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Abstract: In this study, a novel, low-cost, natural, and highly effective adsorbent, chitosan (Ch) -
diatomite (D) composite was synthesized. Ch-D composite was tested as an effective and alternative
adsorbent for the removal of Pb?* ions. The Ch-D composite was characterized by FT-IR, SEM-EDX and
PZC analyses. The adsorption process of Pb?* ions onto Ch-D as initial lead concentration, solution pH,
temperature, contact time and recovery was investigated. From the adsorption process results, it has
been observed that the highest removal efficiency is approximately 95% at a contact time of 4-hour,
initial Pb?* concentration of 500 mg L™ and agitation speed of 150 rpm at natural pH 4.0. The maximum
Pb%* adsorption capacity from the Langmuir model was found as 0.154 mol kg® at 25 °C. Besides,

adsorption kinetics was also explained with pseudo-first-order models. Adsorption thermodynamics have
shown that Pb?" adsorption onto Ch-D is possible, spontaneous and exothermic. Ch-D composite can
become an alternative adsorbent for the treatment of lead ions in the wastewater.
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INTRODUCTION
Industrial wastewater causes heavy metal
pollutions in the environment. Nowadays, the

removal of heavy metals and pollutions from
wastewater is very important (1). Heavy metals
and pollutants cause health problems in living
organisms. Among these heavy metals, lead is an
inhibitor of metabolic poison and enzyme, and it
can damage the central nervous system and

accumulate in the bones, brain, kidney, and
muscles in humans (2). It is very important to
remove these heavy metal pollutants from

industrial wastewater.

Various methods have been used for removal and
recovery of metal industry wastewater such as
reverse osmosis, ion exchange, chemical
precipitation, adsorption and membrane filtration
(3). Among these methods, adsorption is the most
preferred method for the removal of heavy metal
pollutions from industrial wastewater. Adsorption
has the advantages of low cost, high selectivity,
environment-friendly, reusable adsorbent design,
and easy usability.

Diatomite is a fine sedimentary rock of biogenetic
origin with SiO,.nH,O formula that is mainly
composed of the siliceous skeletal remains of
diatoms (4). Diatomite has unique physicochemical
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properties, such as highly developed mesoporosity
and/or macroporosity, hydrophobia, charge,
solubility, ion exchange, acidity and high
adsorptive capabilities (5). So, it is used as an
effective adsorbent in the removal of heavy metal
pollutants and toxic organic pollutants from
industrial wastewater (6).

Chitosan is one of the most important natural
polymers in nature. It is often used in the structure
of many composite materials. Chitosan is used as
an effective adsorbent in the removal of heavy
metal ions due to their hydrophilicity,
biodegradability, non-toxicity, and has hydroxyl
and a large number of amino groups (7).

The literature review shows that many studies
have been conducted about the removal of lead. A
series of recent studies; Fan et al., (8)
chitosan/graphene oxide composite, Senol et al.,
(9) chitosan/vermiculite composite, Sun et al.,
(10) chitosan/cellulose composite, Gupta et al.,
(11) chitosan/ hydroxyapatite composite, Titom et
al., (12) chitosan/clay composite have examined
for removal of lead ions by adsorption. However,
there is no reported study on the use of chitosan-
diatomite composite in the removal of lead ions.

Chitosan can be dissolved under acidic conditions,
although it does not have a solubility in alkaline
and neutral media. So, this condition limits the use
of chitosan as an adsorbent. But it can be possible
to use chitosan as an adsorbent with generated
composites. A new approach is therefore needed
for a useful, cost-effective, water-insoluble, non-
toxic, and natural polymer/mineral adsorbent.
Within this scope, Ch-D composite was synthesized
using chitosan (Ch) biopolymer and diatomite (D)
mineral. Thus, the practicality of use for chitosan
was provided. The adsorbent properties of Ch-D

composite for the removal of lead ion from
aqueous medium were investigated. The
characterizations of the newly synthesized

adsorbent were performed by FTIR, SEM-EDX, and
point of zero charge (PZC) analyses. Adsorption
properties were investigated for lead ions from
aqueous solution. The effect of solution pH, initial
Pb%* concentration, temperature, contact time and
recovery on adsorption were considered and
optimum conditions were determined.

