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The adsorption of chromium (VI) ions from aqueous solution by ethylenediamine-modified cross-linked
magnetic chitosan resin (EMCMCR) was studied in a batch adsorption system. Chromium (VI) removal is
pH dependent and the optimum adsorption was observed at pH 2.0. The adsorption rate was extremely
fast and the equilibrium was established within 6-10min. The adsorption data could be well inter-
preted by the Langmuir and Temkin model. The maximum adsorption capacities obtained from the
Langmuir model are 51.813mgg',48.780 mg g~ and 45.872mgg" at 293, 303 and 313 K, respectively.
The adsorption process could be described by pseudo-second-order kinetic model. The intraparticle diffu-
sion study revealed that film diffusion might be involved in the present case. Thermodynamic parameters
revealed the feasibility, spontaneity and exothermic nature of adsorption. The sorbents were successfully
regenerated using 0.1 N NaOH solutions.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Chromium exists in trivalent [Cr (III)] and hexavalent [Cr (VI)]
state. The hexavalent form has been considered more hazardous to
public health due to its mutagenic and carcinogenic properties [1].
Various methods of chromium removal include filtration, chem-
ical precipitation, adsorption, electrodeposition and membrane
systems or even ion exchange process. Among these methods,
adsorption is one of the most economically favorable and a techni-
cally easy method [2].

Chitosan is the deacetylated form of chitin, which is a lin-
ear polymer of acetylamino-D-glucose. As chitosan is hydrophilic,
biodegradability, harmlessness for living things and ease of chemi-
cal derivatization, besides, chitosan has many amino and hydroxyl
groups that can chelate heavy metal ions. Therefore, chitosan
presents as a very promising starting material for chelating resins
[3]. Several metals are preferentially adsorbed in acidic media
while chitosan can dissolve in acid condition. To overcome such
a problem, some cross-linking agents such as glutaraldehyde [4],
epichlorohydrin [5] and ethyleneglycol diglycidyl ether [6] are
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used to stabilize chitosan in acid solutions. But glutaraldehyde is
the most widely used because it does not have much diminish-
ing adsorption capacity [5]. This method is used to ensure good
mechanically and chemically stable beads, but it has been found
to have negative effect on the adsorption capacity of the chitosan.
The main reason for the loss of adsorption capacity is that amine
groups are involved in the cross-linking reaction [7].

The ability of a material to capture metals is controlled in part
by the number of available functional groups used for binding met-
als. The amino and two hydroxyl groups on each glucosamine in
the repeating unit of chitosan can act as a reactive site for chemical
modification. In order to increase the adsorption ability of chitosan,
and to improve the adsorption selectivity of metal ions, several
chemicals have been used to modify chitosan such as glycine [8],
polydimethylsiloxane [9], thiourea [10] and maleic anhydride [11].

On the other hand, after the adsorption is carried out, the
adsorbents are difficult to be separated from the solution using tra-
ditional separation methods such as filtration and sedimentation.
The magnetic technology is a good solution. Magnetic carriers are
used as the support material and they can be easily separated from
the reaction medium and stabilized in a fluidized bed reactor by
applying a magnetic field [12].

In the present work, we prepared ethylenediamine-modified
glutaraldehyde-crosslinked magnetic chitosan resin (EMCMCR)
and used it to adsorb Cr (VI) ions in a batch system. The effects of the
process parameters such as pH, temperature, dosage of EMCMCR,
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Fig. 1. Scheme for the synthesis of EMCMCR: (step1) expected cross-linking mechanism for chitosan using glutaraldehyde; (step2) expected mechanism of action for
cross-linked chitosan using epichlorohydrin; (step3) expected mechanism for aminated chitosan beads.

initial Cr (VI) concentration on Cr (VI) removal were investigated.
In order to better understand the adsorption characteristic, some
isotherm, kinetic and thermodynamic models were employed to
evaluate the sorption process.

2. Materials and methods
2.1. Materials

Chitosan (90% acetylation degree) was supplied by Sinopharm
Chemical Reagent Co., Ltd. Glutaraldehyde and epichlorohydrin
was provided by Tianjin Guangfu Fine Chemical Research Institute,
Tianjin, China. Ethylenediamine was obtained from Changsha Sub-
intersection Plastic Chemical Factory, Changsha, China. All reagents
above were of Chemical grade.

