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ABSTRACT

In this work, an efficient activated carbon derived from Ipomoea batatas vine was used to remove
hexavalent chromium (Cr(VI)) from wastewater. A series of characterization results of the activated
carbon revealed that one of the prepared activated carbon (prepared at 800°C) had a high specific
surface area (1,508.4 m?%g), rich functional groups, etc. Batch adsorption experiments were car-
ried out to explore the adsorption effect and mechanism of AC-800 on Cr(VI) in aqueous solution.
The adsorption kinetic and isotherms experiment results fitted well with the pseudo-second-order
kinetic model and the Langmuir isotherm model, respectively, which indicated that the adsorption
of Cr(VI) by AC-800 was mainly by surface chemical complexation reaction, and the maximum
adsorption capacity was 362.3 mg/g (in optimized condition). The efficiency of Cr(VI) removal was
significantly affected by the initial pH of the solution. And, AC-800 showed good reusability, and
the removal efficiency of Cr(VI) was still over 70% after four cycles. Overall, the activated carbon
derived from discarded Ipomoea batatas vine could be considered an efficient adsorbent for Cr(VI)

removal from aqueous solution.
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1. Introduction

The water pollution crisis has become a global issue, and
one of the main factors of this crisis is heavy metal pollution
due to its toxic, persistent and bio-accumulative nature [1,2].
Chromium (Cr) is widely used in electrical equipment and
leather tanning and other industrial processes, but a large
amount of wastewater containing Cr has caused extensive
and serious harm to the environment and human health
[3-5]. It is worth mentioning that the toxicity of (Cr(VI))
is much higher than that of trivalent chromium (Cr(III))
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due to its oxidative, cancerogenic and corrosive properties
[6]. Even though plenty of strict laws have been passed by
governments to control the concentration of Cr in drinking
water (such as <0.1 mg/L, U.S. Environmental Protection
Agency) [5], a large amount of wastewater containing Cr(VI)
are still being produced and urgently needed to treat with
an efficient method [7]. It is urgent to explore a cost-effi-
cient and environment-friendly method to remove Cr(VI)
in wastewater.

A variety of technologies have been developed to
remove Cr(VI) in wastewater, such as chemical precipitation,
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membrane filtration, ion exchange, and adsorption [8-11].
Compared with other methods, adsorption has attracted
much attention due to its cost-effectiveness and environ-
mental friendliness [12]. The high-efficient and low-cost
adsorbent is the most fascinating in the adsorption pro-
cess. Therefore, activated carbon derived from biomass has
drawn wide attention because of its low cost, vast resource,
and excellent potential to improve the value-added of
biomass [13].

Many kinds of waste biomass are used as activated car-
bon, and show good adsorption effect [14-17]. However,
an activated carbon prepared from Ipomoea batatas vine
and used for the adsorption of Cr(VI) in water has not been
explored. Even, many studies have shown that Ipomoea bata-
tas vine is rich in crude fiber and lignin, which are extremely
suitable for preparing activated carbon [18-21]. Besides,
Ipomoea batatas are one of the most widely cultivated crops
in the world, which could produce a large amount of waste
vine every year [22-24]. In this work, a novel method has
been explored to enhance the utility value of discarded
Ipomoea batatas vine.

This work aims at investigating the adsorption abil-
ity of the Ipomoea batatas vine-derived activated carbon to
remove Cr(VI) from aqueous solution. During the study,
(a) the influence of adsorption process parameters was
evaluated by batch experiments and (b) the mechanism of
Cr(VI) adsorption was explored by comparing the charac-
terizations and the adsorption performance of the different
adsorbents.

