170 BPB Reports 3, 170-173 (2020)

Vol. 3, No. 5

BPB Reports &

Report

Chromium(VI) Adsorption from the Aqueous Phase by Activated Carbon
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The performance of hexavalent chromium (Cr(VI)) adsorption by activated carbon (AC) prepared from
coconut shell (AC1) and modified with silver nanoparticles (AC2), titanium oxide (AC3), and magnetic powder
(AC4) was evaluated in this study. The interaction between AC surface properties and Cr(VI) was also assessed
via elemental distribution and binding energy analyses. More Cr(VI) was adsorbed onto AC1 than onto any oth-
er AC, indicating that the specific surface area and surface functional groups are key factors for Cr(VI) adsorp-
tion from the aqueous phase (with correlation coefficients of 0.988 and 0.868—0.949, respectively). Activation of
the coconut shell with silver nanoparticles, titanium oxide, and magnetic powder did not increase Cr(VI) adsorp-
tion. Cr atoms were detected on the AC1 surface by electron probe microanalysis only after adsorption. More-
over, the binding energies of Cr (2s, 2p, 3s, and 3p) and O (1s) were confirmed after absorption. These results
indicate that AC surface properties were strongly related to adsorption performance. Finally, this study reveals
the optimal pH conditions for the removal of Cr(VI) from the aqueous phase of approximately pH 2-3 (acidic
conditions). In conclusion, this study elucidates the Cr(VI) adsorption mechanisms of coconut shell-derived AC.
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INTRODUCTION

In 2015, the United Nations adopted 17 Sustainable Devel-
opment Goals," including strategies for improving the safety
and security of the global water supply. Consequently, water-
related environmental problems, such as heavy metal contam-
ination, have become a major concern in recent years. Heavy
metals have strong negative effects on the water environ-
ment; specifically, hexavalent chromium (Cr(VI)) is one of
the most toxic pollutants in terms of its carcinogenic effects
and liver toxicity.>? Moreover, it is not automatically degrad-
ed and exhibits high persistence in aqueous environments.
When accumulated at high concentrations, Cr can induce seri-
ous issues; it becomes lethal when its concentration reach-
es 0.1 mg/g body weight.*» High exposure to Cr can induce
respiratory challenges, skin problems, and cancer.® The
effects of Cr exposure on human health, however, depends
upon dosage and the particular organ at risk. For example,
an acute reaction will only occur above the Cr level LD,
(20-250 mg-Cr(VI)/g body weight).

According to the Agency for Toxic Substances and Dis-
ease Registry, Cr(VI) is more toxic to humans and the water
environment than Cr(III).” In addition, Cr(VI) compounds are
classified as Group 1 (carcinogenic to humans) by the Inter-
national Agency for Research on Cancer.® The maximum Cr
concentration limits in drinking water adopted by the World
Health Organization and the United States Environmental Pro-
tection Agency are 0.05 ppm and 0.1 ppm, respectively.®!D
Thus, removal of Cr(VI) from the aqueous phase is urgently

required to protect water environments and safeguard human
health.

Adsorption treatments for the removal of heavy metals
such as Cr(VI) have been widely applied in aqueous environ-
ments because of their ease of operation and design, low cost,
and high efficiency. Among them, activated carbon (AC) has
been widely used for the adsorption of Cr(VI) from water.
In recent years, the physicochemical properties of both com-
mercially available AC and AC modified by various materials
have been evaluated to determine their Cr(VI) adsorption per-
formance.?7%12-14 These studies focused on adsorption param-
eters such as initial concentration, pH, temperature, contact
time, and solution composition,'9 with some papers evaluat-
ing the adsorption mechanism in detail.!» The key factors con-
trolling the adsorption of Cr(VI) from the aqueous phase were
a higher surface area (higher porosity) and more active func-
tional groups on the AC surface.!2!9 However, there are only
a few reports on the adsorption mechanism of Cr(VI) by AC,
which simultaneously employ elemental distribution and bind-
ing energy analyses. Elemental distribution analysis can eluci-
date the existence of Cr on the adsorbent surface, and binding
energy analysis can elucidate the chemical bonding condition.
These data are needed to identify the adsorption mechanism of
Cr(VI) using AC in detail.

