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Activated carbon (AC) is widely used in groundwater remediation, more specifically, for the activated carbon
permeable barriers (AC-PRBs). However, the long-term use of AC-PRBs is limited by the AC's adsorption
capacity. In this work, a Fenton-combined persulfate system (Fe?*/H,0,/5,06%7) was used to treat
activated carbon that was saturated with organic compounds, such as trichloroethylene (TCE), to
promote the oxidation of the adsorbed contaminants and the regeneration of AC. The effect of pH and
the calcium ion (Ca®*) were investigated during AC's adsorption/regeneration. The results showed that
under certain reaction conditions (TCE/Fe?*/H,0,/S,0g%~ molar ratio of 1.00/9.00/56.63/76.25), acidic
pH conditions (pH = 3) favored the adsorption/regeneration process of AC, yielding a regeneration
efficiency of 26.28% on average in three regeneration cycles. The presence of Ca®*, even in relatively
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1 Introduction

Activated carbon (AC) is widely used in groundwater remedia-
tion and wastewater treatment, thanks to its high surface area
and porous structure, which can physically adsorb a variety of
contaminants, especially in terms of its interaction with volatile
organic compounds (VOCs)."” AC has been used as an adsor-
bent for organic contaminants in a range of permeable reactive
barriers (PRBs),*® especially for the remediation of groundwater
contaminated by chlorinated organic compounds.'® To better
utilize the AC-PRBs, differently designed structures of the PRBs
were investigated and applied in groundwater remediation.™
PRB offers the potential for low-cost remediation, taking
advantage of the passive groundwater flow to bring the
contaminants in contact with the reactive materials in the
barrier."* However, AC-PRBs are limited by AC's adsorption
capacity.

The regeneration of AC can transform the contaminants into
less toxic byproducts, re-establish the adsorptive capacity of the
carbon for the target chemicals, and increase its lifespan.**
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low concentrations, seemed to decrease HO" generation and AC's adsorption capacity.

Several methods have been studied for the regeneration of AC
saturated with organic contaminants. The advanced oxidation
process (AOPs) is one of the most promising methods to treat
aqueous effluents containing organic contaminants."*® Avail-
able AOP approaches to regenerate AC include Fenton's reagent
(Fe*'/H,0,), persulfate oxidation (Fe**/S,05°) and a Fenton-
combined persulfate system (Fe>'/H,0,/5,05>7).1>1718

The results of the Fe**/H,0,/S,04>" system in the regenera-
tion of AC saturated with organic compounds were prom-
ising.’' In particular, both H,0, and $,05>~ in the Fe*'/H,0,/
S,04%" system can be catalyzed by Fe*" to avoid the consump-
tion of SO, " by excess Fe** and improve the production of the
hydroxyl radical (HO").>»** Furthermore, the pH of the reaction
environment was decreased as a result of S,05>~, which would
favor the reaction and avoid iron precipitation.*

Despite the Fe?'/H,0,/S,04>" system's promising results,
the adsorption/regeneration processes are known to be affected
by several environmental factors, including pH, temperature,
salinity and chemical composition,* particularly,*® which play
an important role in the efficiency of oxidants. Moreover, pH
and Ca*" alter the surface charge and polarity of AC, resulting in
different adsorption properties for contaminants.”” The
adsorption capacity of AC is strongly unfavored by a high O
content. In an alkaline environment, the O amount in the
surface of the AC increased and resulted in a decrease of its
adsorption capacity.?”?® Iron ion (Fe>* and Fe**) concentrations
played an important role in the oxidation ability of the Fe*'/
H,0,/S,04> system, and are strongly affected by pH. Kilduff
and Karanfil*® pointed out that the increasing concentrations of
Ca”" lead to a decrease in trichloroethylene (TCE) adsorption by
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activated carbon. Heo et al*® stated that the solution ionic
strength, mainly with cations (i.e. Ca*>*, Mg®", Na"), affects the
TCE adsorption on granular activated carbon from synthetic
groundwater. Ca®* in groundwater easily precipitates and
complexes, which might have a negative effect on the efficiency
of the Fe*/H,0,/S,05> system. Previous research into AC
regeneration by Fe*>*/H,0,/S,05>~ system mainly focused on the
re-establishment of AC's adsorption capacity, but the effects of
pH and Ca*" on the regeneration are still under debate.