2. Experimental set-up
2.1. Materials and reagents

Ipomoea batatas vines were collected from cropland
(Anhui, China) and used as raw materials. Potassium
hydroxide (AR grade) and hydrochloric acid (AR grade)
were purchased from Sinopharm Chemical Reagent Co.,
Ltd., (Shanghai, China). Potassium dichromate (AR grade)
was purchased from Shanghai Lingfeng Chemical Reagent
Co., Ltd., (Shanghai, China). The pure water used in the
whole experiment was obtained from the AquaPro Water
Purification System (>18.2 MQ cm, 25°C). The real sample
of river water was obtained from the Wuhu section of the
Yangtze River, China. Several kinds of Cr(VI) stock solution
(1,000 mg/L) were prepared by dissolving a certain amount
of potassium dichromate in each water, and then stored at
room temperature for further use. The solutions used in
each experiment were obtained by diluting the standard
reserve solution.

2.2. Preparation of Ipomoea batatas vines-derived activated
carbons

Before the physico-chemical activation process, the
Ipomoea batatas vines were washed with pure water to get rid
of the adhered to impurities and dried in an oven for 24 h,
followed by crushed and sieved to obtain an Ipomoea batatas
powder for further manipulation. Subsequently, the Ipomoea
batatas vines powder was carbonized to pristine biochar (BC)
in a muffle furnace at 500°C for 2 h with a heating rate of

5°C/min. During the process of activation, BC and KOH were
first mixed in water at a mass ratio of 1:3 [25], and then, the
mixture was dried in an oven at 80°C for thoroughly stirred.
The gained mixture was calcined in a muffle furnace at 600,
700, and 800°C for 90 min under nitrogen protection with a
heating rate of 5°C/min, respectively. Finally, the obtained
substances were washed with diluted hydrochloric acid
and repeatedly washed with pure water to neutralize, then
dried in an oven at 80°C for 24 h. The obtained activated
carbons at different temperatures were labeled as AC-600,
AC-700, and AC-800. The yield (Y) of AC-600, AC-700, and
AC-800 was calculated by the following formulate:

Y(%) :%xwo )
1

where m, is the quality of dried Ipomoea batatas vines and
m, is the quality of the prepared activated carbon.

2.3. Characterization
2.3.1. pH, determination

The pH_, (point of zero charge) of the prepared acti-
vated carbons were determined as follows: the dried samples
were poured into NaCl solutions (50 mL, 0.1 M), in which
the initial pH range is 1-12, agitated at 25°C for 48 h. Then,
the solution was filtered and the final pH was detected.

2.3.2. Fourier-transform infrared spectroscopy analysis

The functional groups were analyzed on Fourier-
transform infrared spectrometer (FTIR, Thermo Scientific
Nicolet iS5, USA) with a wavenumber range from 400 to
4,000 cm™.

2.3.3. Morphology analysis and porosity properties

The surface morphology and elemental analysis of the
activated carbon were observed using scanning electron
microscopy (SEM, Quanta FEG 250, USA). The surface areas
and porosity properties of the activated carbon were inves-
tigated using Micromeritics ASAP 2460 Version 2.02 (USA)
at 77 K. The specific surface areas were calculated by the
Brunauer-Emmett-Teller (BET) method, and the volume and
diameter of the micropore were calculated by the Horvath—
Kawazoe (HK) and Barrett-Joyner-Halenda (BJH) meth-
ods. The spectra of X-ray photoelectron spectroscopy (XPS)
were obtained by using Thermo Scientific Nexsa (US) with
mono Al Ka radiation at 1,486.6 eV.

2.4. Adsorption experiments

Batch adsorption experiments were performed to evalu-
ate the performance of the activated carbons for removing
Cr(VI) from the aqueous solution. In each batch adsorption
experiment, the pH value of Cr(VI) solution was adjusted
by 1 M NaOH or 1 M HCI solution. Each adsorbent was
weighed and placed in a flask with the same specification
containing 200 mL Cr(VI) solution. The flask was then shaken
horizontally at 150 rpm for a specified time. Subsequently,
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the mixture was filtration with quantitative filter paper,
and the remained chromium concentration in the filtrate
was determined using the UV-Vis spectrophotometer
(UV-1800PC, Mapada, Shanghai, China) at the wavelength of
540 nm using the colorimetric method.

