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Abstract

Adsorption of Cr(VI) from aqueous solution onto the nanomaterials prepared by modified
chitosan was investigated in a batch system to evaluate the efficiency of biomass as an
adsorbent. The crosslinking materials of chitosan & silicon dioxide and carboxymethyl
chitosan & silicon dioxide were synthesized, respectively, as new adsorbent materials for
the removal of Cr(VI) from aqueous solutions. The adsorption potential of Cr(VI) by the
nanomaterials for desalination was investigated by varying experimental conditions such
as pH, contact time and the dosage of the nanomaterials. Adsorption isotherms of Cr(VI)
onto the membrane were studied with varying initial concentrations under optimum
experiment conditions. The surface property of the membrane was characterized by SEM
(scanning electron microscope) and Fourier transform infrared spectrometer (FI-IR). The
concentrations of Cr(VI) in solution are determined by ICP-AES (inductively coupled
plasma atomic emission spectrometry). The membrane of carboxymethyl chitosan & sili-
con dioxide exhibited higher adsorption capacity than the membrane of chitosan & silicon
dioxide for Cr(VI). The adsorption sites and specific surface area may be increased by
changing from chitosan to carboxymethyl chitosan. The maximum adsorption capacity
was estimated as 80.7 mg-g~" for Cr(VI) under the optimum conditions.

Keywords: nanomaterials, carboxymethyl chitosan, silicon dioxide, adsorption isotherms,
kinetic model

1. Introduction

With the rapid growth of mankind, society, science and technology, the environmental disor-
der with a big pollution problem has become one of the most important issues in the past half
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century [1]. One of the intractable environmental problems is water pollution by heavy metals
[2], and has become a challenge for life on earth because of the anthropogenic activities. Heavy
metals in environmental water have been a major preoccupation of their toxicity towards
aquatic life, human beings and the environment [3].

Due to serious hazardous effects of heavy metal ions on human health and toxicity in the
environment [4], it is important to develop a simple and highly effective removal method as
well as sensitive analytical method for environmental pollutants to improve the quality of
environment and human life.

The environmental conservation is of increasing social and economic importance. Various
treatment technologies such as ion exchange, precipitation, ultrafiltration, reverse osmosis
and electro dialysis have been used for the removal of heavy metal ions from aqueous solution
[5]. However, these processes have some disadvantages, such as high consumption of reagent
and energy, low selectivity, high operational cost.

Many works for the removal of heavy metals by adsorption has been reported [6, 7]. Particu-
larly, the development of high efficiency and low cost adsorbents has been aroused general
interest in recent years. Biological materials as adsorbent for water purification have become a
hot research topic [8, 9]. Biological adsorbent has the advantages of recyclable, low cost, easy
operation and little possibility of secondary pollution [10, 11].

Heavy metals include lead (Pb), cadmium (Cd), zinc (Zn), mercury (Hg), arsenic (As), silver
(Ag) chromium (Cr), copper (Cu) iron (Fe), and the platinum group elements [12]. Heavy
metals are not biodegradable and tend to accumulate in living organisms, causing various
diseases and disorders [13]. They enter the body system through food, air, and water and bio-
accumulate over a period of time. Although adverse health effects of heavy metals have been
known for a long time, exposure to heavy metals continues and is even increasing in some
areas [14], such as metal plating facilities, mining operations, and tanneries. Among these
heavy metals, Cr is one of the top priority list of toxic pollutants defined by the U.S. Environ-
mental Protection Agency.

Cr mainly consists of two stable oxidation states such as trivalent state Cr(IIl) and hexavalent
state Cr(VI) in natural aqueous environment [15]. Cr(VI) is more toxic, carcinogenic and
mutagenic. The typical mobile forms of Cr(VI) in natural environment are CrO,*~, HCrO,;
and the relative distribution of each species depends on the solution pH, on the concentration
of Cr(VI) and redox potential [16]. Cr(Ill) tends to form [Cr(H,O)s]*", Cr(H,0)s(OH)*", Cr
(H,0)4(OH),", or Cr(Ill) organic complexes. The use of Cr and its compounds in several
industrial processes (automobile manufacturing, production of steel and alloys, mining of
chrome ore, plating, and electroplating, etc.) leads to contamination of natural waters mainly
due to improper disposal methods [17]. They can be taken up by plants and easily be leached
out into the deeper soil layers, leading to ground and surface water pollution. It is well known
that Cr(III) is essential materials for living organisms, whereas Cr(VI) is the most toxic form. Cr
(VI) can diffuse as CrO,>~ or HCrO,~ through cell membranes [18] leading to carcinogenic,
mutagenic, liver damage, pulmonary congestion, and causes skin irritation resulting in ulcer
formation to living organisms [19-22].
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From the above-mentioned, Cr(VI) must be substantially removed from the waste water before
being discharged into the aquatic system. Therefore the separation and reduction of Cr in
waste water is very important for environmental protection and human health.

