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ABSTRACT: The efficacy of metal-impregnated petroleum coke (PC) activated
carbon for the adsorption of arsenite and arsenate in acidic waters is investigated
in this study. Unmodified PC activated carbon, FeCl3-loaded activated carbon,
KMnO4-loaded activated carbon, and a mixed FeCl3−KMnO4-loaded activated
carbon were used for evaluation. The surface characteristics of the activated
carbons before and after arsenic adsorption were analyzed by X-ray photoelectron
spectroscopy (XPS). Arsenate adsorption was significantly improved by the
addition of an iron−manganese-loaded activated carbon, increasing adsorption
from 8.12 to 50.93%. Oxidation−reduction reactions are proposed based on the
observed arsenic 2p3/2, iron 2p3/2, and manganese 2p3/2 XPS peaks. While iron in
the iron-loaded activated carbon is not acting as the reducing agent, it is acting as
a conductor for the flow of electrons from the activated carbon to the arsenic for
reduction to take place prior to the physisorption of the arsenic. In the
manganese-loaded activated carbon, manganese acts as the reducing agent for arsenic prior to arsenic adsorption to the surface
through physisorption. XPS of the post-arsenic(V) exposure samples showed that the Fe2O3 species were reduced from 32.18 to
1.66% in the FeMn-loaded sample, while the FeOOH species were increased from 53.16 to 81.71%. Similarly, MnO in the FeMn-
loaded activated carbon dropped from 26.82 to 15.40%, while MnOOH and MnO2 increased from 39.98 and 33.20 to 43.96 and
40.64%, respectively. This is consistent with the proposed mechanism. The adsorption of arsenite was also evaluated to show that
the modification of the activated carbon adsorbed not only the arsenic(V) species but also the more toxic arsenic(III) species
without the need for oxidation of the arsenic prior to adsorption.

1. INTRODUCTION
As one of the twentieth most abundant elements in the Earth’s
crust, arsenic can be found in no fewer than 245 mineral species.
The most common of these minerals is arsenopyrite, a mineral
often found alongside high deposits of gold and, when oxidized,
produces arsenic and sulfur oxiacids (e.g., H3AsO3, H3AsO4,
H2SO4).

1−3 During themining processes, arsenic is released into
the acid mine drainage when sulfide-bearing materials are
exposed to atmospheric water and oxygen. The Society for
Mining, Metallurgy, and Exploration (SME) notes that mining
activities, especially sulfide mining, increase the rate of arsenic
released fromminerals that are exposed to weathering during the
excavation process.4 In Canada, the Giant Mine, located in
Yellowknife, NT, produced 237,000 tons of arsenic trioxide dust
in its 52 year operation. Seepage from the chambers containing
this arsenic trioxide is evident as concentrations of arsenic in
some mine waters exceed 4000 ppm.3 Treating these tailings is
an important step in mitigating the chances of seepage or tailings
spills that would result in elevated levels of arsenic in nearby
groundwater and drinking water supplies.
Arsenic contamination in water supplies is already a

widespread problem in a number of countries worldwide.
Globally, over 140 million people across 50 countries have

drinking water containing more than the World Health
Organization’s (WHO’s) acceptable arsenic concentration
level of 10 μg/L. The majority of arsenic concentrations can
be found in South Asian countries such as Bangladesh,
Cambodia, and India; however, several Latin American
countries, including Argentina, Bolivia, and Mexico, have been
identified to contain waters with arsenic concentrations above
50 μg/L.5,6 In Bangladesh alone, the WHO reported 19 million
people exposed to arsenic concentrations above the national
standard of 50 μg/L and 39 million people exposed to arsenic
concentrations above the WHO’s guideline of 10 μg/L.5
Although there are many methods for the removal of metal

ions from different matrices, such as ion exchange, coagulation,
flocculation, nanofiltration, and chemical precipitation, adsorp-
tion has become the preferred method due to its simplicity, cost-
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effectiveness, and versatility.7,8 Many studies in the literature
have already shown the possibility of using adsorbent materials
for the removal of arsenic in contaminated waters. A study by
Byambaa et al. showed high adsorption capacities using an
adsorbent derived from acid mine drainage sludge. The
maximum adsorption capacity found in this study was 50.38
mg/g, compared to 29.07 mg/g that was obtained when using a
commercially available granular ferric hydroxide adsorbent.9

Another study by Singh et al. used a graphene oxide
functionalized with a zirconium-based metal−organic frame-
work nanocomposite for the removal of arsenic and, through
isotherm modeling, obtained a maximum adsorption capacity of
nearly 150 mg/g.10 Studies in the literature investigate the
adsorption of arsenic using many types of adsorbents; some
include modified saxaul ash, magnetite nanoparticles, function-
alized diatom silica shells, and activated carbons.11−14

In the literature, petroleum coke (PC) (or petcoke) has been
proven to be an effective adsorbent for trace metals. A study by
Pourrezaei et al. uses zero-valent iron-enhanced PC to adsorb
vanadium, manganese, nickel, and molybdenum in oil sands
process water.15 Another study by Karimi et al. uses activated
carbon prepared by CO2 activation from a PC feedstock to
adsorb metallic ions from oil sands tailings water. Their study
provided adsorption data using their material on metals such as
calcium, magnesium, strontium, sodium, and potassium;
however, it did not provide data on arsenic adsorption.16 To
our knowledge, little work has been done on the adsorption of
arsenic using PC-derived activated carbons.17 PC has been
chosen as the feedstock of choice in this study for two main
reasons. PC is a waste byproduct of the bitumen extraction
process from oil sands ore. As of 2011, the oil sands in Alberta
produced nearly 10 million metric tons of PC per year. The coal
industry and other industries have a total consumption of 5
million metric tons of petcoke per year. The remaining petcoke
is stockpiled in large quantities and, at the end of 2011, Alberta
contained stockpiles of petcoke weighing nearly 72 million
metric tons.18 Therefore, the first reason this study focuses on
the use of a PC feedstock is due to the sheer abundance of the
feedstock material allowing for the opportunity to use the waste
petcoke as feedstock for a more valuable product. The second
reason that petcoke was chosen as the feedstock material is due
to its naturally high carbon content. Activated carbons can be
made from any raw material that has a high carbon content or
that can be processed to contain a high carbon content.
Feedstocks include sawdust, wood chips, charcoal, coconut
shell, tar, and grass ash.19 These feedstocks can vary significantly
in the initial carbon content they contain. Sawdust contains
approximately 60% carbon, wood chips contain between 45 and
50% carbon, and charcoal contains 68−82% carbon.20−22 These
feedstocks often need elaborate preparation methods before the
activation process because of their lower carbon content. This is
not required for the use of PC as a feedstock because of its
naturally high carbon content of between 90 and 97%.23 This

means that there is little cost associated and resources dedicated
to the preparation of the raw material before activation.
This study will therefore focus on the use of PC-derived

activated carbon and the modification of the activated carbon
surface for the removal of arsenic(III) and arsenic(V) from
acidic waters. This work describes the novel development of a
highly effective adsorbent derived from the oil sands waste
product, PC, its application in environmental remediation of
arsenic species, and specifically, the mechanisms by which
arsenic adsorption occurs on the modified activated carbon
surface.