Batch adsorption experiments under different condi-
tions were employed to evaluate the parameters affecting
adsorption, which included the initial pH value of Cr(VI)
solution ranging from 2 to 10 and the dosage of adsorbent
0.01-0.06 mg. In the adsorption kinetic experiments, various
adsorbents were added to 100 mL Cr(VI) solution (200 mg/L,
pH = 2) and shaken at 150 rpm. A sample (0.5 mL) was then
taken at different time intervals to analyze by a spectropho-
tometer. The isothermal adsorption experiments were carried
out in Cr(VI) solution (pH = 2) with concentrations ranging
from 50 to 300 mg/L. The adsorption thermodynamic exper-
iments were carried out in Cr(VI) solution (pH = 2) with a
concentration of 200 mg/L at 15°C, 25°C, 35°C, and 45°C.
Each adsorption experiment was performed twice, and
the average value was reported. The removal percentage
was calculated as following equations:

r:@xloo )
CO
C,-C
0=y ®
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C,-C
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m

where C, C, and C, (mg/L) represent the concentration of
Cr(VI) in the solution at initial, adsorption equilibrium, and
time ¢, respectively. r is the removal rate of Cr(VI). Q, and
Q, are the capacities of adsorbent at adsorption equilibrium
and time f, respectively. m presents the mass of AC-600,
AC-700, and AC-800. V is the volume of the Cr(VI) solution.

2.5. Experimental data models

Adsorption isotherm models including the Langmuir
isotherm, the Freundlich isotherm, and the Temkin iso-
therm were used to fit isothermal adsorption experimental
data. The mathematical equations are as follows [26].

Langmuir isotherm:

c_ 1

T )
QB QmaXKl Qmax
Adsorption feasibility:
1
R=— - (6)
bo(1+(CK)
Freundlich isotherm:
1
InQ, =InK, +=(InC,) @)
n

Temkin isotherm:

Q. =BInA+BInC, ®)

where Q_ is the maximum adsorption capacity of adsor-
bents for Cr(VI), which is theoretically calculated from the
Langmuir isotherm model. K, is the Langmuir constant. R,
is a dimensionless constant separation factor, which could
indicate the nature of the Langmuir isotherm model. K, rep-
resents the Freundlich constant, and #n is the heterogeneity
factor of the Freundlich isotherm model. A and B represent
Temkin constants.

The adsorption kinetic model, which includes the pseu-
do-first-order kinetic model, the pseudo-second-order kinetic
model, and the Weber-Morris’s intraparticle diffusion model,
were used to fit adsorption experiment data [27]:

Pseudo-first-order kinetic model:

k,t ] o)

log(Q. -Q,)=logQ, _[2.303

Pseudo-second-order kinetic model:

t 1 t
— (10)
Q k(Q) Q
Weber-Morris’s intraparticle diffusion model:
Q, =kt +C (11)

where k, k,, and k, are considered as rate constants of the
pseudo-first-order, the pseudo-second-order kinetic model,
and the Weber-Morris’s intraparticle diffusion model.
t represents the contact time.

The adsorption thermodynamics parameters of Cr(VI)
were estimated by the following equations [28]:

Linear partition:

&z% (12)
Gibbs free energy:

AG®°=-RTInK, (13)
Van't Hoff:

m@:ﬁiﬁf (14)

where R is the universal gas constant, and T is the tem-
perature of the adsorption system. K, is the partition coef-
ficient. AS® and AH° are the enthalpy change and the
entropy change, respectively, calculated from the slope and
intercept of K, vs. 1/T.

2.6. Regeneration performance and practical application effect

The activated carbon was recycled 5 times to test
its regeneration performance. During the regeneration
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adsorption experiment, the used activated carbon was
immersed in 1 M NaOH solution with stirring for 4 h, then
filtered, washed with pure water three times, and dried at
80°C for 8 h. The recycled activated carbon was performed
for the next adsorption experiment again. The 100 mg/L
Cr(VI)-containing solutions prepared from the Yangtze
River water were used to simulate real wastewater, and to
evaluate the adsorption effect of Cr(VI) in real wastewater
by the adsorbents.