Different technologies for the removal of heavy metal ions are available such as chemical
precipitation, coagulation, ion exchange, membrane technologies, and adsorption. Adsorption
has been proved as one of the most efficient methods for the removal of heavy metals from
aqueous media [23]. The major advantages of biosorption are its high effectiveness, easy
operation, no two pollution, and the use of inexpensive biomaterials.

Chitosan has proven to be very efficient biosorbent for the removal of several toxic metals such
as mercury (Hg), uranium (U), molybdenum (Mo), vanadium (V) and platinum (Pt) [24-26].
Chitosan, which full chemical name is known as (1,4)-2-amino-2-deoxy-B-D-glucose, can be
environmentally friendly adsorbent due to the low price and no second pollution. Chitosan is
produced by the alkaline deacetylation of chitin, and the preparation process of chitosan is
shown in Figure 1. Chitosan is the most abundant biopolymer in nature originated from
cellulose that can be obtained from the shells of seafood such as prawns, crabs, and lobsters
[27]. The biopolymer is characterized by its high content of nitrogen, and is existed in the form
of amine groups, free amino groups and hydroxyl groups, which are responsible for metal ion
binding through chelation mechanisms [28].

However, chitosan had some defects such as notable swelling in aqueous media and nonporous
structure resulting in a very low surface area [29]. Therefore, many types of chemical modifica-
tion can be undertaken to produce some chitosan derivatives for improving the removal effi-
ciency of heavy metal [30]. For example, silicon dioxide can be one of the materials for offsetting
the defects of chitosan because it has many characteristics such as rigid structure, porosity and
high surface area.

Silica gels are low-density solids, consisting of silicon oxide. The study of silica gels has attained
considerable attention due to open mesoporic structure, high surface area, large pore volume
and good performance as effective adsorbents [31]. Silicon dioxide is a synthetic amorphous
polymer with silanol groups on the surface allowing metal adsorption [32, 33]. In case of silicon
dioxide, the modified silicon dioxide through the graft between silanol groups and ligands has
been developed [34-36]. At present, an interest has grown in the field of organic and inorganic
hybrid materials. The silica gels doped with some organic or inorganic material possess a
number of novel properties [37].

Due to above-mentioned reason, novel adsorption materials were designed to combine the
beneficial properties of silica gel and chitosan. The membrane of cross-linked chitosan with

Chitin Chitosan

Deacetylation

» 0

Figure 1. The preparation process of chitosan using chitin.
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silicon dioxide was synthesized in this work to enhance the adsorption potential of heavy
metal ions. Furthermore, carboxymethyl chitosan has been prepared by using chloroacetic acid
(and chitosan) under alkaline conditions to improve the removal efficiency. Using the
carboxymethyl chitosan, the membrane of carboxymethyl chitosan & silicon dioxide was also
synthesized, and was employed to remove heavy metal ions from aqueous solution. In present
study, the adsorption capacity of the membrane was investigated for the removal of toxic
chromium ions from aqueous solution under varying experimental conditions.

Moreover, the surface morphology of the cross-linked membrane was determined to charac-
terize these nanomaterials for desalination, and regeneration experiments were also conducted
using the membrane.

2. Experimental sections

2.1. Materials, reagent and apparatus

3-Aminopropyltriethoxysilane was purchased from Nacalal Tesque., Inc. (Tokyo, Japan), and
chitosan was from Tokyo Chemical Industry Co. (Tokyo, Japan). Cr(VI) standard solutions
were prepared by diluting a standard solution (1.005 mg-dm > K,Cr,O; solution) purchased
from Kanto Chemical Co., Inc. All other chemical reagents were also bought from Kanto
Chemical Co., Inc. All reagents used were of analytical grade, and water (>18.2 M() in electrical
resistance) which was treated by an ultrapure water system (Advantec aquarius: RFU 424TA,
Advantec Toyo, Japan), was employed throughout the work.

The pH of Cr(VI) aqueous solution were measured by the pH meter (HORIBA UJXT 06 T8,
Japan). The surface property of the membrane of carboxymethyl chitosan & silicon dioxide
was characterized by SEM (JEOL, JSM-5800, Japan) and Fourier transform infrared spectros-
copy in pressed KBr pellets (FTIR-4200, Jasco, Japan). The concentrations of Cr(VI) in solution
were determined by ICP-AES (inductively coupled plasma atomic emission spectrometry).