MATERIALS AND METHODS
Chemicals and Devices

In this study, medium molecular weight chitosan
(Ch) (Sigma-Aldrich, Germany) was preferred. The
natural diatomite was supplied from Akmin Mining
(Ankara). Pb(NOs),, 4-(2-pyridylazo) resorcinol
(PAR) and other chemicals were achieved from
Merck (Germany). Double-distilled water used in
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all dilutions and experiments. The lead
concentration was determined using a UV-vis
spectrophotometer (SHIMADZU, 160 A model,
Japan).

Characterization techniques

Ch, D, and Ch-D were characterized by FT-IR and
SEM-EDX analysis. FT-IR spectra of Ch-D and its
components were recorded in a Perkin Elmer 400
spectrometer. SEM images and EDX compositional
data of Ch-D composite and its components were
obtained with a Leo 440 Computer Controlled
Digital System.

Synthesis of Ch-D Composite

To synthesize about 4 g of Ch-D composite, 2 g of
chitosan and 2 g of diatomite were mixed in a 5%
(v/v) acetic acid solution for 2 hours until a
homogeneous mixture was obtained. Then a
solution of epichlorohydrin (ECH) was added and
stirred. The mixture was then added dropwise to
the sodium tripolyphosphate (NaTPP) solution to
form composite beads. The resulting beads were
washed with double-distilled water until the
conductivity of the wash water reached
approximately the conductivity of double-distilled
water. The samples dried in the oven at 40 °C
were ground and stored in closed containers for
later use.

UV-Vis spectrophotometric method

The concentration of Pb?* ions was determined by
measuring the UV-Vis spectrophotometric method
of the complex formed by PAR (13). PAR was used
as a complex-forming reagent for the
determination of Pb?" in the supernatants. A
solution of 3.5x1073 mol L* of PAR in 0.7 mol L™ of
Tris/HCl at pH 8-9 was prepared. A 50 pL fraction
of supernatant was added onto 3 mL of the
reagent and the absorbance of the formed metal
complex was measured at A = 518.5 nm for Pb?*.

Batch adsorption procedure

The adsorption of Pb** ions onto Ch-D composite
adsorbent was investigated in batch adsorption
experiments. The stock solution of Pb®* (1000 mg
L) was prepared using double-distilled water. The
adsorbent-solution systems were equilibrated with
500 mg L™ (2.4x102 mol L'') Pb** concentration at
natural pH 4.0, for 24 h at 25 °C in 10 mL
polypropylene tubes containing 10 mL of Pb**
solution. Pb?* ion concentration was determined by
the absorbance measurement. The batch
adsorption conditions are given in Table 1.
Adsorption% and Q (mol kg™) were calculated with
Eq. 1 and Eq. 2.
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Where, C: is the initial concentration (mg L), m
refers to the adsorbent mass (g), Cr is equilibrium
concentration (mg L), and V is the solution
volume (L).

Table 1. Batch adsorption experiment conditions for Pb?* adsorption onto Ch-D

Solution pH Initial Pb** Contact time  Temperature
Experiment conc. (mg L) (min) (°C)
Effect of pH 1.0-5.0 500 1440 25
Effect of concentration 4.0 50-800 1440 25
Effect of time 4.0 500 2-1440 25
Effect of temperature 4.0 500 1440 5, 25, 40
Desorption 4.0 500 1440 25
Desorption experiments XLKL Ce
Q=——= Eq. 4
Desorption studies were performed for adsorbent 1+K,C,
recovery and re-use in adsorption processes. In Q=K,C" Eq. 5
this study, dilute 0.1 mol Lt HCI, 0.1 mol L"* NaOH, Fe 2
0.1 mol L* HNO; and 0.1 mol L* ethyl alcohol Q,=Qpre ™ Eg. 6

solutions were used for desorption of the Pb2* ions
from the surface of the Ch-D. To determine the
recovery property of the adsorbent, the
experiments were repeated three times with the
same adsorbent for the adsorbent/desorption
cycle. At the end of each experiment, the solutions
were centrifuged at 5000 rpm for 10 minutes to
ensure liquid-solid separation and the amount of
Pb%* ions in the equilibrium solution was
determined by UV-Vis spectrophotometric method.
% Desorption was calculated with Eq. 3.

Ques x100

ads

Desorption % = Eq. 3

In the equation, Qs is the desorbed amount of
adsorbate (mol kg?), and Q.ss is the adsorbed
amount of adsorbate (mol kg™).