In order to reveal the interactions of pH, Ca**, AC and
oxidants during the regeneration process of AC, the Fe*"/H,0,/
S,05>" system was used to regenerate the AC saturated with
TCE, and the effects of pH and Ca®" on the adsorption/
regeneration process of AC were investigated. The adsorption/
regeneration process of AC was conducted in three cycles to
evaluate the variation of AC's adsorption capacity. Both physical
and chemical AC properties, such as BET surface area and
chemical composition during the adsorption/regeneration
process, were evaluated. The significance of the study will
provide some insights in the application of AC-PRBs in
groundwater remediation; furthermore, environmental factors
(pH and Ca**) that affect the adsorption/regeneration process of
AC-PRBs are discussed, which can help us to understand the
mechanisms of AC regeneration and support the sustainable
use of AC-PRBs in groundwater.

2 Materials and methods
2.1 Chemicals

All the chemicals used in this study were prepared with ultra-
pure water from a Millipore system. Granular AC (20-40 mesh)
was purchased from Sigma-Aldrich and used as the adsorbent
for TCE. Trichloroethylene was the selected contaminant
(C,HCl3, TCE = 98%). Ferrous sulfate heptahydrate (FeSO,-
-7H,0, =99%), hydrogen peroxide (H,0,, =30%) and sodium
persulfate (Na,S,0g, =98%) were used as the oxidation system
to regenerate saturated AC. Benzoic acid (CcHsCOOH, =98%)
was used as a radical scavenger to capture HO'. p-Hydrox-
ybenzoic acid (C;HsO3, =98%) was the product of benzoic acid
and HO’, and was used as a standard material for HO" detec-
tion. Calcium chloride (CaCl,, =96%) was used to adjust the
concentration of Ca®" during the experiment. H,SO, and NaOH
were used to adjust the pH in the experiment. Ascorbic acid
(CeHgOs, =98%) was used to terminate the radical reactions
during the regeneration process. Chemicals were all analytical
grade reagents and obtained from Beijing Chemical Works
(Beijing, China).

2.2 Experiment design

All the experiments were conducted in batch mode and in non-
buffered solutions under ambient room temperature. The
initial pH of samples was adjusted with H,SO, (1 mol L™") and
NaOH (1 mol L "). All the experiments were conducted in a 2 L
conical flask with a Teflon coated plug and a magnetic stirring
apparatus. The reaction liquid was stirred with a magnetic
stirrer that had an adjustable agitation rate (150 rpm).
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Experiments, including controls, were set up in triplicate. The
ascorbic acid was used to terminate the radical reactions.
Adsorption three times was selected in the experiments because
a 3 times adsorption not only achieves a high TCE removal
efficiency, but also enough TCE can be adsorbed in AC. 479
samples were taken in the experiments, including the effect of
pH on TCE removal and HO® generation tests (147 samples), the
effect of pH on the adsorption/regeneration and iron loss tests
(108 samples), the effect of pH on AC's surface characters (4
samples), the effect of Ca®>" concentrations on TCE removal and
HO' generation tests (168 samples), the effect of Ca** concen-
trations on the adsorption/regeneration and iron loss tests (48
samples) and the effect of Ca®>" on AC's surface characters (4
samples).

2.2.1 Effect of pH on the adsorption/regeneration process
of AC. To investigate the effect of pH on the AC adsorption
process, kinetic tests were conducted. The adsorption experi-
ments were conducted in 2 L of TCE solutions (30 mg L") with
1 g of AC while the initial pH was adjusted to 3, 7 and 9. TCE
concentrations were analyzed from 5 mL samples of the reac-
tion solution that were mixed in a 10 mL borosilicate vial con-
taining 1 mL of ascorbic acid (0.1 mol L") at for 10, 30, 60, 120,
180, 240, 360, 480, 720 and 1440 minutes.

In the regeneration process of AC, the adsorption process
was conducted first, while the solution pH was fixed at 7, the
reaction time was selected for 12 h (according to the results
from kinetic tests when the adsorption equilibrium was ach-
ieved). The adsorption processes were conducted 3 times to
help the AC saturate (not fully saturated), the saturated AC was
then freeze-dried to help regeneration. Based on the adsorbed
TCE amount, the solution's pH was adjusted to 3, 7 and 9,
respectively; oxidants with a TCE/Fe®"/H,0,/S,05>~ molar ratio
of 1.00/9.00/56.63/76.25 (obtained from our previous study)
were then added. The adsorption/regeneration cycle was
repeated 3 times. TCE, HO", and chloride concentrations were
analyzed during the reactions.

