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ABSTRACT

Activated carbon (AC) was prepared from eucalyptus sawdust by microwave-assisted
activation with ZnCl, and utilized for removing chromium(VI) from an aqueous solution
with a concentration of 10-80 mg L™ and a temperature of 30-60°C. The effects of pH,
contact time, initial concentration of Cr(VI) and temperature on adsorption, as well as the
thermodynamics and kinetics were investigated. The results were as follows: (1) The
adsorption capacity of Cr(VI) was dependent on pH and initial concentration as the equilib-
rium time increased, but the Cr(VI) removal percentage decreased with an increase in the
initial Cr(VI) concentration; (2) The adsorption process was in good agreement with the
Langmuir adsorption isotherm model at 30°C and the Freundlich adsorption isotherm
model at 45 and 60°C; (3) Adsorption thermodynamic parameters AHn, AS, and AG
indicated that Cr(VI) adsorption on AC was a spontaneous and endothermic process with
increased randomness at the solid-solution interface; (4) Cr(VI) adsorption on AC followed
a pseudo-second-order equation at 30, 45, and 60°C fitted into an intraparticle diffusion
model at 30 and 45°C, and it followed a pseudo-first-order equation only at 60°C and at
Cr(VI) concentrations of 10 and 20 mg L™".

Keywords: Activated carbon; Cr(VI) adsorption; Isotherms model; Adsorption thermodynam-
ics parameters; Adsorption kinetics model

1. Introduction

Heavy metal contamination is one of the world’s
most noteworthy environmental problems. The
increasing use of chromium chemicals in many indus-
trial processes, such as leather tanning, mining of
chrome ore, production of steel and alloys, dyes and
pigment manufacturing, the glass industry, wood

*Corresponding authors.

preservation, the textile industry, film and photogra-
phy, metal cleaning, plating and electroplating, has
led to large amounts of polluted aqueous effluents
that contain high levels of chromium [1,2]. In natural
waters, the range of chromium concentrations is quite
large, from 5.2 to 208,000 mg L7 [1,3]. Nevertheless,
for most natural waters, the Cr concentration is below
the 50 pg L™ value recommended for drinking water
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by the World Health Organization or the US
Environmental Protection Agency [1,4,5].

Chromium can exist at six different oxidation
states, as with most transition metals, but in the
Eh-pH range of natural water, the only important
ones are trivalent Cr(IlII) and hexavalent Cr(VI) [1,3,6].
Of these two, Cr(VD) is highly toxic to humans, plants,
and animals. Cr(VI) is the most toxic form, being car-
cinogenic and mutagenic to living organisms [1,7]. In
addition, it leads to liver damage, pulmonary conges-
tion and causes skin irritation resulting in ulcer forma-
tion [1,8]. Trivalent Cr(IIl) is approximately 300 times
less toxic than Cr(VI), and because it has limited
hydroxide solubility, it is less mobile and less bioavail-
able [1,9]. Cr(II) is essential to animals and plants and
plays an important role in sugar and fat metabolism,
although in excess, it can cause allergic skin reactions
and cancer [1,10]. Therefore, high concentration of
Cr(VD) ions should be reduced to acceptable levels
before discharging into the environment. Various tech-
nologies, such as precipitation [11], membrane filtra-
tion [12], solvent extraction with amines [13], ion
exchange [14], electro deposition [15,16] and biological
processes [17], activated carbon (AC), and low-cost
adsorbents adsorption [6,18], have been developed to
remove Cr(VI) ions from aqueous solution. Among
them, the adsorption process may be an effective and
promising technique to achieve the targeted degree of
removal, recovery, and recycling of Cr(VI) ions in
aqueous solution [19].

AC is a reproducible and multi-porous adsorbent.
It is a carbon-containing substance with a developed
pore structure, high specific surface area, good
adsorption capacity, thermo-stability, and low acid/
base reactivity characteristics [20,21]. Based on these
unique properties, AC is applied in almost all fields
and is particularly useful in dealing with pollutants
[21-23]. AC adsorption has been widely used for the
treatment of chromium-containing wastewaters
[24-29]. However, commercially available AC may be
expensive, and for this reason, any cheap material,
with a high carbon content and low inorganic content,
can be used as a raw material for the production of
AC. Wood production has significantly increased in
China over the last decade, and eucalyptus is widely
planted in south China. Wood processing and appro-
priate maintenance of forests generate a considerable
volume of eucalyptus woody residues. One potential
application of wood waste is as raw material for char-
coal and AC production.