2. MATERIALS AND METHODS
PC used in this study was sourced from an oil sands company
and, when activated, was compared to a commercially available
activated carbon for an external benchmark (Strem Chemicals).
Arsenic(V) pentoxide (Sigma-Aldrich) and arsenic(III) trioxide
(Alfa Aesar) were used to make arsenic(V) and arsenic(III)
stock solutions for all arsenic solutions.
2.1. Activation of PC.As previously described by Fisher and

Vreugdenhil24 and by Strong et al.,25 PCwas ground to pass 0.58
mm mesh, heated in air at 400 °C for 1 h, and allowed to cool.
The resulting PC was mixed with an intentionally low amount of
solid KOH [a 1:1 ratio (w/w)] and heated under flowing
nitrogen from room temperature to 900 °C over 8 min. It was
held at this temperature for 5 min and then allowed to cool
under a nitrogen atmosphere to ambient temperature. The
resulting activated carbon was ground with a mortar and pestle
and washed with 10 mL of deionized water for every 1 g of initial
feedstock at 80 °C for 1 h with stirring at 200 rpm. The product
was vacuum-filtered and rinsed with 10 mL of 0.1 M HCl for
every 1 g of initial feedstock and dried at 110 °C overnight. The
activation process produces approximately 64 g of activated
carbon for every 100 g of PC originally used.
To remove sulfur contamination in the wash water produced

by the rinsing of the PC activated carbon, calcium hydroxide is
used to precipitate calcium sulfates and regenerate KOH.
Parallel studies are currently investigating the efficacy of recycled
KOH for the activation of the PC to ensure that the product
being produced is cost-effective for scalability.
2.2. Post-activation Functionalizations. 2.2.1. Iron (Fe)

Loading. A 100 mL 0.15 M iron chloride (FeCl3) solution was
prepared, and 5 g of PC AC was added to the solution. The pH
of the solution was brought to 2.8 by the addition of 1 M HCl,
and the solution was stirred for 30 min. After stirring, the
solution was sonicated for 30 min and vacuum filtered. 2 L of
deionized water was used to wash the product, and the product
was dried at 110 °C. Once dried, the product was treated at 400
°C for 2 h under nitrogen. This heat-treated product was then
washed with 2 L of deionized water and dried at 110 °C to obtain
the Fe-Loaded AC.

2.2.2. Manganese (Mn) Loading. The above iron loading
method (Section 2.2.1) was also used for the manganese

Table 1. Pore Size Distribution Information Obtained from Nitrogen Adsorption Measurements

activated carbon material BET surface area (m2/g) total pore volume (cm3/g) micropore percentage average pore width (nm)

commercial AC 1329 ± 38 0.5011 ± 0.0440 53.3 ± 2.7 4.82 ± 0.11
standard AC 975 ± 19 0.4143 ± 0.0086 76.7 ± 0.44 3.60 ± 0.035
Fe-loaded AC 748 ± 13 0.3349 ± 0.0098 67.4 ± 0.55 3.95 ± 0.056
Mn-loaded AC 487 ± 15 0.2494 ± 0.0142 58.9 ± 0.75 6.35 ± 0.13
FeMn-loaded AC 397 ± 11 0.3479 ± 0.0190 31.1 ± 1.1 9.60 ± 0.21
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loading. A solution of 0.15 M potassium permanganate
(KMnO4) was used in place of the 0.15 M FeCl3 solution.

2.2.3. Iron and Manganese (Fe−Mn) Loading. The above
iron loading method (Section 2.2.1) was also used for the mixed
iron and manganese loading. In place of the 0.15 M FeCl3
solution, a mixed solution containing both 0.15 M FeCl3 and
0.15 M KMnO4 was used.
2.3. Microwave Plasma Atomic Emission Spectrome-

try Analysis. Arsenic(V) and arsenic(III) calibration standards
of 1, 2, 5, 10, 25, 50, and 100 ppm were prepared in deionized
water to construct calibration curves for microwave plasma
atomic emission spectrometry (MP-AES) analysis. Calibration
curves were created each new time the instrument was used
under an acceptable tolerance of 10% calibration error and
linearity (R2) above 0.9900. All standards and samples were run
in triplicate, with arsenic emission detected at a wavelength of
188.979 nm. Appendix A, Table A1 contains MP-AES operating
parameters used for this study.

2.4. Surface Characterization of Activated Carbons.
2.4.1. Nitrogen Adsorption Measurements. Measurement of
the specific surface area of the carbon samples was carried out
using gas phase nitrogen adsorption measurements on a Tristar
II Plus (Micromeritics, Ottawa, Ontario, Canada). The samples
were analyzed using N2 adsorption at 77 K, with 50 points
monitoring adsorption between 0.0065 p/p0 and 0.995 p/p0 and
52 points desorption between 0.995 p/p0 and 0.104 p/p0. All
surface areas were reported using Brunauer−Emmett−Teller
(BET) surface area analysis with pore size distributions
developed using DFT with slit geometry modeling 2D-
NLDFT with N2 carbon finite pores.

2.4.2. X-ray Photoelectron Spectroscopy. X-ray photo-
electron spectroscopy (XPS) was carried out using a Kratos
AXIS Supra spectrometer to determine surface characteristics. A
monochromatic Al Kα source (15 mA, 15 kV) was used with the
instrument work function calibrated to give a binding energy
(BE) of 83.96 eV for the Au 4f7/2 line for metallic gold. The
spectrometer dispersion was adjusted to give a BE of 932.62 eV
for the Cu 2p3/2 line of metallic copper. The Kratos charge
neutralizer system was used on all specimens, and survey scan
analyses were carried out with an analysis area of 300 × 700 μm
with a pass energy of 160 eV. A pass energy of 20 eV with an

analysis area of 300× 700 μmwas carried out for high-resolution
analyses. Fitting of peaks was carried out using CASA XPS
(version 2.31), with the XPS spectra being corrected to the main
line of the carbon 1s spectrum at 284.8 eV.
2.5. Arsenic(V) Study. A 1000 ppm stock solution of

arsenic(V) was prepared in deionized water using arsenic
pentoxide (As2O5). All samples and standards were prepared by
serial dilution from the 1000 ppm stock solution. Samples were
prepared to a concentration of 50 ppm arsenic(V) with a final
volume of 50 mL using deionized water to dilute the samples. 1
M HCl was used to bring the pH of the samples to 3.0.

2.5.1. Efficacy Comparison. 0.1 g of activated carbon was
added to the 50 mL, 50 ppm As(V) samples, and the samples
were allowed to stir for 6 h at 150 rpm. All samples were filtered
using a 0.45 μm filter and analyzed on the MP-AES.
Comparisons of the efficacy of the activated carbons were
done by investigating the adsorption capacity of the material per
gram (mg/g), normalized to a surface area of 1000 m2 (mg/
1000 m2), and per cm3 of micropores present in the material
(mg/cm3 micropores).

