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ABSTRACT

In this study, the removal of Cr(VI) from aqueous solution using Fe-modified activated car-
bon (AC-Fe) was investigated. AC-Fe before and after Cr(VI) adsorption was characterized
by scanning electron microscopy, Fourier transform infrared spectroscopy (FTIR), and Bru-
nauer—-Emmett-Teller surface area. The effects of various parameters were investigated by
batch experiments, such as contact time, temperature, pH, adsorbent dose, and initial Cr
(VD). The results showed that the modification method greatly improves the adsorption
property. The surface area of the activated carbon was relatively high (834.006 m?), and the
Fe-AC structure was found to be a well-developed array of microvoids and mesopores.
FTIR revealed that the abundance of O-H, N-H, C-O, metal-oxygen, and metal-hydroxyl
functional groups on the surface of the Fe-AC may play an important role for the adsorp-
tion of Cr(VI). The optimum pH was 1 with maximum removal efficiency of 98.71%. The
batch equilibrium data fitted well to the Langmuir isotherm (R? = 0.9960) at 308 K, which
indicated monolayer adsorption. Kinetic data were best fitted with the pseudo-second-order
kinetic model, which was considered as the rate-limiting factor. The negative AG values
confirmed the spontaneity of the adsorption process. Positive AH and AS values indicated
endothermic and irreversible adsorption.
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1. Introduction

Chromium is defined as a poisonous heavy metal
by the US Environmental Protection Agency, and
trivalent chromium (Cr(Il)) and hexavalent chromium
(Cr(VD)) are the main oxidation states. Cr(Ill) is an
essential trace element in the human body, especially
in maintenance of glucose metabolism. Cr(VI), which
is primarily present in the form of chromate (CrO;)
and dichromate (Cr,O;), possesses significantly higher
levels of toxicity than the other valency states [1]. Pub-
lic concern over chromium is mostly related to Cr(VI),
because of its toxic, carcinogenic, and mutagenic in
the nature environment and biological organism [2].
In addition, it has high water solubility and mobility
over almost the entire pH range [3]. The accumulation
of heavy metal ions in living tissues throughout the
food chain poses a serious health problem [4]. With
rapid industrialization, an increasing number of
industries release polluted water containing Cr(VI)
and other contaminants [5], including electroplating,
leather tanning, textile, paint, and pigment industries.

There are several ways to remove heavy metal ions
from aqueous solution, such as reverse osmosis [6],
ion exchange [7], photocatalytic oxidation [8,9], and
adsorption. Some methods have problems that limit
their application, such as high energy consumption,
low efficiency, high cost, and production of a large
amount of wastewater. Among the many approaches
to treat effluent, adsorption is the conventional
method but it is not cost-effective [10-14].

Activated carbon (AC) has been used for Cr(VI)
adsorption because of its large specific surface area
and large number of surface active adsorption sites
[15,16]. Several raw materials have been used to
remove Cr(VI) from wastewater, such as Trapa natans
husk [17] and groundnut shells [18]. To increase the
adsorption capacity for metal ions, many studies have
modified AC by physical or chemical treatments.

In our previous study, AC prepared from luffa
sponge was used as an adsorbent to remove Cr(VI)
from aqueous solution. The results indicated that its
adsorption capacity is higher than other ACs pro-
duced from low-cost materials. To improve the
removal performance, a number of modification meth-
ods were investigated, and modification by iron load-
ing was the best. In this study, the adsorption
isotherm, adsorption kinetics, and thermodynamics for
adsorption of Cr(VI) on Fe-loaded AC (AC-Fe) were
investigated. In addition, the surface area, surface
structure, pore size distribution, and Fourier transform
infrared (FTIR) spectrum of AC-Fe were determined.
Various parameters affecting adsorption of Cr(VI) on
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AC-Fe were investigated, such as temperature, initial
(Cr(VD), amount of AC-Fe, and solution pH.