In this study, AC from eucalyptus sawdust (ES)
was produced by microwave-assisted chemical activa-
tion with ZnCl, and characterized, and the adsorption
isotherms, thermodynamics and kinetics process and
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relative parameters of Cr(VI) adsorption on ESAC
were investigated.

2. Materials and methods
2.1. Reagents

Zinc chloride (ZnCl,), methylene blue
(C16H18N3SCD, phenol (CsHsOH), hydrochloric acid
(37% HCI), iodine (I,), potassium iodide (KI), sodium
thiosulfate (NayS,03), sodium carbonate (NayCOs),
potassium dichromate (K,Cr,O7), copper sulfate
(CuSO45H,0), sodium phosphate dibasic (NaH,POy,),
potassium dihydrogen phosphate (KH,PO,), diphenyl-
carbazide (C;3H4N4O), and acetone (C3HcO) were
purchased from the Shanghai Sinopharm Chemical
Reagent Company Ltd (Shanghai, China). All chemi-
cals were of analytical grade and produced in the
Spark Chemical Plant, Pudong New Area, Shanghai.

2.2. AC preparation and characterization

The raw material, Eucalyptus grandis sawdust, was
provided by the Guangxi Gaofeng Farm, China,
selected with particles of 0.25-0.42 mm by sieving.
The standard methods for the proximate analysis of
solid biofuels GB/T 28731-2012 (China) was used to
characterize the ES. The material contained 83.25%
volatile matter, 9.2% fixed carbon, 0.67% ash, and
6.88% moisture [30].

ES (30.00 g) with a particle size between 0.25 and
0.42 mm was mixed with a ZnCl, aqueous solution
(50% mass concentration, pH 3) at a mass ratio (ZnCly:
ES) of 2:1. After being impregnated for 24h in a
quartz reactor, the sample was subjected to micro-
wave-assisted carbonization and activation for 28 min
with power of 800 W using a modified WD800 (MG-
5334MV) LG microwave oven (800 W, 2,450 MHz,
Life’s Good Co. Ltd, China). The prepared materials
were cooled to room temperature and washed with
hot hydrochloric acid (1.0 molL™") and deionized
water until the pH was approximately 6-7. The AC
was filtered, dried at 110°C for 24 h, and stored in
tightly closed bottles until further analysis. The yield
(Y) of the prepared AC was estimated from Eq. (1):

Y(%) = A% % 100 M
0

where Muc is the weight of the obtained AC, and M,
is the weight of the dried EC.

The iodine number, methylene blue, and phenol
adsorption capacity were determined according to the
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national standard of the people’s Republic of China
GB/T 12496.8-1999, GB/T 12496.10-1999, and GB/T
12496.12-1999 (standard test methods of wooden AC
in China). The Cr(VI) adsorption capacity of AC was
based on the change in Cr(VI) concentration after
contact with 0.1 g AC with a Cr(VI) aqueous solution
(V=20mL, Cp =100 mg L}, natural solution pH, and
room temperature) at 120 rpm for 60 min. The
Cr(VD) concentration was determined with the 1,5-
diphenyl carbazide method followed by spectrophoto-
metric determination at 540 nm [31,32] using a UV/
VIS2802PCS spectrophotometer (Unico Instrument Co.,
Ltd, Shanghai, China). The amount g, (mgg ') of
adsorbed Cr(VI) on AC was calculated by Eq. (2)

Co — Cie))V
tte) = i 000 xt(]\;I)AC @
where Cy, C;, and C. are the initial, remaining, and
equilibrium concentrations (mg L™") of Cr(VI) solution,
respectively, V is the volume of the Cr(VI) aqueous
solutions (mL), and M ¢ is the weight of added AC (g).

The pore properties of AC were characterized
by N, adsorption-desorption isotherms and the
Brunauer-Emmett-Teller (BET) equation. The organic
functional groups on the surface of the ACs were
identified by a Nicolet 6700 Fourier transform infrared
spectrometer (FT-IR) (American Nicolet Corp.) and
analyzed with OMNIC software.