Stock solutions (1000 mgL~1) of chromium (VI) was prepared
by dissolving 2.829 g K,Cr,07 in 1000 mL distilled water. The solu-
tions of different concentrations used in various experiments were
obtained by dilution of the stock solutions.

2.2. Preparation of EMCMCR

Magnetic fluid was prepared according to former study [13].
FeCl; and FeSO4 were mixed in the solution with addition of sodium
hydroxide to form Fe304 magnetic particles. The surfactant and the
ultrasonic generator were used to disperse the magnetic particles.

-

P il

EMCMCR was prepared by dissolving chitosan in acetic acid
solution with stirring until completely dissolved at 50°C and then
the magnetic fluid was added to the solution slowly. Glutaralde-
hyde and ethylenediamine were used to form the gel. Meanwhile,
ethylenediamine was introduced into the mixture to modify the
resin. Fig. 1 shows the preparation sketch of EMCMCR. Fig. 2 shows
the photos of the chitosan and EMCMCR.

2.3. Batch adsorption experiments

All batch experiments were carried out with adsorbent samples
in a 250 mL conical flasks with 100 mL Cr (VI) aqueous solutions
on a rotary shaker at 250 r min~'. The concentration of Cr (VI) ions
was determined spectrophotometrically at 540 nm using diphenyl
carbazide as the complexing agent.

The study of the pH (1.0-8.0) dependency of Cr (VI) adsorp-
tion onto EMCMCR was carried out in 100 mL Cr (VI) solutions with
different initial concentration of 10, 60 and 100mgL-! at a tem-
perature (30°C). The pH value was adjusted by 1M NaOH or 1M
HCL

Isotherm studies were conducted by contacting 0.5 g EMCMCR
with 100 mL of Cr (VI) solution at different initial concentration (20,
40, 60, 100 and 200 mgL-1) shaking for 60 min. The experiments
were performed at different temperature (20, 30 and 40 °C). Sorp-
tion isotherms are plots of the equilibrium adsorption capacity (ge)
(according to Eq. (1)) versus the equilibrium concentration of the

Fig. 2. Photos of chitosan and EMCMCR.
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Fig. 3. The SEM characterization of EMCMCR: (A) before (5000x ) and (B) after (5000x ) adsorption.

residual Cr (VI) in the solution (Ce).

b (G- G )

w
where ¢ is the equilibrium adsorption capacity (mgg~1), Co and
Ce are the initial and equilibrium liquid phase solute concentration
(mgL-1), respectively. Vis the liquid phase volume (L) and W is the
amount of adsorbent (g).

To investigate the kinetic characteristics of the adsorption, 0.5¢g
EMCMCR was added to 100 mL of Cr (VI) solution with three differ-
ent concentration (60, 100 and 200mgL-1), and the samples were
agitated for designated time periods (2, 4, 6, 8, 10, 20, 30, 40, 50,
60, 90, 120, 150, 180 min).

2.4. Desorption experiments

The adsorption-desorption cycles were repeated consecutively
ten times to determine the reusability of sorbents. After adsorption
experiments (volume, 100 mL; absorbent dose, 0.5 g; initial concen-
tration, 300 mg L~1; pH value, 2; contact time, 60 min; temperature,
30°C; agitation speed, 250 rpm), the EMCMCR adsorbed with Cr (VI)
ions were separated from the solution by filtration and then added
into 20 mL various stripping solutions (0.1 M EDTA, 0.1 N HCl, and
0.1 N NaOH, respectively) and stirred at 250 rpm for 30 min at 30°C
and the final Cr (VI) concentration was determined. After each cycle
of adsorption-desorption, sorbent was washed with distilled water
and used in the succeeding cycle. The desorption ratio of Cr (VI)
ions from EMCMCR was calculated from the amount of Cr (VI) ions
adsorbed on EMCMCR and the final Cr (VI) ions concentration in
the desorption medium. Desorption ratio was calculated from the
following equation:

amount of Cr (VI) ions desorbed to the desorption medium
amount of Cr (VI) ions adsorbed onto the EMCECR

x 100 (2)

Desorptionratio =

3. Results and discussion
3.1. Scanning electron microscope studies

Surface morphology of the EMCMCR before and after adsorption
was observed by SEM, and the SEM images are shown in Fig. 3.
Before adsorption, irregular surface structure and many pores in
the surface were observed, which may exist as amine groups. It is
also considered helpful for mass transfer of Cr (VI) ions to EMCMCR.
After absorption, the adsorbent surface became abnormal and a
great deal of crystal adhered to the surface. These images prove that,

Cr (VI) ion was adsorbed by EMCMCR into its pores and developed
a layer of Cr (VI) substance on the surface.

