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Abstract: A novel, green and easy regeneration biosorbent, aminothiourea modified walnut shell (AMWNS), was syn-
thesized, and its potential for removal of Pb(Il) ions was also investigated. The AMWNS was synthesized with epi-
chlorohydrin and aminothiourea as an etherifying agent and a modified monomer, respectively, and was characterized by
Fourier transform infrared spectroscopy (FTIR), scanning electron microscope (SEM) and X-ray diffraction (XRD). The
influences of pH (3-11) and adsorbent dosage (0.5-2.5 g/L) on adsorption capacity of AMWNS were investigated. The
maximum Pb(I) ions adsorption capacities (Q,,) calculated by best fitting model (Langmuir) were 46.25 mg/g at 298 K.
Thermodynamic studies demonstrated adsorption process by AMWNS was spontaneous and endothermic. Furthermore,
the regeneration capability of AMWNS implied AMWNS was a cheap, excellent biosorbent for Pb(II) ions removal in

wastewater treatment.
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Introduction

With the development of the industry, heavy metals released
into the environment, which pose a significant threat to the
ecosystem and, consequently, human health because of their
toxicity and persistence.' Thus, it is crucial that heavy metals
should be removed from wastewater effectively before being
discharged into the environment. Conventional treatment tech-
nologies used for heavy metal removal mainly include ion
exchange, filtration, membrane separation, chemical precip-
itation, solvent extraction, and reverse osmosis, etc..* How-
ever, these technologies generally cannot perfectly follow the
increasingly stringent regulations on the heavy metal discharge
in a cost effective manner.” An important drawback of pre-
cipitation techniques is significant sludge production. Although
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ion exchange is considered to be an alternative method for
removal of Pb(I) ions, it is expensive and the majority of ion
exchangers have poor selectivity for them. Therefore the iden-
tification of feasible technologies for heavy metal separation
and removal from aqueous solutions have become an urgent
problem.

Compared to other techniques, adsorption is considered to
be among the most favorable processes because of its sim-
plicity, ease of operation, regeneration capacity sludge-free
operation, and low cost for industrial application.*® Conse-
quently, the development of new and more effective adsor-
bents has become essential.

Various materials have been studied to determine their effi-
ciency in heavy metal adsorption, including activated carbon,
agricultural by-products, nutshells, biomaterials.”'> However,
the adsorption performance of most of these materials has
been, for the most part, unsatisfactory. To further improve
adsorption efficiency, the discovery of application of more effi-
cient adsorbents seems necessary. In recent years, modified
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biomass materials including agricultural residue have been
extensively applied for heavy metal ions removal due to low
cost, renewable and easy disposal.*"®

Walnut shell is a forestry residue, obtained easily, cheap,
nontoxic, and biodegradable. Thiosemicarbazide contained
multiple adsorption groups, and it was a cheap and water sol-
uble monomer, the grafting reaction occurred in aqueous solu-
tion, which didn’t lead to pollution of the environment. So, in
this study, a green, non-toxic, biodegradable adsorbent-chem-
ically modified walnut shell with aminothiourea (AMWNS)
was synthesized, characterized and used for the Pb(II) ions
removal. The influences of pH and absorbent dose on Pb(II)
ions absorption were investigated. The mechanism of Pb(II)
ions absorption by AMWNS was deduced with isotherms and
thermodynamics results. Furthermore, desorption and reus-
ability of the modified adsorbents were evaluated after adsorp-
tion of Pb(II) ions. The aim of this study is to provide a cheap,
excellent biosorbent of AMWNS for Pb(II) ions removal in
wastewater treatment.

Experimental

Materials. Walnut shell (WNS) species which were col-
lected from Shijiazhuang, China. Epichlorohydrin, HCI,
Pb(NO;), and NaOH were obtained from Tianjin Guangfu
technology development co., LTD (Tianjin, P. R. China). Ami-
nothiourea was purchased from Beijing chemistry factory
(Beijing, P. R. China). All other commercial chemicals were of
analytic reagent grade and used without further purification
and all solutions used in the experiments were prepared with
deionized water.