2.3. Batch adsorption studies

Industrial wastewater containing chromium ions
was simulated with a K,Cr,O; aqueous solution in
this study. A stock solution (1,000 mgL™") of Cr(VI)
was prepared by dissolving a precise quantity of
KoCr,0O; (02829 g) in 1,000 mL of deionized water.
The stock solution was diluted with deionized water
to obtain the working solutions, and the concentration
ranged from 10 to 100 mg L.

The adsorption experiments were conducted using
the batch technique. Batch adsorption experiments
were performed by oscillating at 120 rpm in contact
with 0.1 g AC with 20 mL of the aqueous solution of
different initial Cr(VI) concentrations (10, 20, 40, and
80 mg L™"). The pH adjustments of the Cr(VI) solu-
tions were made using 0.1 mol L™" HCI or 0.1 mol L™*
NaOH solutions. The pH was measured using a
PHS-3C pH meter. Experiments were performed in a
thermal shaker at different controlled temperatures
(30, 45, and 60 + 2°C) for desired times (60 or 120 min)
using 50-mL tapered bottles with ground glass stop-
pers. The remaining concentration of Cr(VI) after
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adsorption at different time intervals was determined
after filtering the AC with neutral filter paper. A batch
process was used so that there was no need for
volume correction. The adsorption capacity (mgg™)
and the percentage removal (%) of Cr(VI) in the solu-
tion were calculated by Egs. (2) and (3).

Mxmo

& 3)

pe (%) =

3. Results and discussion
3.1. Characterization of the prepared AC

The prepared AC yield was 32.0%. The methylene
blue adsorption capacity, iodine number, phenol
adsorption capacity, Cr(VI) adsorption capacity, and
BET surface area of the prepared AC were 277.5,
1,041.5, 104.3, 6.29, and 1,429.4 m g_l, respectively. The
total pore volume, micropore volume, and average
pore diameter of AC were 1.105, 0.008403 cm® g™ and
3.09 nm, respectively. The prepared AC was of meso-
porous structure which contained plenty of meso-
pores, macropores, and few micropores. Carbonyl and
hydroxyl groups were found on the AC surface.

3.2. The thermodynamics study results of chromium(VI)
adsorption on the prepared AC

3.2.1. Effect of pH

AC showed amphoteric character depending on
the pH of the solution, i.e., the surface might be posi-
tively or negatively charged. The pore wall of the AC
contained a large number of surface functional
groups. The pH dependence of Cr(VI) adsorption was
mainly related to the type and ionic state of these
functional groups and adsorbate chemistry in the
solution. Solution pH is an important parameter for
the removal of heavy metals because it affects the
solubility of adsorbates, concentration of the counter
ions on the functional groups of the adsorbent and
the degree of ionization of the adsorbate during reac-
tion [33]. Chromium(VI) adsorption was studied as a
function of pH over a range of 2.0-8.0 (Fig. 1). It was
clear that the prepared AC was more active in the
acidic range and that the maximum adsorption
occurred at a pH 2.0. There was a sharp decrease in
the sorption capacity when the pH was raised from
2.0 to 6.0; the effect then became negligible with a
further increase. Chromium(VI) may exist in three dif-
ferent ionic forms (HCrO*", CrzOg’ and CrOﬁ’) in
aqueous solutions, and the stability of these ions in
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Fig. 1. The chromium(VI) adsorption capacity of AC under
different pH values.

aqueous systems was mainly pH dependent [34]. The
sorption capacity of Cr(VI) was higher in the lower
pH range due to a high electrostatic force of attrac-
tion. As the number of H' ions increased with
decreasing pH, the negative charge on the adsorbent
surface was neutralized, and as a result, diffusion of
chromate ions into the bulk of the adsorbent was
increased [35]. As reported by other studies, Cr(VI)
was adsorbed on the surface of AC mostly in the form
of HCrO* [36]. The decrease in the adsorption with
increasing pH may be attributed to the increased
number of OH  ions in the bulk, which retarded the
diffusion of chromate ions, such as HCrO*", Crzogf,
and CrOj ", and the competitiveness sorption of these
oxyanions of Cr. However, Cr ions in a natural aqua-
tic environment, such as drinking water sources,
mostly exist at natural pH levels, and further studies
of Cr(VI) adsorption on the prepared AC under natu-
ral pH conditions will be conducted.