2.2. Prepared the membrane of chitosan & silicon dioxide

The solution of chitosan (3%, w/v) was prepared by dissolving 3 g of chitosan in 100 ml of
0.2 mol-dm > acetic acid solution. Silica sols (which was prepared by dissolving 2 ml of
3-aminopropyltriethoxysilane in 100 ml ethanol) was added into the solution of chitosan (3%,
w/v) at 25°C, and was stirred for 24 h. The membrane of cross-linked chitosan with silicon
dioxide was dried at 25°C.

2.3. Prepared the membrane of carboxymethyl chitosan & silicon dioxide

Under alkaline conditions, chitosan can react with chloroacetic acid to obtain the carboxymethyl
chitosan. Chitosan (5 g) was accurately weighed into a round-bottomed flask containing 75 ml
isopropanol and 25 ml ultrapure water, and then 6.75 g of sodium hydroxide was added for
alkalization. The mixed solution was stirred in a water bath at 50°C for 2 h, and was cooled to
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room temperature after continued stirring for 4 h. In addition, chloroacetic acid solution was
prepared by dissolving 6 g of chloroacetic acid in 25 ml isopropanol solution, and slowly
dropped into the round-bottomed flask under stirring for 4 h. The solution was adjusted to
neutral using hydrochloric acid, and washed three times with 70% isopropanol, and then
filtered. After washing completely with 90% isopropanol again, the solution was filtered. Then,
carboxymethyl chitosan was dried at 50°C and used for preparation of membrane.

The reaction process of membrane synthesized from carboxymethyl chitosan & silicon dioxide
is shown in Figure 2. The solution of carboxymethyl chitosan (3%, w/v) was prepared by
dissolving 3 g of carboxymethyl chitosan in 100 ml ultrapure water. Silica sols (prepared by
dissolving 5 ml of 3-Aminopropyltriethoxysilane in 100 ml ethanol) was added into the solu-
tion of carboxymethyl chitosan (3%, w/v) at 25°C, and the solution was stirred for 24 h. The
membrane of carboxymethyl chitosan & silicon dioxide was dried at 25°C.

2.4. Adsorption experiment of Cr(VI) using the membrane

The adsorption capacities of Cr(VI) from aqueous solution using the membrane were investi-
gated by a batch method. The membrane was thoroughly mixed with 50 ml of containing
known concentrations of Cr(VI) in a 200 ml conical flask. According to the above-mentioned
procedure, Cr(VI) were adsorbed at different pH values (1-7), contact time (20-120 min) and
sorbent dosage (0.05-0.3 g dm ). The pH of each solution was adjusted by using 0.1 mol dm °
NaOH and 0.1 mol-dm > HCI. Adsorption isotherms of Cr(VI) onto the membrane of chitosan
& silicon dioxide were measured at varying initial Cr(VI) concentrations (10-50 ppm) under
optimized conditions.

The adsorption capacity of adsorbents for heavy metal ion was calculated using the mass
balance equation:

OCH,CH3; OH
CH;CH,O0— Si—OCH,CH; _H,O > HO— Si — OH
(IZHZCHZCHZNHZ CH,CH,CH,;NH;
—NH, R — NHSi0
HOOC— —OSiIOC— i
—NH; + —0OSiOH ——» (! — NHS!O
HOOC— —OSiJ)OC—
—NH; 0 0 — NHSi|O

Figure 2. The reaction principle of the carboxymethyl chitosan crosslinked with 3-aminopropyltriethoxysilane.
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(Ci — Ce)

Je="—1—""V 1)

where g, is the adsorption capacity (mg-g~ ') of heavy metal ion by the adsorbents at equilib-
rium, C; and C, are the concentrations of heavy metal ion at initial and equilibrium in a batch
system respectively (mg-dm ), V (dm ) is the volume of the heavy metal solution, and 1 (g)
is the mass of the adsorbents.

2.5. Langmuir and Freundlich isotherm models

Langmuir and Freundlich isotherms were modeled in order to evaluate the performance of
adsorbents in adsorption processes by the relationship between the metal uptake (g,) and the
concentration of heavy metal ion (C,) at equilibrium.

The Langmuir isotherm equation is defined as follows:

C G 1
==y @
qe qmax KL qmax

where C, is the concentration of heavy metal ion at equilibrium (mg-dm’g’), ge and g4, are the
amount of adsorption of heavy metal ion at equilibrium (mg-g~') and the maximum adsorp-
tion capacity by the adsorbents (mg-g ') respectively, K; (dm °-mg ') is the adsorption con-
stant of Langmuir isotherm.

The linearized Freundlich isotherm equation is defined as follows:
log 109, = log10Kr + (1/n) log 10C, 3)

In this equation, Ky is the adsorption capacity [(mg-g")-(dm >-mg ")"/"], 1/n is the adsorption
intensity. The values of 1/n and K were determined on the basis of the plots of g, versus C, in

log scale.