2.2.2 Effect of Ca®* on the AC adsorption/regeneration
process. To investigate the effect of Ca®* on the AC adsorption
process, kinetic tests were conducted under a pH of 7. The
adsorption experiments were conducted in 2 L of TCE solutions
(30 mg L") with 1 g of AC while the initial Ca®>" concentration
was adjusted to 0.01, 0.05 and 0.1 mol L™, An aliquot of 5 mL of
the reaction solution was sampled and combined in a 10 mL
borosilicate vial containing 1 mL of ascorbic acid (0.1 mol L)
for 10, 30, 60, 120, 180, 240, 360, 480, 720 and 1440 mins. The
TCE concentration was analyzed.

For the regeneration process of AC, the adsorption process
was conducted first (Ca®* = 0 mol L™ "), while the solution pH was
fixed at 7, and the reaction time was selected for 12 h. The
adsorption processes were conducted 3 times to help the AC
saturate (not fully saturated), the saturated AC was then freeze-
dried to help regeneration. Based on the adsorbed TCE
amount, the Ca** concentration in the solution was adjusted to
0.01, 0.05 and 0.1 mol L™, and then the oxidants added with
a TCE/Fe**/H,0,/S,05>~ molar ratio of 1.00/9.00/56.63/76.25. The
adsorption/regeneration cycle was repeated 3 times. TCE, HO"
and chloride concentrations were analyzed during the reactions.
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2.3 Analytical methods

TCE was analyzed by using an Agilent GC-6820 with a headspace
autosampler (HP 7694E), a FID detector and a 30 m x 0.53 mm
DB-5 capillary column (film thickness 1.5 pm). The total iron
ion (Fe) amounts were analyzed by ICP-OES (Spectroblue, Ger-
many). The value of pH was determined by using a Sartorius PB-
10 pH meter. In order to investigate the HO" concentrations,
benzoic acid was selected as the radical scavenger.** Benzoic
acid and p-Hydroxybenzoic acid were determined by using an
Agilent 1220 HPLC that was equipped with a ZORBAX SB-Aq
column (5 pm, 4.6 x 150 mm) and HPLC-UV detection at
240 nm. Chloride was determined by Silver nitrate titration
(0.01 mol L") by using an automatic potentiometric titrator
(Metrohm 877 Titrino plus equipped with a Metrohm 801
stirrer, Switzerland). An Escalab 250Xi X-ray photoelectron
spectrometer (Thermo Scientific, USA) was used to assess the
surface element change of the AC. Pore size and volume were
determined by using an ASAP2020 physical adsorption instru-
ment (Micromeritics Instrument Corp, USA).

3 Results and discussion
3.1 Effect of pH on AC adsorption/regeneration process

The variation of pH resulted in a change of the AC's surface
charge and affected the adsorption properties.”” As presented
in Fig. 1, adsorption/regeneration cycles were conducted
three times under different pH conditions. The left Y-axis of
Fig. 1 represents the TCE amount that adsorbed or oxidized
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Fig. 1 Effect of pH on the adsorption/regeneration process of AC.
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during the adsorption/regeneration cycles, the right Y-axis of
Fig. 1 represents the regeneration efficiency of TCE during
the adsorption/regeneration cycles. TCE was finally oxidized
to chloride during the regeneration (1 molar TCE can finally
generate 3 molar chloride; no intermediates were detected),
which means that chloride can represent the oxidized
amount of TCE. The generated chloride divided by 3 was the
oxidized TCE amount (in a molar ratio). The regeneration
efficiency was expressed as eqn (1). It was observed that the
Fe?'/H,0,/S,05>~ system was very efficient in oxidizing TCE
that adsorbed on the surface of AC (eqn (2) and (3)). During
the first regeneration cycle, 30.22%, 29.29% and 33.98% of
the TCE was mineralized to chloride under different pH
conditions of 3, 7 and 9, respectively (Fig. 1). However, during
the second and the third regeneration cycles, the regenera-
tion efficiency of AC decreased to 26.75% and 21.87% with
a pH of 3. Due to the decrease in TCE adsorption with a pH of
7 and 9 (Fig. 1), the regeneration efficiency of AC increased to
42.52% and 44.01% with a pH of 9, decreased to 17.04% and
then increased to 30.41% with a pH of 7.
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Although the highest regeneration efficiency of AC was
achieved with pHs of 7 and 9, the adsorption capacity of AC
decreased after regeneration. In comparison, at pH 3 the
adsorption capacity of AC was stable, indicating that a low pH
was favorable for AC's long-term adsorption/regeneration
(Fig. 1).