3.2.2. Effect of contact time and initial concentration

The amount of Cr(VI) adsorbed on the AC was
studied as a function of shaking time at four different
initial concentrations (10, 20, 40, and 80 mg LY of Cr
(VD) and different temperatures (30 = 2, 45 + 2, and 60
+ 2°C). The results are given in Fig. 2 (a for 30°C, b for
45°C, and c for 60°C), respectively. These adsorption
curves showed the relationship between the amounts
of Cr(VD) adsorbed (g,) and its contact time (f). It is
evident from these figures that the adsorptivity of
Cr(VD increased with increase in contact time from 0
to 30 min and was almost saturated after 50 min. The
initial concentrations of Cr(VI) and the absorption
temperature affected the equilibrium time. The
adsorptivity of Cr(VI) on AC was found to be depen-
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Fig. 2. Adsorption curves of chromium(VI) on AC uptake
values at different initial concentrations and temperatures:
(@) T=30°C, (b) T=45C, and (c) T = 60°C.

dent on the initial concentration and the absorption
temperature. The Cr(VI) equilibrium adsorption capac-
ity, g (mg g™'), was increased with increase in initial
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concentration, and the absorption rate increased with
increase in absorption temperature. This suggested
that Cr(VI) adsorption from aqueous solutions onto
AC was an endothermic process. The increase in the
adsorption capacity may be due to the chemical
interaction between Cr(VI) and AC, creation of some
new adsorption sites or the increased rate of intra-
particle diffusion of Cr(VI) into the pores of the AC at
higher temperatures [36]. Furthermore, adsorption
was rapid at the early stages and then gradually
decreased and remained relatively constant after the
equilibrium point. This study indicated that 60 min
was needed to reach equilibrium. At low concentra-
tions (10 mg LY, the ratio of available surface of AC
to initial Cr(VI) was larger. However, the trends of g,
and p; were completely different under higher concen-
trations of Cr(VI). For example, at 60°C, the percentage
(p) of Cr(VI) adsorbed decreased from 99.10% to
85.18% as the Cr(VI) concentration increased from 10
to 80 mg L™ and the amount of Cr(VI) adsorbed
increased from 1.95 to 13.17mgg '. That is, the
amount of Cr(VI) adsorbed on the AC had a certain
degree of saturation, which prevented further adsorp-
tion. Along with the data shown in Table 1, the curves
also indicate that adsorption led to saturation, suggest-
ing possible monolayer coverage of Cr(VI) on the
surface of the AC.

3.2.3. Adsorption isotherms

To investigate the relationship between the
amount of Cr(VI) adsorbed (g.) and the aqueous
concentration (C.) at equilibrium, sorption isotherm
models are usually employed for data fitting, of
which the Langmuir and Freundlich equations are
the most widely used. The Langmuir model assumes
that the uptake of adsorbate molecules occurs on a
homogenous surface by monolayer adsorption with-
out any interaction between the adsorbed molecules
[37]. The Freundlich model is suitable for non-ideal
adsorption on heterogeneous surfaces. The hetero-
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geneity is caused by the presence of different
functional groups on the adsorbent surface and
various adsorbent-adsorbate interactions [37]. To
obtain the equilibrium data, the adsorbent mass
0.1 g, equilibrium time 2 h, and varied initial Cr(VI)
concentrations (10, 20, 40, and 80 mg LY were used
for sorption experiments on the AC.

The Cr(VI) adsorption isotherm followed the lin-
earized Freundlich model, as shown in Fig. 3. The
relationship between the Cr(VI) uptake capacity, g
(mg g™ "), of the AC and the residual Cr(VI) concentra-
tion, C. (mg L"), at equilibrium is given by Eq. (4):

1
Inge = Inks + glnce 4)

where the intercept In k¢ is a measure of adsorbent
capacity, and the slope 1/n is the adsorption intensity.
Generally, when the value of n is 2 to 10, it means that
it is easy to adsorb; when # is less than 0.5, it is diffi-
cult to adsorb. According to the Freundlich theory, n
can also be used to determine whether adsorption is
favorable. When n > 1, adsorption is favorable, n =1
indicates linear adsorption; and when n <1, adsorp-
tion is unfavorable [38]. Freundlich equation constants
and correlation coefficients (R®) are given in Table 2.
The isotherm data fit the Freundlich model (R* 0.8537-
0.9287). The constants k; and n values were calculated
to be 3.5509-5.0896 and 3.1260-4.7059, respectively,
indicating a favorable adsorption process.

