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A new composite absorbent with multifunctional and
environmental-friendly structures was prepared using
chitosan, diatomite and polyvinyl alcohol as the raw
materials, and glutaraldehyde as a cross-linking agent.
The structure and morphology of the composite absorbent, and
its adsorption properties of Hg(Il) in water were characterized
with Fourier transform infrared (FT-IR) spectra, scanning
electron microscope (SEM), X-ray diffraction (XRD), Brunauer
Emmett Teller (BET) measurements and ultraviolet—visible
(UV-Vis) spectra. The effect of the pH value and contact time
on the removal rate and absorbance of Hg(II) was discussed.
The adsorption kinetic model and static adsorption isotherm
and regeneration of the obtained composite absorbent were
investigated. The results indicated that the removal of Hg(II)
on the composite absorbent followed a rapid adsorption for
50min, and was close to the adsorption saturation after 1h,
which is in accord with the Langmuir adsorption isotherm
model and the pseudo-second-order kinetic model. When
the pH value, contact time and the mass of the composite
absorbent was 3, 1 h and 100 mg, respectively, the removal rate
of Hg(Il) on the composite absorbent reached 77%, and the
maximum adsorption capacity of Hg(II) reached 195.7 mg g_l.

1. Introduction

As is known, water is one of the basic necessities required for
the sustenance and continuation of life. It is, therefore, important
that good quality water should be available for various activities.

© 2017 The Authors. Published by the Royal Society under the terms of the Creative Commons
Attribution License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted
use, provided the original author and source are credited.
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However, this is becoming increasingly difficult in view of large-scale pollution caused by industrial,
agricultural and personal activities. These activities generate wastewater which contains many heavy
metals. Although some heavy metals such as copper, selenium and zinc are essential to human life and
health, they become harmful to living species when taken in excess [1]. With regard to heavy metal
pollution, mercury ions are the most prominent in water pollution [2,3]. Mercury pollution is largely
caused by volcanic and geothermal activity, and the deposition of atmospheric mercury has been an
important source of mercury in soil and water. In recent years, wastewaters from the plastic industry,
chlorine-alkali industry and electronic industry are the main sources of mercury ion pollution in water.
Therefore, how to remove the mercury ions in wastewater has attracted more and more attention.

Many types of methods have been studied for the treatment of aqueous stream contaminated with
heavy metal ions, such as chemical precipitation [4-6], electro-dialysis [7], adsorption methods, and
so on. Among them, the adsorption method has become the most effective, economic and accessible
method. In recent years, different types of adsorbents such as polymers [8-10], amorphous silica [11-14]
and clays [15-19] have been reported. However, these adsorption materials have some shortcomings,
such as low mechanical and thermal stability, poor removal efficiency and high cost, therefore it is very
important to develop new adsorption materials.

Today, material science is directed towards the development of multifunctional and environmental-
friendly structures. As a natural macromolecule material, chitosan has drawn particular attention as a
potential effective sorbent due to its low cost and high content of active functional groups such as amino
and hydroxyl groups. In this context, various chitosan—-natural or synthetic polymers composites, such
as natural and cross-linked chitosan [20], chemical modification of chitosan [21], chitosan/cellulose [22],
chitosan/polyacrylamide [23] and chitosan/phenylthiourea resin [24], have been applied to adsorption
of various heavy metals. However, they are expensive materials, with complicated processes or poor
mechanical stability, which limits their application for industrial applications. Immobilizing chitosan
on cheap materials, therefore, is necessary to improve the mechanical stability of adsorbents. Chitosan-
coated clays, such as chitosan/bentonite [25], chitosan/montmorillonite [26], chitosan/perlite [27] and
chitosan/sand [28], have been reported to remove various heavy metals from water, and the participation
of cheap clays reduces the amount of chitosan needed to synthesize the composite material and improves
mechanical stability of the composite material. As a clay mineral, diatomite has large surface area, a great
number of channels, many active groups and negative charge. Diatomite is a cheap and environmental
mineral material, and has a large adsorptive capacity and no secondary pollution. However, to the best
of our knowledge, little research on composite adsorption materials based on diatomite and chitosan
using glutaraldehyde as a cross-linking agent has been reported.