Equilibrium isotherm studies

The adsorption isotherms are very useful to
describe the interaction between the adsorbate
and the adsorbent. The adsorption of Pb*' ions
onto Ch-D was modeled using the Langmuir,

Freundlich, and Dubinin-Radushkevich (D-R)
isotherm models (14, 15). The Langmuir,
Freundlich, and Dubinin-Radushkevich (D-R)

isotherm equations are expressed below (Eqg. 4,
Eqg. 5 and Eq. 6, respectively).

where Q (mol kg™) is the amount of adsorbed
metal ions, X, is the maximum adsorption capacity,
K. is the parameter for Langmuir isotherm and C.
is the equilibrium concentration (mol L?) and Kg:
Freundlich constant, [B: adsorbent surface
heterogeneity. Xpr is @ measure of adsorption
capacity, Kpr is the activity coefficient (mol? K J?)
and € is the Polanyi potential, R is the ideal gas
constant (8.314 J mol™* K?!) and T is the absolute

temperature (K). The Polanyi potential (g) is
expressed by Eq. 7:
1
EZRTln(l'l‘E) Eq.7

e
The adsorption energy (E) is expressed by the
following Eq. 8:

Epe=(2Kpe) " Eq. 8

If the adsorption energy is 8<E<16 kJ mol™?, the
adsorption is physically controlled and E<8 kJ mol™

indicates that the adsorption proceeds physically
(16, 17).

Kinetics studies

The three most commonly used kinetics models
were used to evaluate the contact time
dependence of the adsorption process (18, 19).
The adsorption kinetics of Pb?** ions onto Ch-D
were described by pseudo-first-order (PFO),
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pseudo-second-order (PSO) and intraparticle
diffusion (IPD) kinetic models equations (Eq. 9, Eq.
10 and Eq. 11, respectively).

Q=Q,[1—e ] Eq. 9
t
Q=73
1 Lt Eq. 10
Q| [ Qe
Q. =k;t*° Eq. 11

where Q: (mol kg™) is the lead absorbed amount at
time t (min), Q. (mol kg™) is the absorbed amount
at equilibrium, ki, k; and k; is the rate constant of
the PFO (min™'), the PSO model (mol* kg min™)
and the intra-IPD (mol* kg min®®) model,
respectively.

Thermodynamic studies

Thermodynamic parameters are used to explain
the effect of the temperature on the adsorption.
Enthalpy and entropy (AH° and AS°) are obtained
from InKp against the 1/T graph. The slope (-
AH°/R) and y-intercept (AS%/R) of the data plotted
as InKp against the 1/T graph. The free Gibbs
energy (AGP) is calculated from Equation 15. AHC,
AS°, and AG° were calculated using the following
equations:

=— Eq.12

Eq.13

100
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0 0
anDzﬁ—ﬂ Eq.14

R RT
AG’=AH’-TAS’ Eq.15

RESULTS AND DISCUSSION
FT-IR analysis

The FT-IR spectra of the D, Ch and Ch-D
composite are given in Figure 1. When the FT-IR
spectrum of the diatomite was examined, it is
observed that the absorption peak at 1103, 1015
cm™ showed the -Si-O-Si- vibration, the peak at
913 cm™ showed the Si-O stretching, the peak at
796 and 694 cm™ showed the SiO-H vibration, and
the peaks at 537 and 469 cm™! showed the Si-O-Si
bonding vibration (20-22). Additionally, the wide
peak between the wavelengths of 1640-3600 cm™
is assigned to the H-O-H and OH groups. In the
FT-IR spectra of chitosan, bands between 3290-
3350 cm™ are associated with the OH and NH
groups and 2864 cm™ is observed the
characteristic Ch peak. Peaks corresponding to the
1650 and 1575 cm™ wavenumbers correspond to
amide C-O and amide N-H groups, 1070 cm™
attributed to the C-O bond which are characteristic
peaks for Ch (23). When the FT-IR spectrum of
Ch-D composite is examined, it is seen that it is
different from both spectra. The spectrum of Ch-D
composite is observed in the characteristic peaks
of both Ch and D.

X
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£
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c
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[
——¢h
20 | p
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Wavenumber/cm™

Figure 1. FT-IR spectra of Ch, D, and Ch-D.
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When the FT-IR spectrum before and after Pb2*
adsorption was examined, peak intensities
increased (Figure 2). Although the location of the
peaks after Pb?** adsorption did not change, peak

100
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intensity increased after Pb?* adsorption. Changes
in FT-IR spectra obtained before/after Pb?*
adsorption on Ch-D were considered as evidence
for Pb?* adsorption.