To ensure an equilibrium condition, the linear
form of the Langmuir equation was applied to the
experimental data. The Langmuir equation relates the
quantity of Cr(VI) adsorbed per unit weight of adsor-
bent (mgg ') at equilibrium (g.) to the equilibrium
liquid concentration C, (mg L™") by Eq. (5):

Ce 1 Ce

e - qmaxkl * Jmax (5)

Table 1

Equilibrium uptake capacities and adsorption yields obtained at different initial mass concentrations and temperatures
30°C 45°C 60°C

Co(mgL™ C.(mgL™ g.(mgg™ P (%) CemgL™ ge(mgg") P, (%) C.mgL™ g.(mgg" P (%)

10 0.08966 1.886 99.10  0.08966 1.951 99.13  0.08966 1.951 99.10

20 0.5878 3.825 97.06  0.3885 3.830 98.06  0.1893 3.915 99.05

40 10.94 5.648 72.65  8.149 6.149 79.63  5.160 6.752 87.10

80 40.74 7.630 49.07 2481 10.97 69.00 11.85 13.17 85.18
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Fig. 3. Fitted Freundlich adsorption isotherms for

chromium(VI) adsorption on AC.

where the constant gm.x is the maximum single layer
adsorption capacity (mg g™"), and k is related to the
free energy or adsorption enthalpy with respect to the
closeness of active sites on the adsorbent surface with
each other (L mg™").

Straight lines were obtained by plotting C./ge
against C. as shown in Fig. 4, indicating the applica-
bility of the Langmuir adsorption isotherm, which led
to the conclusion that monolayer coverage of Cr(VI)
adsorbate formed on the AC. The Langmuir constants
gmax and k; were calculated from the slopes and inter-
cepts of plots of C./ge vs. C, respectively, and correla-
tion coefficients (R?) are given in Table 2. It is clear
that the maximum single layer adsorption capacity
gmax Values were higher at higher temperatures,
reflecting the endothermic nature of Cr(VI) adsorption
on AC.

The essential characteristics of the Langmuir
isotherm can be expressed by a dimensionless

Table 2
Isotherms constants for chromium(VI) adsorbed on AC

12577
6 -
L]
5
4 4
3 4
<
o (]
2 = :
] = T=30°C
: s ® T=45C
A o A T=60°C
0 &
I T 1 I L]
0 10 20 30 40
C(mglL™)

Fig. 4. Fitted Langmuir adsorption isotherms for

chromium(VI) adsorption on AC.

equilibrium parameter, Ry, also known as the separa-
tion factor, defined by Weber and Chackravorti
[37,39,40] as Eq. (6):

1

Ri——
LT 1+ kG

(6)

where k; is the Langmuir constant and Cy is the initial
Cr(VI) concentration (mg L™"). The Ry, parameter gives
important signs on the compatibility of adsorption for
the selected adsorbent-adsorbate pair. There are four
possibilities for the Ry, value [39]: 0 < Ry, < 1, favorable
adsorption; Ry > 1, unfavorable adsorption; Ry, =1, lin-
ear adsorption; and Ry, =0, irreversible adsorption. Ry,
values also indicate the type of isotherm. It is clear
that the average values of R; were between 0 and 1,
indicating favorable adsorption of Cr(VI) on the AC
samples.

Freundlich equation

In g = 1.2672 + 0.2125 In C, (30°C)
In g, = 1.4226 + 0.2728 In C,, (45°C)
In g. = 1.6272 + 0.3199 In C, (60°C)

Langmuir equation

Ce/q. = 0.1839 + 0.1288 C. (30°C)
Ce/qe = 0.1951 + 0.08877 C, (45°C)
Ce/qe = 0.1111 + 0.07599 C. (60°C)

Temperature (°C) In k¢ ke 1/n n R Jmax k Ry R

30 1.2672 3.5509 0.2125 4.7059 0.9287 7.7640 0.7004 0.9747 0.9869
45 1.4226 4.1479 0.2728 3.6657 0.9231 11.2613 0.4637 0.9830 0.9007
60 1.6272 5.0896 0.3199 3.1260 0.8537 13.1519 0.6841 0.9753 0.7799
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Fig. 5. Plot of In K4 vs. 1/T for chromium(VI) adsorption
on AC.