2.5.2. Kinetic Evaluations. Adsorption kinetics of the arsenic
species onto the Commercial AC, Standard AC, Fe-loaded AC,
Mn-loaded AC, and FeMn-loaded AC were obtained at times of
5, 10, 30, 45, 60, 120, and 360 min 0.1 g of the respective
activated carbon was added to the 50 mL, 50 ppm As(V)
samples and allowed to stir for the indicated time at 150 rpm
before being filtered with a 0.45 μm filter. The filtrate was then
analyzed using MP-AES analysis.
2.6. Arsenic(III) Evaluation. A 500 ppm stock solution of

As(III) was prepared in deionized water using arsenic trioxide
(As2O3). All samples and standards were prepared by serial
dilution from the 500 ppm stock solution. Samples were
prepared to a concentration of 50 ppm arsenic(III) with a final
volume of 50 mL using deionized water to dilute the samples. 1
M HCl was used to bring the pH of the sample to 3.0.
Adsorption kinetics of the commercial AC, standard AC, and

best-performing metal-loaded activated carbon (FeMn-loaded
AC) for As(V) adsorption were obtained for arsenic(III) at
times of 5 min, 10 min, 30 min, 45 min, 1 h, 2 h, 6 h, 24 h, 48 h,
72 h, 1 week, and 2 weeks. 0.1 g of the particular activated carbon
was added to the 50 mL, 50 ppm As(III) samples and allowed to
stir for their respective times at 150 rpm before being filtered
using a 0.45 μm filter. The filtrate was then analyzed using MP-
AES analysis.

3. RESULTS AND DISCUSSION
3.1. Nitrogen Adsorption Measurements. The standard

activated carbon follows both a type I and a type II nitrogen
adsorption isotherm, with a large increase in adsorption in the
microporous region and a small increase in adsorption in the
higher-pressure region. This indicates a highly microporous
sample. Desorption seems to follow a type H4 hysteresis;
however, the desorption isotherm does not fully close to the
adsorption isotherm. The Fe-loaded, Mn-loaded, and commer-
cial activated carbonmaterials follow amixture of type I and type
II nitrogen adsorption isotherms, similar to what is seen with the
standard AC. The quantity of nitrogen adsorbed is less than that
observed in the standard AC in the Fe-loaded, Mn-loaded ACs,
and commercial AC, indicating a smaller pore volume in these
materials. The isotherms for these samples also show a steeper
curve near the saturation point, indicating a higher percentage of
mesopores and macropores. These materials follow a type H4
hysteresis. Unlike the other activated carbon materials, the

Table 2. Arsenic(V) Adsorption Capacity Comparisons
Normalized to Surface Area

activated carbon
material

adsorption of As(V) normalized to 1000 m2

(mg/m2)

commercial AC 6.37 ± 0.46
standard AC 2.13 ± 0.10
Fe-loaded AC 6.50 ± 0.12
Mn-loaded AC 12.36 ± 0.08
FeMn-loaded AC 32.43 ± 0.23

Table 3. Arsenic(V) Adsorption Capacities Comparison
Normalized to Microporosity

activated carbon
material

adsorption capacity normalized to 1 cm3 micropores
(mg cm3)

commercial AC 9.00 ± 0.64
standard AC 3.84 ± 0.15
Fe-loaded AC 9.78 ± 0.25
Mn-loaded AC 14.21 ± 0.27
FeMn-loaded AC 11.51 ± 1.86
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FeMn-loaded AC follows a type II adsorption isotherm where
there is very little adsorption in the micropore region and a very
large increase in the adsorption at higher relative pressures. The
FeMn-loaded AC follows H3 hysteresis. The majority of the
adsorption is occurring at higher relative pressures, indicating
that the majority of the pore volume is made of mesopores and

macropores. The FeMn-loaded AC shows the biggest difference
due to blocking of the micropores and should show the most
significant decrease in the micropore percentage. A summary of
the pore information obtained from the nitrogen adsorption
measurements is provided in Table 1. Figure 1 shows typical
nitrogen isotherm plots of the activated carbons used within this
study.
3.2. As(V) Efficacy Comparison. To compare the efficacy

of the various activated carbons for arsenic(V) adsorption, 0.1 g
of activated carbon was added to 50 mL samples of 50 ppm
arsenic(V). Samples were stirred at 150 rpm for 6 h then filtered
before elemental analysis of the filtrate.

3.2.1. Milligram Per Gram Adsorption Comparison. To
compare the efficacy of the different activated carbon substrates,
adsorption with respect to the amount of activated carbon added
was compared in milligrams of arsenic(V) adsorbed per gram of
activated carbon (mg/g). As shown in Figure 2, there was a
dramatic improvement in the adsorption of arsenic after
functionalization with the iron, manganese, and iron/manganese
together.
All of the metal-modified activated carbons showed increased

adsorption of arsenic(V) compared to the unmodified activated
carbon. The single-metal-loaded activated carbons showed
adsorptions of 4.86 ± 0.17 and 6.02 ± 0.16 mg/g for iron-
loaded and manganese-loaded activated carbons, respectively,
while the unmodified standard activated carbon showed an

Table 4. XPS Species Summary for Metal-Loaded Activated Carbons26−32

peak species binding energies (eV)
FeMn AC pre-As
(% deconvolution)

FeMn AC post-As
(% deconvolution)

Fe AC post-As
(% deconvolution)

Mn AC post-As
(% deconvolution)

Fe
2p3/2

Fe−metal 706.14 0.00 0.00 0.00

Fe2O3 709.75; 710.75; 711.75;
712.95; 714.05

32.18 1.66 16.73

Fe3O4
2+ 708.45; 709.25 4.61 5.24 5.43

Fe3O4
3+ 710.25; 711.25; 712.35;

713.45; 714.55
10.04 11.40 11.81

FeOOH 710.30; 711.30; 712.20;
713.30; 714.40

53.16 81.71 65.67

Mn
2p3/2

Mn(0) 646.83 0.00 0.00 0.00

Mn(II)−MnO 640.49; 640.53; 641.62;
642.87; 644.05

26.82 15.40 8.25

Mn(III)−MnOOH 641.09; 641.57; 642.17;
643.48; 646.05

39.98 43.96 48.24

Mn(IV)−MnO2 642.00, 643.51, 643.66,
644.04, 644.87

33.20 40.64 43.51

As
2p3/2

arsenide 1322.90 0.00 0.00 0.00

arsenic metal 1323.90 0.00 0.00 0.00
As(III) 1327.00 77.26 85.87 100
As(V) 1328.10 22.74 14.13 0.00

Table 5. XPS Survey Scan Breakdown for the Various
Activated Carbon Materials

activated carbon C at. % O at. %
Mn
at. %

Fe
at. %

As
at. %

other (Si,
S, K)
at. %

standard AC: pre-
As exposure

78.88 17.44 0.10 0.29 0.43 2.86

standard AC: post
-As exposure

60.89 30.45 0.17 0.03 4.06 4.40

FeMn-loaded
AC: pre-As
exposure

42.08 41.88 8.02 6.87 0.20 0.94

FeMn-loaded
AC: post-As
exposure

40.53 38.85 8.20 7.80 3.18 1.43

Fe-loaded AC:
post-As
exposure

28.90 49.36 0.21 6.80 7.51 7.21

Mn-loaded AC:
post-As
exposure

36.53 33.13 28.40 0.33 1.43 0.17

Table 6. O 1s Deconvolution of the Metal-Loaded Activated Carbons32,33

species BE
Fe-loaded AC

(% deconvolution)
Mn-loaded AC

(% deconvolution)
FeMn-loaded AC
(% deconvolution)