In this work, we designed and prepared a new environmentally-friendly composite absorbent
based on diatomite and chitosan. Compared with the conventional composite adsorbents (CAs), this
composite absorbent not only had high removal rate and adsorption capacity, but also improved the
mechanical stability of the adsorbent and reduced cost. The structure and morphology of the obtained
composite absorbent were characterized with Fourier transform infrared (FT-IR) spectra, scanning
electron microscope (SEM) and X-ray diffraction (XRD) measurements. Its adsorption properties of
Hg(Il) in water was investigated by ultraviolet-visible (UV-Vis) spectra. The static non-equilibrium
adsorption isotherm and static equilibrium adsorption isotherm were discussed.

2. Experimental set-up
2.1. Material

The raw diatomite (92.8% SiO,, 4.2% AlyO3, 1.5% Fe;O3 and other metal oxides) was purchased from
Jilin Kaida Diatomite Co. Ltd. (Jilin, China). Chitosan (CS, 85% deacetylated) was purchased from
Qingdao Baicheng Biochemical Co. (Qingdao, China). Glutaraldehyde (25%) was purchased from Damao
Chemical Agent Company (Tijin, China). Mercurium nitrate was purchased from Guizhou Tongren
Tailuier chemical plant (Guizhou, China).

2.2. Characterization

FT-IR spectra were measured on a PerkinElmer Spectrum One (B) spectrometer (PerkinElmer, Foster
City, CA, USA). The morphology was observed by scanning electron microscope (SEM, JEOL 6500F,
Japan). X-ray diffraction (XRD) measurements were performed using a DMAX-3A Rigaku XRD powder
diffractometer (Bruker, Germany) with a nickel-filtered Cu-K« radiation at a scan rate of 0.02 s1
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in 20 range (10°-80°). The Brunauer-Emmett-Teller (BET) surface area and the pore size distribution
were measured using Ny adsorption and desorption (Quadrasorb SI, Quantachrome, USA) at 77 K. The
mercury ion concentration was measured by a TU-1901 dual-beam UV-Vis spectrophotometer (Beijing
Purkinje General Instrument Co., Ltd., China) with a range of 450—-600 nm.

2.3. Preparation of new composite adsorbent

The diatomite was treated with 40% sulfuric acid at a solid-liquid ratio of 1:4, after which the mixture
was stirred at 80°C for 8 h, filtered, washed several times with distilled water and dried at 60°C for 24 h.
The dried diatomite was placed in a muffle furnace and calcined at 450°C for 6h, and then sealed for
storage.

In a 1000 ml three-neck flask, a mixture of 350ml of 2% chitosan acetic acid solution, 27 ml of 10%
polyvinyl alcohol solution and 3 g purified diatomite was stirred vigorously. After the mixture was
maintained for 4 h at room temperature, 7.5 ml of 1% glutaraldehyde was added dropwise to the mixture
and continuously stirred for 4h. The crude product was placed in a freezer for 24h at —18°C, and
then 12h at room temperature. The process was repeated three times. Finally, the product was placed
in a diluted sodium hydroxide solution for 24h and washed to neutral with deionized water. The
cross-linking diatomite/chitosan powder CA was obtained by drying until a constant sample mass
was obtained.

2.4. Adsorption experiments

The adsorption experiments were performed by using CA as a new adsorbent. First, the pH value
of mercury nitrate solution was adjusted by adding a small amount of 0.1 M HCl or NaOH solution.
Secondly, a certain amount of adsorbent was added to the mercury nitrate solution and adsorption
equilibrium was obtained through stirring. Finally, the concentration of Hg(II) in water was detected
with dithizone spectrophotometry.

3. Results and discussion

3.1. Structural characterization

The structure of the obtained CA was characterized by FT-IR, SEM, XRD and Brunauer Emmett Teller
(BET) measurement. The FI-IR spectrum of CA, shown in figure 1, exhibited characteristic bands at
3435, 1650 and 1108 cm™!, attributed to —OH, —NHo, acid amides and Si—O stretching vibration peaks,
respectively. In addition, the bank appearing at 1560 cm™! belonged to a C=N stretching vibration peak,
which showed the formation of a Schiff base in CA due to the cross-linking reaction of glutaraldehyde
with amino groups of chitosan.

The SEM image of CA is shown in figure 2. As can been clearly seen, the particles of chitosan were
loaded on the surface of the diatomite particles. To further identify the structure of CA, XRD studies were
carried out. Figure 3 shows the XRD patterns of CA powder at room temperature. Two peaks at 26 of
20.6° and 26.4° belonged to typical SiO, diffraction peaks, and a characteristic peak at 8.8° was attributed
to a chitosan diffraction peak. This is the result of the formation of strong molecular and intermolecular
hydrogen bonding between —OH and —NH; in chitosan molecules; this cross-linking reaction makes
the structure of the diatomaceous soil layer relatively stable. Specific surface area and pore structure of
CA and diatomite were measured and shown in table 1. Immobilizing chitosan on diatomite blocked
the channels of some of the diatomite, resulting in reduction of the pore volume and pore size of CA.
However, the specific surface area of CA was larger than diatomite because chitosan was cross-linked
with glutaraldehyde to form some new micropores.