3. Results and discussion
3.1. Characteristics and physico-chemical property of adsorbents

Scanning electron microscopy-energy-dispersive X-ray
spectroscopy (SEM-EDS) was used to observe the morphol-
ogy and measure the element content of the activated car-
bons, and SEM images and EDS data are displayed in Fig. 1.
As Fig. 1a—c shows, the oxygen content on the surface of the
activated carbon decreases gradually with the increase of
pyrolysis temperature, and AC-800 has a smooth surface
structure compared with others, which probably related
to more organic matter is volatilized with the increase of
pyrolysis temperature. The surface structure of AC-800
does not change significantly before and after adsorption,
but the oxygen content on the surface of AC-800 increased
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obviously after adsorption, which could be related to the
mass of Cr,0.,* and CrO,* were adsorbed on the surface of
the adsorbent via physical adsorption or chemical reaction
(Fig. 1c and d). Meanwhile, the mapping image (Fig. S1)
shows that Cr and O are evenly distributed on the surface of
AC-800 after Cr(VI) adsorption. What’s more, the Cr content
is 9.69% (by weight) after Cr(VI) adsorption process, con-
firming Cr(VI) is efficiently adsorbed by AC-800.

The FTIR spectra of the activated carbons before and
after adsorption are presented in Fig. 2. In the initial adsor-
bents’ spectra, the peak exists at 3,427 cm™ on behalf of the
vibrations of C-OH bonds. Compared to the other two acti-
vated carbons, the peak at 1,585 and 1,116 cm™ of AC-800
are enhanced, which respectively relates to arylalkyl ether
(-OCH,) and the C-O bond presented in ester and ether. This
phenomenon could be because many long-chain organic
matters and oxygen-containing functional groups volatilize
and produce more C-H bonds during the pyrolysis process
[29-32]. After adsorption, the broadband between 675 and
798 cm™ weakens obviously (Fig. 2), which indicates the
O-H and C-H bending presented in carboxylic acid and
aromatic compound participated in the Cr(VI) adsorption
process [33]. In addition, a significant decrease at the peak
of C-H (569 cm™) and C-OH (3,427 cm™), which was due to
the oxidation of carbon because of the reduction of Cr(VI) to
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Fig. 1. Scanning electron microscopy-energy-dispersive X-ray spectroscopy images of (a) AC-600, (b) AC-700, (c) AC-800 before

and (d) after Cr(VI) adsorption.
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Cr(III) by AC-800 [34]. This phenomenon suggests that the
removal efficiency of Cr(VI) by activated carbon is closely
related to these functional groups.

As Fig. 3a shows, the nitrogen adsorption-desorption
isotherms are type II and IV with H, hysteresis loop char-
acteristics according to the International Union of Pure and
Applied Chemistry (IUPAC) classification, which means
the prepared activated carbons mainly have mesoporous
and micropore structures. The pore-size distribution of
the prepared activated carbons is shown in Fig. 3b, which

further confirms that they have abundant micropores and
mesopores. It is well known that micropores provide a huge
amount of adsorption sites, while mesopores facilitate the
transfer of heavy metal ions [35,36]. BET surface area is an
important parameter of adsorbents, a larger specific surface
area means more available adsorption sites. AC-800 possesses
the largest specific surface area (S, = 1,508.4 m*/g) and the
smallest average pore size (2.18 nm) among the three acti-
vated carbons (Table 1), this is consistent with the observed
result of SEM. As expected, the results of the nitrogen
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Fig. 2. Fourier-transform infrared spectroscopy of AC-600, AC-700, and AC-800 before (a) and after (b) adsorption.
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adsorption—-desorption experiment prove that the increase of
pyrolysis temperature is beneficial to the formation of mes-
opores and micropores, and simultaneously increases the
specific surface area of the activated carbon. In addition, the
pH , for AC-800 is 6.7, which is higher than that of AC-600
and AC-700. This could be because of the evaporation of some
organic matter in the process of pyrolysis. The higher value
of pH,,. means that the adsorbent can better adsorb Cr(VI)
under acidic conditions by electrostatic adsorption [37].