2. Materials and methods
2.1. Materials and chemicals

Deionized water was used to prepare all of the
solutions. Luffa sponge was obtained from Jinan
(Shandong, China). The pH was adjusted by adding
0.1 mol/L H,PO3; and NaOH. A stock solution of
1,000 mg/L Cr(VI) was prepared by dissolving 2.829 g
KyCr,0; (dried for 12 h in a drying oven at 100°C) in
1,000 mL deionized water. All of the different concen-
tration solutions were prepared by appropriately
diluting the stock solution. All of the chemicals used
in the experiments were of analytical grade.

2.2. Preparation of AC and AC-Fe

The luffa sponge sample was rinsed, and the seeds
were removed. The luffa sponge was then heated in a
resistance box at 100°C for 12 h as the advanced oxida-
tion process. The dried luffa sponge was crushed to
about 2mm in length using a high-speed grinder
(HCP-100, Jinsui Company, Zhejiang, China). The
crushed luffa was mixed with 0.01 mol/L FeCl; solu-
tion for 10 h at 80°C and then filtered with filter paper
and dried in the resistance box for 12 h at 100°C. The
above process without the modification step (mixing
with FeCl; solution) was used to prepare AC. The
preparation procedure for luffa sponge AC activation
by H3PO, was the same as our previous study [19].
The processed luffa sponge was activated by steeping
it in HzPO4 (1 + 1) for 12 h. The solid-liquid ratio was
1:4-6 (grmL), and the concentration of phosphoric acid
was 85%. The sample was carbonized at 450°C for 1 h
in a resistance box, eluted with deionized water until
the pH was nearly 7, and then dried in a resistance
box for 12 h at 120°C to give AC-Fe. A mortar was
used to grind AC-Fe to a particle size of
150-200 mesh.

2.3. Characterization of AC-Fe and Fourier transform
infrared analysis

The surface of AC-Fe was observed by scanning
electron microscopy (SEM, SUPRA 55, Zeiss Company,
Germany). The structural characteristics of AC-Fe and
AC samples were investigated. The Brunauer—
Emmett-Teller (BET) specific surface areas of the AC-
Fe and AC samples were calculated using a surface
area analyzer (Quantachrome, USA). A porosity
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analyzer (Quadrasorb SI, Quantachrome) was used to
determine the pore size distribution and porosity.
Fourier transform infrared (Thermo Scientific, USA)
spectra of AC-Fe before and after the adsorption
experiments were recorded in the range 400-
4,000 cm™" using a FTIR spectrometer (Thermo
Scientific, USA).

2.4. Batch adsorption experiments

To determine the optimum conditions for removal
of Cr(VI) from aqueous solution, batch adsorption
experiments were carried out by an oven-controlled
crystal oscillator (HZQ-2, Jintan, Beijing, China) using
150-mL conical flakes with the same conditions (stir-
ring rate 180 rpm, 50 mL solution). The effects of con-
tact time (0-360 min), temperature (288-308 K), initial
(Cr(VD) (1-40 mg/L), AC-Fe dose (0.1-0.8 g/L), and
initial pH (1-13) on adsorption were investigated.
Using standard solution, the absorbance was deter-
mined using an UV-vis spectrophotometer (T6-Xin-
shiji, Beijing, China), and a standard curve was
constructed. After equilibration and standing for
10 min, the concentration of Cr(VI) was determined
using the standard curve. The adsorption amount Q.
(mg/g) and removal efficiency of Cr(VI) at equilib-
rium were calculated as follows:

Qe = (CO - CE)V/W M
Removal efficiency = 100(Cy — C.)/Co )

where C. is the equilibrium Cr(VI) concentration
(mg/L), Qo is the initial (Cr(VI)) (mg/L), V is the solu-
tion volume (L), and W is the mass of adsorbent (g).