2.6. Kinetic models

Kinetic models have been proposed to determine the rate of adsorption of the adsorbent. In
addition, the process of kinetic study is very important for understanding the reaction process
and the rate of adsorption reactions.

The pseudo first-order model is given by the following equation:
In (9,~q,) = In (,) it (4)

where g, and g; are the adsorption capacity of heavy metal ion using the adsorbents at
equilibrium and time t, respectively (mg-g~ '), and k; is the rate constant of the pseudo-first-
order adsorption (h™ ).
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The pseudo-second order rate equation is expressed as follows:

t 1 t
—+— 5
qt kﬂlg qe ( )

where k (grmg~"-h™") is the rate constant of the second-order model, and g, and g, are the
adsorption capacities of heavy metal ion using the adsorbents at equilibrium and time f,
respectively (mg-g ).

3. Results and discussion

3.1. Characteristics of the cross-linked membrane

The SEM pictures of the membrane of cross-linked chitosan with silicon dioxide are shown in
Figure 3. It can be observed that the nanomaterial exists in the form of particles. The theory of
chitosan and silica network where chitosan moieties were combined through silica groups via
both ionic and covalent bonds was proposed [38]. The adsorbents synthesized in this work also
may contain free amino groups that are responsible for metal ion binding through chelation
mechanisms.

The surface property of the membrane of carboxymethyl chitosan & silicon dioxide was also
investigated by SEM, and SEM images are shown in Figure 4. The surface morphology of the
membrane showed the form of grain coalescence, which may be due to the crosslinking among
adjacent carboxymethyl chitosan groups. Moreover, there was the porous structure in the
surface of the membrane. It indicates that silicon dioxide was incorporated into the
carboxymethyl chitosan definitely, and thereby the porous structure increased. Carboxymethyl
has a high chelating ability for metal ions to form stable metal chelates. The lone pair electrons
on the nitrogen atom can also constitute coordination bonds with the metal ions to form the

Figure 3. SEM pictures of the membrane of chitosan and silicon dioxide.
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Figure 4. SEM pictures of the membrane of carboxymethyl chitosan and silicon dioxide.

complex precipitation. The molecule also may contain free amino groups and hydroxyl
groups, which can remove the heavy metal ions by chelation mechanisms.

The FT-IR spectroscopy is an important technique of characterization used to explain the
changes in chemical structures (i.e., the functional group on the surface of the samples).

FTIR spectra of the membrane of carboxymethyl chitosan & silicon dioxide are presented in
Figure 5. The strong broad band at the wave number region of 3300-3500 cm ' is the charac-
teristic of -NH, stretching vibration, and the band at 3400 cm ! are related to symmetrical
valent vibration of free NH, and -OH groups. The —CH stretching vibration in -CH and -CH,
were observed at 2916 and 1376 cm ™ '. The -NH, bending vibration was observed at 1652 cm ™
shifted to lower frequencies (The lower frequencies observed in the membrane may be
explained by the presence of primary amine salt —NHj;" [39]). A strong C=O stretching band

at 1655 cm ' may be related to the carboxymethyl group. Others bands at 1090 cm ™' are

80

[+1]
(=]
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4000 3000 2000 1000 400
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Figure 5. FTIR spectra of membrane of carboxymethyl chitosan & silicon dioxide.
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related to Si-O-Si valent vibrations. The results of FTIR analysis show that the membrane of
carboxymethyl chitosan & silicon dioxide were prepared successfully in this study.

3.2. Effect of parameters on adsorption

3.2.1. Effect of pH

For obtaining the optimum conditions regarding the adsorption of Cr(VI) onto the membrane,
the effects of pH on the removal of Cr(VI) were investigated under the following condition:
initial concentration of Cr(VI) for 50 mg-dm >, the contact time of 100 or 120 min, and the
dosage of the adsorbent for 0.2 g-dm °.

The effect of pH on the removal of Cr(VI) using these membranes are shown in Figures 6 and 7
(Figure 6: chitosan & silicon dioxide, Figure 7: carboxymethyl chitosan & silicon dioxide).

80

<

Ppercentage removal(%)
3
T

50

1/

percentage removal(%)
&
T

Figure 7. Effect of pH on the removal of Cr(VI) using the membrane of carboxymethyl chitosan & silicon dioxide.
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In case of cross-linking membrane of chitosan & silicon dioxide, the removal of Cr(VI) more
than 76% was observed at pH 3 (Figure 6). It is well known that pH influences significantly in
the adsorption processes by affecting both the protonation of the surface groups and the
degree of the ionization of the adsorbates [40]. The surface of the adsorbent will be positively
charged at lower pH, and it will not favor the adsorption of positively charged ions. Then it
will favor the adsorption of Cr(VI) in the anionic form as HCrO,  [41]. As shown in Figure 8
taken from Irgolic et al. [42], the dominant form of Cr(VI) exists as hydrogen chromate anions
(HCrO, ) between pH 2 and 6. With the increase of pH, the dominant species will change from
HCrO, to other form CrO,*~ [43].