3.2. Influence of initial pH

The initial pH value of the solution is an important fac-
tor affecting the adsorption of Cr(VI) by adsorbents. The
removal rate for Cr(VI) of the prepared adsorbents decreases
sharply with the increase of the solution pH in the range of
2-10. When the initial pH of the solution is 2, AC-800 does the
best job of removing Cr(VI), and the removal rate is almost
up to 100% (Fig. 4a). This phenomenon may be due to the
content of several anionic forms of Cr(VI) in aqueous solu-
tion depends on solution pH, CrO,* is dominant at pH > 6,
while Cr,0,* and HCrO,"” are dominant Cr(VI) species at
pH < 6. When pH < pH_ , the surface charge of AC-800 is
positive, which favors the Cr(VI) adsorption. Moreover,
the low pH value could increase the degree of protona-
tion on the surface of the activated carbon, which would
enhance the attraction between Cr(VI) and the activated
carbon [38].

Table 1
Yields, physical and chemical properties of the prepared
activated carbons
Parameter AC-600 AC-700 AC-800
Yields, % 17.8 14.4 12.9
Brunauer-Emmett-Teller 479.64 1,100.83 1,508.4
surface area, m%/g
Total pore volume, cm®/g 0.33 0.736 0.806
Average pore diameter (BJH), A 52.746  49.991 21.829
Median pore width, A 5483 5451 5.455
pH,, 5.1 4.4 6.7
100+
(a) |
80
9 I AC-600
= i B AC-700 g
£ b I Ac-800
=
g 40
E
@
=
20

Besides, the pH of the solution is obviously close to 7
after adsorption which means hydroxide ions are exhausted
in the adsorption process (Fig. 4b). Further exploration
reveals that the remained solution contains a large amount
of Cr(IIl), which implied that hydrogen ions are consumed
by the reduction reaction of Cr(VI) (Fig. S2). It is worth men-
tioning that the reduction efficiency of Cr(VI) by AC-800 is
much better than that of other adsorbents.

3.3. Influence of adsorbents dose

Fig. 5 shows the influence of different dosages of the
different adsorbents for Cr(VI) removal at the optimal pH
of 2. The maximum removal rate for Cr(VI) using AC-800
is 99.75%. Compared with the other two adsorbents,
AC-800 shows the largest adsorption capacity. As the mass
of adsorbents increases, the removal rate of Cr(VI) gradu-
ally increases. Adversely, the adsorption capacity of Cr(VI)
gradually decreases with the increase in adsorbents dosage,
which indicate that a large number of adsorption sites are
underutilized.

3.4. Adsorption kinetics

In order to further clarify the adsorption behavior of
adsorbents, the adsorption kinetic experiment was car-
ried out, and the results shown in Fig. 6. In the first 3 h, the
adsorption amount of Cr(VI) on each adsorbent increases
sharply and close to adsorption equilibrium, and the removal
rate reach to 87.4% (Fig. 6a). This phenomenon indicates that
the massive vacant adsorption sites at the initial adsorption
phase are beneficial to Cr(VI) adsorption. The removal rate
of Cr(VI) reduces with time, and adsorption equilibrium
is reached after 6 h. This phenomenon may be because the
readily available adsorption sites are gradually consumed
and agglomeration of the adsorbents occurs in the adsorp-
tion process.