2.4.1. Effect of contact time

Cr(VI) solutions with concentrations of 10, 20, and
50 mg/L were prepared using deionized water. Ali-
quots of the prepared solutions (50 mL) were placed
in 150 mL conical flasks, and AC-Fe was added to
give (AC-Fe) = 0.4 g/L. The samples were oscillated in
a thermostatic oscillator, and the Cr(VI) concentration
was determined at 10, 30, 60, 90, 120, 180, 240, 300,
and 360 min. The equilibrium concentration and
removal efficiency of Cr(VI) were determined.

2.4.2. Effect of temperature

A 20 mg/L Cr(VI) solution was used to investigate
the effect of temperature. Aliquots of the Cr(VI)
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solution (50 mL) were added to 150 mL conical flasks,
and AC-Fe was added to give (AC-Fe) = 0.4 g/L. The
samples were oscillated for 240 min in the thermo-
static oscillator (180 rpm), and the temperature was
controlled at 288, 293, 298, 303, or 308 K. The removal
efficiency of Cr(VI) and Q. was calculated.

2.4.3. Effect of initial (Cr(V1))

Cr(VI) solutions with different concentrations were
used to investigate the effect of initial (Cr(VI). Cr(VI)
solutions with concentrations from 1 to 40 mg/L were
prepared with deionized water. Aliquots of the pre-
pared solutions (50 mL) were placed in 150 mL conical
flask, and AC-Fe was added to give (AC-Fe) =0.4 g/L.
The samples were oscillated for 240 min in a thermo-
static oscillator (180 rpm), and the temperature was
controlled at 298 K. The removal efficiency of Cr(VI)
and Q. was calculated.

2.4.4. Effect of AC-Fe dose

A 20 mg/L Cr(VD) solution was used to investigate
the effect of AC-Fe dose. Aliquots of the Cr(VI) solu-
tion (50 mL) were placed in 150 mL conical flasks, and
AC-Fe was added to give (AC-Fe) =0.1-0.9 g/L. The
samples were oscillated for 240 min in a thermostatic
oscillator (180 rpm), and the temperature was con-
trolled at 298 K. The removal efficiency of Cr(VI) and
Q. was calculated.

2.4.5. Effect of initial pH

A 20 mg/L Cr(VI) solution was used to investigate
the effect of initial pH. Aliquots of the Cr(VI) solution
(50 mL) were added to 150 mL conical flask, the pH
was adjusted from 1 to 13, and AC-Fe was added to
give (AC-Fe) = 0.4 g/L. The samples were oscillated
for 240 min in a thermostatic oscillator (180 rpm), and
the temperature was controlled at 298 K. The removal
efficiency of Cr(VI) and Q. was calculated.

2.5. Adsorption isotherm

The adsorption isotherm is crucial to optimize the
use of the adsorbent, because it can be used to evaluate
the adsorption capacity of the adsorbent and describe
the interaction between the adsorbent and the adsor-
bate [20]. The process of adsorption can be divided
into two types depending on the interaction between
the adsorbent and the adsorbate: physical and chemi-
cal adsorption. Physical adsorption is adsorption by
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weak van der Waals forces, and chemical adsorption is
adsorption by chemical bonding [21].

Cr(VD) solutions with concentrations from 1 to
40 mg/L were prepared with deionized water, and
AC-Fe was added to give (AC-Fe) = 0.4 g/L. The sam-
ples were oscillated for 240 min in a thermostatic
oscillator (180 rpm), and the temperature was con-
trolled at 288, 298, or 308 K. The linear forms of the
Langmuir (Eq. (3)), Freundlich (Eq. (4)), and Dubinin-
Radushkevich (Egs. (5)-(7)) adsorption isotherms can
be expressed as follows:

C. 1 1

= _ + —C. 3

Qe Qm KL Qm ( )
1

In Q. =In K¢ + Eln Ce 4)

In Q. = In Qn — p& (5)

¢=RT In(1 + 1/C) 6)

E= (28" @)