C�O (aliphatic), −O−(C�O) 531.76 26.50 28.39 32.94
C�O (aromatic) 530.86 37.63 28.55 17.94
O2/C 536.86 1.66 0.00 2.11
−O−(C�O)−O−(C�O)−O−(C�O)− 535.27 1.51 0.00 1.52
C−OH (aromatic) 533.16 4.34 0.00 0.00
O−(C�O)−C (aliphatic) 533.86 0.11 0.00 4.48
SiO2 532.46 4.70 3.11 1.06
metal oxides 529.86 23.55 39.95 39.95
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adsorption of 2.08 ± 0.11 mg/g. By loading the combination of
iron andmanganese onto the surface, the adsorption efficiency is
even more dramatically improved, with arsenic adsorption
reaching 12.88 ± 0.58 mg/g. The commercial activated carbon
was also tested after functionalization with the iron−manganese
mixture. An improvement in the adsorption capacity was
observed from 8.46 ± 0.34 to 15.55 ± 1.09 mg/g. This was done
to prove that surface functionalization plays a key role in
adsorption and that the adsorption capacity of a material with a
high surface area can be improved by modification of the surface
functionalization, even at the cost of a decrease in the specific
surface area. Since this study aims to focus on themodification of

the PC activated carbon, the functionalization of the commercial
activated carbon will not be investigated further.

3.2.2. Arsenic(V) Adsorption on Normalized Surface Area
Substrates. The arsenic species adsorption is also impacted by
the variation in specific surface area of the activated carbon
substrates, particularly as the loading of iron and manganese
species significantly reduces the specific surface area of the
substrate. Similar to the mg/g comparison, the arsenic(V)
adsorption efficiencies of each activated carbon were calculated
but then normalized to a surface area of 1000 m2. Table 2 shows
the adsorption of arsenic(V) for the five activated carbon
materials, each normalized to a surface area of 1000 m2. The

Table 7. Summary of the Pseudo-First- and Pseudo-Second-Order Kinetic Modeling for the Activated Carbons Used for
Arsenic(V) Adsorption

activated carbon
pseudo-first- or pseudo-second-order

model model equation
linearity (R2) of the

model k value
qe

value
qe

experimental

commercial AC first y = −7.9 × 10−3x + 1.0677 0.8550 7.9 × 10−3 2.91 8.46 ± 0.34
second y = 0.1161x + 1.2845 0.9968 0.0105 8.61

standard AC first y = −0.0135x + 0.2616 0.9955 0.0135 1.30 2.08 ± 0.11
second y = 0.4605x + 9.0164 0.9967 0.0235 2.17

Fe-loaded AC first y = −9.9 × 10−3x + 0.5587 0.9330 9.9 × 10−3 1.75 4.86 ± 0.17
second y = 0.2019x + 2.1041 0.9980 0.0190 4.95

Mn-loaded AC first y = −0.0105x + 1.1712 0.9953 0.0105 3.23 6.02 ± 0.16
second y = 0.1599x + 3.0148 0.9948 8.5 × 10−3 6.25

FeMn-loaded AC first y = −6.7 × 10−3x + 1.532 0.8416 6.7 × 10−3 4.63 12.88 ± 0.58
second y = 0.0762x + 0.9768 0.9951 5.9 × 10−3 13.12

Table 8. Summary of the Pseudo-First- and Pseudo-Second-Order Kinetic Modeling for the Activated Carbons Used for
Arsenic(III) Adsorption

activated carbon
pseudo-first- or pseudo-second-order

model model equation
linearity (R2) of the

model k value
qe

value
qe

experimental

commercial AC first y = −8.23 × 10−4x + 0.9304 0.9515 8.23 × 10−4 2.54 2.92 ± 0.12
second y = 0.3399x + 80.979 0.9986 0.0123 2.94

standard AC first y = −2.87 × 10−4x + 0.7332 0.9450 2.78 × 10−4 2.08 3.59 ± 0.43
second y = 0.2789x + 71.431 0.9981 0.0140 3.59

FeMn AC first y = −3.85 × 10−4x + 1.4759 0.8701 3.85 × 10−4 4.37 9.28 ± 0.61
second y = 0.1076x + 13.34 0.9997 0.0750 9.29

Table 9. Comparison of PC-Derived Activated Carbons for As(V) and As(III) Adsorption with Other Studies in the Literature

material
As(V) adsorption capacity

(mg/g)
As(III) adsorption capacity

(mg/g) pH
surface area
(m2/g) references

standard AC 2.08 ± 0.11 3.59 ± 0.43 3.0, 3.0 975 ± 19 this study
Fe-loaded AC 4.86 ± 0.17 3.0, 3.0 748 ± 13 this study
Mn-loaded AC 6.02 ± 0.16 3.0, 3.0 487 ± 15 this study
FeMn-loaded AC 12.88 ± 0.58 9.28 ± 0.61 3.0, 3.0 397 ± 11 this study
commercial AC 8.46 ± 0.34 2.92 ± 0.12 3.0, 3.0 1329 ± 38 this study
granular ferric hydroxide 29.07 6.0 306 9
MIRESORB 50.38 6.0 233
UiO-66-NDC/GO 147.06 3.0 279.77 10
saxaul ash 4.203 7.0 not reported 11
diatom silica shells 10.99 4.0 7.30 ± 0.03 13
iron oxide/12 × 40 granular coconut AC
composite

0.4123 2.0 678.3 14

1.0389 5.0
2.0716 10.0

biosorbent egg shell 8.43 ± 2.1 11.69 ± 2.5 4.1, 7.0 7.91 ± 0.49 41
biosorbent java plum seed 4.62 ± 0.43 4.63 ± 0.65 5.3, 7.0 6.99 ± 0.61
biosorbent water chestnut shell 7.73 ± 0.9 9.61 ± 1.21 4.1, 7.0 6.91 ± 0.42
biosorbent corn cob 5.71 ± 0.32 4.33 ± 0.76 6.0, 7.0 4.16 ± 0.57
biosorbent tea waste 4.92 ± 1.21 7.36 ± 1.28 4.1, 7.0 4.03 ± 0.61
biosorbent pomegranate peel 4.50 ± 0.42 5.57 ± 1.28 4.1, 9.0 3.96 ± 0.72
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metal-loaded activated carbons, despite having a lower surface
area, have a comparable, or better, adsorption than the high
surface area commercial activated carbon. This demonstrates

the significance of the surface functionality of the activated
carbon substrate on the arsenic adsorption over the surface area.
The reduction of the activated carbon surface area due to

metal impregnation of the activated carbon surface is expected.
With the inclusion of the metal species, the density of the
material increases, so there will be a small decrease in specific
surface area due to this effect. A more significant impact on the
surface area occurs when metal species are added to the surface
of the activated carbon; the particles can enter the pores of the
activated carbon, clogging the pores at the neck of an opening.
This pore filling will make the area deeper within the pores
inaccessible, effectively removing the surface area that these
pores would provide and significantly lowering the surface area
of the material. XPS of the activated carbon samples showed that
iron loading on the iron-loaded sample made up 6.8 at. % (25 wt
%) of the activated carbon and that manganese loading in the
manganese-loaded sample made up 28.4 at. % (64.5 wt %) of the
activated carbon. This corresponds well with the observed
decrease in surface area as the higher loading of the manganese
filled more of the pores in the manganese-loaded activated
carbon, blocking offmore surface area than what was observed in

Table A1. MP-AES Operating Conditions for the Analysis of
Arsenic(V) and Arsenic(III)

instrument parameter operating condition

spray chamber cyclonic single-pass
sample uptake (s) 30
stabilization (s) 15
read time (s) 10
number of replicates 3
background correction auto
wavelength (nm) 188.979
ignition gas argon
carrier gas nitrogen
carrier gas flow rate (L/min) 0.70
calibration fit linear
acceptable linear tolerance ≥0.9900
calibration error 10%

Figure 1.Nitrogen adsorption isotherm and hysteresis plots of the standard, commercial, Fe-loaded, Mn-loaded, and FeMn-loaded activated carbons.
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Figure 2. Comparison of various activated carbons investigating the adsorption efficiency of arsenic(V) after a 6 h exposure time.