Then, pH 3 was selected as the optimal pH in case of the membrane of chitosan & silicon
dioxide for further work. It is well known that pH influences significantly the adsorption
processes by affecting both the protonation of the surface groups and the chemical form of Cr
(VI). Cr(VI) exist in variety of form with different pH, Cr(VI) exist in the form of H,CrO, at
pH 1 [44], and different forms such as Cr,O; , HCrO, ", Cr;019>7, CrsO15°~, while HCrO,~
predominates at the pH range from 2.0 to 6.0. Furthermore, this form shifts to CrO,>~ and
Cr,O,~ when pH increases [45, 46]. The process of shifts is given Egs. (6)—(8):

H,CrO, « H' + HCrO,~ (6)
HCrO,*” « H' + CrO,*” )
2HCrO;~ < Cr,0,*~ + H,O (8)

It is found that the adsorption capacity was relatively low at pH 1. It may attributable to the
strong competition between H,CrO, and protons for adsorption sites. In case of
carboxymethyl chitosan & silicon dioxide, the adsorption efficiency of Cr(VI) increased with
the increase of pH, and reached maximum at pH 5 (80%). It is considered that the (—NH,) in
the adsorbent may be protonated to form (—NH;") at pH 2-6. The surface of the membrane
become positively-charged due to strong protonation at these pH range, which leads to a

100 [ 0.
=
S’
g
b= / [ CrO
=
=
—
SR |
o
W
o
B HCrO,
o
[}
0 i
1 2 3 4 5 6 7 8
pH

Figure 8. Species distribution curves of Cr(VI) in environmental water.
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stronger attraction between the positively-charged surface and the negatively-charged
Cr,O,*~ and HCrO, . Then protonation will enhance the Cr(VI) adsorption at pH 5-6. How-
ever, at higher pH, Cr may precipitate from the solution as its hydroxides. Hence, pH 5 was
considered as optimum pH for further work.

3.2.2. Effect of contact time

Adsorption experiments were performed in order to determine the optimum contact time at
optimal pH under the condition of the concentration of Cr(VI) for 50 mg-dm >, and the dosage
of the adsorbent for 0.2 g-dm >.

The effect of contact time on the removal of Cr(VI) using the membrane of chitosan & silicon
dioxide in Figure 9, the adsorption capacity of the membrane for Cr(VI) reached adsorption
equilibrium at 80 min, and after that there are a slight decrease due to the swelling properties
of the membrane absorbent. Therefore, the optimized contact time was selected for 80 min.

The effect of contact time on the removal of Cr(VI) using the membrane of carboxymethyl
chitosan & silicon dioxide is shown in Figure 10. It can be observed that the adsorption
capacity of Cr(VI) increases with increasing time within 60 min. The removal rate for Cr(VI)
reached approximately 80% at 60 min, and after that there is no appreciable increase Then,
60 min was selected as the optimized contact time.

3.2.3. Effect of the membrane dosage

In order to estimate the optimal dosage of the membrane, the adsorption experiments were
carried out with the range of 0.05-0.3 g-dm ™ for the adsorbent under the optimum conditions

of pH, contact time, and the concentration of Cr(VI) for 50 mg-dm °.

The effect of dosage on the removal of Cr(VI) using the membrane of the membrane of
chitosan & silicon dioxide are shown in Figure 11. The adsorption capacity of membrane for
Cr(VI) reached adsorption equilibrium at 0.2 g dm >, and the removal rate reached 78.6%.
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Figure 9. Effect of contact time for Cr(VI) adsorption using the membrane of chitosan & silicon dioxide.
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Figure 10. Effect of contact time for Cr(VI) adsorption using the membrane of carboxymethyl chitosan & silicon dioxide.
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Figure 11. Effect of dose on percent removal of Cr(VI) using the membrane of chitosan & silicon dioxide.

However, remarkable decrease is observed at a dosage more than 0.2 g-dm 2. Thus, 0.2 g dm >
was considered as optimized dose.

The effect of dosage on the removal of Cr(VI) using the membrane of carboxymethyl chitosan
& silicon dioxide is shown in Figure 12. The results indicate that the adsorption capacity of the
membrane for Cr(VI) reached adsorption equilibrium at the dosage of 0.25 g-dm >, and that no
significant change is observed at a dosage from 0.2 to 0.3 g-dm>. The removal rate reached
about 80% at 0.25 g-dm >, and 0.25 g-dm ™ was selected as the optimal dosage.