3.2. Effect of pH on Cr (VI) adsorption by EMCMCR

The effect of initial solution pH on Cr (VI) removal by EMCMCR
is shown in Fig. 4. The adsorption of Cr (VI) increased with pH
increasing from 1.0 to 2.0. The results indicated that at pH 2.0,
the maximum adsorption capacity of 2.00, 11.88, 19.76mgg™!
occurred at an initial Cr (VI) concentration of 10,60 and 100 mg L1,
respectively. Within the range of pH values from 2.0 to 8.0, the
adsorption capacity decreased drastically with increasing of pH.
This indicates that the adsorption of the adsorbent is clearly pH
dependent. Similar trend was also observed with the removal of
hexavalent chromium using chitosan derivatives [14], while some
researchers have reported the different optimum pH on adsorp-
tion of heavy metals by using different kind of modified chitosan.
For example, the adsorption of Cr (VI) on CMCB and CMCF was
pH dependent and maximum adsorption was obtained at pH 3.0
[15]. The maximum adsorption capacity of the resin QCS for Cr (VI)
occurred at a pH value of around 3.5-4.5[16].

25

G (mg..-»

Fig. 4. The effect of initial solution pH on Cr (VI) removal by EMCMCR at various
initial concentrations (10, 60 and 100mgL-"). (Volume, 100 mL; absorbent dose,
0.5g; initial concentration, 10, 60 and 100mgL-'; pH value, 1, 2, 3, 4, 5, 6, 7, 8;
contact time, 60 min; temperature, 303 K; agitation speed, 250 rpm.)
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Table 1

Adsorption equilibrium constants obtained from Langmuir, Freundlich and Temkin isotherms in the adsorption of Cr (VI) onto EMCMCR. (Volume, 100 mL; absorbent dose,
0.5 g; initial concentration, 20, 40, 60, 100, 200 mgL~"'; contact time, 60 min; temperature, 293, 303, 313 K; agitation speed, 250 rpm.).

Temperature (°C) Langmuir model

Freundlich model

Temkin model

Jmax Ky Ry R? n Ky Qm R? ar br R?
20 51.813 0.583 0.017 0.997 1.588 16.088 292.349 0.950 7.461 0.238 0.988
30 48.780 0.576 0.017 0.997 1.669 14.763 232.903 0.935 7.284 0.258 0.991
40 45.872 0.522 0.019 >0.999 1.790 12.874 168.699 0.953 6.808 0.293 0.985

It can be explained that because the pH of the aqueous solu-
tion affects the speciation of chromium and the surface charge of
the adsorbent [17,18]. Cr (VI) exists in different forms in aqueous
solution and the stability of these forms is dependent on the pH
of the system. At pH 1.0, the chromium ions exist in the form
of HyCrOy4, while in the pH range of 1.0-6.0, different forms of
chromium ions such as Cr,07~, HCrO4~, Cr301¢2~, Cry0132~ coex-
ist while HCrO4~ predominates. As pH increases, this form shifts
to CrO42~ and Cr, 072~ [2]. Cr (VI) exists predominantly as HCrO4~
in aqueous solution below pH 4.0 and the amino groups (-NH>) of
EMCMCR would be in protonated cationic form (-NH3*) to a higher
extent in acidic solution which result in a stronger attraction for a
negatively charged ion in the solution, and electrostatic interac-
tion occurs between the sorbent and HCrO4~ ions resulting in high
chromium removal [19]. However, at pH less than 2.0 a decrease
uptake capacity is observed due to the chromium being present pre-
dominantly as H,CrO,4 and a strong competition existed between
H,CrO4 and protons for adsorption sites. Higher pH decreasing the
adsorption capacity may be explained by the dual competition of
both the anions (CrO42~ and OH™) to be adsorbed on the surface
of the adsorbent of which OH~ predominates [2]. Thus, pH of 2.0
was selected as the optimum pH value of Cr (VI) solution for the
following adsorption experiment.