Synthesis of Modified WNS. Prior to modification, the
walnut shell (WNS) was boiled for 60 min to get rid of the
pulp and residual seed capsule. Then, it was rinsed thoroughly
with deionized water to wipe off fly ash, residual adhesive
flesh and other inorganic impurities. The clean WNS was dried
for over 24 h at 105 °C until constant weight, then the WNS
were ground in a high speed grinder and the resulting crumbs
were sieved to obtain size of smaller than 100 m. The sieved
WNS was stored in a desiccator for further use or modifi-
cation. The modification process of WNS was performed as
follows: firstly, 15 mL of NaOH (1.25 M) was blended with
10 mL epichlorohydrin on a shaker at room temperature. Then,
WNS (1.0 g) was immersed into the solution at 40 °C for
30 min equipped with thermostat. After the mixtures washed
several times to the eluent pH neutral, the obtained materials
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Figure 1. Associated reactions of the modification process.

(called M;-WNS) was dried at 65 °C until constant weight.
Afterwards, the solution with 15 mL of NaOH (0.125 M) and
aminothiourea (1.0 g) was added into M;-WNS powder cap-
tured previously. The mixtures were stirred with constant tem-
perature magnetic heating stirrer at 65 °C for 60 min, and
subsequently were washed with deionized water to the eluent
pH neutral. Finally, the washed powder was dried in vacuum
at 65 °C for 3 h, grinding sieved to get amino-modified walnut
shell (AMWNS). The modification process involved a series
of associated reactions is illustrated in Figure 1.

Characterization Methods. Fourier transform infrared
spectroscopy (FTIR) of type Nicolet380 spectrometer system
(Nicolet Company, U.S.A.) was used to study whether or not
aminothiourea was grafted onto WNS. Infrared spectra were
obtained by the KBr disc technique.

Scanning electron microscopy (SEM) images were observed
on a Hitachi S-3400N scanning microscope (Hitachi, Japan).
Each WNS sample was suspended in a bottle in which there
was a small amount of ethanol under ultrasound. The sample
was mounted on glass plates and dried for removal of the eth-
anol, followed by coating with a thin layer of gold in a vacuum
before examination.

The XRD measurement was conducted using a RigakuD-
max-2550/PC diffractometer (Rigaku Inc., Tokyo, Japan). The
XRD pattern was obtained using CuKa radiation with an inci-
dent wavelength of 0.1542 nm under a voltage of 40 kV and
a current of 200 mA. The scan rate was 4 °/min.

Absorption Experiment. The adsorption experiments were
carried out in a series of 100 mL Erlenmeyer flasks containing
the desired dose of AMWNS and 50 mL of Pb(NOs), solution
at the desired concentration in a shaking bath. The effect of ini-
tial solution pH on the removal of Pb(II) ions was performed
in the range of 3-11. The pH was adjusted with 0.1 M HCI or
0.1 M NaOH before adding the adsorbent. Adsorbent doses
varied from 0.5 to 2.5 g/L were conducted to investigate the
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influences of adsorbent content on Pb(II) ions removal.
Besides, the adsorption equilibrium studies were analyzed at
initial Pb(Il) ions concentration ranged from 20 to 160 mg/L
(pH=7), and different temperatures of 293, 298, 303, 308 and
313 K were considered for thermodynamic studies. During the
batch adsorption studies, the flasks containing adsorbent and
adsorbate were agitated with 180 rpm for 2.0 h in a water bath
constant temperature oscillator (SHZ-82, Jintan jingbo exper-
imental instrument company, China). Afterwards, the flasks
were withdrawn and the residual adsorbate concentrations
were measured by atomic absorption spectrometer (Z-2000,
Hitachi Limited Company, Japan). All tests were performed
with three replicates and the mean values were used for sub-
sequent analysis.

Desorption and Regeneration Studies. To regenerate the
used AMWNS for further Pb(II) ions removal, desorption and
regeneration experiments were conducted in batch mode.
Firstly, the 40.02 mg/g Pb(Il) ions loaded AMWNS (Pb*-
AMWNS) was obtained by immerging 0.02 g adsorbent into
20mL Pb(II) ions solution. Subsequently, the Pb(IT)-AMWNS
was placed into 0.1M HCI solution, and then was shaken on
water bath constant temperature oscillator at room temperature
for 2 h, and the sorbent was removed from the solution and
washed with deionized water. Furthermore, the reusability of
the regenerated AMWMS was tested by executing further 3
consecutive adsorption-desorption experiments at the same
adsorption conditions.