The Cr(VI) adsorption on AC process within the
range of the selected conditions can be described
approximately using the Langmuir and Freundlich
isotherm equations. The Langmuir isothermal
adsorption equation was better than the Freundlich
adsorption isothermal equation at 30, 45, and 60°C,
Freundlich adsorption isothermal equation was
slightly better.

3.2.4. Adsorption thermodynamics parameters

AG  (Gibbs free energy change, kJ/mol) was
calculated from the following Egs. (7) and (8):

—AG° = RTInKy4 @)
AG® = AH® — TAS® (8

The thermodynamic parameters such as AH (enthalpy
change, ] mol™") and AS (entropy change, ] mol ' K™)
were calculated from the slopes and intercepts of the
plots of In K4 vs. 1/T as shown in Fig. 5, respectively,
using Eq. (9):

Table 3
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AH® n AS°
RT R

InKyg = — 9

where R (8.314] mol ' K™') is the gas constant, T (K)
is the absolute temperature, and Ky (L mg ') is the
standard  thermodynamic  equilibrium  constant
defined by g./C., which is from the Langmuir equa-
tion (k) or Freundlich equation k¢ Because Cr(VI)
adsorption data on the AC fit slightly better with the
Freundlich adsorption isothermal equation in the
study, the Freundlich adsorption isothermal constant
was used.

The values of AH, AS, and AG for Cr(VI) adsorp-
tion on AC are given in Table 3. The positive values
of AH indicated an endothermic process of adsorp-
tion, and the positive values of AS” showed that Cr(VI)
adsorption caused disorder in the system. The value
of AG indicates the degree of spontaneity of an
adsorption process, where a more negative value indi-
cates an energetically favorable adsorption process.
The increase in AG with increasing temperature
showed that adsorption was more favorable at high
temperatures, similar to that reported by [37] for the
adsorption of Cr(VI).

3.3. The kinetic study results of chromium(V1I) adsorption
on the prepared AC

It is important to predict the rate-limiting step in
an adsorption process to understand the mechanism
associated with the phenomena. For a solid-liquid
adsorption process, the solute transfer is usually
characterized by either external mass transfer or intra-
particle diffusion or both [41]. Generally, three types
of mechanisms are involved in an adsorption process:
(1) film diffusion, which involves the movement of
adsorbate molecules from the bulk of the solution
toward the external surface of the adsorbent; (2) parti-
cle diffusion, where the adsorbate molecules move in
the interior of the adsorbent particles; and (3) adsorp-
tion of the adsorbate molecules on the interior of the
porous adsorbent [41]. Adsorption kinetics provide
valuable information about controlling mechanisms of

Adsorption thermodynamic parameters for chromium(VI) adsorbed on AC

Kq

Fitted linear equation InKy4 = —1215.73% +5.2666 (R?=0.9764)

AS (k] mol™) AH' (kK] mol™)

AGS (k] mol™) (30°C)

AGS (K mol™) (45°C) AG§ (K] mol™) (60°C)

k¢ 43.7886 10.1081 —3.1665

—3.8233 —4.4801




C. Chen et al. | Desalination and Water Treatment 57 (2016) 12572-12584

adsorption processes, such as mass transfer or chemi-
cal reactions. The kinetics of Cr(VI) adsorption on AC
was analyzed wusing pseudo-first-order, pseudo-
second-order, and intraparticle diffusion models
[37,42-44]. In pseudo-first-order and pseudo-second-
order models, all of the adsorption steps, such as
internal diffusion, external diffusion, and adsorption,
were lumped together. It was assumed that the differ-
ence between the average solid phase concentration
and the equilibrium concentration was the driving
forces of adsorption, and the overall adsorption rate
was proportional to either the driving force, as in the
pseudo-first-order equation, or the square of the
driving force, as in the pseudo-second-order equation
[45]. Conformity between experimental data and
the model-predicted values was expressed by the
correlation coefficient (R?). A relatively high R* value
indicated that the model successfully described the
kinetics of Cr(VI) adsorption [37].

