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Abstract

A new lignin xanthate resin (LXR) was synthesized by a two-step reaction from
alkaline lignin and carbon disulfide. It was characterized by FT-IR, SEM and element
analysis. An ordered porous structure is.observed on LXR. Batch adsorption including
equilibrium isotherms, kinetics, and the effects of pH, dosage and temperature on the
adsorption of Pb** by LXR were systematically studied. LXR shows a 4.8 times
higher adsorption capacity than alkaline lignin at 30 °C that is attributed to the
incorporation of xanthate groups and porous structure. Thermodynamic parameters,
involving AH?, AS° and AG® were also calculated from graphical interpretation of the
experimental data. Negative values of AG® indicate the adsorption process of Pb** by
LXR is spontaneous. The positive value of AH° confirms the endothermic adsorption
in nature. The high adsorption capacity of LXR, together with its feasible preparation,
biocompatibility and environmentally friendliness, open new perspectives in the

potential use for wastewater treatment.
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1. Introduction

Contamination by toxic metallic ions has been a major environmental problem
with the development of industry [1, 2]. Lead is one of the most toxic metallic ions,
which can accumulate in humans and cause serious damage to the hematopoietic
system and cardiovascular system [3, 4]. The cleanup of toxic metallic ions from
industrial effluent prior to discharge into the environment is necessary. Conventional
methods for removing toxic metallic ions from wastewater include chemical
precipitation, electrochemical treatment, adsorption, filtration, ion exchange and
membrane separation [4-6]. Among them, adsorption is preferred due to its lower cost,
high efficiency and various adsorbents being available [7]. Recently, great attention
has been focused on the development of biomass adsorbents [8, 9].

Lignin, one of the main constituents of lignocellulose biomass, is the second
abundant biopolymer on the earth [10]. Every year about 50 million tons of lignin is
generated by the paper industries all over the world, but less than 10% is utilized [11].
Lignin contains phenol hydroxyl, alcoholic hydroxyl, carbonyl and carboxyl, methoxy,
etc., which suggests it being potential in removal of metallic ions from wastewater as
a low cost adsorbent [12]. However, lignin is a 3-dimensional, non-linear polymer, it
is easy to form intermolecular hydrogen bonds that makes it unable to uncoil in water
and wrap around large particles to form large stable flocks. As a result, the adsorption

capacity of lignin for metallic ions is poor [13-16]. The weakness and handicaps



associated with existing lignin adsorbents necessitate the development of new types of
lignin-based polymer by introduction of additional functional groups like amino,
sulfonic and dithiocarbamate groups onto lignin matrix [10, 17, 18].

However, xanthate functionalized lignin has not been reported so far, which are
expected to be an effective moiety for sorption of metallic ions from aqueous solution
[19, 20]. Therefore, in this study, we synthesized a lignin xanthate resin (LXR) by a
two-step method from alkaline lignin. Its structure was characterized by TF-IR, SEM
and element analysis. The incorporation of xanthate functional groups onto lignin
matrix may enhance its interaction with Pb>* and an.increase in adsorption capacity is
expected. The influences of pH, dosage, temperature, contact time and initial
concentration of Pb** on adsorption- were studied. The adsorption kinetics and
isotherms were fitted by pseudo-first-order, pseudo-second-order and Langmuir,
Freundlich models, respectively. The adsorption thermodynamics were further
analyzed by interpreting the experimental data.

2. Materials and methods
2.1. Materials

The chemicals including lead nitrate, carbon disulfide, formaldehyde, sodium
hydroxide, hydrochloric acid, were purchased from Aladdin Chemicals, Beijing,
China as analytical reagent grade. Alkaline lignin was obtained by precipitation from
the black liquor (density=1.15 g/cm3, pH=12.9, Nanpu Pulp Mill, China) with H,SO4

at a pH of 2.0.



2.2. Preparation of LXR

The LXR were prepared by a two-step method (as shown in Schemel). i) Alkali
lignin (10.0 g) and 100 mL distilled water was poured into a three-necked
round-bottomed flask with an electric heating device, a motor stirrer, a thermometer; a
dropping funnel, and a reflux condenser. The temperature was elevated to 80 °C and
the pH was adjusted to 12.0 by NaOH. Formaldehyde (10.0 mL) was added
drop-wisely into the flask for hydroxyl methylation reaction of 3h. After the reaction
completed the mixture was cooled to 30°C. ii) Another part NaOH (4.0 g) was added
into the flask, and carbon sulfide (10.0 mL) was.added dropwisely. The reaction
proceeded for 2 h at 30°C. After that, the mixture was precipitated at pH around 3.0 by
0.IM HCI and filtrated. The residue-was washed with distilled water to neutral.
Finally, a brown powder (i.e. LXR) was obtained after drying under vacuum (65 °C)
overnight and grinded.
2.3. Characterizations

