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This study investigated the effect of oxides on the removal of As when present in
simple mixtures with granular activated carbon (GAC) particles. The
performance of these mixtures was compared with other reported GAC-based
adsorbents. A standard curve for ultraviolet adsorption vs. As concentration was
obtained using the silver diethyldithiocarbamate (SDDC) method to evaluate
various samples. A preliminary study was carried out to find the optimal
conditions for experiments. For 50 mL samples with 2.35 ppm As, the optimal
values of pH, adsorption time, and amount of adsorbent were pH 7, 30 min, and
50 mg, respectively. The ratio between the amount of adsorbent and well water
in this study showed a superior As adsorption capacity (1 g/L, 2.1 mg/g)
compared to similar adsorbents reported previously (12.5 g/L, 1.0-1.4 mg/g).
Among the adsorbents, KOH-treated AC-Mn3;QO4 exhibited the best performance
in As removal with an efficiency of ~95%. The oxide particles had a synergistic
effect with GAC on As removal. This was primarily due to the change in the
potential of partially agglomerated nano MnsO4 particles on the ACK surface.
The influence of the surface area of the adsorbents was not pronounced. All
results were explained in terms of microstructure, specific surface area, and zeta
potential. This finding could be extended to other activated carbons (AC)
obtained from different sources.

1. INTRODUCTION

Groundwater needs to be completely protected
from pollution and purified for use as a drinking water
source (Gil and Vicente, 2019). Significant research
efforts have been made to remove heavy metals,
especially arsenic, and dye materials from water
(Mahmoodi, 2014; Mahmoodi et al., 2017; Mousavi et
al., 2020). Arsenic (As, hereafter) in drinking water is
poisonous, mutagenic, and carcinogenic (WHO, 2010).
In addition to acute poisoning, chronic exposure to
modest doses of As over an extended period of time
may seriously affect human health (Lopez-Guzman et
al., 2019). In aquatic systems, inorganic As can be
found in the 3, 0, 3*, and 5* oxidation states. While the
3" and 5" oxidation states are frequently observed, the
elemental states of 3~ and O are incredibly uncommon
(Tallman and Shaikh, 1980). Inorganic As (111) and As
(V) pose a potential threat to the environment, human
health, and animal health. High doses of As can cause
damage to the liver, skin, and central nervous, as well

as cause various malignancies, including lung, skin,
hyperkeratosis, and prostate cancer (Hudak, 2010;
Mostafapour et al., 2013).

Although water usually contains very little As,
it has a cumulative impact. Thus, numerous
monitoring techniques have been developed for As,
including the silver diethyldithiocarbamate (SDDC)
spectrophotometric approach and novel silver salt
spectrophotometry (Stratton and Whitehead, 1962;
Liang and Lai, 2010; Vasak and Sedivec, 1953). The
SDDC spectrophotometric approach is superior to
other methods for measuring As. It is especially ideal
for measuring the As concentration in large volumes
of surface water and wastewater because of its
excellent precision and accuracy, and cheap input
costs (Liang and Lai, 2010).

Arsenic has been discovered in more than 70
nation, predominantly in Asia, but previous studies
have tended to focus on Bangladesh and West Bengal
(Ahmad et al., 2018). The problem in Southeast Asia,
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notably in Cambodia, where the highest As
concentrations have been observed in the Mekong
River Basin, has just been recently discovered
(Pravalprukskul et al., 2018). The World Health
Organization (WHO) states that the maximum
allowable level of As is 10 pg/L (Yao et al., 2014).
However, Cambodia maintains a much higher limit of
50 pg/L (WHO, 2011) than that of WHO.

Numerous studies have investigated the use of
activated carbon (AC) for enhancing the water quality
of polluted water. In addition to the As (Wong et al.,
2018) cationic methylene blue dye (Jiang et al., 2021),
and synthetic heavy metal ions (Pb?*, Cu?*, and Zn?*),
and Pb(Il) have also been removed from an aqueous
solution using AC as an adsorbent. Fe combined with
Granular AC (GAC) has been used in As(V) solutions
to increase the As removal efficiency (Kalaruban et
al., 2019). Compared to GAC (1,013 ug/g), GAC-Fe
has a greater Langmuir maximum adsorption capacity
at pH 6 (1,430 pug/g) with 12.5 g/L of adsorbent in 2 h.