Figure 3. Deconvolution of the Fe (top left), Mn (top right), and As (bottom) XPS peaks in the FeMn-loaded AC, post-As exposure.
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the iron-loaded activated carbon. This is also consistent with the
nitrogen adsorption measurements presented in Table 1, which
indicate that the Mn-loaded AC has less pore volume than the
other activated carbons and a larger average pore size. This
would indicate that the manganese is blocking the majority of
the micropores, decreasing the available surface area, pore
volume, and increasing the average pore size. XPS of the FeMn-
loaded AC showed that total metal loading on the activated
carbon was 16 at. % (46.8 wt %), consisting of 8.2 at. % (24.1 wt
%) iron and 7.8 at. % (22.7 wt %) manganese. This binary metal
system also decreases the surface area of the activated carbon.
Interactions between the iron and manganese likely produce
larger mixed metal precipitates that block pores earlier in the
pore channel, causing larger amounts of micropore volume to be
inaccessible and decreasing surface area further than the single
metal system of either iron or manganese. This is consistent with
the nitrogen adsorption measurement results in Table 1 that
show the much larger average pore size of the FeMn-loaded AC.
The total pore volume is larger than that of the single metal-
loaded activated carbons, likely due to the very large macropores
driving the pore volume up.

3.2.3. Arsenic(V) Adsorption on Normalized Microporosity
Substrates. Similar to the surface area normalization, the
normalization of the adsorption relative to the microporosity of
the various activated carbons was investigated. Adsorption of
arsenic(V) was normalized to 1 cm3 of micropore volume so that
adsorption per micropore volume could be analyzed. Trends in
this graph would indicate the influence of microporosity on the
adsorption and whether microporosity is a driving factor for
arsenic(V) adsorption in these activated carbons. Table 3
summarizes the microporosities of the activated carbons and
their respective adsorption capacities normalized to micro-
porosity.
No observable trends are found with respect to adsorption

capacity normalized to the microporosity of a material;
therefore, it is concluded that the microporosity of a given
material is not a driving factor in the adsorption of arsenic(V)
and that the surface functionality of the material is much more
important.
3.3. XPS Characterization of Metal-Modified Activated

Carbons Pre- and Post-arsenic Adsorption. The deconvo-
lution, species assignments, and percent of total peak area for the
Fe 2p3/2, Mn 2p3/2, and As 2p3/2 XPS peak signals for the FeMn
AC pre- and post-arsenic exposure, the Fe-loaded AC post-
arsenic exposure, and the Mn-loaded AC post-arsenic exposure
are shown in Table 4. Note that the Fe2O3, Fe3O4

2+, Fe3O4
3+,

FeOOH, MnO, MnOOH, and MnO2 species identification is
made more complex by the well-known XPS multiplet splitting
for these iron andmanganese species.26−28 XPS spectra of Fe 2p,
Mn 2p, and As 2p deconvolution of the FeMn-loaded AC post-
arsenic adsorption are depicted in Figure 3 as an example of the
deconvolution of the relevant peaks for each activated carbon
sample. The Fe 2p, Mn 2p, and As 2p XPS spectra for the FeMn-
loaded AC pre-arsenic exposure, Fe-loaded AC, and Mn-loaded
AC can be found in Appendix B, Figures B1−B3.
One possible explanation of the increased arsenic adsorption

observed in the metal-loaded activated carbons is arsenide
formation. If arsenide formation was the reason for the increased
adsorption, the XPS spectra of the arsenic 2p3/2 peak would
show arsenides at a BE of 1322.9 eV.29 Since no peaks are
present in this region, arsenide formation does not occur, and
the enhanced arsenic adsorption observed for Fe,Mn, and FeMn
treated AC must be through a different mechanism. Based on

our characterization of the pre- and post-arsenic exposure AC
samples with and without iron and manganese loading, we have
concluded that an oxidation/reduction reaction is likely
occurring. This is consistent with the XPS results, particularly
for the arsenic 2p3/2 peaks, which show that the arsenic species
present on the surface of the activated carbon materials are
reduced to arsenic(III). Table 4 provides the XPS deconvolution
results for themetal-loaded activated carbonmaterials, both pre-
and post-arsenic adsorption. Table 5 provides the XPS survey

Figure 4. Elemental distribution mapping of carbon (middle left),
oxygen (middle right), manganese (bottom left), and iron (bottom
right) present within the FeMn-loaded activated carbon. A layered
distribution map of the surface’s elemental composition is shown at the
top.

Figure 5. SEM imaging (magnification ×15,000) of the standard
activated carbon to show the smallest pore size visible with the SEM
images obtained.
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scan results with the elemental composition of the species listed
as atomic percent.
3.4. Energy-Dispersive X-ray Spectroscopy. Energy-

dispersive X-ray spectroscopy (EDS) was performed on the
activated carbon samples to investigate the elemental distribu-
tion on the surface of the materials. In the Fe-loaded AC, EDS
shows that the iron on the activated carbon is distributed fairly
evenly across the surface. There are small clumps of iron located
on the surface in no particular pattern. This would be consistent
with the small decrease in surface area observed between the
standard activated carbon and the Fe-loaded AC. Similarly, the
Mn-loaded AC shows fairly even distribution across the surface
of the material but does show larger concentrations of
manganese present in the pores around high concentrations of
carbon. Again, this is consistent with the observed decrease in
surface area, where a much larger decrease is observed due to the
filling of the pores. In the FeMn-loaded AC, both iron and
manganese distributions are heavily concentrated in the pores
and spaces between clusters of carbon. This would be consistent
with the significant decrease in the surface area as the iron and
manganese block the surface within these pores.
Oxygen distribution in the iron-only sample seems to be

mostly concentrated with the small carbon clusters and small
clusters of iron oxides present in the sample. This is consistent
with the XPS of the iron-only sample, which shows the oxygen
deconvolution is made primarily of carbon-oxygen species, with

metal oxides making up only 23.55% of the oxygen species
present on the surface. The oxygen distribution in the
manganese-only sample seems to be mostly concentrated to
the carbon clusters, with larger clusters of manganese oxides
present compared to the iron-only sample. This is again
consistent with the XPS of the manganese-only samples, where
the majority of the oxygen deconvolution is carbon−oxygen
species and the metal oxides make up 39.95% of the oxygen
within the sample, indicating slightly larger clusters of metal
oxides compared to the iron-only sample. The FeMn-loaded AC
shows high concentrations of oxygen present where the carbon
clusters are located but also significant concentrations of metal-
oxide clusters. This is consistent with the XPS of the FeMn-
loaded AC, where the majority of the oxygen deconvolution is
carbon-oxygen species, with metal oxides making up 39.95% of
the oxygen species as a mixture of clusters of iron-oxides and
manganese-oxides. Figure 4 shows the EDS images for the

Figure 6. SEM imaging (magnification ×5000) of the standard (top
left), Fe-loaded (top right), Mn-loaded (bottom left), and FeMn-
loaded activated carbons used in this study.