Fourier transform infrared (FT-IR) spectroscopy of the samples was recorded on
a FT-IR spectrophotometer (Thermo Nicolet 510, United States) using a KBr disk
method and scanned in the range of 4000-400 cm™. SEM images were taken in a
Hitachi SU8020 microscope by immobilizing the sample with conductive glue.
Element analysis (EA) of dry samples was performed on a PE 2400 II (Perkin—Elmer,

USA). Four elements, i.e., carbon, hydrogen, nitrogen and sulfur were determined.



2.4. Batch adsorption
The batch adsorption was carried out by mixing adsorbent with 50 mL Pb**
aqueous solution. The mixture was agitated at 100 rpm in a thermostatic shaking
incubator to reach the equilibrium. The effect of pH on the adsorption was studied .in
the range of 1.0-7.0 that was adjusted with dilute HCI or NaOH solution at 30-°C. The
effect of dosage on the adsorption was determined with different LXR dosage of
0.01-0.1 g/50 mL Pb** solution at 25 mg/L. Adsorption isotherms were studied at
different initial Pb2+ concentration (10-100 mg/L) with a LXR dosage of 0.04 g/50
mL under temperature of 30, 40 and 50 C, respectively. Adsorption kinetics were
carried out at 30 °C and pH 5.0 with different initial Pb** concentration (20, 50 and
100 mg/L). The samples were collected at predetermined time intervals and filtered
immediately. The concentration-of Pb** was determined by an inductively coupled
plasma optical emission spectrometry (ICP-OES, optima 5300DV, PerkinElmer), with
a Plasma gas flow 15 L/min and nebulizer gas flow of 0.6 L/min. The pump rate was
100 rpm and the sample uptake rate was 1.2 mL/min for 30s. The pipeline was
washed by de-ionized water for 15 s at the intervals of each sampling. The
wavelength was 220.4 nm. The adsorption capacity (g.) was calculated by Eq. (1):
g.(mglg) =V =) (1)
m
where Cp (mg/L) and C. (mg/L) are the initial and final Pb** concentration. V (L) is

the volume of the solution, and m (g) is the mass of LXR.



3. Results and discussion
3.1. Characterization of LXR

Fig. 1 shows the SEM images of the samples. As can be seen, the alkaline lignin (a)
exhibits as amorphous plates/particles with some agglomeration. Inspiring, the LXR
(b) exhibits an ordered porous structure with pore diameter below 100 nm that might
be due to the crosslinking between lignin and formaldehyde molecules [21]. The
morphology images demonstrate the amorphous lignin plates have been converted to
porous compound after modification, which will increase the number of active sites in
the surface of LXR and will be benefit for the adsorption of lead ions from aqueous
solution.

The FT-IR spectra of lignin and LXR are shown in Fig. 2. The broad and
intensive peaks around 3420 cm™ can be assigned to hydroxyl group stretching. The
peaks at 2925 cm™ can be attributed to the symmetric and asymmetric C-H tensile
vibration of methylene. The bands at 1600 cm'l, contributed to aromatic skeletal
vibration, and the bands at 837 cm'l, attributed to C-H in-plane deformations in
aromatic rings are also found in both LXR and lignin that suggests the aromatic nature
of the samples [18]. The peaks at 1460 and 1380 cm™ are assigned to -CH, symmetric
scissoring and OH bending vibrations, respectively. The bands at 1130 cm™ are due to
the C-O antisymmetric bridge stretching. The bands around 1040 cm™ are due to
-CH,-O- stretching vibration [22]. The appearance of new bands of LXR at 1220, 683
cm™ should be attributed to C=S and C-S stretching, respectively [10].

The elemental analysis of dry samples show that LXR contains 46.16% C, 4.13%



H, 0.09% N and 6.65% S, respectively. The content of C of LXR decreases by
comparing with alkaline lignin (C: 53.21%, H: 5.02%, N: 0.11%, S: 0.44%), while the
contents of S distinctly increase to 6.65% after reacting with CS,. These above

analysis results prove that LXR had been successfully synthesized.