Transmittance%
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—— Cch-D
—— Pb* adsorbed Ch-D g

0
4000 3600 3200 2800

2400

2000 1600 1200 800 400

Wavenumbers/cm™

Figure 2. FT-IR spectra before and after adsorption.

SEM-EDX analysis

Microphotographs of Ch, D, and Ch-D are shown in
Figure 3. The microphotograph of diatomite shows
diatoms that generally have cylindrical, sheet-like
shapes, and a porous  structure (24).
Microphotograph of Ch-D shows a structure having
the structure of both Ch and D. EDX results of Ch,
D, and Ch-D in Figure 3. EDX techniques show that
the Ch mainly consists of C (52.8%), O (36.6%),
N(10.6%) the D consists of O (53.7%) and Si

311

(46.3%). The C, O, Si and N contents of Ch-D are
the evidence of the presence of Ch and D.

Scanning electron microphotographs of Ch-D,
before and after adsorption were shown in Figure
4. After adsorption, Pb** ions were coated on the
surface of the chitosan-diatomite. Changes in SEM
images obtained before/after Pb?* adsorption on
Ch-D were considered as evidence for Pb*
adsorption. On the other hand, the Pb content in
EDX spectra of Ch-D is evidence of adsorption of
Pb?* onto Ch-D.
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Figure 4. Scanning electron microphotographs of Ch-D (a) and Pb?* adsorbed Ch-D (b) and EDX results

of Ch-D (c) and Pb?* loaded Ch-D (d).
Effect of pH

The adsorption mechanism is related to the
physicochemical interactions of the species in
solution. At high acidic pHs, metal cations and
hydrogen ions compete for binding to active sites,
resulting in less adsorption of the metal. At high
basic pH values, soluble hydroxide complexes of
metal ions are formed, so the adsorption is
reduced.

To investigate the pH effect, adsorption studies
were carried out at different pHs at constant Pb**

ion concentration and results are presented in
Figure 5. According to Figure 5, the percentage of
the adsorption rate increased from 5% to 61%
with increasing pH values from 1.0 to 4.0,
respectively. The maximum adsorption rate was
found as 61% at pH 4.0, which was the natural pH
of the Pb?* solution and was found to be the pH at
which the adsorption was highest. Therefore, all
adsorption experiments were performed at the
natural pH of the Pb?* ion. Pb** ions can precipitate
at alkaline pHs as hydroxides. So, pHs beyond 5.0
were not studied.
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Figure 5. Effect of pH on adsorption of Pb** onto Ch-D (at 25°C; adsorbent dose:100 mg; Co:500 mg L

To determine the point of zero charge (PZC) values
of Ch-D composite, 100 mg Ch-D was held in
solutions in the pH = 1.0-12.0 range by NaOH and
HCI at 25 °C for 24 h and the equilibrium pH was

pH;

1).

measured. The results are given in Figure 6. The
surface charge of the Ch-D composite adsorbent
was found to be positively charged, under pH 4.63
and negatively charged above pH 4.63 (25).

ApH

Figure 6. PZC plots of the Ch-D composite.

Adsorption isotherms

The harmony of the Langmuir, Freundlich, and
Dubinin-Radushkevich  isotherm models was
presented in Figure 5 and Table 2, with the
parameters used in the isotherms. The maximum
adsorption capacity was calculated to be 0.154 mol

kg' from the Langmuir isotherm model. Pb®*
adsorption onto Ch-D fitted well the Freundlich
model. The Freundlich parameter n indicates the
degree of heterogeneity of the surface and the Epr
value found in the D-R model indicates that the
adsorption process is chemical.
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Figure 7. Langmuir, Freundlich, and D-R isotherm p

lot for the adsorption of Pb** onto Ch-D (at 25 °C;

adsorbent dose:100 mg; Co:50-800 mg L™?).

Table 2. Adsorption isotherm parameters.