3.3. Isotherm studies

Adsorption isotherm studies are important to determine
the efficacy of adsorption. Several adsorption isotherms origi-
nally used for gas phase adsorption are available and readily
adopted to correlate adsorption equilibria in heavy metals adsorp-
tion. Some well-known ones are Freundlich, Langmuir, Temkin,
Redlich-Paterson and Sips equation [20]. In this study, Lang-
muir, Freundlich and Temkin models were used to determine the
adsorption equilibrium between the adsorbent and metal ions. The
isotherm constants for the three models were obtained by linear
regression method and presented in Table 1.

The Langmuir model assumes that a monomolecular layer
is formed when adsorption takes place without any interaction
between the adsorbed molecules [21]. The Langmuir model can be
represented as:

_ qmaxK . Ce

e = 1+K.C (3)

where C, is the equilibrium concentration (mgL-1), g, the amount
of metal ion sorbed (mgg=1), gmax is ge for a complete monolayer
(mgg~1), K is a constant related to the affinity of the binding sites
(Lmg~1). The linearized form of the Langmuir equation is:

Ce 1 Ce

= = + 4
e  qmaxKp = qmax )

The experimental data were plotted as Ce/qe versus Ce and
shown in Fig. 5. The values of Langmuir constants gmax and K;
were obtained by linear regression method and shown in Table 1.
The experimental data exhibited high correlation with Langmuir
model within the studied temperature range. Both gmax and K
decreased with increasing temperature, indicating the bonding

between heavy metals and active sites of the adsorbent weakened
at higher temperature and the adsorption process is exothermic.
This outcome is similar to the studies involving Cr (VI) adsorp-
tion on chitosan [19]. But the gmax values obtained for EMCMCR
(48.780mgg~1) at 30°C is remarkably higher than 7.943 mgg~! as
reported by Aydin et al. [19].

The essential features of a Langmuir isotherm can be expressed
in terms of a dimensionless constant separation factor or equilib-
rium parameter, R; which is defined by Hall et al. [22] as:

1

Rl=—
L=17K.GC

(5)

where K; (Lmg~1) is the Langmuir constant and Cy (mgL-1) is the
initial concentration. The calculated values of the dimensionless
factor R; are included in Table 1. All R; values obtained are greater
than zero and less than unity indicates the favorable adsorption of
Cr (VI) by EMCMCR under consideration. This means that the equi-
librium isotherms can be well described by the Langmuir model,
and the adsorption process is monolayer adsorption onto a sur-
face with finite number of identical sites, which are homogeneously
distributed over the adsorbent surface.

The Freundlich isotherm is an empirical equation assuming that
the adsorption process takes place on heterogeneous surfaces and
adsorption capacity is related to the concentration of Cr (VI) at
equilibrium. This isotherm model is defined by the equation [23]
below:

ge = KrCe" (6)

where ge, and C, are the equilibrium concentrations of chromium
(V1) in the adsorbed (mgg~') and liquid phases (mgL-!), respec-
tively, Kr and n are the Freundlich constants which are related to
adsorption capacity and intensity, respectively. This equation can

.30
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Fig. 5. Langmuir isotherm for the adsorption Cr (VI) ions on EMCMCR. (Volume,
100 mL; absorbent dose, 0.5g; initial concentration, 20, 40, 60, 100, 200mgL-';
contact time, 60 min; temperature, 293, 303, 313 K; agitation speed, 250 rpm.)
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be written in the linear form given below:
1
Inge = HlnCe-i-InKp (7)

To determine the maximum sorption capacity, it is necessary to
operate with constant initial concentration Cy and variable weights
of sorbent, thus Ingp, is the extrapolated value of Ing for C=Cy [24].
According to Halsey [25]:

Kp=—"2_ (8)

As seen from Table 1, regression correlation coefficients were
very high in the temperature range studied. However, the maxi-
mum sorption capacity computed using Halsey expression (Table 1)
are far higher than the experimental adsorbed amounts at equilib-
rium corresponding to the plateau of the sorption isotherms. This
means that the equilibrium isotherms cannot be described by the
Freundlich model.

The derivation of the Temkin isotherm is based on the assump-
tion that the decline of the heat of sorption as a function of
temperature is linear rather than logarithmic, as implied in the
Freundlich equation. It can be described as follow [26]:

Qe = Eln(aTCe)= Eln ar+ﬂln Ce 9)
br br br

where a7 is the equilibrium binding constant corresponding to

the maximum binding energy (Lg~1), by is the Temkin constant

related to the heat of sorption (k] mol~1), and R is the gas constant

(8.314 x 10-3 kmol~1 K~1), T is the absolute temperature (K).