3.2. Adsorption properties

To investigate the effect of CA on the adsorption properties of Hg(II), 100 ml of standard solution of
mercury ions (200mg1~!) was added to two small beakers with 100mg CA and 100 mg diatomite for
1h at 20°C, respectively. Figure 4 shows the effect of CA and diatomite on the adsorption of Hg(II). The
adsorptive capacity of CA for Hg(II) was more than that of the diatomite. So the efficiency of modified
diatomite/chitosan CA was very high.
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Figure 1. FT-IR spectrum of CA.
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Figure 2. SEM image of CA.
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Figure 3. XRD pattern of CA.

Figure 5 shows the effect of contact time on the adsorption of Hg(II). According to figure 5, the
adsorptive capacity of CA for Hg(Il) increased with time. In the initial stage of adsorption, the removal
rate of Hg(Il) rapidly increased when the contact time was less than 45 min because —NH, and —OH
groups in chitosan and micropores of the diatomite surface had a double adsorption effect on Hg(II).
However, after 45 min the adsorption effect slowed down, and after 60 min the removal rate showed
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Figure 4. Effect of CA and diatomite on the adsorption of Hg(ll).
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Figure 5. Effect of contact time on the adsorption of Hg(ll).

Table 1. Surface area, pore diameter and pore volume of CA and diatomite.

pore volume (cm? g~") pore size (nm) surface area (m? g~')
diatomite 0.1 14.95 7.70
(A 01 421 15.04

almost no change. The results were explained as follows: as adsorption proceeded and the surface of
CA tended to saturate, mercury ions could further spread inside the adsorbent, but because of the
existence of diffusion resistance, the removal rate by CA of Hg(Il) was obviously less than the initial
surface adsorption rate.

Figure 6 shows the effect of pH on the adsorption of Hg(II). It can be seen from figure 6 that CA had
a relative good adsorption capacity for Hg(II) when the pH value of the solution was in the range from
1 to 5. The maximum removal rate of CA achieved 77% when the pH value was 3. When the pH value
was more than 7, white flocculation appeared due to the generation of Hg(OH), precipitation.

3.3. Regeneration of adsorbent

To confirm a reversible process and re-use of CA, an experiment was performed as follows. First, 100 mg
CA was placed in 200mg 171 of mercury nitrate solution, adsorbed and then separated. Second, this
CA was added to 50ml of saturated EDTA solution as a desorbent, and the mixture was stirred for 3 h.
Finally, the concentration of mercury ions was detected by dithizone spectrophotometry. Figure 7 shows
the reuse effect of CA.
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Figure 6. Effect of pH on the adsorption of Hg(ll).
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Figure 7. Reuse effect of CA for the adsorption of Hg(ll).

After performing the cycle five times, the removal rate of mercury ions decreased from 79% to 62%.
CA acts as an adsorbent at pH 3; in this condition, a small amount of chitosan is dissolved in solution,
resulting in the loss of associated adsorbent material during the repeated cycles, which is one of the main
reasons for the decrease of recyclability. The results illuminate that the adsorbents could be effectively
regenerated by HNO3, indicating that CA had a better reusable performance.

3.4. Kinetic model analysis

In order to describe the adsorption mechanism and the speed steps of the adsorption process, the
pseudo-first-order kinetic model and the pseudo-second-order kinetic model were adopted based on
the experimental data.

The equation of the pseudo-first-order kinetic model was as follows:

In(ge — qt) =Inge — Kyt (3.1)

where t is contact time, ge (mgg™!) and g; (mgg~!) are the adsorption capacity at equilibrium and at
contact time t and k; (min~!) represents the pseudo-order reaction rate constant.
The equation of the pseudo-second-order kinetic model was described as follows:
t 1 1
— =4+ = (3.2)
de k25]e2 et
where k (gmg~! min~!) is the pseudo-second-order reaction rate constant.
Figure 8 shows the fitting results of the first- and second-order kinetic models. It could be seen that
the adsorption of mercury ions to CA was in agreement with the pseudo-second-order kinetics model.
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Figure 8. Kinetic model CA for the adsorption of Hg(ll). (a) First-order kinetic model and (b) second-order kinetic model.