Calculations. The lead removal efficiency and adsorption
capacity of WNS and AMWNS were calculated from the fol-
lowing expressions:

Qe = (CO_Ce) x VIM

Efficiency (%) = (Co—C.)/Cox100%

Where C is the initial metal ions concentration (mg/L), C,
is the balance metal ion concentration (mg/L). /(L) is the vol-
ume of solution; M(g) is the mass of adsorbent; and O(mg/g)
is the equilibrium adsorption capacity.

Results and Discussion

FTIR and XRD Analysis of Modified WNS. The FTIR
spectrum of original WNS and the modified WNS are illus-
trated in Figure 2. The pronounced peak located at 3430 cm’
is assigned to the O-H stretching vibration of hydroxyl groups
and N-H stretching vibrations. The bands at around 2935 cm’!
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Figure 2. FTIR of walnut shell (WNS) and amino modified walnut
shell (AMWNS).

are attributed to C-H stretching vibrations in methyl and meth-
ylene groups. The peak at 1247 cm™ and an intense band at
around 1038 cm™' can be attributed to C-O stretching vibrations
in alcohols, phenols, or ether or ether groups. Compared to the
original WNS, in the FTIR spectrum of the modified WNS, the
typical absorption peak at 1510 cm™ represents C=S which
originates from thiosemicarbazide. The new band generated at
1120 cm™ can be ascribed to C-N bend vibrations. The results
provide the evidence of the WNS being grafted with ami-
nothiourea.

The effect of graft copolymerization on the crystallinity of
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Figure 3. XRD spectras of walnut shell (WNS) and amino modified
walnut shell (AMWNS).
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Figure 4. SEM pictures of (a) original walnut shell (WNS); (b)
amino modified walnut shell (AMWNS).

WNS (a) and AMWNS (b) was studied by XRD pattern (Fig-
ure 3). The original WNS shows scattering at 26=15.0°, 22.1°,
24.5°, 30.2°, 34.9°, 38.3°, which are characteristic peaks of
WNS. The absence of the peak at 26=15.0°, 22.1°, 30.2°, 38.3°
in AMWNS indicates that the intensity and sharpness of the
diffraction decrease, confirming the decrease in crystallinity.
The possible explanation was that aminothiourea grafted on
WNS destroyed original ordered structure of WNS.

The results above provide the evidence of the WNS being
grafted with thiosemicarbazide.

SEM Image Analysis. The morphological microstructures
and surface characteristics of WNS and AMWNS were
observed with SEM (Figure 4). The original WNS particles
(Figure 4(a)) show smooth on the surface, while the surfaces of
AMWNS (Figure 4(b)) leads to an altered uneven surface on
the particles, which increased the surface area and well facil-
itated the adsorption of lead ions.

Influence of pH on Pb(ll) lons Removal. The solution pH
has been consistently considered the most important variable
in sorption investigations as it controls the surface charge of
adsorbents, the degree of ionization, and the speciation of
adsorbate species.'®'” The influence of pH (3-11) on Pb(II)
ions adsorption is illustrated in Figure 5. Significant rises in
removal of lead ions occurred with increases in solution pH up
to 7. The reduced metal uptake witnessed at low pH values
may have been due to the higher concentration and mobility of
H' ions, which result in becoming more -NH;", -OH," or
C=SH' in the surface of AMWNS, electrostatic repulsion
between -NH;*, -OH," or C=SH" with Pb*" enhanced, so che-
lation of -NH,, -OH or C=S with Pb*" was suppressed.'®* When
solution pH was 7, the adsorption capacity of AMWNS on
Pb(II) ions reached about 40.02 mg/g. This could be attributed
to zeta potential changes in surface electric charge of the
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Figure 5. Effects of pH on adsorption capacity of Pb(II) ions by
WNS and MWNS (conditions: temperature, 25+1 °C; adsorbent
dosage, 0.5 g/L; react time, 120 min; initial Pb*" concentration,
50 mg/L).
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Figure 6. Effects of removal efficiency of Pb(Il) ions by WNS and
MWNS (conditions: temperature, 25+1°C; pH=7; react time,
120 min; initial Pb** concentration, 50 mg/L).