3.3.1. Pseudo-first-order model

Lagergren proposed a pseudo-first-order kinetic
model [46]. The integral form of the model is Eq. (10):

In(ge — g;) = Inge — kqt (10)
where g, is the amount of Cr(VI) adsorbed (mg g™") at
time ¢ (min), g. is the amount of Cr(VI) adsorbed at
equilibrium (mgg™"), and k; is the equilibrium rate
constant of pseudo-first-order adsorption (min™").

Straight lines were obtained by plotting In(g. — q¢)
against ¢ as shown in Fig. 6 (a for 30°C, b for 45°C,
and ¢ for 60°C). The values of the rate constants k;
and g. were obtained from the slopes and intercepts
of the plots, respectively (Table 4). The R* values
obtained from the pseudo-first-order model were less
than 0.9 at 30 and 45°C and more than 0.9 at 60°C,
which were higher than those from the intraparticle
diffusion model and less than those from the pseudo-
second-order model. The data indicated that adsorp-
tion of Cr(VI) on the AC could only be fit with good
agreement to the pseudo-first-order model at 60°C at
relatively dilute solutions (Cr(VI) concentrations of 10
and 20 mg L™, R 0.9751 and 0.9933).

3.3.2. Pseudo-second-order model

The adsorption kinetics may also be described by a
pseudo-second-order model. The linearized-integral
form of the model is Eq. (11) [46]:
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Table 4
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Kinetic parameters obtained for chromium(VI) adsorption on AC

Intraparticle diffusion

Pseudo-first-order model Pseudo-second-order model model

T(C) ComgL™ Kk Ge R? k, Ge R? kia c R?

30 10 0.1480 3.8415 0.8588 0.1463 1.6158 0.9703 0.1884 0.4868 0.9715
20 0.06745 5.3364 0.7357 0.03262 3.9442 0.9901 0.2008 1.7327 0.9830
40 0.07141 6.5549 0.7503 0.03348 5.7800 0.9971 0.2587 3.0830 0.9440
80 0.09015 26.7026 0.7751 0.009191 8.0038 0.9520 0.3873 3.0340 0.9445

45 10 0.1375 2.6916 0.8782 0.09176 2.0940 0.9911 0.1594 0.8023 0.9778
20 0.06818 3.4427 0.8241 0.05910 3.9271 0.9982 0.1694 2.2134 0.8936
40 0.06889 5.6773 0.7613 0.03764 6.3008 0.9977 0.2257 3.8878 0.9522
80 0.09457 36.2116 0.8161 0.008606 11.5287 0.9828 0.6159 4.4560 0.9811

60 10 0.1452 0.6138 0.9933 0.5299 1.9920 0.9999 0.1799 2.4085 0.7676
20 0.07501 2.1932 0.9751 0.08966 4.0098 0.9997 0.2766 4.0562 0.8829
40 0.06868 6.0716 0.7506 0.03575 6.8705 0.9981 0.3886 9.7007 0.7398
80 0.09253 10.1411 0.9554 0.04051 13.3618 0.9997 0.07776 1.4861 0.6602

where k, is the pseudo-second-order rate constant of
adsorption.

The linear plot of t/q; vs. t gave 1/g. as the slope
and 1/kyg? as the intercept. Fig. 7 (a for 30°C, b for
45°C, and c for 60°C) shows good agreement between
the experimental and the calculated g. values. From
Table 4, all of the R? values obtained from the
pseudo-second-order model were more than 0.95,
indicating that the model accurately characterized the
adsorption of Cr(VI) on the AC under the conditions
tested.

3.3.3. Intraparticle diffusion model

An intraparticle diffusion model is of major
concern because it is the rate-determining step in
the liquid-solid adsorption systems. During the
batch mode of operation, there is a possibility of
transport of sorbate species into the pores of
sorbent, which is often a rate-controlling step. An
intraparticle diffusion model, based on the theory
proposed by Weber and Morris [47,48], was used to
identify the diffusion mechanisms. The model fea-
tured an empirical functional relationship, common
to most adsorption processes, where uptake varies
proportionally with +'/? rather than with the contact
time, t. The intraparticle diffusion equation is
expressed as Eq. (12):

gr = kiat'? + ¢ (12)

where kg (mg g ' min"'/?) is the intraparticle diffu-
sion rate constant, and c is the intercept (mg g ).