The experimental adsorption data were fitted with sev-
eral kinetic models to gain an understanding of the adsorp-
tion behavior and the possible adsorption mechanism asso-
ciated with the adsorption of Cr(VI). The model parameters
for the three commonly kinetic models were calculated
and shown in Table 2. The fitting results indicate that the
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Fig. 4. (a) Removal rate of the activated carbons under different pH (25°C) and (b) the pH value of the solution after adsorption

by the activated carbons.
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Fig. 6. Adsorption kinetic of Cr(VI) onto AC-600, AC-700, AC-800, and linear adjustments of the kinetic models (C, = 100 mg/L,

T=25°C +0.5°C, 150 rpm).

adsorption data fit best by the pseudo-second-order kinetic
model with regression coefficients > 0.999, and no obvious
difference is found between the experimental adsorption
capacity (Q_ ) and the theoretical adsorption capacity (Q,)
calculated by pseudo-second-order kinetic model, which
means the pseudo-second-order kinetics model is the best
suitable model to describe the adsorption behavior of each
adsorbent (R?>0.999). The results suggest that chemisorption
might control the Cr(VI) adsorption process [39]. The high
value of k, indicates the high removal efficiency of Cr(VI)
by AC-800, because the huge specific surface area of AC-800
could provide abundant effective capture sites for Cr(VI).

In order to explore the diffusion mechanism and the
rate-controlling step for Cr(VI) adsorption, Weber-Morris’s
intraparticle diffusion model was employed to fit the
adsorption data, and the result is shown in Table 1. The
adsorption data for Cr(VI) fit well with Weber-Morris’s
intraparticle diffusion model with regression coefficients
>0.97, the result indicates that the intraparticle diffusion
maybe exists in Cr(VI) adsorption process and affect the
adsorption efficiency of each adsorbent [40]. As depicted
in Fig. 6d, there are three stages for Cr(VI) adsorption pro-
cess. The first stage is related to the transfer of Cr(VI) from
the solution to the external surface of the adsorbents. The
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Table 2

Kinetics parameters of Cr(VI) sorption by AC-600, AC-700, AC-800 at 25°C

Data type Kinetics parameter Adsorbents
AC-600 AC-700 AC-800

Experimental adsorption Q... (mg/g) 94.1 196.2 200

k, (min™) 0.0036 0.0034 0.0049
Pseudo-first-order kinetic model Q. (mg/g) 148.93 318.60 138.23

R? 0.974 0.956 0.928

k, (g/(mg-min)) 0.00035 0.00030 0.0011
Pseudo-second-order kinetic model Q. (mg/g) 95.0 196.1 200.4

R? 0.999 0.999 0.999

k, (mg/(g-min?)) 5.797 2.609 0.612
Weber-Morris’s intraparticle diffusion C, 229 96.7 129.1
model C, 40.4 129.9 169.2

C 72.7 162.1 192.8

second-stage is intraparticle diffusion, and the third stage
presents the sorption equilibrium [41]. The intercept value
(C) of the plots is related to the external diffusion resis-
tance, and C, < C, < C, indicates the lowest adsorption
resistance at the first stage, respectively.

3.5. Adsorption isotherms

Adsorption isotherms were employed to understand
the partition of Cr(VI) between the solid and liquid phases
under equilibrium conditions. The adsorption data for
Cr(VI) sorption on adsorbents were analyzed by Langmuir,
Freundlich, and Temkin isotherm. The fitting results and
related parameters are shown in Table 3. As Fig. S3 shows,
the adsorption capacity of the adsorbents increases remark-
ably with the increase of Cr(VI) initial concentration. The
adsorption data fit with the Langmuir isotherm model
(regression coefficients >0.991) best, implying that Cr(VI)
adsorption is a monomolecular layer adsorption process [42].
The separation factor (K)) is an essential factor for Langmuir
isotherm, which can be used to verify the adsorption process,
that is favorable (0 < K, < 1), leaner (K, = 1), or unfavorable
(K,>1). The value of K, is 1.605 for AC-800, implying the unfa-
vourability of Cr(VI) adsorption. This phenomenon may due
to the different surface structures of the three kinds of acti-
vated carbons. According to the Langmuir isotherm model,
the maximum adsorption capacity of AC-800 is 362.3 mg/g
at 25°C, which is much higher than that of the adsorbents
reported in the other literature (Table 4).

