsenic composite pollution
by biochar PRB using different reactive materials. Three PRB col-
umns were constructed with biochar (50 g), a biochar and goe-
thite modified biochar mixture (25 g each) , and goethite modified
biochar (50 g), which were labeled BC, BC + GBC, and GBC,
respectively. In order to simulate the actual multi-component pol-
lution, a simulated water body containing As (IIT) and Hg (1),
both at a concentration of 10 mg/L, was configured. The simula-
ted sewage was treated at pH 6.0, a flow rate of 1.0 ml./min, and
25 °C, and the removal results are shown in Fig. 2. Tt is evident
that there are differences in the removal capacity of PRB systems
constructed with different reactive materials. These results can
provide a reference for optimizing system design and operation.

The removal efficiency of As (IIT) and Hg (IT) by the three
PRB systems was satisfactory. At 120 h, the removal rates of As
(TT) by BC (Fig.2a), BC + GBC (Fig.2b), and GBC (Fig.2c)
were 85.7% , 93.8% , and 100% , respectively. Similarly, the
removal rate of Hg (II) was close to 100% in all cases. The re-
moval rate of As (III) by pure biochar was low, but the removal
rate was increased by the mixing of goethite-modified biochar. The
PRB constructed with pure goethite-modified biochar demonstrated
100% removal rate of As (II). The three PRBs demonstrated
high Hg (II) removal rate, with the highest observed in the pure
biochar sample. The final Hg (IT) concentration in the effluent af-
ter 120 h was below the limit of detection, at 0 mg/L.

In this study, the goethite-modified biochar, prepared to op-

timal specifications, was utilized to construct the PRB, which was
then employed to treat simulated arsenic polluted water bodies.
The results demonstrated a maximum removal rate of 100% , which
is an ideal medium for As adsorption.
3.1.2 Remediation of composite mercury and arsenic pollution
by biochar PRB at different pH. In the multicomponent system,
the simulated polluted water contained 10 mg/L. As (IIT) and Hg
(T1). The results of As (IIT) and Hg (1II) removal by the PRB
system constructed with goethite-modified biochar at a flow rate of
1.0 mL/min and a temperature of 25 °C with an initial pH of 3.0,
6.0, and 9.0 are shown in Fig. 3.

The pH significantly influenced the removal efficiency of met-
als in the PRB. The residual concentrations of As (III) were
0.30, 0.00 and 0.80 mg/L, while those of Hg (II) were 0. 13,
0.002 and 0.29 mg/L, respectively, after 120 h of treatment at
pH 3.0, 6.0 and 9.0, respectively. The optimal performance for the



Dilixiati * Abulizi. Feasibility Evaluation of Using Biochar-based Permeable Reactive Barrier for the Remediation of Mercury and Arsenic Composite Polluted Water Bodies 17

removal of As (IIT) and Hg (II) was observed in the PRB construc-
ted with goethite-modified biochar at a pH of 6. 0. Observation of
Fig. 3d revealed that the pH of the effluent from the PRB treatment
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process exhibited temporal fluctuations when the initial pH of the

water body was 3.0. The change in pH is intimately associated with

the extent of adsorption of heavy metal ions by the PRB media.
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tial concentration, 10.0 mg/L; flow rate, 1.0 mL/min; initial pH, 6.0.

Fig.2 Effect of different reactive materials used in PRBs on the removal of heavy metal ions
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rate, 1.0 mL/min; PRB medium, GBC 50 g.
Fig.3 Effect of pH on the removal of heavy metal ions
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3.2 Remediation performance of biochar PRB for mercury/
arsenic polluted water bodies in a single component system
3.2.1

PRB at different initial arsenic concentrations. In the single com-

Remediation of arsenic polluted water body by biochar

ponent system, different concentrations of simulated polluted water
bodies were configured. The concentrations of As (III) or Hg
(IT) were set at 5.0, 10.0 and 20.0 mg/L, respectively. In the
experimental phase, the water flow rate was maintained at
1.0 mL/min, the temperature at 25 °C, and the initial pH of the
effluents was set at 6.0. The results of the treatment are presented

in Figs.4-5, respectively.
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Fig.4 Removal efficiency of biochar PRB under different initial As
(IIT) concentrations

Fig. 4 illustrates that the PRB system exhibited an over 99%
removal rate and high efficiency when the initial concentrations of
As (TIT) were 5.0 and 10.0 mg/L. Upon increasing the concen-
tration to 20 mg/L, the removal rate exhibited a slight decline to
98.83% . However, this value remained close to 100% , indica-
ting that the PRB system retained its efficient removal capability
for high As (TIT) concentrations. Following 120 h of treatment,
the remaining concentration of As (III) in the PRB column was
observed. Nearly complete removal of As (III) was observed at
initial concentrations of 5.0 and 10. 0 mg/L, with concentrations
of 0 and 0. 12 mg/L, respectively. 1.06 mg/L remained at an ini-
tial concentration of 20. 0 mg/L, but the removal rate was still

high.
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Fig.5 Removal efficiency of biochar PRB under different initial Hg
(IT) concentrations

3.2.2 Remediation of arsenic polluted water body by biochar
PRB at different initial mercury concentrations. Fig. 5 illustrates
that at initial concentrations of 5.0 and 10. 0 mg/L, the removal
rate of Hg (II) by the PRB system was over 98.9% , which was
highly efficient and stable. At the initial concentration of 20. O
mg/L, the removal rate exhibited a slight decrease to 97. 98% ,
yet the treatment capacity remained robust. After 120 h of treat-
ment, the remaining concentration of Hg (II) in the PRB column
was observed. At the initial concentration of 5.0 mg/L, 0. 001
mg/L remained; at 10.0 mg/L, 0.003 mg/L remained, represen-
ting a near complete removal. At 20. 0 mg/L, 0. 454 mg/L re-
mained, yet the removal rate remained considerable. The PRB
system, comprising goethite-modified biochar, demonstrated effi-
cacy at varying Hg (1) concentrations, thus offering an effica-

cious approach for the remediation of Hg (IT)-laden wastewater.

4 Conclusions

This study employed a modified biochar to construct PRBs for
the purpose of treating water body contaminated with mercury and
arsenic. The experimental results are as follows.

(i) An increase in the proportion of goethite-modified bio-
char resulted in enhanced As (III) remediation, with a maximum
removal rate of 100% . Furthermore, the higher the pure biochar
content, the greater the Hg (II) removal rate, reaching a maxi-
mum of 99.99% .

(i1) The pH exhibited a pronounced influence on the heavy
metal adsorption efficiency, with the optimal removal performance
observed at pH 6.0.

(i) At initial concentrations of 5.0 and 10.0 mg/1., the re-
moval rate was over 9% . When the concentration was increased
to 20.0 mg/L, the removal rate decreased slightly, but remained
efficient. This indicates that the PRB system can effectively treat
mercury and arsenic pollution despite the decrease in remediation

efficiency at high concentrations.
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