Another Fe-incorporated AC from a biomass
combination has been fabricated via FeSO,
impregnation (Rahman et al., 2020). The adsorption
capacity was 42.92 mg/g. A study combining FesO4
particles with AC made from sugarcane bagasse via a
chemical activation process was also reported (Joshi et
al., 2019). The maximum As removal capacity of 6.69
mg/g was observed at pH 8, 1.8 g/L of adsorbent
dosage, and 60 min of contact time.

Arsenic was also removed using a hybrid
technique combining oxidation with ozone (Rusmana
et al., 2019). Adsorption with the adsorbent doses of
12.5 g/L was 69% and 55% for GAC and zeolite,
respectively. Furthermore, AC made from Tamarix
leaves (Koohzad et al., 2019) showed an optimal pH
of 7. With contact times of 40 min, starting
concentrations of 10 mg/L, and adsorbent dosages of
3 g/L, the maximum removal efficiency was attained
for As ions (96.18%). Many researchers have reported
maximum As removal capacities of AC-based
adsorbents that vary significantly (1-140 mg/g)
(Kalaruban et al., 2019; Esmaeili et al., 2021; Jha and
Maharjan, 2022). The value is presumed to be very
much dependent on the manufacturing process for AC.

In this study we attempted to evaluate simple
mixtures of oxide-GAC as adsorbents and compared
them with other GAC-based adsorbents reported
previously. Further, we made an effort to understand
the effect of oxides, such as Fe;O3; and Mn3zO,, in the
presence of GAC on the As removal. Prior to this, an
optimal condition in terms of pH, adsorption time, and
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amount of adsorbent was obtained. The performance
was interpreted with microstructure and zeta potential.

2. METHODOLOGY
2.1 Materials and equipment

Commercial coconut GAC with a size of <2 mm
was used as a raw material for As removal and
purchased from Unitech Water Co., Ltd. (Cambodia).
Various standard sample solutions were prepared for
SDDC analysis, using a standard solution of 1,000
ppm As (Inorganic Ventures, USA). SDDC
(CsH10AgNSy) was procured from Shanghai Zhanyun
Chemical Co., Ltd., China. A glass arsine generator
was procured from Scilab Co., Ltd., Korea.

A Lamda 365 UV-VIS spectrophotometer
(PerkinElmer, Korea) was used to measure the As
removal efficiency. XRD (D8 Advance, Bruker,
Germany) and FESEM (AUGIGA, Carl Zeiss,
Germany) were employed to identify the phases and
microstructures of the adsorbents, respectively. The
surface area, pore size, and volume were measured using
a BELSORP-MAX analyzer (Bel Japan Inc., Japan).

2.2 Preparation of adsorbents and standard curve

Iron oxide was synthesized via the copre-
cipitation method, using FeCls-6H,O and FeCl,-4H,0
in DI water with 0.414 M NaOH solution. The resultant
black precipitates obtained from the reaction were
centrifuged, washed, and dried in an oven. For the
synthesis of manganese oxide, manganese (Il) nitrate
tetrahydrate, Mn(NOs)2-4H,0, and ammonia (NH4OH)
were used (Chang and Shih, 2018). The precipitates
obtained from the reaction were washed and dried in an
oven. The dried manganese oxide powder was calcined
in a tube furnace for 1 h at 350°C to enhance the
crystallinity of the oxide precipitates (Dehmani and
Abouarnadasse, 2020).

GAC powder with size of 0.8-2.0 mm was
washed with 0.1 M H,SO, and DI water. Then, the
samples were dried at 100°C for 24 h in a dry oven.
Then, KOH was mixed according to the AC:KOH
weight ratio of 1:6 to improve the surface condition of
GAC. The mixture was heated at 5°C/min to 750°C and
cooled at 10°C/min. The resultant GAC was termed as
ACK (1:6). The adsorbents were simply prepared by
mixing the oxide powder with the granular ACK
powder in DI water, in weight ratio of 10:1. Details of
the experimental procedure are described in elsewhere
(Chang and Shih, 2018; Thearak, 2023).