Figure 7. (A) Shows the iron physisorbed to the surface of the activated carbon. (B) Shows the two iron products, FeOOH, and the intermediate
FeO−O−AsH2O3, formed as a result of the exposure to arsenic. (C) Shows the reduced As(III), as a result of the electron flow from the activated
carbon through the iron, physisorbed to the iron-loaded surface through hydrogen bonding.

Figure 8. (A) Shows the redox reaction between As(V) and Mn(II),
where As(V) is reduced to As(III) and Mn(II) is oxidized to Mn(III).
(B) Shows the redox reaction between As(V) andMn(II), where As(V)
is reduced to As(III) and Mn(II) is oxidized to Mn(IV).

Figure 9. (A) Shows the product of reaction (1), where MnO is
oxidized to MnOOH. (B) Shows the product of reaction (2), where
MnO is oxidized to MnO2. As(III) is physisorbed to the Mn-loaded
surface through hydrogen bonding.
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Figure 10. Kinetics curves of As(V) adsorption for the various activated carbons investigated. Arsenic adsorption is given in percent adsorption with a
maximum adsorption (i.e., 100%) of 25 mg/g.

Figure 11. Pseudo-first (left) and pseudo-second (right) order kinetic modeling of the As(V) adsorption using the FeMn-loaded AC.

Figure 12. Kinetics curves of the As(III) adsorption using the FeMn-loaded, standard, and commercial activated carbons.
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Figure B1. XPS deconvolution of the Fe 2p (left) and Mn 2p (right) peaks in the FeMn-loaded AC pre-exposure to arsenic.

Figure B2. XPS deconvolution of the Fe 2p (left) and As 2p (right) peaks in the Fe-loaded AC.

Figure B3. XPS deconvolution of the Mn 2p (left) and As 2p (right) peaks in the Mn-loaded AC.
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FeMn-loaded AC at a magnification of 500 times. Appendix C,
Figures C1−C3 shows the EDS images for the standard, Fe-
loaded, and Mn-loaded activated carbons. The XPS deconvo-
lution of the oxygen species is presented in Table 6, below.

3.5. Scanning Electron Microscopy Images. Scanning
electron microscopy (SEM) images of the activated carbon
materials were obtained at magnifications of between 150 and
15,000 times. The SEM images of the standard activated carbon
show the extremely porous surface of the material. All pores that
are observed in the SEM images are macropores, as the smallest
visible pore (in the standard AC 15,000 magnification) is
approximately 250 nm in diameter, as shown in Figure 5.
The SEM images of the Fe-loaded (Figure 6) AC show a

much less porous surface. Pores and cracks in the surface are
visible, with the iron loaded onto the surface blocking much of
the pore structure. This is consistent with the decreased pore
volume observed in the Fe-loaded sample. The SEM images of
the Mn-loaded AC show almost no visible pores as the
manganese blocks almost all of the pore structure; again, this
is consistent with the observed decrease in the pore volume from
the nitrogen adsorption measurements. The SEM images of the
FeMn-loaded AC show a significant amount of macropores
within the material, with the material itself being made of much
smaller particles than the other activated carbons, which
consisted of larger chunks.
3.6. Proposed Mechanisms. 3.6.1. Iron-Based Arsenic

Adsorption. Investigating the XPS results presented in Table 4,
it can be observed that the iron species on the surface of the pre-
arsenic-exposed FeMn AC are mainly Fe2O3 and FeOOH
species, comprising 32 and 53% of the iron species, respectively.
After arsenic exposure, these percentages significantly change to
1.7% Fe2O3 and 82% FeOOH. Speciation of the arsenic(V) in a
pH 3.0 solution is known to be H2AsO4

−, and XPS of the As

2p3/2 peak post-adsorption shows that arsenic(V) is significantly
reduced to arsenic(III) during the adsorption process.
During the functionalization process, iron is loaded onto the

surface of the activated carbon and is physisorbed to the surface
through dipole−dipole intermolecular forces, as shown in Figure
7A where R represents the activated carbon. The highly
oxophilic character of iron would be an ideal surface for the
negatively charged oxygen of the arsenic to form an iron-oxide
bond, breaking the Fe2O3 species into an FeOO− that can be
hydrolyzed to FeOOH and an intermediate species where
arsenic and iron are bound through a shared oxygen, as shown in
Figure 7B. This intermediate would be quickly broken down by
electrons in the activated carbon using the iron as a conductor
through which the electrons can freely flow to the arsenic and
reduce the arsenic species from arsenic(V) to arsenic(III). In
this case, the iron acts only as a pathway for the electrons to flow,
with the activated carbon itself acting as the reducing agent. This
is known based on the XPS speciation of iron, where Fe(III)
remains as Fe(III), indicating that it is not acting as the reducing
agent but rather as a shuttle for the electrons to reach the arsenic.
In this reduction process, the chemical bond of the arsenic
would be broken from the shared oxygen on the iron species, and
the reduced arsenic(III) species would be physisorbed through

FigureC1. Elemental distributionmapping of carbon (bottom left) and
oxygen (bottom right) present within the standard activated carbon at
500× magnification. A layered distribution map of the surface’s
elemental composition is shown at the top.

Figure C2. Elemental distribution mapping of carbon (middle left),
oxygen (middle right), and iron (bottom) present within the Fe-loaded
activated carbon at 500× magnification. A layered distribution map of
the surface’s elemental composition is shown at the top.
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hydrogen bonding to the iron-loaded surface of the activated
carbon, as observed in Figure 7C.
This series of events would be consistent with the decrease in

the Fe2O3 species and the increase in the FeOOH species
observed due to the adsorption of arsenic. It would also be
consistent with the observed reduction of the arsenic(V) species
to arsenic(III) observed in the XPS. Finally, it would explain
how the arsenic(V) species is being reduced to arsenic(III)
without observing a change in the iron speciation; the iron is
simply being used as a conduit for electrons to flow from the
activated carbon to the arsenic. The higher adsorption capacity
observed in this study due to the iron loading on the activated
carbon surface is consistent with previous literature on the
adsorption of arsenic using iron nanoparticles, where iron oxide
nanoparticles are shown to be highly efficient adsorbents for
both arsenic(III) and arsenic(V).34,35

3.6.2. Manganese-BasedMechanism. Investigating the XPS
results in Table 4, it can be observed that a significant decrease in
the MnO species is observed, from 27% pre-exposure to 15%
post-exposure. This decrease in the MnO species leads to an
increase in both the MnOOH and MnO2 species present on the
activated carbon. In a fashion similar to the iron-based arsenic
adsorption, during functionalization of the activated carbon,