The TCE adsorption capacity is strongly unfavored by a high
O content; in fact, the presence of O made the AC surface more
polar and, consequently, decreased the adsorption capacity of
AC.?”?® In an alkaline environment, the O amount in the surface
of the AC increased and resulted in a decrease of its adsorption
capacity. As shown in Fig. 2, with pH increasing, the adsorbed
TCE on AC decreased, and it can be observed that the highest
TCE adsorption occurred at pH = 3, confirming that an acidic
condition is favorable for the adsorption process of AC (Fig. 2).
The HO' concentration represented the efficiency with which
the oxidized TCE was adsorbed on the AC's surface during the
regeneration process. Because of the initial addition of persul-
fate, an acidic condition was created, so there was little change
in HO' generation with pH at 3, 7 and 9 (Fig. 2), suggesting that
the Fe*/H,0,/S,05>~ system possessed a high oxidation ability
with pH ranging from 3 to 9.

Iron ions (Fe** and Fe*") played an important role on the
surface character of AC and the oxidation ability of the Fe*"/
H,0,/S,04>~ system; however, iron precipitation might
adversely impact the oxidants and the adsorption capacity of
AC. Iron precipitation was mainly determined by pH and the
iron concentration. Despite the adjustment of pH by persulfate,
iron precipitation was inevitable during the reaction. As pre-
sented in Fig. 3, the iron losses with pH = 3, 7 and 9 in the first
regeneration cycle were 14.94%, 22.24% and 24.35%, respec-
tively. However, it was obvious that the input iron of the
oxidation systems decreased at pHs of 7 and 9, indicating that
the adsorption capacity of AC decreased, which resulted in
a decrease of adsorbed TCE on AC. For a pH of 9, there was
a significant iron loss during regeneration compared with pHs
of 3 and 7, suggesting that an alkaline environment is favorable
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Fig. 2 Effect of pH on TCE removal and HO" generation.
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for iron precipitation. Though the pH of 7 possessed a better
iron loss control, considering the stability of AC's adsorption
capacity, pH 3 is more suitable for the adsorption/regeneration
process of AC.

The effect of pH on the physico-chemical characteristics of
AC was investigated. Acidic conditions not only exhibited good
iron loss prevention (Fig. 3), they also resulted in the highest
adsorption capacity of AC (Fig. 1). Table 1 presents the element
changes under different pH conditions, and it can be observed
that after the regeneration, the Fe contents were 2.38%, 0.87%
and 0.73% for pH 3, 7 and 9, respectively. Due to the high AC
adsorption capacity in the acidic condition (pH 3), the addition
of the oxidant amount was higher, resulting in an increase of
iron content in the surface of AC (Table 1). Compared with the
initial AC, the accumulation of iron on the AC surface was
significant, especially at pH = 3. It can be observed that the Fe
content increased at pH 3 (from 0.32% to 2.38%) in comparison
with 0.87% and 0.73% at pH 7 and pH 9, respectively. The
chloride content (representing the TCE content) increased from
0.14% to 0.58%, 1.44% and 1.53% at pH 3, pH 7, and pH 9,
respectively. The contents of Cl under pHs of 3, 7 and 9 were
0.58%, 1.44% and 1.53%, respectively, suggesting that acidic
pH conditions with the least Cl reservation favored TCE
removal. However, acidic pH conditions promote contaminant
removal by the Fe*'/H,0,/S,05>~ system, which could result in
a mass loss of the AC.