3.2.4. Effect of initial concentration

The experiments were performed by varying concentrations from 10 to 50 mg-dm > under
optimized condition of pH, contact time and adsorbent dosage.
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Figure 12. Effect of dosage of adsorbent for Cr(VI) adsorption using the membrane of carboxymethyl chitosan & silicon
dioxide.

The effect of initial concentration on the removal of Cr(VI) using the membrane of chitosan &
silicon dioxide is shown in Figure 13. There was a continuous increase in the uptake of Cr(VI)
per gram of adsorbent up to the concentration of 40 mg-dm >, but the uptake is almost
constant at further higher concentrations. The removal rate reached 78.7%. Then, 40 mg-dm >
was considered as optimum initial concentration for Cr(VI).

The effect of initial concentration on the removal of Cr(VI) using the membrane of carboxymethyl
chitosan & silicon dioxide is shown in Figure 14. There was a slight increase from 20 to

50 mg-dm > except at the concentrations of 30 mg-dm . The initial concentration was taken as
40 mg-dm >,

Data from these studies were fitted to the Langmuir and Freundlich isotherm equations.
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Figure 13. Effect of initial concentration for Cr(VI) adsorption using the membrane of chitosan & silicon dioxide.
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Figure 14. Effect of initial concentration for Cr(VI) adsorption using the membrane of carboxymethyl chitosan & silicon
dioxide.

3.3. Adsorption isotherms

Adsorption isotherms are commonly used to reflect the performance of adsorbents in adsorption
processes [47]. To understand the adsorption process of Cr(VI) using the membrane, adsorption
isotherms of Langmuir and Freundlich were investigated under the optimal conditions.

The adsorption data obtained for Cr(VI) using the membrane of chitosan & silicon dioxide
were analyzed by Langmuir (Figure 15) and Freundlich equations (Figure 16). The correlation
coefficient (R?) of these isotherms for Cr(VI) on the membrane is shown in Table 1 along with
other relevant parameters. From Table 1, it is found that R* value for Cr(VI) is comparatively
large, and favorable adsorption of Cr(VI) on the membrane was presented. Particularly, R
values in Langmuir isotherm are larger than that in Freundlich isotherm. The maximum
adsorption capacity (qu.) calculated from Langmuir model was 21.2 mg-g '. This result

07
06

05

00 1 1 1 1 1

Figure 15. Langmuir isotherm of Cr(VI) adsorption onto the membrane of chitosan & silicon dioxide.
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Figure 16. Freundlich isotherm of Cr(VI) adsorption onto the membrane of chitosan & silicon dioxide.

Langmuir isotherm Freundlich isotherm
Amax Ky R? Kr [(mg~g_l)~(dm_3~mg_1)1/"] 1/n R?
[mg-g 'l [dm>mg ]
Membrane (chitosan & silicon 21.2 1.32-01 0.985 3.21 0.78 0.912
dioxide)

Table 1. Coefficient of Langmuir and Freundlich isotherms for Cr(VI) using the membrane of chitosan & silicon dioxide.

suggests that the adsorption of Cr(VI) on the membrane of chitosan & silicon dioxide mainly
occurred by monolayer reaction.

The adsorption data obtained for Cr(VI) using the membrane of carboxymethyl chitosan &
silicon dioxide were analyzed by Langmuir (Figure 17) and Freundlich equations (Figure 18).
The correlation coefficient (R?) of Langmuir and Freundlich isotherms for Cr(VI) using the
membrane is shown in Table 2 along with other relevant parameters.

The maximum adsorption capacity (f.x) calculated from Langmuir model was 80.7 mg-g ™.
Based on Table 2, it is found that R* value of Langmuir isotherm is larger than that of
Freundlich isotherm. This result suggests that the adsorption of Cr(VI) on the membrane of
carboxymethyl chitosan & silicon dioxide mainly occurred by monolayer reaction.

Moreover, the adsorption isotherm of Cr(VI) by the membrane was more suitably described by
Langmuir model, indicating that monolayer adsorption of Cr(VI) on the membrane is more
dominant.

3.4. Kinetic studies

Kinetic models were tested in this study for the adsorption of Cr(VI) onto the membrane under
the optimized experimental conditions. Adsorption time is one of the important factors which
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Figure 17. Langmuir isotherm of Cr(VI) adsorption using the membrane of carboxymethyl chitosan & silicon dioxide.

Figure 18. Freundlich isotherm of Cr(VI) adsorption using the membrane of carboxymethyl chitosan & silicon dioxide.

Langmuir isotherm Freundlich isotherm
Jmax K R? Krl(mgg ™) 1/n R?
[mg'g71] [dm73_mg71] (dm73_mg71)1/n]

Membrane (carboxymethyl chitosan & silicon ~ 80.7 0.531 0.998 56.7 0.0834 0.867

dioxide)

Table 2. Coefficient of Langmuir and Freundlich isotherms for Cr(VI) using the membrane of carboxymethyl chitosan &
silicon dioxide.
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help us to predict kinetics as well as the mechanism of the uptake of heavy metals on material
surface [47].