Various samples with known As concentrations
were prepared from a standard solution of 1,000 ppm
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As and DI water. Regression analysis was done to
establish a standard curve of As concentration vs. UV
absorbance. Then, the SDDC colorimetric technique
was employed to analyze the samples treated with
various adsorbents. The average values of 4-12
measurements are reported herein and the range of the
variation in the values is presented with error bars.

3. RESULTS AND DISCUSSION
3.1 Characteristics and morphology of raw
materials

Figure 1 shows the FESEM micrographs of as-
received AC and oxides, a-Fe,Os and Mn3O4. The as-
received and as-screened AC had an irregular and
granular shape with many internal pore channels, and

the particle size of the as-screened AC was in the range
of 0.8-20 mm. Iron oxide produced by co-
precipitation had a diameter of 100-500 nm and was
somewhat faceted. The particle size of manganese
oxide differed greatly from that of iron oxide. It was
in the range of 50-100 nm. Both oxides were
agglomerated due to their small sizes.

In the XRD analysis of as-received AC, typical
carbon peaks were observed with peak broadening
(Figure 2). It indicates a low level of crystallinity of
the phase. The iron and manganese oxides were
identified as a-Fe.Os and Mn3Os, respectively, with
some unidentified peaks. The peak broadening is
clearly reduced for the oxides, confirming the high
level of crystallinity.

(d)

®

Figure 1. FE-SEM Micrographs of (a,b) As-received AC, (c,d) Fe20s3 and (e,f) Mn3O4
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Figure 2. XRD Results from (a) AC(as-screened) and ACK, (b) a-Fe20s3, and () Mn3O4

Figure 3 presents the optical (a) and FESEM
micrographs (b-d) of the as-screened AC and ACK
(2:6). AC is commonly treated with KOH to increase
the specific surface area. However, the treatment in
this study did not change the surface morphology
noticeably. It might be due to the large size of the
employed GAC powder. But it removed most debris
from the surface of the As-screened AC.

Table 1 shows the powder characteristics of the
raw materials (1-4) and candidate adsorbents (5,6).
The AC selected herein provides the most surface area
with a high volume of nano pores. The surface area of
ACK was reduced slightly compared to that of the as-
screened AC. This indicates that the KOH treatment
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did not increase the volume of the nano pores,
resulting in little increase in the surface area.
Interestingly, the BET values of both oxides
were relatively small despite their nano sizes. This is
attributed to the high degree of agglomeration of the
powders after the co-precipitation. The powder
mixture of ACK with the oxides, candidate
adsorbents, showed interesting results: the BET values
were considerably higher (15%~20%) than the
arithmetic averages of the raw materials. Since the
surface area of ACK remains constant, the increase in
the area must have resulted from the oxides. That is,
the oxide particles became somewhat deagglomerated
during the mixing process with ACK in DI water.
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Figure 3. Microstructures of (a,b) As-screened AC and (c,d) ACK

Table 1. BET results of various AC, oxides, and their mixtures

Ne Sample name Surface area (m?/g) Total pore volume (cm®/g) Average pore diameter (nm)
1 AC(as-screened) 953.24 0.3855 1.6175
2 ACK (1:6)™ 940.16 0.3775 1.6059
3 Fe203 2.2583 0.0011 1.9527
4 Mn3O4 15.463 0.1592 41.171
5 ACK-Fe203 (10:1)™ 1008.10 (854.90)" 0.4086 1.6213
6 ACK-Mn304 (10:1)™ 953.86 (856.10)" 0.4136 1.7342

(* Number in parentheses) Calculated BET based on the weight ratio from ** and surface area of individual sample material

3.2 Optimal conditions for As adsorption

Figure 4 is the plot of absorbance vs. As
concentration obtained by SDDC method with
standard samples: SDDC reacted with AsHsg that
evaporated from the As-containing solution (Vasak
and Sedivec, 1953). The intercept, slope of the curve,
and the regression coefficient (R?) were 0.017, 0.983,
and 0.994, respectively. This demonstrates the validity
of the SDDC method as it confirms the excellent linear
relationship between the As concentration and As
absorbance measured via spectrometry. The difference
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in As contents between the original solution and
SDDC was calculated as the As removal amount (in
%) by the adsorbent employed.