In Eq. (3), Qm is the maximum adsorption capacity
(mg/g) and K is the Langmuir constant (L/mg),
which reflects the adsorption rate. In Eq. (4), Kg is the
Freundlich constant (mg/g) and n is the adsorption
intensity. 1/n represents the adsorption capacity,
where the smaller the 1/n value, the higher the
adsorption performance. In Eq. (5), f is a constant
related to the adsorption energy (kJ>/mol®), R is the
ideal gas constant (8.314 J/(mol K)), T is thermody-
namic temperature (K), and ¢ is the Polanyi potential.
E is the average free energy of adsorption (kJ/mol).

2.6. Adsorption kinetics

Kinetic models can be used to investigate the rate-
controlling step of adsorption and the adsorption
mechanism. Three kinetic models were considered: the
pseudo-first-order, pseudo-second-order, and intra-
particle diffusion models.

The linear forms of the pseudo-first-order (Eq. (8)),
pseudo-second-order [22] (Eq. (9)), and intraparticle
diffusion models (Eq. (10)) can be expressed as:

In(Qe — Q¢) =In Qe —ky t (8)
t/Qi = 1/kr Q* + t/Q. ©)
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Qi =kt'? + C (10)
where Q; (mg/g) is the amount of adsorbate adsorbed
at time f (min) and k; (1/min) is the rate constant of the
pseudo-first-order model. k; is the rate constant of the
pseudo-second-order model (g/(mg min)). k, is the
intraparticle diffusion rate constant (mg/(g min'/?)),
and C is the intercept of the plot of Q; against ¢ (mg/g).

2.7. Thermodynamics

The free energy change (AG), enthalpy change
(AH), and entropy change (AS) of chromate reduction
are related to the Langmuir coefficient (Kp) by

In Ky, = AS/R — AH/RT (11)
where T is the thermodynamic temperature (K). The

Gibbs free energy of adsorption can be calculated by
[23]:

AG = —RTIn K, (12)

3. Results and discussion
3.1. Characteristics of AC-Fe and FTIR analysis

The inhomogeneous pore structure of AC is impor-
tant for adsorption, and many characterization meth-
ods can be used to characterize the pore structure and
properties [24]. SEM, the BET surface area, and the
pore size distribution were used to investigate the
characteristics of AC-Fe and AC. SEM is a common
way of examining the surface features of AC, and the
SEM images of AC-Fe and Cr(VI)-adsorbed AC-Fe are
shown in Fig. 1. The surface of AC-Fe is more rough
and features a higher porpous structure than AC-Fe,
which greatly raised the adsorption ability. The BET
surface area of AC-Fe is 834.006 m?/g. While, the BET
surface area of AC from co-mingled waste is 638 m?/
g, the commercial norit carbon post-oxidized with 1 M
HNO; is 837 mg/g, which has a high surface area as
the AC-Fe [25]. Therefore, the AC-Fe may have out-
standing adsorption property. The pore size distribu-
tions of AC-Fe and AC are shown in Fig. 2. From
Fig. 2, it can be seen that there are abundant and inho-
mogeneous pores in AC-Fe and AC. It could be
deduced that AC-Fe had a well-developed porous
structure, which contains more microvoids with minor
mesopores than AC, and the modification method
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Fig. 1. SEM images of AC-Fe before (a) and after (b) Cr(VI)
adsorption.
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greatly improved the adsorption performance.
Additionally, the oxidation before carbonization had a
considerable effect on the textural properties of carbon
materials, and the prepared samples were also charac-
terized for their efficiency for Cr(VI) adsorption [26].
To analyze the functional groups of AC-Fe, FTIR
spectra of AC-Fe before and after Cr(VI) adsorption
were recorded (Fig. 3).The peak at 3,430 cm ™" of AC-Fe
gets slightly compared with the AC-Fe. The content of
O-H or N-H functional groups of AC-Fe is larger than
AC. These groups may increase the adsorption prop-
erty of Cr(VI) [24]. The peak at 1,575.70 cm™ ' of AC-Fe
become gently contrast with the AC-Fe, and the bands
in the range 1,500-1,845 cm™! can be ascribed to the
presence of aromatic rings, alkenes, ketones, aldehy-
des, carboxylic acids, and esters groups in hemicellu-
lose compounds or the bond between hemicellulose
and lignin [27]. Those functional groups of AC-Fe may
dramatically increase and contribute to the adsorption
of Cr(VD). The bands at 950-1,300 cm™ ! indicate the
presence of C-O stretching and O-H bending. The
bands in the range 400-1,000 cm ™! are associated with
metal-oxygen and metal-hydroxyl vibrations [28].
Therefore, the adsorption peak at 489.37 cm™" could be
attributed to metal-oxygen and metal-hydroxyl bond.