3.2. Batch adsorption

3.2.1 Effect of pH

The solution pH plays a critical important role in the adsorption of metal ions by
various adsorbents [23]. It determines the level of electrostatic or molecular
interaction between the adsorbent surface and the adsorbate owing to charge
distribution on the material. In order to optimize the pH for maximum removal
efficiency, adsorption experiment was conducted in the initial pH range from 1 to 7 at
an initial Pb** concentration of 100 mg/L with a LXR dosage of 0.04 g/50mL. The
results are shown in Fig. 3. It is seen that the removal efficiency is strongly dependent
on the solution pH. The adsorption capacity of Pb** increases steadily to 62.5 mg/g
with increasing pH from 1 to 5. The low uptake of Pb** at lower pH is attributed to
the competitive adsorption of H" and Pb>* on the LXR surface active sites [24, 25]. At
higher pH value, the -CSSH groups will be ionized to negative -CSS™ groups, and
accordingly chelate with Pb**. Therefore a gradual increase of Pb** jons removal can
be achieved with increasing pH. On the other hand, as pH > 6, the OH" concentration
increases and insoluble Pb(OH), can be formed that will be contributes to the removal

of Pb** [10]. In order to avoid the hydroxides precipitation interference, all the



following experiments were conducted at pH 5.0.
3.2.2. Effect of dosage
The adsorption of Pb** as a function of LXR dosage (pH=5.0, =300 min, Co=25

mg/L, 7=30 °C) was conducted and the results are shown in Fig. 4. As can be seen, the
adsorption efficiency increases sharply from 35.1% to 93.5% as the LXR-dosage
increases from 0.01 to 0.04 g/50 mL, which can be assigned to the increasing surface
area and number of active sites as the LXR dosage increases. When the LXR dosage
increases from 0.04 to 0.1 g/50 mL, the adsorption efficiency for Pb** only increases
4.6%. Therefore, the practical LXR dosage for the removal of Pb** should be 0.04
/50 mL.
3.2.3. Adsorption kinetics

The effect of contact time on adsorption capacity of LXR for Pb** was
investigated (Cy=20, 50, 100 mg/L; pH=5.0; 7=30 °C, LXR dosage=0.04 g/50 mL)
and the results are presented in Fig 5. It can be seen that the adsorption of Pb** on
LXR can attain' equilibrium around 90 min. The fast adsorption reflects good
accessibility of LXR to lead ions that can be attributed to the availability of large
number of vacant surface active sites, such as xanthate groups (base) for the sorption
of lead ions (acid) [26]. Afterward the filling of vacant sites becomes difficult due to
repulsive forces between lead ions adsorbed on LXR surface and lead ions from the
bulk solution.

In order to interpret the differences in the adsorption kinetic rates and to examine

the adsorption kinetic models. The adsorption kinetics were fitted by



pseudo-first-order and pseudo-second-order model [10, 27]:

k.t
lo —g)=Io S 2
g(g,—q,)=loggq, 2303 ()
t 1 t
e (3)
g, kg, q,

where ¢ is the amount adsorbed at time ¢ (min), and g. denotes the amount adsorbed
at equilibrium, both in mg/g, k; (min™") and k; (g/mg min) represent the adsorption
rate constants. The fitting results are presented in Fig 4 and Table 1.

It can be found from Table 1, the calculated correlation coefficient values (R%)
for first-order (0.9853-0.9957) and second-order (0.9615-0.9927) kinetics are found to
be greater than 0.96, which shows the applicability of both these kinetic models. Thus
in the present study, both the pseudo-first-order and pseudo-second-order kinetic
expressions can be used in predicting the amount of Pb** adsorbed by LXR for the
entire contact time. As seen in Table 1, the predicted g. values (24.9, 56.1 and 63.4
mg/g, respectively) at different Pb** concentrations by pseudo first-order model are in
good accordance with the experimental values (23.6, 53.9 and 62.6 mg/g,
respectively). However, the predicted g. values (32.1, 71.9 and 80.3 mg/g) by pseudo
second-order are not closed to the experimental values. That indicates for the entire
sorption period, pseudo first-order expression better predicts the sorption kinetics than
the pseudo second-order model, which suggests the adsorption process depends on
both the solution concentration and the number of available adsorption sites and the
process is reversible with an equilibrium being established between the liquid and

solid phases [28].