Therefore, this study aims to reveal the relationship
between AC surface properties and Cr(VI) adsorption in order
to elucidate the detailed mechanism of Cr(VI) adsorption from
the aqueous phase by AC. Specifically, the surface properties
and adsorption performance are analyzed for different types
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of AC by simultaneously analyzing the elemental distribution
and binding energy.

MATERIALS AND METHODS

Materials Different types of AC (denoted as AC1, AC2,
AC3, and AC4) were prepared from materials acquired from
Ueda Environmental Solutions Co., Ltd., Osaka, Japan. Brief-
ly, AC1 was produced from high-purity coconut shell, which
was modified by the addition of silver nanoparticles (AC2),
titanium oxide (AC3), and magnetic powder (AC4), respec-
tively. Moreover, the Cr(VI) ion standard solution (K,Cr,0,
in 0.1 mol/L HNO;), hydrochloric acid, and sodium hydroxide
were purchased from FUJIFILMU Wako Pure Chemical Co.,
Osaka, Japan.

The physicochemical characteristics of AC have been
reported in a previous study.!” Briefly, the specific surface
area, pore volume, and surface properties (basic and acidic
functional groups, and pH,,) were measured.!®! In addition,
the elemental distribution and binding energy of Cr on the AC
surface were measured by a JXA-8530F electron probe micro-
analyzer (EPMA; JEOL, Tokyo, Japan) and X-ray photoelec-
tron spectroscopy (XPS; AXIS-NOVA, Shimadzu, Co., Ltd.,
Kyoto, Japan), respectively, in order to elucidate the adsorp-
tion mechanism.

Quantification of Cr(VI) Adsorption A small quanti-
ty (0.05 g) of each AC was mixed with a 50-mL Cr(VI) solu-
tion of 10 mg/L and 50 mg/L. The reaction solution was sub-
jected to shaking of 100 rpm at 25°C for 24 h. Subsequently,
the sample solution was filtered through a 0.45-um membrane
filter. The concentration of Cr(VI) in the filtrate was meas-
ured using inductively coupled plasma optical emission spec-
trometry (ICP-OES; iCAP 7600 Duo, Thermo Fisher Scientific
K.K., Tokyo, Japan). The quantity of adsorbed Cr(VI) was
calculated based on the difference in Cr(VI) concentrations
before and after adsorption.

Additionally, the effect of pH on Cr(VI) adsorption was
demonstrated by mixing the adsorbent (AC1, 0.05 g) with a
50-mL Cr(VI) solution of 50 mg/L at pH 2, 4, 6, §, and 10,
which was adjusted by hydrochloric acid or sodium hydroxide
solution. The reaction solution was shaken at 100 rpm at 25°C
for 24 h. The quantity of adsorbed Cr(VI) was calculated as
described previously. The results in this study are expressed as
the mean + standard deviation (n = 2-3).

RESULTS AND DISCUSSION

AC Surface Properties The physicochemical characteris-
tics of each AC type have been reported in a previous study.'”
Further, scanning electron microscopy (SEM) images revealed
a concave-convex surface on AC1 and a large number of small
pores on AC2, AC3, and AC4, which were significantly differ-
ent from AC1 and AC2. These results suggest that the surface
characteristics of each AC depended on the treatment process
employed for surface activation. Additionally, the values of the
specific surface area, pore volume, surface functional groups,
and pH, . for AC1 (978 m?/g, 0.0350 mL/g, 0.139 mmol/g, and
7.46, respectively) were greater than those for AC2, AC3, and
AC4. Therefore, AC surface activation treatments using silver
nanoparticles (AC2), titanium oxide (AC3), or magnetic pow-
der (AC4) did not increase the specific surface area, pore vol-
ume, surface functional groups, or pH_ . These results suggest
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greater adsorption of heavy metals such as Cr(VI) onto AC1
than onto other types of AC. However, this study only eval-
uated the performance of AC in the removal of Cr(VI) from
the aqueous phase; the mechanism of carbon surface activation
with silver nanoparticles, titanium oxide, or magnetic powder
was not elucidated in detail. Therefore, further studies are nec-
essary to analyze these activation mechanisms in detail.