Thus, the constants can be obtained from the slope and inter-
cept of a straight line plot of g, versus InCe. Temkin constants are
given in Table 1. Temkin isotherm generates a satisfactory fit to
the experimental data as indicated by correlation coefficients. Typ-
ical bonding energy range for ion-exchange mechanism is reported
to be in the range of 8-16 k] mol~! while physisorption processes
are reported to have adsorption energies less than —40k] mol~!
[26]. Values of by (0.238, 0.258, 0.293 k] mol-! at an initial con-
centration of 60, 100 and 200mgL-!, respectively) obtained in
the present study indicates that the adsorption process seems to
involve chemisorption and physisorption.

3.4. Kinetic studies

Cr (VI) removal by adsorbent as a function of contact time with
different initial concentration (60, 100 and 200mgL-1) is shown
in Fig. 6, where the adsorption rate of metal uptake was very fast
and the maximum uptake was observed within 6-10 min. There
was almost no further increase of adsorption after 10 min. These
results showed that the actual adsorption of metal ion binding to
the adsorbent was very rapid. Data on the adsorption rates of Cr
(VI) ions by various modified chitosan have shown a wide range of
adsorption times. For example, the copper and Cr (VI) adsorption
equilibrium time on chitosan derivatives was 2 h [14]. The adsorp-
tion equilibrium time of Cr (VI) on the by CMCF and CMCN was 16 h
[15].

To investigate the mechanism of adsorption and its potential
rate-controlling steps that include mass transport and chemical
reaction processes, kinetic models have been exploited to analyse
the experimental data. In addition, information on the kinetics of
metal uptake is required to select the optimum condition for full-
scale batch metal removal processes [20]. Several kinetic models
such as pseudo-first-order, pseudo-second-order and intra-particle
diffusion model have been applied to find out the adsorption mech-
anism. The equation of the three kinetic models is expressed as
follows:

60
—— ()Omg.L'I
504 —— 100mg.L"
—A—200mg.L"
404 A AAA A A —aA

q(mg.g")

O T T T T
0 10 20 30

t(min)

170 180 190

Fig.6. Effect of contact time on Cr(VI)adsorption.(Volume, 100 mL; absorbent dose,
0.5 g; initial concentration, 60, 100 and 200 mgL~'; pH value, 2.0; contact time, 0,
2,4,6,8,10, 20, 30, 40, 50, 60, 90, 120, 150, 180 min; temperature, 303 K; agitation
speed, 250 rpm.)

The first-order rate equation is given as:

t (10)

_ _ k1
log(ge — q¢) = log ge 3303

where ge and g; are the amounts of adsorbed Cr (VI) on the adsor-
bent at equilibrium and at time t, respectively (mgg-1), and k; is
the first-order adsorption rate constant (min—1!).

The linearized form of the pseudo-first order model for the sorp-
tion of Cr (VI) ions onto EMCMCR at various initial concentrations is
given in Fig. 7. The calculated results of the first-order rate equation
are given in Table 2. It is found that correlation coefficients values
are low, showing the bad quality of linearization. Additionally, the
ge value acquired by this method is contrasted with the experi-
mental value. So the reaction cannot be classified as first-order.
One suggestion for the differences in experimental and theoreti-
cal ge values is that there is a time lag, possibly due to a boundary
layer or external resistance controlling at the beginning of the sorp-
tion. This time lag is also difficult to quantify. For this reason, it is
necessary to use a trial and error method in order to obtain the
equilibrium uptake [27].

1.0
v
5 A ® 60mg.L"
o 10()mgAL'1
0.0 200mg.L"

log(qe-q¢)
>

'
—_
W

2.0 1

-2.5 A

-3.0 T T T T T T T T
0 20 40 60 80 100 120 140 160
t(min)

Fig. 7. Pseudo-first order sorption kinetics of Cr (VI) onto EMCMCR at various initial
concentrations. (Volume, 100 mL; absorbent dose, 0.5 g; initial concentration, 60,
100 and 200 mgL~'; pH value, 2.0; contact time, 0, 2, 4, 6, 8, 10, 20, 30, 40, 50, 60,
90, 120, 150, 180 min; temperature, 303 K; agitation speed, 250 rpm.)