3.6. Adsorption thermodynamic

The influence of temperature on the adsorption perfor-
mance of Cr(VI) onto adsorbents was explored by carrying
out experiments at different temperatures (15°C, 25°C, 35°C,
and 45°C). Fig. 7 displays the relationship between the tem-
perature and the Cr(VI) adsorption performance. The AG®
values of AC-800 are all negative and decrease with the
increase of temperature, which means the adsorption of
Cr(VI) by AC-800 is spontaneous, and the degree of spon-
taneous increases with temperature. Besides, the positive

Table 3
Isotherm parameters of the equilibrium adsorption of Cr(VI)
by AC-600, AC-700, AC-800 at 25°C

Isotherm Isotherm Adsorbents
model parameter A 00 AC700  AC-800
. Q. (mglg) 1245 3116 362.3
NG 0.094 0.490 1.605
isotherm !
R? 0.991 0.997 0.999
K 73.900 201.001 229.770
F dlich S
Jreundich 11171 11275 10371
isotherm
R? 0.916 0.990 0.970
. 8.837 22.053 24.268
Temkin
. 2,563.058 8,970.957 33,576.48
isotherm
R? 0.878 0.987 0.894

AH® and AS° values mean the Cr(VI) adsorption process
is endothermic (Table 5) [50].

3.7. Regeneration and practical application

The regeneration is closely related to sustainability and
an important economic factor for Cr(VI) treatment process.
And the application of the activated carbons in complex
water samples can verify their practical application value.
As Fig. 8 shows, even after three cycles, the removal rate
for Cr(VI) by AC-800 is still more than 70%. The reduc-
tion of adsorption capacity could be because of the deple-
tion of functional groups or incomplete elution of Cr(VI).
In addition, the activated carbons show excellent Cr(VI)
removal effect even in simulated real wastewater (Fig. 8b).
These results indicate that the activated carbons could be
regenerated and reused for Cr(VI) removal.

3.8. Cr(VI) removal mechanism investigation

XPS has been employed to further analyze the surface
chemical composition of fresh and used AC-800. As Fig. 9a
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shows, the Cr peaks are observed at binding energy between
580.0 and 595.0 eV, the result proves Cr is adsorbed onto
the adsorbents. The XPS analysis (Fig. 9b) shows the exis-
tence of Cr(Ill) on the surfaces of AC-800 with intensive
peaks at 577.4 and 587.0 eV [51]. Here is the hypothesis that
Cr(VI) is reduced to Cr(IIl) by AC-800 to form new prod-
ucts containing Cr(Ill) species (e.g., Cr(OH),), and these
new products were precipitated on the surface of AC-800.
Fig. 9c presents the XPS spectra of the activated carbon
before and after adsorption in terms of Cls and Ols atomic
orbitals. The activated carbon has a Cls peak deconvoluted
into four peaks representing aromatic C-C/C=C (284.5 eV),
aromatic C-C/C-H (285.0 eV), ketone C-O (286.3 eV), and
carboxylic O-C=0 (288.3 eV) [52,53]. After Cr(VI) adsorp-
tion, the single peak area at 285.0 eV and the Ols peak
binding energy changes obviously, which is attributed to
the oxidation of carbon because of the reduction of Cr(VI)
to Cr(IIl) (Fig. 9c and d) [54-56]. This implies that the
active functional groups contribute to Cr(VI) adsorption
(e.g., complexation, reduction), which is consistent with
the result of FTIR. Based on the above analysis, a possible
model to describe the mechanism of Cr(VI) removal by
AC-800. After the addition of AC-800, Cr(VI) was instanta-
neously adsorbed onto the surfaces of AC-800 by electro-
static attraction and complexation because of the positively
charged surfaces, and hydroxyl groups of AC-800. Then,
the surface bounded Cr(VI) could be reduced to Cr(IIl) by
AC-800 directly, and deposited on the surface of AC-800.
The results of batch adsorption experiments indicat-
ing the pH of the solution determine the Cr(VI) adsorp-
tion efficiency onto the activated carbon. Under the acidic