Table 2. Pesudo-first- and second-order kinetic parameters for the adsorption of Hg(ll).

pseudo-first-order kinetics pseudo-second-order kinetics

Ge-cal” K
e-cal 2
155 5832 0.0358 0.8647 160.5 0.1664 0.9991

3Data obtained by experiment.
bData obtained by calculation.

As shown in table 2, the adsorption equilibrium capacity value of the first-order kinetic model was
58.32mg g™, while the experimental adsorption balance capacity value was 155 mg g~!. However, for
the second-order kinetic model, the capacity value of adsorption equilibrium was 160.5mg gfl, and
it had only a difference of 5.5mgg~" from the balance capacity value. Thus, this indicated that the
adsorption of mercury ions to CA was well in agreement with the second-order kinetic model.

3.5. Adsorption isotherms

The isothermal adsorption equation for metal ions is described by the Langmuir model and Freundlich
model. Both can be used for physical and chemical adsorption. Their adsorption isotherm equations is

described as follows:
% 1 Ce

_ 4+ =< 3.3
e Krgm fqm 5:3)

and

1
lgge =1g Kp + = Ig Ce (3.4)

where Ce (mg17!) is the equilibrium concentration for heavy metal ions, ge (mgg™!) is the adsorption
capacity, gm (mgg~!) is the maximum adsorption capacity, Kg (Img~!) and Ky (Img~') represent the
Freundlich and Langmuir adsorption constant, respectively, and 7 is the adsorption intensity.

Figures 9 and 10 show linear regression for the Langmuir equation Ce /ge—Ce and Freundlich equation
Igge —1gCe. According to Freundlich adsorption, Kg and 1/n were obtained by the intercept and slope
of the straight line of lgge versus 1gCe, respectively. The corresponding Langmuir and Freundlich
parameters of CA for the adsorption of Hg(II) are shown in table 3.

Comparing figures 9 and 10, the Langmuir adsorption isotherm can better describe the adsorption
behaviour of CA towards Hg(Il). The CA obtained in this study for the adsorption of Hg(II) was in the
form of a monolayer adsorption.

As shown in table 3, CA was more applicable to the Langmuir model, with the maximum adsorption
capacity of CA for Hg(IT) of 195.7 mg g~ !.
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Table 3. Langmuir and Freundlich parameters of CA for the adsorption of Hg(ll).

Langmuir

Ki
195.7 0.09466

Freundlich

3.6. Comparison with other studies

Table 4 compares the best adsorption capacity of CA with different CS composite sorbents for the removal
of Hg(Il) ions. It can be clearly seen in the table that the adsorption capacity of CA is higher than
that of most adsorbents. In short, considering the process characteristics of this work, CA as a low-
cost sorbent not only decreases the amount of chitosan needed using cheap diatomite but also has high
adsorption capacity and good mechanical stability, which indicates that the CA will be a good candidate
for applications in heavy metal removal from wastewater.

4. Conclusion

In this study, a new composite absorbent was prepared by a cross-linking reaction of chitosan, diatomite
and glutaraldehyde. When the pH-value, contact time and mass of the composite absorbent was 3, 1h,
and 100 mg, respectively, the removal rate of Hg(II) on the composite absorbent reached 77%. The results
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Table 4. Maximum adsorption capacity (qpay) values of Hg(ll) ions on CA compared with other reported adsorbents inthe literature. n

adsorbent Gmax (Mg g™") references
chitosan—polyacrylamide 89 [23]
...................................... ch|tosan—phenylth|ourearesm135[24]
""""""""""""""""""""" chitosan—poly(vinyl alcohol) hydrogel &6 pol
...................................... chltosan—cottonﬁbres104[30]
...................................... e

of the static non-equilibrium adsorption isotherm showed that the removal of Hg(II) on the composite
absorbent followed a rapid adsorption for 50 min, and was close to adsorption saturation after 1h,
which followed the pseudo-second-order kinetic model. The results of the static equilibrium adsorption
isotherm showed that the adsorption of Hg(Il) was according to the Langmuir adsorption isotherm
model, and the maximum adsorption capacity of Hg(IT) reached 195.7 mg g~! at the same conditions. In
addition, it was found that the adsorption capacity of Hg(II) decreased little after four times re-use of the
composite absorbent, which indicated that this composite absorbent had good regeneration behaviour.
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