X.-j. Hu et al. / Journal of Hazardous Materials 185 (2011) 306-314 311

Table 2

Kinetic parameters obtained from Lagrangian models in the adsorption of Cr (VI) onto EMCMCR. (Volume, 100 mL; absorbent dose, 0.5 g; initial concentration, 60, 100 and
200mgL-'; pH value, 2.0; contact time, 0, 2, 4, 6, 8, 10, 20, 30, 40, 50, 60, 90, 120, 150, 180 min; temperature, 303 K; agitation speed, 250 rpm.).

Co (mgL1) Pseudo-first-order Pseudo-second-order
ki (min=") ge (mgg™") R? kz (gmg~" min~") qe (mgg™') h(mgg~" min~') R?
60 0.020 0.235 0.730 0.491 11.933 69.917 >0.999
100 0.033 0917 0.786 0.140 19.880 55.330 >0.999
200 0.043 0.653 0.844 0.235 39.683 370.064 >0.999

The pseudo-second-order equation is given as:

t 1 1
qr koqe? * Qet (1)
where k, is the second-order adsorption rate constant
(gmg'min~1), and q. is the adsorption capacity calculated
by the pseudo-second-order kinetic model (mgg~1).

The constant k; is used to calculate the initial sorption rate h
(mgg~Tmin~1), at t— 0 as follows [24]:

h = kyqe® (12)

The linearized form of the pseudo-second order model is
given in Fig. 8. The values of the correlation coefficients were all
extremely high and all greater than 0.999. Besides, the calculated
ge values agreed very well with the experimental data. Thus exper-
iment results supports the assumption behind the model that the
rate limiting step in adsorption of heavy metals are chemisorp-
tion involving valence forces through the sharing or exchange
of electrons between adsorbent and metal ions. Some studies on
the kinetics of Cr (VI) adsorption onto various adsorbents have
also reported higher correlations for pseudo-second order model
[2,19,28].

The adsorption process on a porous adsorbent will generally
have multi-step process. In order to investigate the mechanism
of the adsorption of Cr (VI) onto EMCMCR, the experimental data
were tested against the intraparticle diffusion model to identify
the mechanism involved in the sorption process. The three consec-
utive steps in the sorption of a sorbate by a porous sorbent are:
(i) mass transfer across the external boundary layer film of liquid
surrounding the outside of the particle; (ii) adsorption at a site on
the surface (internal or external) and the energy will depend on the
binding process (physical or chemical), this step is often assumed
to be extremely rapid; (iii) diffusion of the adsorbate molecules to

16

) -1
14 A 60mg.L
lOOmg.L'I

12 v 200mg.L’

—_
(=)

t/qt(min.g.mg'l)
oo

T T T T T T T T T

0 20 40 60 80 100 120 140 160 180 200
t(min)

Fig. 8. Pseudo-second order sorption kinetics of Cr (VI) onto EMCMCR at various
initial concentrations. (Volume, 100 mL; absorbent dose, 0.5 g; initial concentration,
60, 100 and 200 mgL~'; pH value, 2.0; contact time, 0, 2, 4, 6, 8, 10, 20, 30, 40, 50,
60, 90, 120, 150, 180 min; temperature, 303 K; agitation speed, 250 rpm.)

an adsorption site either by a pore diffusion process through the
liquid filled pores or by a solid surface diffusion mechanism [29].
The intraparticle diffusion model can be described as follows [30]:

qe = kpt'/2 4 C (13)

where kp, is the intra-particle diffusion rate constant
(mgg-'min=%3) and C of adsorption constant is the inter-
cept. Fig. 9 is the plot of q; vs. t'/2 at different initial Cr (VI)
concentration, which indicated that the plot of g; vs. t1/2 was
multi-linear, implying that more than one process affected the
sorption. Based on these plots, the sorption processes of the
three elements are comprised by two phases, suggesting that
the intraparticle diffusion is not the rate-limiting step for the
whole reaction [31]. The initial portion of the plot indicated an
external mass transfer whereas the second linear portion is due to
intraparticle or pore diffusion [32].