A study was conducted as a function of pH,
adsorption (contact) time, and amount of adsorbent to
determine the optimal and practical conditions for
water purification. The sample water was obtained
from a well in Kaoh Thum District, Kandal Province,
Cambodia. Water was initially pumped out for five
min to avoid stagnant well water. The well water of
pH ~7 was immediately acidified after it was taken
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from the well to pH <2 using H,SQO4, to preserve the As
concentration (Liang and Lai, 2010). The pH value of
the water was adjusted later according to the
experimental needs.

25

2.0 H

-
[3;]
1

Absorbance (AU)
5
1
L |

0.5 H

0.0 T T T T
0.0 05 1.0 15 20 25

As concentration (ppm)

Figure 4. A plot of absorbance vs As concentration in ppm by
SDDC method

Chemical analysis was done on the well water.
Harmful elements such as F, B, CN, Cr, Pb, Cd, and
Hg were present within the allowed limits. It was
found that the As content was exceedingly high (460
Mg/L) compared to the suggested WHO limit (<10
Mo/L) and the Cambodian limit (<50 pg/L). For this
study, the well water was condensed to a high As
concentration, 2.35 ppm, by drying. Detailed results
can be found in the reference (Thearak, 2023).

3.2.1 Effect of pH

The effect of pH was investigated with the
candidate adsorbents. 50 mg of various adsorbents
were added to 50 mL of well water, and the adsorption
process was conducted for 30 min. Figure 5(a) shows
the removal efficiency of the raw materials, i.e., AC,
ACK (1:6), a-Fe;0s, and Mn3Oa.. In general, the As
adsorption was not favorable in an acidic environment
except for a-Fe,Os, as reported in previous studies
(Kalaruban et al., 2019; Joshi et al., 2019).

AC (as-screened) and ACK (1:6) exhibited their
best performances at pH 7, while a-Fe;O3 and MnzO4
did at pH 5 and 9, respectively. This was expected
since the ZPC of AC is normally in the pH range of
2-5 (Kalaruban et al., 2019). Further, most oxide
surfaces are hydrated and result in positively and
negatively charged surfaces at low and high pH values,
respectively (Rahaman, 2017). ACK (1:6), which has
a high surface area as presented in Table 1, exhibited
~70% As adsorption at pH 7. The performances of the
two oxides were about the same.

The removal efficiency of the mixture
absorbents made of the raw materials was also
compared with that of ACK (Figure 5(b)). In general,
a neutral water of pH 7 and/or a base water exhibited
a superior performance among this limited number of
samples. The highest removal of As (~95%) was
observed at pH 7.0 with ACK-Mn3O4. Thus, pH 7.0
was chosen as the optimum condition for further
experiment.

@)
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Figure 5. The effect of solution pH on Arsenic removal efficiency of (a) the raw materials and (b) the mixtures
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Figure 5. The effect of solution pH on Arsenic removal efficiency of (a) the raw materials and (b) the mixtures (cont.)

3.2.2 Effect of adsorption time

The removal process was conducted at pH 7 as
a function of time and the amount of KOH used for
AC. The maximum efficiency of 40-75% was
observed within 20-60 min for various AC as shown
in Figure 6(a), as was observed in previous studies
(Jiang et al., 2021; Kalaruban et al., 2019; Joshi et al.,
2019; Rahman et al., 2020; Rusmana et al., 2019;
Koohzad et al., 2019). Considering the ratio of AC and
KOH, the weight ratio of 1:6 exhibited a steady
increase in the adsorption, reaching up to 70-75%.
Most AC showed little improvement after 30 min.

That is, the rate of removal is initially high and then
stabilizes after 30 min.