Cr(VI) Adsorption Performance The amount of Cr(VI)
adsorbed onto the different ACs is shown in Fig. 1. At an ini-
tial concentration of 10 mg/L, the amount of Cr(VI) adsorption
was equivalent for all ACs except AC4. However, at an ini-
tial concentration of 50 mg/L, more Cr(VI) was adsorbed onto
ACI1 (47.59 mg/g) than onto any other AC (all < 30.3 mg/g;
data not shown). Therefore, AC1 was deemed most suita-
ble for the removal for Cr(VI) from aqueous solution in this
study. Additionally, the activation of coconut shell with silver
nanoparticles (AC2), titanium oxide (AC3), or magnetic pow-
der (AC4) did not increase the adsorption of Cr(VI) from the
aqueous phase. Table 1 compares the Cr(VI) adsorption capac-
ity of AC1 with other reported adsorbents. The results reveal
that AC1 exhibits the optimum adsorption capability (except
compared to PAC-Fe%Ag), indicating that AC1 is suitable for
the adsorption of Cr(VI) from the aqueous phase.®!3.1420-22)

The relationship between Cr(VI) adsorption and AC physic-
ochemical properties was assessed to elucidate the adsorption
mechanism of Cr(VI) by AC (Table 2). The correlation coeffi-
cients between the amount adsorbed and the specific surface
area, basic functional groups, and acidic functional groups
were 0.988, 0.868, and 0.949, respectively. These results sug-
gest that the AC surface properties are important factors influ-
encing Cr(VI) adsorption from the aqueous phase. In contrast,
no relationship was observed between pore volume and the
adsorption capability of Cr(VI) in this study. Previous stud-
ies reported that pore volumes such as micropores in AC could
physically adsorb Cr(VI) from the aqueous phase via Van der
Waals forces. Thus, a low pore volume or small pore size
would limit interaction with adsorbates in the water phase.!22)
Hence, it is likely that the adsorption mechanism of Cr(VI) by
AC was more influenced by AC surface properties than inter-
nal properties in this study.

Therefore, this study analyzed the interaction between
AC surface properties and Cr(VI) to elucidate the adsorption
mechanism through elemental distribution and binding ener-
gy analyses. First, the elemental distribution of Cr on the AC1
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Fig. 1. Amount of Cr(VI) Adsorbed onto ACs

Initial concentration: 10 mg/L, solvent volume: 50 mL, adsorbent: 0.05 g, contact
time: 24 h, temperature: 25°C, agitation speed: 100 rpm.
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Table 1. Comparison of Cr(VI) Adsorption Capacity of AC1 with Other Reported Adsorbents
Adsorption capability Temperature  Initial concentration  Contact time ~ Adsorbent
Samples (mg/g) pH ©C) (mg/L) (h) (g/L) References
AC-Fe 34.39 5.38 20 65 10 1 Sun et al., 2014
PAC-Fe"/Ag 100 3.0£0.1 25 100 1 0.3 Kakavandi et al., 2014
5-FeOOH-coated-y-Fe,0; 25.83 2.5 25 200 0.5 0.1 Hu et al., 2007
Coconut shell 10.88 4.0 - 25 0.25 Babel et al., 2004
Longan seed 35.02 3.0 45 100 4 0.1 Yang et al., 2014
RAC 44.05 2 30 200 6 1 Karthikeyan et al., 2005
AC1 47.59 3 25 50 24 1 This study
Table 2. Correlation Coefficients of Between Amount Adsorbed and Physicochemical Properties
Pore volume

Samples Specificsurface area (cc/g) Hooe Basic functional groups Acidic functional groups

P (m?/g) d<20 20 <d <500 500 <d PHirzc (mmol/g) (mmol/g)