The surface area of the AC during regeneration under
different pH conditions showed that acidic conditions were
more favorable for the protection of the AC surface area (Table
2). However, there was an approximately 32.85% decline in the
BET surface area of the AC that occurred at pH 3 after three
regeneration cycles, which was attributed to iron accumulation
and carbon mass loss of the AC surfaces.*

In general, despite iron precipitation, the loss of carbon
mass and the decrease of AC surface area, high adsorption and
removal of TCE during the regeneration suggested that an
acidic pH favored AC's adsorption/regeneration process.
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3.2 Effect of Ca®" on AC adsorption/regeneration process

Due to its relatively low solubility in compound form, Ca*>" in
groundwater easily precipitates and complexes. It was widely
accepted that pH and ionic strength do not affect the adsorption

Table 1 AC element changes under different pH conditions after
regeneration

Final AC Final AC Final AC

Initial AC (pH = 3) (pH = 3) (pH =19)
Elements (Wt%) (Wt%) (Wt%) (Wt%)
C 70.84 45.76 56.67 61.31
N 0.00 0.00 0.00 0.00
O 9.48 28.24 28.55 28.79
Na 0.13 0.15 0.10 0.17
Al 1.31 9.35 0.99 0.90
Si 15.57 12.35 6.83 2.62
P 0.91 0.82 1.46 1.47
S 0.52 0.11 1.83 2.36
Cl 0.14 0.58 1.44 1.53
Ti 0.77 0.26 1.28 0.11
Fe 0.32 2.38 0.87 0.73
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of uncharged organic compounds on activated carbon.””**
However, the influence of the presence of Ca** in solutions on
the adsorption capacity of AC and the oxidation ability of the
Fe®'/H,0,/S,05>" system is still a debated subject. It is widely
known that CaSO, and CaCOj; easily precipitate in groundwater;
apparently, SO,> and CO;>~ are the products of the Fe*'/H,0,/
S,04>" system. It is possible that due to the presence of Ca>",
the adsorption capacity of AC may be affected.

As presented in Fig. 4, two adsorption/regeneration cycles
were conducted. During the first adsorption/regeneration cycle,
TCE removal decreased obviously when Ca®" was present. It was
apparent that during the second adsorption/regeneration cycle,
even though the regeneration of AC was carried out, it had
difficulty in removing TCE in the presence of Ca>" conditions.
This indicated that Ca** could play an important role not only in
AC's adsorption capacity, but also in its regeneration process.
The reasons might owe to the combination of Ca>* with other
ions, especially for SO,> and CO;>~, which generate from
S$,05°" (eqn (3)) and TCE degradation, respectively, which easily
precipitate on the surface of the AC and affect the adsorption
capacity of it, resulting in a decrease in TCE removal in the
second cycle.
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Table 2 AC surface area change under different pH conditions after regeneration

Category (m> g ') Initial AC

Final AC
(pH = 3)

Final AC
(PH=7)

Final AC
(PH =9)

BET surface area
Langmuir surface area
t-plot pore area

t-plot external surface area

637.41
1267.26
452.07
185.34

0.8
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a%"=0.05 mol/L
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Fig. 4 TCE removal in different Ca>* concentrations.

The presence of Ca®>" also showed an influence on the
oxidation ability of oxidants, the adsorption capacity of AC, and
the formation of iron ions in solution. When Ca®" was present,
the generation of HO" decreased significantly, as Fig. 5 shows.
Without Ca** in the regeneration process, the generation of HO'
was much higher than that with Ca®>" present, suggesting that
Ca®" decreased the oxidation ability of the Fe®'/H,0,/S,05>~
system. As with the variation of AC's adsorption capacity when
Ca®" was present, it can be observed that the amount of
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adsorbed TCE on the AC decreased obviously (Fig. 5). Compared
with the reaction system without Ca**, the adsorption of AC
decreased as the Ca®> concentration increased, indicating
a negative effect of Ca®>" on the adsorption capacity of AC.