A similar trend was noted from the individual
oxide and candidate adsorbents (Figure 6(b)). This
might be related to the intrinsic adsorption behavior
that occurs on the adsorbent surface as in a Langmuir
model (Tan et al., 2008). From the materials aspect,
the mixtures of ACK with oxides demonstrated 75-
95% efficiency in 30 min. Especially, ACK-Mn3;O,
outperformed the others with 90-95% efficiency for
the well water. Thus, a time period of 30 min was
found sufficient at pH 7 for the As adsorption.
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Figure 6. Arsenic removal efficiency As a function of adsorption time at pH 7 from (a) AC treated by various KOH amounts and (b) the

mixtures and raw materials

351



Vong T et al. / Environment and Natural Resources Journal 2023; 21(4): 345-357

As removal efficiency (%)

-

— B ACK-Fe,0,
—@ ACK-Mn,0,

—A— ACK (1:6)
—¥— Mn;0,
Fe,0,
T T T T T
30 40 50 60
Time (min)

Figure 6. Arsenic removal efficiency As a function of adsorption time at pH 7 from (a) AC treated by various KOH amounts and (b) the

mixtures and raw materials (cont.)

3.2.3 Effect of adsorbent amount

Figure 7 shows how various adsorbents behave,
at pH 7 in 30 min of adsorption time, as a function of
the adsorbent amount (10-100 mg). In most cases, the
As removal rate in ppm/mg sec is high when the
amount of adsorbent is relatively small (up to 50 mg).
Thus, 50 mg of adsorbent was chosen for 50 ml of well
water as the proper adsorption amount. In this study
the as-received AC and the individual oxide showed
the low rates of adsorption while the rates of ACK,
ACK-Fe;03, and ACK-Mn3;04 were high in this range

(10-50 mg). It indicates that the surface morphologies
of ACK, ACK-Fe;O3, and ACK-Mn3O4 offer more
sites for As adsorption than those of the as-received
AC and the oxides. It is to be noted that the ratio
between the amount of adsorbent and well water was
1 g/L. This ratio is considerably less than the values
commonly observed in other studies (1.8-12.5 g/L)
(Joshi et al., 2019; Rusmana et al., 2019; Koohzad et
al., 2019), demonstrating the effectiveness in practical
applications and performance.
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Figure 7. Arsenic removal efficiency as a function of adsorbent amount for various adsorbents at pH 7 for 30 min adsorption time
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3.3 Effect of oxide presence with ACK on
adsorption performance

Figure 8 presents the performance curves of
ACK-Fe;0; and ACK-Mn3O4 along with the
calculated data. The dotted and dashed lines were
calculated based on the weight ratio (10:1) and the
surface area, respectively, of the raw materials shown
in Figure 7 and Table 1. ACK-Fe;O3 and ACK-Mnz0.
performed much better than the arithmetic sums of
each contribution from the constituent ACK and
oxides. The simple addition of an oxide to ACK
increased the As removal rate and the efficiency by 10-
40% in most ranges of pH, adsorption time, and
adsorbent amount. It can be concluded that the

addition of oxides, especially Mns;0.s, to ACK
demonstrate a synergetic effect on the As removal.
According to Table 1, the surface areas of ACK-
Fe203; and ACK-Mn304 (10:1) increased by 154 and
99 m?/g, respectively, more than the calculated surface
areas in parenthesis. As mentioned, the oxides must be
responsible for the increase, which is due to
deagglomeration of oxide particles. However, the
addition of nano Mn30, to ACK did not result in as
significant an increase in the surface area as Fe,Os. It
means that nano Mn3O, still exhibits a stronger
agglomeration tendency than Fe,Os due to its high
surface energy associated with nano size particles.
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Absorbent dosage (mg)

Figure 8. Effect of composition and surface area on the As removal (Calculations were done based on the weight ratio (dotted lines) and
the ratio of surface areas (dashed lines) of individual constituent materials.)

Based on the results above, the colloidal states
of ACK-Fe;03 and ACK-Mn304 could be speculated
during As adsorption. Since ACK-Fe;O3 exhibited a
higher increase in the surface area than ACK-Mn3zOy4,
Fe,Os particles are expected to disperse more freely in
the well water than Mn3O4 particles. In addition, ACK-
Fe.Os; resulted in little improvement in the
performance compared to that of ACK. Thus, it is
reasonable to say that Fe;Os; did not enhance the
number of adsorption sites for As significantly. On the
other hand, Mn3O, particles of nano size have a
tendency to retain the state of agglomeration and
deposit on the ACK surface more than Fe;Osto reduce
the surface energy effect. Agglomeration of powder in
solid state is an equivalent term to flocculation
tendency in colloidal science. Figure 9 shows the
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schematics of the mixture adsorbents, i.e., ACK-Fe,Os
and ACK-Mn304, before and after mixing the oxides
with ACK in a solution.