AMWNS."

At higher pH values, lower H" concentration along with a
greater negatively-charged adsorbent surface result in greater
attraction of metal cations. In addition, the active site of
AMWNS becomes free -NH,, -OH or -C=S, which can chelate
on Pb* easily. However, an increase in lead removal was
observed at high pH, which could be due to the formation of
several hydroxide specious of Pb(Il) ions which was precip-

itated.?**!
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Influence of Adsorbent Dosage on Pb(ll) lons Removal.
The influence of dosage of original WNS and AMWNS on
Pb(1I) ions removal efficiency is showed in Figure 6. For the
AMWNS, the adsorption removal efficiency of Pb(Il) ions
increased significantly (from 52.38 to 99.9%) when the adsor-
bent dosage was gradually raised from 0.5 to 2.5 g/L. As the
adsorbent dosage increased, a substantial increase in available
adsorption sites resulted in a high percentage of adsorption.

Adsorption Isotherms. Adsorption isotherms are signifi-
cant prerequisites to establish the most appropriate relationship
between adsorbate and adsorbent, and are critical in optimizing
the design of an adsorption system for Pb(Il) ions removal.
Lots of isotherm equations can be utilized to establish the cor-
relation, such as Langmuir, and Freundlich models.”* The
corresponding isotherm equations are represented as:

. G 1 G
Langmuir isotherm: 0. K Qm+ o @))]
Where C, (mg/L) is the ultimate concentration of Pb(II) ions
at equilibrium and Q. (mg/g) is the corresponding adsorption
capacity. O, (mg/g) is the theoretical maximum monolayer
Pb(II) ions adsorption capacity of adsorbent, and K; (L/mg) is
the Langmuir isotherm coefficients related to the free energy of
adsorption. The straight lines were given by plotting C./Q. ver-
sus C., as shown in Figure 7(A), which gave the values of K
and Q,, in Table 1 according to the intercept and slope of these
lines, respectively.

Freundlich isotherm: InQ, = %llnC .+InKy )

Where K; ((mg/g)(L/mg)"™) and 1/n are the adsorption con-
stants of Freundlich model generally related to the strength of
interaction between adsorbate and sorbent. The linearized Fre-
undlich isotherms was shown in Figure 7(B) and the param-
eters were also shown in Table 1. The low value of the linear
correlation coefficient R*(0.655) indicated the unsuitability of
Freundlich isotherm model. The values of R* for Langmuir
model (0.998) were high, indicating that this model could be
used to characterize the equilibrium adsorption. The results of
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Figure 7. Isotherm models for Pb(Il) ions adsorption onto AMWNS
(A) Langmuir model; (B) Freundlich model.

Langmuir model demonstrated that homogeneous monolayer
Pb(Il) ions was covered onto AMWNS particles.”* Further-
more, the results indicated that the adsorption of Pb(Il) ions
was a dynamic chemisorption process by the adsorption affin-
ity in terms of surface functional groups and bonding energy.”
The maximum adsorption capacities (Q,) of AMWNS for
Pb(1l) ions were 46.25 mg/g and were almost the same as

Table 1. Adsorption Isotherm Constants for Pb** Adsorption onto the AMWNS

Langmuir Freundlich
O.*/mg-g’ ” S _1 5 .
On** (mg-g™) K, (L'mg™) R Kr n R
44.99 46.25 0.648 0.998 1.174 6.234 0.655

*Experimental data. **Calculated data.

Zay, Al4048 A23, 20163
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those of experiment dates (44.99 mg/g).

A dimensionless constant called separation factor (R.) was
applied to evaluate the suitability of an adsorption process, and
it was defined as the following eq. (3):*

1

R e
L 1+K,.C,

©)
where C, (mg/L) is the initial Pb(I) ions concentration in solu-
tion and K; (L/mg) is the Langmuir isotherm coefficients
related to the free energy of adsorption. The values of Ry
(0.0019~0.0096) at 298 K was in the range of 0-1, implying
the sorption process belonging to a favorable uptake of Pb(II)
ions by AMWNS.”