&) &) A

Cr(VI) 0.988 0.752 0.406 0.520 0.583 0.868 0.949

surface before and after adsorption was analyzed (Fig. 2).
Cr atoms were only detected after adsorption, indicating that
Cr(VI) was present on the AC1 surface after the experiment.
Second, the binding energy of Cr on the AC1 surface was ana-
lyzed before and after adsorption (Fig. 3). After adsorption,
the intensities of Cr (2s, 2p, 3s, and 3p) and O (1s) were deter-
mined, confirming the presence of Cr(VI) on the AC1 surface.
These results verify that the AC surface properties were cru-
cial for the removal for Cr(VI) from the aqueous phase.
Finally, the effect of pH on Cr(VI) adsorption by ACI is
shown in Fig. 4. The pH in solution is one of the most effec-
tive parameters controlling the interaction between Cr(VI) in
solution and the AC surface properties. As shown in Fig. 4,
adsorption under acidic conditions (approximately pH 2-3)
was higher than that under neutral or basic conditions. The
AC surface typically exhibits amphoteric properties (positive-
ly charged or negatively charged) depending on the solution
pH.» Moreover, ACs contain a large number of surface func-
tional groups (Table 2). Additionally, the different ion species

After adsorption

Before adsorption

Low concentration - 1 - High concentration
Fig. 2. Elemental Distributions of Chromium onto AC1 Surface before and
after Adsorption

Initial concentration: 50 mg/L, solvent volume: 50 mL, adsorbent: 0.05 g, contact
time: 24 h, temperature: 25°C, agitation speed: 100 rpm.

of Cr(VI) are as follows:24

H,CrO, & H+ + HCrO,

HCrO,> < H+ + CrO >

2HCrO, < Cr,0,> + H,0

HCrO, is the predominant Cr(VI) species at a solution pH
of 2-3; thus, as the pH increased in the experiment, the pre-
dominant Cr(VI) species changed from HCrO, to CrO,> and
Cr,0,%. Previous studies have reported that HCrO, is more
favorable for adsorption because it has low adsorption free
energy.>2%)

Thus, increasing H* (protons) on the AC surface under
acidic pH conditions (approximately 2-3) led to strong elec-
trostatic attraction between the positively charged AC surface
and Cr(VI) ion species such as HCrO,.') Moreover, as the
pH increased, the competition grew between OH- and chro-
mate ions such as CrO,> and Cr,0.>. In addition, the positive-
ly charged surface was significantly weak at increasing the pH
(negatively charged when pH > pH_,. in AC1), which indicates
the substantial repulsion between AC1 and Cr(VI) in the aque-
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Fig. 3. Binding Energy of Chromium onto AC1 Surface before and after
Adsorption

Initial concentration: 50 mg/L, solvent volume: 50 mL, adsorbent: 0.05 g, contact
time: 24 h, temperature: 25°C, agitation speed: 100 rpm.



Vol. 3, No. 5 (2020)

40

L]

i)
% 30
g
B
3 )
8 20
=
<
z *)
=
g 10
o

§ : : : W I s :

0 2 4 6 8 10 12 14

Solution pH after adsorption

Fig. 4. Effect of pH on the Adsorption of Cr(VI) onto AC1

Initial concentration: 50 mg/L, solvent volume: 50 mL, adsorbent: 0.05 g, pH: 2, 4,
6, 8, 10, and 12, contact time: 24 h, temperature: 25°C, agitation speed: 100 rpm.

ous phase.? These results also confirm that AC surface prop-
erties had a strong influence on Cr(VI) adsorption from the
water phase. Furthermore, the optimal pH condition for Cr(VI)
adsorption by AC1 was determined as acidic, i.e., approxi-
mately 2-3.

In summary, the relationship between AC surface properties
and Cr(VI) adsorption was demonstrated in this study. Specif-
ically, the specific surface area and surface functional groups
of AC were strongly related to the adsorption of Cr(VI). Addi-
tionally, the adsorption mechanisms of Cr(VI) were partially
elucidated via elemental distribution and binding energy anal-
yses.
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