3.2. Effect of contact time

The equilibrium time is an important parameter
for uptake of Cr(VI) from aqueous solution, and it is
used to predict the feasibility and efficiency of an
adsorbent for water treatment [3]. The removal per-
centages of Cr(VI) from solutions with initial (Cr(VI))
=10, 20, and 50 mg/L as a function of time are shown
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0.5
- 0.4
-
Pore volume-A ]
---- Pore volume-B 03 ¢
S
5
02 @
vy}
o
Q
B
- 01 3
=)
———— oo = 00
Ol 44— T T T T T ' T T 1 -0.1

0 3 6 9 12 15 18

24 27 30 33 36 39 42

Pore width (nm)

Fig. 2. Pore size distribution of AC (A) and AC-Fe (B) prepared from loofah sponge.
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Fig. 3. FTIR spectra of AC-Fe before and after Cr(VI) adsorption.

in Fig. 4. During the first 30 min, the removal rate is
very fast. The removal percentage gradually increases
from 30 to 240 min and then starts to level off. The
removal percentage is lower for higher initial (Cr(VI))
in each time period.

In the initial stages of the adsorption process, the
rate Cr(VI) adsorption is fast because there are a large
number of available AC-Fe surface adsorption sites.
Because of the slow diffusion of solute ions into the
bulk of the adsorbent, the rate of adsorption decreases
in the later stages of Cr(VI) adsorption [29].

3.3. Effect of temperature

Q. and the removal efficiency of Cr(VI) are
affected by temperature, as shown in Fig. 5. Q. and
the removal efficiency increase with increasing tem-
perature. At 308 K, Q. =33.17 mg/g and the removal
efficiency is 65.98%, which are about 1.7 times higher
than at 288 K. Cr(VI) biosorption is endothermic, so
the adsorbed amount increases with increasing tem-
perature [25]. The magnitude of the heat of adsorption
can provide useful information about the adsorbed
phase and the nature of the surface [30].

3.4. Effect of initial solution pH

The pH greatly influences biosorption of heavy met-
als [31]. The effect of the initial solution pH on the
removal of Cr(VI) by AC-Fe was investigated in the pH
range 1-13 with (AC-Fe) = 0.4 g/L and initial (Cr(VI))
=20mg/L. The removal efficiency and adsorption
capacity of Cr(VI) on AC-Fe as a function of pH are
shown in Fig. 6. Q. rapidly increases with decreasing

pH in the acidic region and decreases with increasing
pH in the alkaline region. Maximum adsorption
(48.22 mg/L) occurs at pH 1. With increasing pH, the
removal efficiency decreases from 98.71% (pH 1) to
3.06% (pH 13). Therefore, acidic conditions improve
adsorption of Cr(VI) on AC-Fe.