Thermodynamics Studies. To better understand the influ-
ences of temperature on the adsorption of Pb(II) ions on
MWNS, three thermodynamic parameters of the adsorption
process, including the changes in enthalpy (AH), entropy (AS)
and free energy (AG), were investigated. The changes in
enthalpy and entropy were determined with the equations
below:*

AS AH

InKp =—

2 RT 4)

Where Kp, (L/mol) is thermodynamic adsorption equilibrium
constant and calculated by eq. (5) below. Here, T is the abso-
lute temperature and R is the gas constant valued 8.314 J/(mol
K). The values of AH and AS were determined from the slope
and intercept of the fitted curve (Figure 8), respectively.

Kp= o 5)

Where Q. is the equilibrium Pb** concentration on the adsor-
bent (mg/L) and C, is the equilibrium Pb*" concentration in
solution (mg/L).

The Gibbs free energy of adsorption (AG) subsequently
determined from the identified parameters AH and AS by eq.
(6).29

AG = AH-TAS (6)

The obtained values of thermodynamic parameters for Pb(II)
ions adsorption onto AMWNS are listed in Table 2. As it can
be seen from Table 2, AH values are found to be positive for
all cases due to adsorption is endothermic. Although there are
no certain criteria related to the AH values that define the
adsorption type, it is obvious from the AH value obtained for

I . 1 . 1 . L . 1 .
0.00320 0.00325 0.00330 0.00335 0.00340 0.00345

1TIKT

Figure 8. logK,,~1/T for AMWNS (Pb**=44.68 mg/L; pH=7; t=2 h;
the dose of AMWNS is 1.0 g/L).

Table 2. Thermodynamic Parameters of Adsorption of Pb*
on AMWNS

ULS) Ko(L/g) (KJ~Ar§ol") (KJ-AnZ)r]) (J-m(ﬁﬁ-K")
293.15 1.87 295.05
298.15 3.98 196.89
303.15 5.83 98.73 12.82 367.98
308.15 9.99 -100.57
313.15 3905 10241

Pb(II) that chemisorption also takes part in the adsorption pro-
cess with chelating effects of the functional groups available
on the surface of AMWNS. An increase in temperature would
lead to an increase in adsorbate on AMWNS." The positive
AS corresponded to an increase in the degrees of freedom of
the solid-liquid interface during adsorption process of Pb(II)
ions onto AMWNS. On the other hand, Negative values of AG
indicate the spontaneous nature of the reaction. The values of
AG become more negative with increase temperature, which
means that the adsorption process is more favorable at high
temperature.

Desorption and Regeneration Studies. The reversibility
of the adsorption process was also investigated. Desorption
studies are helpful to explore the possibility of recycling the
sorbents and recovery of Pb(Il) ions. The results demonstrated
that the Pb(Il) ions adsorption capacity of the modified adsor-
bent decreased slightly after 3 consecutive adsorption/desorp-
tion (the removal efficiency maintained above 90%).

Polymer(Korea), Vol. 40, No. 2, 2016



200 G. Liu and Y. Gao

Conclusions

In this study, a novel amino walnut shell (AMWNS) was
prepared by grafting aminothiourea onto walnut shell back-
bone. The characterization using various instruments demon-
strated that aminothiourea was successfully grafted onto
walnut shell backbone. Further, adsorption properties of
AMWNS for Pb(I) ions from aqueous solution were inves-
tigated. The pH experiments showed that maximum adsorption
occurred at pH 7-8. When the adsorbent dosage was 2 g/L,
removal efficiency was the highest. The adsorption process can
be well described by Langmuir isotherm with a maximum
adsorption capacity 46.25 mg/g at 298 K. The adsorption iso-
therms indicated that the surfaces of AMWNS were distributed
by a homogeneous monolayer of Pb(Il) ions with a dynamic
chemisorption process. Furthermore, the values of AG become
more negative with increase temperature, which indicates that
the adsorption process is more favorable at high temperature.
The results demonstrated that AMWNS had a good regen-
eration ability. This research is worthwhile and it can be fore-
seen with a great prospect in Pb(I) ions removal in wastewater
treatment.
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