Langmuir Freundlich D-R
X/mol kg™ 0.154 K¢ 1.06 Xpr 0.326
K/L mol™ 19570 B 0.286 -Kprx 108 2.69
R? 0.882 R? 0.927 R? 0.932
E/kJ mol! 13.6
Standard Deviation 0.053 mol kg, Standard Error 0.018 mol kg™

Adsorption kinetics

Adsorption data for kinetics studies were
performed in the time range of 2-1440 min. The
adsorption kinetics of Pb** onto Ch-D composite
were presented in Figure 8 and Table 3. From the
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regression coefficient (R?) and the harmony of
theoretically calculated Q: and experimental Q.
values, it was concluded that the PFO model was a
suitable model for the adsorption kinetics of Pb®*
ions on the Ch-D composite adsorbent.
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Figure 8. Compatibility of Pb®* adsorption kinetics to PFO, PSO and IPD models (at 25°C; adsorbent
dose:300 mg; Co:500 mg L™).

Table 3. Adsorption kinetic parameters.

Pb** (ki kzki) x10° R? Q: Q. Hx10°
PFO 57.5 0.972 0.228 0.227 3.97
PSO 58.1 0.971 0.228 0.313 5.69
IPD 25.7 0.905 - - -

Standard Deviation 0.078 mol kg™, Standard Error 0.019 mol kg™

Adsorption thermodynamics Adsorption enthalpy was found negative. AH® was
calculated as -11.3 kJ mol* showed that the
To explain the thermodynamic behavior of Pb**  adsorption process was exothermic. AS° was
ions adsorption onto the Ch-D composite, it was calculated as 2.29 J mol* K. The free energy
studied at temperatures of 5 °C, 25 °C, and 40 °C  value was found as -12.0 kJ mol™® at 25 °C. The
and Figure 9 was obtained. In Figure 9 (In Ko-1/ T)  negative free energy value indicated that
the values of AH° and AS° were calculated from the  spontaneous adsorption was possible.
slope of the graph and the cut-off, respectively.
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Figure 9. Effect of temperature on the adsorption. (at 5°C, 25°C, 40°C; adsorbent dose:100 mg; C,:500
mg L)

Desorption removal efficiency for three times is plotted in

Figure 10. The maximum recovery percentage for
Reusability investigated the desorption ability for Pb2?* ions onto Ch-D was achieved with HCI (89%).
Pb** ijons onto Ch-D composite. The Ch-D The minimum recovery percentage for Pb%** ions
composite was regenerated using HCI, NaOH, onto Ch-D was achieved with ethyl alcohol (11%).
HNO;, and ethyl alcohol. The obtained Pb?*
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X 40t
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Figure 10. Recovery percents of HCl, NaOH, HNOs and ethyl alcohol for the desorption of Pb?* onto Ch-D
(at 25°C; adsorbent dose:100 mg; Co:500 mg L™).
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Comparison of results with literature

A comparison has been made between the chitosan
composites adsorbents reported in the literature
for the adsorption Pb?*. The maximum adsorption
capacity obtained from the Langmuir model was

RESEARCH ARTICLE

used for the comparison of different chitosan
composite adsorbents. As can be seen in Table 4,
the maximum adsorption capacity of chitosan-
diatomite composite adsorbent (0.154 mol kg™)
was higher than that of various chitosan composite
adsorbents.

Table 4. Comparison of Pb?* adsorption on the chitosan-diatomite composite with other chitosan
composite adsorbents.

Adsorbent X./molkg™ Reference
Chitosan-graphene oxide 0.372 (8)
Chitosan-vermiculite 0.598 (9)
Chitosan-cellulose 0.130 (10)
Chitosan-hydroxyapatite 0.058 (11)
Chitosan-clay 0.156 (12)
Chitosan-sand 0.060 (26)
Chitosan-bentonite 0.382 (27)
Chitosan-diatomite 0.154 (This study)

CONCLUSIONS

In this investigation, Ch-D composite can be used
as an effective, alternative adsorbent for the
removal of Pb?* ions. Optimal conditions of the
study for the adsorption were determined and
were selected as pH:4.0, m:100 mg, t:24 h, and
T:25 °C. The Freundlich model was found to be the
better fit to the experimental data. The maximum
adsorption capacity was found to be 0.154 mol kg™
from the Langmuir isotherm model. Adsorption
thermodynamics indicated that the adsorption
process was exothermic, possible and
spontaneous. Ch-D composite adsorbent had a well
adsorption-desorption ability for Pb?* ions. Ch-D
composite can use as an effective and alternative
adsorbent in the removal of lead pollutants from
industrial wastewater.
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