The iron loss during the regeneration of AC is presented in
Fig. 6. Compared with the input Fe concentration before
regeneration, the Fe concentration decreased significantly after
regeneration. Even without the presence of Ca>", iron loss also
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Fig. 5 Effect of Ca®* concentrations on TCE removal and HO® generation.
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Table 3 The AC elements change under different Ca®* concentrations after regeneration

Initial AC ca* = Ca* = ca* = Ca® =
Elements (Wt%) 0 mmol L™ (wt%) 0.01 mmol L™ (wt%) 0.05 mmol L™" (wt%) 0.1 mmol L™ (wt%)
C 70.84 75.57 69.89 59.25 49.32
N 0.00 0.00 0.00 0.00 0.00
(@) 9.48 6.70 19.94 27.36 28.78
Na 0.13 0.32 0.29 0.72 0.99
Al 1.31 8.13 0.89 7.98 5.90
Si 15.57 6.39 1.80 15.62 12.38
P 0.91 0.87 1.46 1.48 0.89
S 0.52 0.23 1.34 0.56 0.15
Cl 0.14 0.51 2.63 2.64 0.69
Ti 0.77 0.36 0.43 0.46 0.23
Fe 0.32 0.91 0.34 0.42 0.66
Table 4 AC surface area under different Ca®* conditions after regeneration
Ca? = Ca%t — ca? = ca® =
Category (m” g™ ) Initial 0 mmol L ™" 0.01 mmol L™* 0.05 mmol L™* 0.1 mmol L *
BET surface area 637.41 457.21 447.50 395.35 450.81
Langmuir surface area 1267.26 1033.59 999.60 927.88 995.31
t-plot pore area 452.07 269.63 286.04 242.84 294.75
t-plot external surface area 185.34 187.59 161.46 152.51 156.06

happened. The iron loss at Ca** concentrations of 0.01, 0.05 and
0.1 mmol L™" were 24.05%, 27.68% and 23.73%, respectively,
compared with the control (without Ca®") in which 18.14% of
iron loss occurred in the absence of Ca**. Iron loss increased
when Ca*" was present, which indicated that Ca®* precipitation
formed by Ca*>* promoted the iron loss during the regeneration
process of AC.

It can be observed that in the presence of Ca>", the mass loss
of C increased after the regeneration of AC (Table 3). The C
content on the surface of the AC was 75.57% without Ca*",
compared with that of 69.89%, 59.25% and 49.32% under Ca**
concentrations of 0.01, 0.05 and 0.1 mmol L™, respectively. The
C content was directly related with the adsorption capacity of
the AC, further indicating that Ca*' can decrease the AC's
adsorption capacity. The content of iron in the AC surface
decreased in the presence of Ca®*, suggesting that the
complexation of Ca** and Fe ions mainly occurred in solution
rather than on the AC surface. The Cl level increased substan-
tially on the surface of the AC in the presence of Ca**, proving
that Ca®* decreased the regeneration efficiency of AC.

Comparing the AC surface area with and without Ca", it was
found that Ca** did not influence the surface area of the AC
(Table 4). Looking at the change of the AC's surface area and Fe
content, it can be inferred that the complexation of Ca*>" and Fe
ions occurred in solution and then reduced the iron precipita-
tion on the AC's surface. Furthermore, the consumption of HO"
in the presence of Ca®" eliminated the deterioration of the AC
surface structure.

Overall, the influence of Ca**, even at low concentrations,
appeared to be evident on the HO® generation and the AC
adsorption capacity and regeneration.
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Based on the results obtained from the experiments, it can
be concluded that AC-PRB is a valuable approach for ground-
water management. It requires refinement, as several environ-
mental factors played a negative effect on the PRBs, including
pH and Ca®", but it has the advantages of an immediate organic
contamination removal followed by a sustainable use that
employs the adsorption/regeneration process.

4 Conclusion

Under certain reaction conditions (TCE/Fe*"/H,0,/S,05>"
molar ratio of 1.00/9.00/56.63/76.25), compared with the pHs of
7 and 9, the adsorption capacity of AC under pH 3 decreased
less after regeneration, indicating a sustainable use of AC-PRBs
under an acidic pH condition. Even though the iron precipita-
tion, C mass loss, and the decrease of the AC surface area were
higher under a pH of 3, a high adsorption and removal of TCE
during the regeneration suggested that an acidic pH favored
AC's adsorption/regeneration process. The presence of Ca’",
even at low concentrations, could decrease HO" generation and
AC adsorption capacity. Ca®* or precipitation formed by Ca**
promoted the iron loss during the regeneration process of AC,
which resulted in iron precipitation in solutions rather than on
the surface of the AC. Moreover, the consumption of HO" in the
presence of Ca®" eliminated the deterioration of the AC surface
structure.
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