In order to understand this issue, zeta, C,
potential was measured for each material as a function
of pH. The potential is electric, which is normally in
the range of -100 to 100 mV in the interfacial double
layer at the location of the slipping plane. It is
normally used to estimate the dispersion tendency of
particles in a solution (Dukhin and Goetz, 2017). Fast
flocculation is known to occur in a solution if the
potential falls in the range of 0-5 mV, while an
incipientinstability (low flocculation) occurs when the
potential is in the range of 10-30 mV (Kumar and
Dixit, 2017).
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Figure 9. Schematics of (a) ACK-Fe203 and (b) ACK-Mn30a4in the colloidal state before and after interactions of the mixtures
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Figure 9. Schematics of (a) ACK-Fe203 and (b) ACK-Mns0Ox4in the colloidal state before and after interactions of the mixtures (cont.)

As shown in Figure 10, the net electrical charge
bounded by the slipping plane of each material ranged
from 0 to -14 mV in the well water of pH 7. The zeta
potential of AC and ACK was -11 mV and that of each
oxide was about -12.5 mV. On the other hand, ACK-
Fe,0s;and ACK-Mns0. had zeta potentials of -13 and
-5 mV, respectively. Note that the zeta potential of
ACK-Fe;03(-13 mV) is much more negative than that
of ACK-Mn304 (-5 mV).
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The potential of the electrical double layers is
determined greatly by the surface charges of
individual constituent particles, the morphology and
the interactions among them. The zeta potential of
ACK-Fe;03 (-13 mV) is not much different from its
raw materials, ACK (-11 mV), and Fe;O3 (-12 mV).
This indicates that ACK and Fe;Os; particles are
dispersed freely in the well water. In contrast the zeta
potential of ACK-Mn3Os (-5 mV) is much lower than
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those of constituent materials, ACK (-11 mV) and
Mns;O, (-12.5 mV). It suggests that there must be
intimate interactions between ACK and MnsOs,
providing a new environment for As adsorption.

With the known contribution of ACK in the
potential, this result is in good agreement with the

schematics suggested (Figure 9). The new morphology
of ACK-Mn30O4 mixture provided the highest number
of adsorption sites. A notable synergetic effect between
ACK and Mn304 on As removal was observed and was
reasoned by the surface charge and surface energy of
the nano-sized oxide particles.
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Figure 10. Zeta(C) potentail of various absorbents

4. CONCLUSION

The microstructure and characteristics of
various AC-based adsorbents were investigated and
evaluated in terms of their As removal efficiency.
Overall, the study results demonstrate that adsorbents
comprising ACK, Mn3;0;, and Fe:O; could be
considered as economical and effective adsorbents for
As removal. The summary and conclusions of this
study are as follows:

(1) For 50 mL As-containing well water, the
optimal values of pH, adsorption time, and amount of
adsorbent were pH 7, 30 min, and 50 mg, respectively.
The ratio between the amount of adsorbent and well
water (1 g/L) of this study offered equivalent or
superior performance efficiency compared to those
reported previously (1.8-12.5 g/L). The adsorbents
consisting of ACK and oxides are advantageous in
performance and cost over other GAC-based
adsorbents.

(2) A strong synergetic effect of Mn3O, with
granular ACK was observed on As removal (~95%).
This is primarily due to the change in the potential of
partially agglomerated nano Mn3;O, particles on the
ACK surface. The influence of the surface area of the
adsorbents was not pronounced.
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Once As-removal absorbents are developed,
making them widely available to public is another
important task, where the role of the Cambodian
government is important. Given that arsenic issues are
inherently inter-disciplinary between environment and
health, together with education (for raising public
awareness) and coordination (between the central
government and local provinces), a number of
ministries (Ministry of Environment, Ministry of
Health, Ministry of Rural Development, etc.) should
establish  systematic  channels for effective
communications and implementations, including
communications with international communities. This
should be reserved as a topic for a further study.
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