condition, the electronic attraction is the predominant factor
for Cr(VI) adsorption, the positive surface charge of AC-800
could efficiently adsorb Cr,0, and HCrO,  in solution.
The effect of solution pH also confirms that part of Cr(VI)
is reduced to Cr(III) through the electron donor on the sur-
face of AC-800. Moreover, the huge S, of the activated car-
bon could provide abundantly available adsorption sites
and reduction sites, which benefits the Cr(VI) adsorption
and reduction. In addition, pseudo-second-order kinetic
model implies the chemisorption control Cr(VI) adsorption
process, and Weber-Morris’s intraparticle diffusion model

[
] A
5] m AC-600
e AC-700
| R*=0.339 A AC-800
F
2]
= 1 A
=, . A
_i__"'-.--f______
| e =3 e
. ) R’=0.714
L I . R'=0839
T T T T T T T T T
0.02 0.03 0.04 0.05 0.06 0.07

T

Fig. 7. Thermodynamic plot for Cr(VI) adsorption on adsorbents.

Table 4

Cr(VI) adsorption capacity of various adsorbents reported in the literatures
Adsorbent Capacity (mg/g) References
Corn stalk-based activated carbon 89.5 [7]
Chestnut oak shells activated carbon 33 [34]
Magnetic porous water hyacinth-derived biochar 202.61 [43]
Activated carbon derived from Bermuda grass 403.23 [44]
Eucalyptus sawdust activated carbon 45.88 [45]
Olive bagasse activated carbon 126.67 [46]
Coal gangue activated carbon 320.51 [47]
Natural diatomite-based carboxyl-rich carbon nanocomposite 142.857 [48]
Activated carbon prepared from longan seed 169.00 [49]
Ipomoea batatas vine-derived activated carbon 362.3 This study

Table 5

Thermodynamic parameters of Cr(VI) on the activated carbons at different temperatures

T (°C) AG° (kJ/mol) AH® (kJ/mol) AS° (kJ/mol-K)
AC-600 AC-700 AC-800 AC-600 AC-700 AC-800 AC-600 AC-700 AC-800
15 22.43 -173.75 -270.54
2 12 -344.11 —-490.
> %8 3 9035 -0.07 1.37 7.32 -0.03 0.26 0.69
35 45.99 —486.66 -926.44
45 88.34 -748.47 -2110.41
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indicates the existence of intraparticle diffusion in the
Cr(VI) adsorption process.

4. Conclusions

In this work, KOH-activated carbon produced from
Ipomoea batatas vine has a high specific surface area and
abundant pore structure, which could efficiently remove
Cr(VI) from an aqueous solution. The activated carbon pre-
pared at 800°C shows a maximum adsorption capacity as
high as 362.3 mg/g. According to the results of characteriza-
tion, pyrolysis temperature significantly affects the surface
structure and the specific surface area of the activated car-
bon. The analysis of FTIR and XPS revealed that the removal
process of Cr(VI) by activated carbon not only exists phy-
sisorption, but also chemisorption where Cr(VI) would be
reduced to Cr(IIl) by activated carbon and precipitate on the
surface of activated carbon by complexation. The adsorption
of Cr(VI) onto activated carbon agreed well with the pseu-
do-second-order kinetic and Langmuir adsorption model,
demonstrating that the adsorption process was monolayer
chemisorption. The Cr(VI) removal was highly pH-depen-
dent and higher removal rate at lower initial pH. With these
results, Ipomoea batatas vine could be used as a promising
precursor to produce activated carbon, with considerable
potential to remove Cr(VI) from wastewater.
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Fig. S1. Mapping images of AC-800 before and after Cr(VI) adsorption.
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Fig. S2. Concentration of Cr(IIl) in remained solution (pH = 2).
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Fig. S3. (a) Adsorption isotherm of Cr(VI) onto the activated carbons and (b) Langmuir isotherm model, (c) Freundlich isotherm
model, and Temkin isotherm model.
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