Due to the double nature of intraparticle diffusion (both film and
pore diffusion) (Fig. 6), and in order to determine the actual rate-
controlling step involved in the sorption process, the kinetic data
have been analyzed using the model given by Boyd et al. [24,33]

[o¢]
6 1 —D;m?m?t
F:l—ﬁzﬁexp — (14)
m=1
or
6 v 1
_ 2
F=1- Fzﬁexp (~m?2Bt) (15)
m=1

where F is the fractional attainment of equilibrium at time t and is
obtained by the expression:

qe
F=—>— 16
7 (16)
45
40 4
35 4
®  Omg.lL’
~— 30 1 o l()()n'lg.L'1
§ 25 | ¥ 200mg.L’
)
=
20 -/e/gouu O—O0—000C O O 1S
15 1
10 4
5 T T T T T T T
0 2 4 6 8 10 12 14 16
12, . 1/2
t “(min )

Fig. 9. Intraparticle diffusion kinetics of Cr (VI) onto EMCMCR at various initial con-
centrations. (Volume, 100 mL; absorbent dose, 0.5 g; initial concentration, 60, 100
and 200mgL~"; pH value, 2.0; contact time, 0, 2, 4, 6, 8, 10, 20, 30, 40, 50, 60, 90,
120, 150, 180 min; temperature, 303 K; agitation speed, 250 rpm.)
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Fig. 10. Boyd plot for Cr (VI) sorption onto EMCMCR at various initial concentrations
(60,100 and 200 mgL~1). (Volume, 100 mL; absorbent dose, 0.5 g; initial concentra-
tion, 60, 100 and 200 mg L~'; pH value, 2.0; contact time, 0, 2, 4, 6, 8, 10, 20, 30, 40,
50, 60, 90, 120, 150, 180 min; temperature, 303 K; agitation speed, 250 rpm.)

where q; (mgg~1) is the amount of sorbate taken up at time t and
ge (mgg1) is the maximum equilibrium uptake and

Di7T2
B=—5 (17)

where B is the time constant (min~1), D; is the effective diffusion
coefficient of the metal ions in the sorbent phase (cm? min—1), ris
the radius of the sorbent particle (cm), assumed to be spherical, and
m is an integer that defines the infinite series solution. Bt is given
by the equation:

Bt = —0.4977 — In(1 — F) (18)

Thus, the value of Bt can be computed for each value of F, and
then plotted against time to configure the so-called Boyd plots. The
linearity plot of Bt vs. t plots (Fig. 10) was employed to distinguish
between sorption controlled by film diffusion and particle diffu-
sion [24]. A straight line passing through the origin is indicative
of sorption processes governed by particle-diffusion mechanisms.
Otherwise they are governed by film diffusion [34]. From Fig. 10, it
was observed that the plots were neither linear nor passed through
the origin at various initial concentrations, indicating the film-
diffusion-controlled mechanism. Usually, external transport is the
rate-limiting step in systems, which have poor mixing, dilute con-
centration of adsorbate, small particle size and high affinity of
adsorbate for adsorbent. In contrast, the intraparticle step limits
the overall transfer for those systems that have high concentra-
tion of adsorbate, good mixing, large particle size of adsorbent
and low affinity of adsorbate for adsorbent [35]. In our research,
the strong external resistance which hinder the external mass
transfer may due to the poor mixing (agitation speed 250 rpm),
low concentration of adsorbate (initial concentration, 60, 100 and
200mgL-1, respectively, but low concentration remained when
the intraparticle-diffusion takes control of the adsorption rate)
and small particle sizes of EMCMCR (particle sizes below 300 pm).
Besides, the adsorbate displays higher affinity for the EMCMCR,
which results in low internal resistance. Because the overall rate of
sorption will be controlled by the slowest step (higher resistance
step)[35], so the external mass transport (film diffusion) mainly
governs the intraparticle diffusion in our study. Similar results were
obtained by Aguilar-Carrillo et al. [32].
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Fig. 11. plot of Gibbs free energy change, AG° versus temperature, T. (Volume,
100 mL; absorbent dose, 0.5g; initial concentration, 20, 40, 60, 100, 200mgL-"';
contact time, 60 min; temperature, 293, 303, 313 K; agitation speed, 250 rpm.)

3.5. Thermodynamic studies

Thermodynamic considerations of an adsorption process are
necessary to conclude whether the process is spontaneous or not.
The experimental data obtained at different temperatures were
used in calculating the thermodynamic parameters such as Gibbs
free energy change (AG®), enthalpy change (AH°) and entropy
change (AS°). The Gibbs free energy change of the sorption reaction
is given by the following [36]:

AG°® = —RT anL (19)
AG® = AH° — TAS® (20)

where K] is the equilibrium constant, which can be obtained from
Langmuir isotherms at different temperature, R is the universal gas
constant, 8.314J mol~! K-, and Tis absolute temperature (K). AH°
and AS° were obtained from the slope and intercept of the plot of
Gibbs free energy change, AG° vs. temperature, T (Fig. 11). The
calculated results are reported in Table 3.