MnO is physisorbed to the activated carbon surface through
dipole−dipole interactions. Unlike iron, in the case of
manganese, two different processes can be observed. The first
process is the oxidation of manganese(II) to manganese(III). In
this process, the arsenic takes one electron from two different
manganese molecules, as observed in the redox reaction
equation shown in Figure 8A. This reaction would use the
manganese as a reducing agent to reduce arsenic(V) to
arsenic(III) that would be physisorbed through hydrogen
bonding to the MnOOH species that would be formed from
this process, as observed in Figure 9A.
The second process is the oxidation of manganese(II) to

manganese(IV). In this process, the arsenic would take both
electrons from a manganese molecule, as observed in the redox
reaction equation shown in Figure 8B. This process would use
the manganese as a reducing agent to reduce arsenic(V) to
arsenic(III) that would be physisorbed through hydrogen
bonding to the MnO2 species that would be formed from this
process, as observed in Figure 9B. This series of events would be
consistent with the decrease observed in the MnO species and
the increases observed in theMnOOH and theMnO2 species. It
would also be consistent with the observed reduction of
arsenic(V) to arsenic(III).
Unlike the iron-based adsorption proposed above, the

activated carbon is not involved in the redox process of
adsorption as is observed in the iron-based adsorption. The
activated carbon, in this case, is providing an important surface
on which the chemistry can occur so that the arsenic can be
adsorbed and removed from solution.
3.7. Arsenic Kinetics. 3.7.1. Arsenic(V) Kinetics Curves.

The adsorption kinetics of arsenic(V) using metal-loaded
activated carbons, standard activated carbon, and commercial
activated carbon were evaluated, and the results are shown in
Figure 10. For each of the carbon materials, adsorption of the
arsenic(V) reaches equilibrium after 6 h. The standard activated
carbon shows the lowest adsorption capacity, reaching 8.13 ±
0.16% of the total possible adsorption after 6 h. The Fe-loaded
AC and Mn-loaded AC both show higher adsorption capacities
than the standard AC, showing that metal loading of the surface
does improve the adsorption capacity of the activated carbon.
The Fe-loaded and Mn-loaded activated carbons show
significant improvements over the standard activated carbon
with regards to the adsorption of arsenic both at short and long
stirring times, reaching 19.90 ± 0.71 and 23.21 ± 0.23%,
respectively after 6 h.
The combined iron−manganese-loaded activated carbon

shows the highest adsorption capacity, with adsorption after 6
h reaching 50.93 ± 1.17% of the total possible adsorption. This
shows a significant improvement over both the standard
activated carbon and the single-metal-loaded activated carbons.
The binary system of the iron−manganese-loaded activated
carbon works together, using all of the adsorption mechanisms
presented above in the adsorption process, allowing the
adsorption capacity to increase more than that of the single-
metal-loaded activated carbon materials.

3.7.2. Arsenic(V) Kinetic Modeling. Pseudo-first-order and
pseudo-second-order kinetic modeling were performed on each
of the activated carbons following adsorption kinetic modeling.
Modeling was performed using the data provided in Figure 10. A
review article by Tran et al.36 provides information regarding
modeling of kinetic data. Tran et al. mention the original work
by Lagergren in 1898, who first presented the first-order rate

Figure C3. Elemental distribution mapping of carbon (middle left),
oxygen (middle right), and manganese (bottom) present within the
Mn-loaded activated carbon at 500× magnification. A layered
distribution map of the surface’s elemental composition is shown at
the top.
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equation, where the pseudo-first-order kinetic modeling should
be linear with respect to the equation35

q q t k t qln ( ) ln( )e 1 e[ ] = + (1)

where q(t) and qe are the amount (in mg/g) of adsorbate
adsorbed at any given time, t, and at equilibrium, respectively,
and where k1 is the rate constant for the pseudo-first-order
kinetic model. Tran et al. also mention Blanchard et al., who
initially proposed the second-order rate equation in 1984 for the
removal of heavy metals in water and that the pseudo-second-
order kinetic model should be linear with respect to the
equation36

t
q t q

t
k q( )

1 1

e 2 e
2= +

i
k
jjjjjj

y
{
zzzzzz (2)

where q(t) and qe are the amount (in mg/g) of adsorbate
adsorbed at any given time, t, and at equilibrium, respectively,
and where k2 is the rate constant for the pseudo-second-order
kinetic model. Table 7 provides a summary of the kinetic
modeling for each of the activated carbons used in this study.
Modeling of kinetic data provides information regarding the

adsorption process of the reaction. The pseudo-first-order
kinetic modeling assumes that one of the reactants or analytes is
present in excess, while the pseudo-second-order kinetics
assumes that the rate-limiting step in the reaction or adsorption
is the chemical adsorption itself.36,39 This would indicate that
the adsorption rate is dependent on the adsorption capacity of
the adsorbent rather than the concentration of the adsor-
bate.37,38

The commercial activated carbon clearly fits a pseudo-second-
order model better than the pseudo-first-order model. This is
clear by the linear correlation in the two models (0.9968 in
pseudo-second-order vs 0.8550 in pseudo-first-order). This is
also consistent with the qe value obtained in the pseudo-second-
order modeling of 8.61mg/g, as the experimental qe after 6 h was
determined to be 8.46± 0.34mg/g. This is significantly different
in the pseudo-first-order model, where qe is calculated as 2.91
mg/g.
The standard activated carbon fits both the pseudo-first- and

pseudo-second-order kinetic models based on the linear
correlation of the two models (0.9955 and 0.9967, respectively).
The rate constants k1 and k2 are also very similar between the
two different models (0.0135 and 0.0235, respectively). The
biggest difference between the two models is the calculated qe
value. In the pseudo-first-order model, qe is calculated to be 1.30
mg/g, while in the pseudo-second-order model, qe is calculated

to be 2.17 mg/g. The calculated qe value from the pseudo-
second-order kinetic model is closer to the experimental qe
obtained after 6 h of 2.08 ± 0.11 mg/g, indicating that the
standard activated carbon also follows pseudo-second-order
modeling.
Like the commercial activated carbon, the iron-loaded

activated carbon very clearly follows the pseudo-second-order
kinetic modeling. This is evident by the high linearity observed
under second-order conditions (0.9980) compared to the
significantly lower linearity observed in the pseudo-first-order
modeling (0.9330). Similarly, the qe value obtained using
pseudo-first-order modeling of 1.75 mg/g is significantly lower
than the experimental qe obtained after 6 h of 4.86 ± 0.17 mg/g.
The experimental qe fits more with the pseudo-second-order
modeling qe of 4.95 mg/g.
Like the standard activated carbon, the manganese-loaded