Various mechanisms can be used to understand
the mechanism of Cr(VI) adsorption, such as ion
exchange, surface adsorption, complexation, and
chemisorption, and two or three mechanisms are usu-
ally involved in adsorption of Cr(VI) to the surface of
adsorbents [32,33]. HCrO,, Cr,03, and CrO;  are the
common oxyanions of Cr(VI). HCrO, is dominant in
acidic medium, and with increasing pH, it is con-
verted to CrO; . HCrO, is more favorable for sorp-
tion than the other species because it has a low
adsorption free energy [22].

3.5. Effect of AC-Fe content

The AC-Fe content is an important factor for effec-
tive Cr(VI) removal because it determines the sorbent-
sorbate equilibrium of the system [34,35]. Fig. 7 shows
the effect of AC-Fe content on Q. and Cr(VI) removal
efficiency. From Fig. 7, with increasing AC-Fe content
from 0.1 to 0.9 g/L, the removal efficiency of Cr(VI)
almost linearly increases from 11.54 to 88.78% and
then starts to level off. The maximum removal effi-
ciency is 93.65% at 0.9 g/L. The adsorption capacity is
affected by the AC-Fe content. As the AC-Fe content
increases, the adsorption capacity first increases and
then decreases. The maximum adsorption capacity is
28.75mg/g at 0.3 g/L.
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Fig. 5. Effect of temperature on Cr(VI) removal efficiency and adsorption amount (Qe).

3.6. Effect of initial (Cr(VI))

To overcome the mass transfer resistance of the
adsorbate between the aqueous phase and the solid
phase in the adsorption process, the driving force is
provided by the initial metal ion concentration of the
aqueous solution [36].

Fig. 8 shows the effect of the initial (Cr(VI)) on the
Cr(VI) removal efficiency and Q.. As shown in Fig. 8,
Q. increases with increasing initial (Cr(VI)), while the
removal efficiency decreases. Q. rapidly increases
while the removal efficiency initially increases and

then decreases with increasing Cr(VI) concentration.
At high Cr(VI) concentrations, Q. slowly increases and
the removal efficiency gradually decreases. The maxi-
mum removal efficiency is 95.44% at 5 mg/L, and the
maximum adsorption amount of Cr(VI) is 34.5 mg/g
at 40 mg/L.

3.7. Adsorption isotherm

The adsorption isotherm was investigated
for solutions with initial (Cr(VD))=1-40mg/L at
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(AC-Fe) =04 g/L. The maximum Cr(VI) adsorption
capacity of AC-Fe was 42mg/g with the R?
(=0.9960) at 308 K, observed from the Table 1. In
addition, AC-Fe compared with other adsorbent
capacity of Cr(VI) is shown in Table 2, which
revealed that the AC-Fe has a good adsorption
capacity of Cr(Vl) [23,37-40]. The Langmuir adsorp-
tion isotherm has the highest R? value (>0.989), and

Qm is closest to the experimental adsorption amount
Qexp- Therefore, the experimental data are best fitted
by the Langmuir adsorption isotherm, which
assumes monolayer sorption on a surface with a
finite number of identical sites [41]. According to
isothermal experimental test, the prepared adsorbent
indicated relatively fast equilibrium time with mono-
layer sorption behavior [42].
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Table 1
Adsorption isotherms parameters of Cr(VI) on AC-Fe
Langmuir Freundlich Dubinin-Radushkevich

Adsorption Qexp
temperature (K) (mg/g) Qm (mg/g) Ky (L/mg) R*>  1/n Kg(mg/g)" R*>  Qm (mg/g) E (KJ/mol) g (kJ*/mol?) R?