The plot of g, vs. t'/? gave straight lines, and the
values of kiq were calculated from the slopes of the
plots. The values of ¢ gave an idea about the thickness
of boundary layer, ie., the larger the intercept, the
greater the contribution of surface sorption in the rate-
controlling step. The adsorption of Cr(VI) on AC with
the intraparticle diffusion model is shown in Fig. 8 (a
for 30°C, b for 45°C, and c for 60°C), and the relative
parameters are given in Table 4. The R> values
obtained at 30 and 45°C are higher than 0.94 (except
for initial concentration 20 mg L™' at 45°C) and less
than 0.88 at 60°C, indicating that the adsorption of Cr
(VD) on AC could only be described by the intraparti-
cle diffusion model at lower temperatures (30 and
45°C).

The values of the correlation coefficient (R?) of
pseudo-first-order, pseudo-second-order and intra-
particle diffusion kinetic models showed that Cr(VI)
adsorption on AC followed the pseudo-second-order
model at 30, 45, and 60°C (R 0.9520-0.9999), the intra-
particle diffusion model at lower temperatures (30 and
45°C, R 0.8936-0.9830), and only followed the pseudo-
first-order equation at 60°C at relatively dilute
solutions (Cr(VI) concentrations of 10 and 20 mg LY
R 09751 and 0.9933). In short, pseudo-second-order
kinetic equations had higher R* values among these
three models. Therefore, the pseudo-second-order
kinetic model was taken as the most appropriate
model for description of the adsorption mechanism of
Cr(VD on the prepared AC.
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4. Conclusions

AC was prepared from ES by microwave-assisted
activation with ZnCl,. The prepared AC was charac-
terized for absorption capacity, surface area, pore
volume, and surface functional groups. The AC was
used for removal of Cr(VI) from aqueous solutions
with concentrations ranging from 10 to 80 mg L™ and
temperatures between 30 and 60°C. The effects of pH,
contact time, initial concentration of Cr(VI) and tem-
perature on adsorption, as well as the thermodynam-
ics and kinetics of Cr(VI) adsorption on the prepared
AC were investigated. The results are summarized as
follows:

(1) The methylene blue adsorption capacity, iodine
number, phenol adsorption capacity, Cr(VI)
adsorption capacity, and BET surface area of
the prepared AC were 277.5, 1,041.5, 104.3,
6.29, and 14294mg ', respectively. The
total pore volume, micropore volume, and
average pore diameter of AC were 1.105,
0.008403 cm® ¢! and 3.09 nm, respectively.
Carbonyl and hydroxyl groups were found on
the AC surface.

(2) The adsorption capacity of Cr(VI) was depen-
dent on pH and initial concentration: equilib-
rium time increased but the Cr(VI) removal
percentage decreased with an increase in the
initial Cr(VI) concentration.

(3) Isotherm data were treated according to the
Langmuir and Freundlich models and showed
that adsorption of Cr(VI) on AC was in good
agreement with the Langmuir adsorption
isotherm model at 30°C (R =0.9869) and the
Freundlich adsorption isotherm model at 45°C
(R =0.9287) and 60°C (R = 0.9231).

(4) Adsorption thermodynamic parameters for Cr
(VD) adsorbed on the AC, namely AH
(10.1081 k] mol ™), AS™ (43.7886 k] mol ' K1), and
AG ™ (-3.1665 kf mol ™!, 30°C; —3.8233 kJ mol ™},
45°C; —4.4801 kJ mol !, 60°C), indicated that the
adsorption was a spontaneous and endothermic
process with increased randomness at the
solid—solution interface.

(5) Adsorption kinetics of Cr(VI) were analyzed by
pseudo-first-order, pseudo-second-order, and
intraparticle diffusion kinetic models, and the
results showed that Cr(VI) adsorption on AC
followed the pseudo-second-order model at 30,
45, and 60°C (R 0.9520-0.9999), the intraparticle
diffusion model at lower temperatures (30 and
45°C, R 0.8936-0.9830), and only followed the
pseudo-first-order equation at 60°C at relatively

C. Chen et al. | Desalination and Water Treatment 57 (2016) 12572-12584

dilute solutions (Cr(VI) concentrations of 10 and
20 mg LY, R 09751, and 0.9933). The pseudo-
second-order kinetic model provided the best fit,
indicating that it is most appropriate for descrip-
tion of the adsorption mechanism of Cr(VI) on the
prepared AC.
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