activated carbon fits both pseudo-first- and pseudo-second-
order modeling based on the linear correlation of the kinetic
models (0.9953 and 0.9948, respectively). The rate constants,
however, are very different between the two models. The rate
constant k1, calculated for pseudo-first-order modeling, is much
higher than the rate constant k2, calculated for pseudo-second-
order modeling. This indicates that the rate-determining
conditions follow the conditions given by the pseudo-second-
order modeling; in other words, the rate of the adsorption is
dependent on the chemical adsorption itself. It is also evident
that, while the Mn-loaded AC follows pseudo-first-order kinetic
modeling with respect to linear correlation, the calculated qe
value from pseudo-first-order modeling is significantly different
than the experiment qe value obtained after 6 h (3.23 mg/g
compared to 6.02 ± 0.16 mg/g, respectively). Pseudo-second-
order modeling calculates qe as 6.25 mg/g, which is much more
closely related to the experimental qe, indicating that pseudo-
second-order modeling is more appropriate for kinetic modeling
of the Mn-loaded AC.
Finally, the FeMn AC shows a very high linear correlation in

the pseudo-second-order kinetic modeling (0.9951) and
significantly lower correlation in the pseudo-first-order model-
ing (0.8416). This indicates that the FeMn AC fits pseudo-
second-order modeling much better than pseudo-first-order
modeling. This is consistent with the calculated qe values from
the twomodels, where qe for the pseudo-first-ordermodel is 4.63
mg/g and qe for the pseudo-second-order model is 13.12 mg/g.
The experimental qe of 12.88± 0.58mg/g after 6 h is muchmore
consistent with the second-order kinetic modeling.
Based on the kinetic modeling of the activated carbons, all of

the materials investigated in this study follow pseudo-second-
order kinetics, indicating that the rate of adsorption is dependent

Figure D1. Pseudo-first (left) and pseudo-second (right) order kinetic models for the adsorption of As(V) using the standard AC.
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on the arsenic’s adsorption onto the material, not on the
concentration of the arsenic. Figure 11, below, provides an
example of the pseudo-first- and pseudo-second-order kinetic
modeling of the FeMn-loaded activated carbon. Appendix D,
Figures D1−D2D3D4 show the pseudo-first- and pseudo-
second-order kinetic models of the other activated carbon
materials.

3.7.3. Arsenic(III) Kinetic Curves. To demonstrate that the
FeMn-loaded AC was effective for arsenic(III) adsorption
without the need for oxidation, adsorption kinetics of arsenic-
(III) were obtained for the FeMn-loaded AC and compared to
the arsenic(III) kinetics of the standard AC and commercial AC.
As expected, the maximum arsenic(III) adsorption was lower

than the maximum arsenic(V) adsorption despite having a
longer adsorption period. This is consistent with previous
research in the literature stating arsenic(III) must generally be
oxidized to arsenic(V) before removal, as adsorption is very
efficient for the pentavalent arsenic species but not the trivalent

arsenic species.40 Once again, the metal-loaded activated carbon
presented in this work outperforms the adsorption capacity of
the standard activated carbon and the commercial benchmark,
reaching 37.15 ± 2.04% total arsenic(III) adsorption (9.28 ±
0.61 mg/g) compared to the 15.09 ± 0.13% (3.59 ± 0.07 mg/g)
and 12.81± 0.79% (2.92 ± 0.12 mg/g) observed in the standard
and commercial activated carbons, respectively. Kinetics curves
for arsenic(III) adsorption are given in Figure 12.

3.7.4. Arsenic(III) Kinetic Modeling. Kinetic modeling of the
arsenic(III) kinetics curves was also done using the kinetic
modeling described in Section 3.7.2. Table 8 provides a
summary of the modeling for the adsorption of arsenic(III).
All three activated carbons investigated for arsenic(III)

adsorption very clearly follow pseudo-second-order kinetic
modeling. This is evident due to their strong linear correlation to
the second-ordermodeling. This is also evident when comparing
the calculated qe values to the experimental qe values for each
activated carbon. For the commercial activated carbon,

Figure D2. Pseudo-first (left) and pseudo-second (right) order kinetic models for the adsorption of As(V) using the commercial AC.

Figure D3. Pseudo-first (left) and pseudo-second (right) order kinetic models for the adsorption of As(V) using the Fe-loaded AC.

Figure D4. Pseudo-first (left) and pseudo-second (right) order kinetic models for the adsorption of As(V) using the Mn-loaded AC.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c02078
ACS Omega 2023, 8, 29083−29100

29097

https://pubs.acs.org/doi/10.1021/acsomega.3c02078?fig=figD2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02078?fig=figD2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02078?fig=figD2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02078?fig=figD2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02078?fig=figD3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02078?fig=figD3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02078?fig=figD3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02078?fig=figD3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02078?fig=figD4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02078?fig=figD4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02078?fig=figD4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02078?fig=figD4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c02078?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


experimental qe was 2.92 ± 0.12 mg/g, for the standard AC, 3.59
± 0.43 mg/g, and for the FeMn AC, 9.28 ± 0.61 mg/g. When
comparing these to the modeling qe values, there is a significant
difference observed between the pseudo-first-order qe values and
the experimental values, while no significant difference is
observed between the experimental qe and the pseudo-second-
order model qe values. This implies that the rate-limiting factor is
the arsenic(III) adsorption onto the activated carbon itself,
rather than the adsorbate or adsorbent being present in excess.
Kinetic modeling of the activated carbons for arsenic(III)
adsorption kinetics is provided in Appendix E, Figures E1−E3.
3.8. Literature Comparison. As indicated in Table 9, many

studies have been done to investigate the adsorption of arsenic
by various adsorbent materials. While the activated carbon
materials presented in this study outperform some adsorbents
outlined in the literature, it is outperformed by others. Despite
being outperformed by some adsorbent materials presented in
the literature, this activated carbon is a cost-effective and

efficient means of removing arsenic from acidic waters. The
abundance of the feedstock and the high carbon content in the
raw feedstock allow for the adsorbent to be produced with little
cost associated and resources allocated to the preparation of the
material. In addition, intentionally low amounts of KOH are
used to activate the material, with parallel studies investigating
the potential for KOH recycling to further increase the cost-
effectiveness of the material.

4. CONCLUSIONS
An efficient activated carbon produced using minimal KOH
activating agent and a readily available petcoke feedstock was
used for arsenic(V) and arsenic(III) adsorption using metal-
doped activated carbons. Metal loading of the activated carbons
resulted in a significant increase in the adsorption capacity for
arsenic, surpassing that of the benchmark commercial activated
carbon. Adsorption capacity comparisons normalized to surface

Figure E1. Pseudo-first (left) and pseudo-second (right) order kinetic models for the adsorption of As(III) using the standard AC.

Figure E2. Pseudo-first (left) and pseudo-second (right) order kinetic models for the adsorption of As(III) using the commercial AC.

Figure E3. Pseudo-first (left) and pseudo-second (right) order kinetic models for the adsorption of As(III) using the FeMn-loaded AC.
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area and microporosity indicate that the functionality of the
activated carbon’s surface is a more crucial factor in adsorption
than high surface area or extensive microporosity. The
adsorption of arsenic in the binary-FeMn-loaded activated
carbon far exceeded that of the other activated carbons
investigated. XPS of the activated carbons showed significant
changes in the speciation of the iron and manganese present on
the activated carbon post-arsenic exposure, leading to the
conclusion that arsenic is being physisorbed to the metal-loaded
surface through redox reactions. The PC-activated carbon
produced using this method is effective in the adsorption of
arsenic species in solution and is a cost-effective method for the
removal of arsenic contamination in waters using excess PC.
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