The adsorption data obtained for Cr(VI) using the membrane of chitosan & silicon dioxide
were analyzed by kinetic studies are shown in Figure 19. Based on the data in Figure 18, the
pseudo second-order kinetic coefficients for Cr(VI) by the membrane are estimated (Table 3).
The rate constant of second-order equation (k) diffusion are 1.17 x 10~* g-mol~"-h ™" for Cr(VI).
The correlation coefficients (R*) were 0.996 for Cr(VI) adsorption on the membrane.

The results for rate constant (k) and the amount of adsorbed Cr(VI) (g.) are shown in Table 4
along with the regression coefficients (R?). From Table 4, it is found that R* value of the pseudo
second-order is larger than that of pseudo first-order, therefore, the pseudo second-order
kinetic model provided more comparable.

Then, the pseudo first-order and pseudo second-order kinetic model of Cr(VI) adsorption using
the membrane of carboxymethyl chitosan & silicon dioxide are shown in Figures 20 and 21.
It implies that the adsorption kinetics based on the experimental values is in good agreement
with the pseudo second-order kinetic model, and that the rate constant of second-order equation
(k) are 3.4 x 10> gomg "h~" in this work.

From the kinetic studies, it is found that the pseudo second-order model provided more
comparable, the pseudo second-order model implies that the adsorption process for Cr(VI)

0.6

05|

0.1

0.0 I 1 L L 1
0.0 0.5 1.0 15 20 25

t[h]

Figure 19. The pseudo second-order kinetic model on the membrane of chitosan & silicon dioxide.

g. (mg-g™) K (gmol "h™") R?

Cr(VI) 0.106 117 x 1073 0.996

Table 3. The pseudo second-order kinetic coefficient for Cr(VI) using the membrane of chitosan & silicon dioxide.
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Pseudo-first-order Pseudo-second-order
qe (mg~g_1) K; (0™ R? e (mg~g_1) K; R?
Cr(VI) 79.7 8.91 0.924 94 .4 3.42 x 1072 0.990

Table 4. The kinetic coefficient for Cr(VI) using the membrane of carboxymethyl chitosan & silicon dioxide.
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Figure 20. The pseudo first-order kinetic model of Cr(VI) adsorption using the membrane of carboxymethyl chitosan &
silicon dioxide.

was mainly chemical, and that the adsorption process involves the valency forces through
sharing electrons between the metal ions and adsorbent.

It is obvious that the adsorption capacity of Cr(VI) by the membrane of carboxymethyl
chitosan & silicon dioxide is higher than that by the membrane of chitosan & silicon dioxide
from the comparison of each maximum adsorption capacity.
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Figure 21. The pseudo second-order kinetic model of Cr(VI) adsorption using the membrane of carboxymethyl chitosan
& silicon dioxide.
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Adsorbent Adsorption capacity (mg-g™) References
Cross-linked chitosan bentonite composite 89.1 [48]
Chitosan/polyvinyl alcohol/containing cerium(III) 52.9 [49]
STAC-modified rectorite 21.0 [50]
Ethylenediamine-modified cross-linked magnetic chitosan 51.8 [44]
Clarified sludge 26.3 [51]

A novel modified graphene oxide/chitosan 86.2 [52]
Chitosan-g-poly/silica gel nanocomposite 55.7 [53]
Membrane of chitosan & silicon dioxide 21.2 This study
Membrane of carboxymethyl chitosan & silicon dioxide 80.7 This study

Table 5. Comparison of adsorption capacity for Cr(VI) by different adsorbents.

The comparison of maximum adsorption capacity of Cr(VI) by these membranes in present
study with that of another adsorbents in literatures are presented in Table 5. As seen in Table 5,
the adsorption capacity of the membrane for Cr(VI) in this work is on a level with that of
another adsorbents in previous works.

3.5. Effect of competitive ions on the adsorption of Cr(VI)

Competitive experiment for Cr(VI) was performed at optimized pH (pH 5), contact time
(60 min) and sorbent dosage (0.25 g-dm ) under the presence of competitive ions (Cu®", Ni*",
Zn**, Pb*") at different concentrations 0, 10, 20, 30 and 40 ppm (Figure 22), and the presence
of common ions (CI”, NO3; and SO42’) at different concentrations 0, 10, 20 and 40 ppm
(Figure 23). From Figures 22 and 23, it is suggested that adsorption capacity of Cr(VI) by the

(=]
(=]
1

40

eppreentage removal (%)

0 10 20 30 40
ppm

Figure 22. Effect of competitive ions (Cu**, Ni**, Zn**, Pb*") on the adsorption of Cr(VI) using the membrane of
carboxymethyl chitosan & silicon dioxide.
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Figure 23. Effect of competitive ions (cI”, NO;~ and SO427) on the adsorption of Cr(VI) using the membrane of
carboxymethyl chitosan & silicon dioxide.

membrane decreases as the concentration of competitive ion increases. However, it can be
effective adsorbent for Cr(VI) even under the presence of low concentration competition ions.