288 29.187 29.674 0.599 0.9893 0.381 9.693 0.9369 21.813 22.361 0.001 0.8720
298 34.474 35.842 0.584 0.9959 0.403 11.292 0.8028 29.946 9.129 0.006 0.9607
308 41950 43.478 0.833 0.9960 0.409 15.097 0.7607 36.387 11.180 0.004 0.9785
Table 2

Comparison of adsorption capacities of Cr(VI) with other adsorbents

Adsorbents Adsorption capacity (mg/g) pH Co Refs.
Coconut tree sawdust carbon 3.46 3 20 [23]

HSAC 17.7 2 30 [37]

Sugar cane bagasse 134 2 500 [38]

Coconut shell carbon 10.88 4 25 [39]

RAC 44.05 2 200 [40]

Fe-AC 34 1 40 Present study
3.8. Adsorption kinetics agree with the results of the kinetics of sorption of Cr

Table 3 shows that the R? values are 0.9916, 0.9914, (VD) to peat (leaf mold) by Sharma and Forster [44,45].

and 0.9835 for the pseudo-second-order model at 288,
298, and 308 K, respectively. Compared with the other
two models, the pseudo-second-order model is the most As shown in Table 4, AG, AS, and AH are
appropriate and Q. is much closer to Qeyp. Based onthe  —1.238 kJ/mol, 84.271]/(mol K), and 1.204 kJ/mol at
assumption that the rate-limiting step for the interaction 288 K, respectively. The Gibbs free energy indicates
between the sorbent and sorbate is chemical sorption the degree of spontaneity of the adsorption process,
involving valence forces through the sharing or where a more negative value indicates a more energet-
exchange of electrons [43], the adsorption of Cr(VI) on ically favorable adsorption process. The AG values
AC-Fe is a pseudo-second-order reaction. The results obtained in this study confirm the feasibility of the

3.9. Thermodynamics
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Table 3

Kinetic parameters of the pseudo-first-order, pseudo-second-order, and intraparticle diffusion of Cr(VI) on AC-Fe

The pseudo-first-order

model The pseudo-second-order model The intraparticle diffusion model
Adsorption Qexp ky Qe ky Qe Vo c
temperature (K) (mg/g) (min!) (mg/g) R? (g/(mg min)) (mg/g) (mg/(gmin)) R? ky (mg/(g min)'/?) (mg/g) R?
288 20908  0.007 10.349 0.9519 0.0016 21.692  0.750 0.9916 0.641 8.990  0.9557
298 31.038  0.011 22579 0.9587 0.0008 33.445 0.948 0.9914 1.126 10.991 0.9860
308 34.039  0.013  31.437 0.9346 0.0005 38.168 0.784 0.9835 1.447 8.4774 0.9797

Table 4

Thermodynamic parameters of Cr(VI) on AC-Fe

Temperature (K) K (L/mol) AG (k] /mol) AS (J/(mol K)) AH (k] /mol)
288 176.096 -1.238 84.271 1.204

298 171.713 -1.275

308 245.158 —-1.409

adsorbent and the spontaneity of the adsorption pro-
cess [41]. The negative AG values at all temperatures
indicate that the adsorption process is spontaneous in
nature. The positive AH value indicates the endother-
mic nature of the adsorption process [46]. The positive
AS value confirms that there is an increase in random-
ness at the solid/solution interface for the adsorption
of Cr(VI) on AC-Fe [36].

4. Conclusion

The modification method greatly improves the
adsorption property. The surface area of the AC was
relatively high (834.006 m?), and the Fe-AC structure
was found to be a well-developed array of microvoids
and mesopores. FTIR revealed that there was abun-
dance of O-H, N-H, C-O, metal-oxygen, and metal-
hydroxyl functional groups on the surface of the
Fe-AC, which may increase the adsorption of Cr(VI).
Temperature, pH, AC-Fe content, and initial Cr(VI)
affect the adsorption process. The equilibrium data
agreed well with Langmuir isotherm equation
(R* =0.9960) at 308 K, which indicated monolayer
adsorption, while the limited inner diffusion of Fe-AC
structures may greatly reduce the adsorption of Cr(VI)
[47]. The adsorption kinetics could be described by the
pseudo-second-order model, which was considered as
the rate-limiting factor. Thermodynamic analysis con-
firmed the spontaneity, endothermic nature, and irre-
versibility of the adsorption process.
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