The negative values of AG° confirm the feasibility of the
process and the spontaneous nature of adsorption with a high
preference for Cr (VI) onto EMCMCR. The standard enthalpy and
entropy changes of adsorption determined from Fig. 11 were
—4.242kJmol~! and 71.450] mol~1 K-, respectively, with a corre-
lation coefficient of 0.992. The value of AH° is negative, indicating
that the adsorption reaction is exothermic. The positive value of
AS° reflects an increase in the randomness at the solid/solution
interface during the adsorption process [37].

3.6. Desorption studies

Desorption was carried out with EDTA, HCI, and NaOH. It was
observed that only 69.76% of the loaded Cr (VI) stripped in 0.1 M
EDTA and 15.19% stripped with 0.1 N HCl, while 87.96% stripped
with 0.1 N NaOH in the first cycle. Perhaps due to the speciation of
chromium and the surface charge of the adsorbent have changed
into the alkaline medium which would weaken the electrostatic
interaction between the EMCMCR and the Cr (VI) ions, promot-
ing desorption. Hence, further experiments were carried out only
with 0.1 N NaOH solutions. Complete desorption was not possi-
ble, perhaps due to the involvement of non-electrostatic forces
between the EMCMCR and the Cr (VI) ions [38]. The regenerated
EMCMCR was reused for up to 10 adsorption-desorption cycles and
the results are illustrated in Fig. 12. It was found that the adsorp-
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Table 3

Thermodynamic parameters for the adsorption of Cr (VI) on EMCMCR at different temperatures. (Volume, 100 mL; absorbent dose, 0.5 g; initial concentration, 20, 40, 60,
100, 200 mgL-1; contact time, 60 min; temperature, 293, 303, 313 K; agitation speed, 250 rpm.).

Temperature (°C) K. (Lmg1) AG*® (KJmol 1) AH® (KJmol!) AS° (JK- T mol1) R?
20 0.583 —25.150 —4.242 71.450 0.992
30 0.576 —25.976
40 0.522 —26.579
Acknowledgements

CVleg

Fig. 12. Adsorption-desorption cycles for EMCMCR. (Adsorption conditions: vol-
ume, 100 mL; absorbent dose, 0.5 g; initial concentration, 300 mgL~'; contact time,
60 min; temperature, 303 K; agitation speed, 250 rpm. Desorption conditions: trip-
ping solution 0.1 N NaOH; volume, 20 mL; contact time, 30 min; temperature, 303 K;
agitation speed, 250 rpm.)

tion capacity of the EMCMCR was an 8.87% decrease after the first
cycle and a 15.40% decrease after the second cycle. It could still be
maintained at 75.73% level at the 10th cycle. These results showed
that the EMCMCR can be successfully regenerated and repeatedly
used in Cr (VI) ions adsorption studies without appreciable losses
in their adsorption capacities.

4. Conclusions

The present study focuses on adsorption of Cr (VI) from aqueous
solution using the EMCMCR as an effectively adsorbent. Adsorp-
tion of Cr (VI) is found to be effective in the lower pH range and
at lower temperatures. In addition, the very fast adsorption and
settling for the EMCMCR make this material suitable for continu-
ous flow water treatment systems. Equilibrium isotherm data were
fitted using different two-parameter models. Among these mod-
els, Langmuir model and Temkin model are in good agreement
with the experimental data with high R%. Kinetic study showed
that the pseudo-second order model is appropriate to describe the
experimental and film diffusion might be involved in the sorp-
tion process. The adsorption of Cr (VI) dependence on temperature
was investigated and the thermodynamic parameters AG°, AH®
and AS° were calculated. The results show a feasible, spontaneous
and exothermic adsorption process. The mechanism of adsorption
includes mainly ionic interactions (chemical interactions) and elec-
trostatic interactions (physical interactions) between metal cations
and EMCMCR. So the adsorption is a physicochemical process.
The adsorption-desorption cycle results demonstrated that the
regeneration and subsequent use the EMCMCR would enhance the
economics of practical applications for the removal of Cr (VI) from
water and wastewater.
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