3.6. Adsorption mechanism

Novel adsorbent for Cr(VI) was synthesized by chitosan & silicon dioxide. Adsorption mech-
anism chromium onto the membrane is shown in Figure 24.

The membrane has carboxymethyl, free amino group and hydroxyl groups on its surface as
the adsorption site. It can remove Cr(VI) by forming stable metal chelates, and the porous
structure of the membrane enhance the adsorption capacity of Cr(VI). Silanol groups (Si-OH)
on the silica surface cross-linked with amino groups and carboxyl groups on the carboxymethyl
chitosan were reacted to prepare the membrane. The main role of silicon dioxide is as follows: (1)
the specific surface area of the membrane is increased by the porous structure of silicon dioxide,
(2) the hydroxyl groups in silicon dioxide may enhance the adsorption capacity of the membrane
for the removal of Cr(VI). Carboxymethyl chitosan as well as chitosan was used to enhance the
adsorption capacity in this work, and the adsorption sites and specific surface area will increase
by changing from chitosan to carboxymethyl chitosan.

3.7. Regeneration studies

From industrial and technological point of view, it is desirable to recover and reuse the
adsorbed material. Then, regeneration experiments were conducted using the membrane of
carboxymethyl chitosan & silicon dioxide after adsorption of Cr(VI) at pH 13.5. In each
desorption experiment, 75 mg of the spent adsorbent after adsorption was treated with
200 ml of 0.5 mol-dm® NaOH and 2 mol-dm > NaCl solution as desorption agent, and then
filtered. Cr(VI) content in the filtrate was determined by ICP-AES. Adsorption and desorption
studies have been continued during five cycles at room temperature for 4 h as eluent. The
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Figure 24. Adsorption mechanism for the removal chromium onto the membrane of carboxymethyl chitosan & silicon
dioxide.
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Figure 25. Adsorption capacity after desorption using the membrane of carboxymethyl chitosan & silicon dioxide.
adsorption capacity after desorption using the above leaching agent is shown in Figure 25.

From this Figure 25, it is found that the membrane still present the high adsorption capacity
(74.6%) towards Cr(VI) within three cycles.
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4. Conclusions

The efficiency of the membrane synthesized as an adsorbent for Cr(VI) was investigated by
batch techniques. The following conclusions can be drawn considering the results of this work:

1. The optimal conditions of adsorption Cr(VI) using the membrane of chitosan & silicon
dioxide are determined. The optimal pH is pH 3; the optimal contact time is 80 min; the
optimal dosage is 2.0 g dm > and 40 mg-dm > was considered as optimum initial concen-
tration. The removal of Cr(VI) by the membrane was more than 80% under the optimal
experimental conditions (at pH 5, contact time of 60 min, dosage of 0.25 g dm > and initial
Cr(VI) concentration of 40 mg-dm °). The adsorption of Cr(VI) using the membrane
conforms to the Langmuir isotherm adsorption equation, and the correlation coefficients
was 0.985. The maximum adsorption capacity of Cr(VI) calculated by Langmuir model
was 21.2 mg-g ™"

2. The adsorption isotherm of Cr(VI) by the membrane of carboxymethyl chitosan & silicon
dioxide was also more suitably described by Langmuir model, and the correlation coeffi-
cients was 0.998. It suggests that monolayer chemical adsorption of Cr(VI) on the mem-
brane is more dominant. The maximum adsorption capacity was estimated as 80.7 mg-g ™'
for Cr(VI) under the optimum conditions. The adsorption capacity of the membrane for Cr
(VI) in this work is on a level with that of another adsorbents in previous works. The best
fit was obtained with a pseudo-second order kinetic model while investigating the adsorp-
tion kinetics of Cr(VI) adsorption on the membrane, and the correlation coefficients was
0.990. The rate constant (k) are 3.4 x 107> g-mg ™ "-h™".

3. From regeneration experiments (repetition of adsorption and desorption experiment), it is
found that the membrane of chitosan & silicon dioxide still presents the high adsorption
capacity (74.6%) towards Cr(VI) within three cycles.

From this work, it was quantitatively found that nanomaterials for desalination synthesized in
this study can be an efficient adsorbent for Cr(VI). It is very significant information from the
viewpoint of environmental protection, and can be used for treating industrial wastewaters
including pollutants.
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