3.2.4. Adsorption isotherm

The adsorption isotherms of Pb** by LXR (pH=5.0; 7=30, 40, 50 °C) are displayed
in Fig. 6 with alkaline lignin (pH=5.0; 7=30 °C) as a reference. As can be seen, the
higher is the Pb** concentration, the more is the Pb** adsorption. The sharp increase in
adsorption capacity is observed at low concentration that is due to excess active sites
on LXR and the strong chelating force between xanthate groups and Pb>* for mass
transfer. At 30 °C, the maximum adsorption capacity of Pb*>* by LXR is 62.6 mg/g
which is a 4.8 fold higher than alkaline lignin (g.=12.8 mg/g). According to the theory
of hard and soft acid and base, soft bases are likely to form stable complexes with
metals such as copper, cadmium and lead. Since xanthate group can be classified as
soft base, the LXR shows a high tendency towards the acid Pb>* rather than the
alkaline lignin. It is also observed that the adsorption capacity of LXR for Pb**
increases from 62.6 to 69:5 mg/g with an increase in temperature from 30 to 50 °C,
which indicates the ‘endothermic nature of the adsorption process. This is because of
the increase in temperature not only increases the diffusion rate of Pb>* from the bulk
solution to the adsorbent surface but also benefits the complexation between
functional groups (i.e. -OCSS") and Pb*".

The equilibrium isotherms were analyzed in the light of two well-known models,
Langmuir and Freundlich models. The Freundlich isotherm assumes of non-ideal
sorption on heterogeneous surfaces, whereas Langmuir isotherm is used for the
monolayer adsorption on a homogenous surface. Langmuir and Freundlich models
can be presented by the following equations [29]:
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where g. (mg/g) is the amount of adsorbed Pb** per unit weight of adsorbent, and C.
(mg/L) is the Pb** concentration at equilibrium. gmax is the maximum amount of
adsorption (mg/g), b is the adsorption constant (L/mg), Kr (mg/g) <and n are
Freundlich constants related to adsorption capacity and adsorption intensity. The value
of n falling in the range of 1-10 indicates favorable adsorption.

The fitting of equilibrium data at different temperature by Freundlich and
Langmuir equations was conducted and the results are presented in Fig 6 and Table 2.
From Fig. 6 it is observed that the equilibrium data are very well represented by
Langmuir equation. It is also observed from Table 2, the adsorption equilibrium data
fit Freundlich and Langmuir equations with correlation coefficient values of R*<0.78
and R>0.95, respectively. The maximum adsorption capacity of Pb** by LXR
according to Langmuir model is 63.9, 66.3 and 71.1 mg/g, respectively, which is
highly in agreement with the experimental value (62.6, 64.9 and 69.5 mg/g at 30, 40
and 50°C; respectively). The results are comparable with the adsorption capacities of
the other biomass sorbents reported in literature [18, 30, 31]. The better fit of
equilibrium data by Langmuir isotherm equation confirms the monolayer coverage of
Pb** onto the homogenous surface of LXR which can be seen from the SEM image.
As to Freundlich model, the calculated values of n which are found to be in the range
of 1-10 indicating the adsorption being favorable.

3.2.5 Adsorption thermodynamics
11



Thermodynamic considerations of an adsorption process are necessary to conclude
whether the process is spontaneous or not. The amounts of Pb** adsorbed at different
temperatures 30, 40 and 50 °C, at equilibrium have been used to obtain
thermodynamic parameters for the adsorption process. The standard Gibbs free energy
change (AG®), standard enthalpy change (AH°) and standard entropy change (AS°)

were determined by using Eqgs. (6), (7) [32]:

AG® =-RT Ink, (6)
Ink,=- AH”  AS (7)
RT R

where kq is the distribution coefficient, R is the gas constant (J/mol K). The effect of
temperature on the adsorption of Pb>* onto LXR is given from the plots and curves of
the distribution coefficient values k4 versus temperatures in Fig. 7. It can be found that
kq increased with increasing temperature, a certification of endothermic adsorption in
nature [25]. According to Eq. (7), the values of AH° and AS° can be calculated
respectively from the slope and intercept of Inkg versus 1/T plots. The calculated
values of thermodynamic parameters are presented in Table 3.

From Table 3, the overall free energy changes during the adsorption process at 30,
40-and 50 °C are negative, corresponding to a spontaneous adsorption process of Pb**
by LXR. The increase in absolute value of AG® as temperature rising indicates that the
adsorption process becomes more favorable at higher temperature. The positive value
of +11.93 kJ/mol of the enthalpy change indicates that the adsorption is endothermic
in nature. The positive value of entropy change (AS°=56.49 J/K mol) suggests the

randomness at the solid-solution interface increases during the adsorption of Pb** on
12



LXR [33].
4. Conclusion
Lignin xanthate resin (LXR) was prepared by a two-step method from alkaline

lignin, which is easy for large scale production. The LXR contained an ordered porous
structure with pore diameter below 100 nm. It was used as a new adsorbent for the
removal of Pb** from aqueous solution. The adsorption kinetics is found to follow
pseudo-first order model and the equilibrium data follows Langmuir isotherm model.
The maximum adsorption capacity of LXR for Pb*" is 64.9 mg/g at 30 °C according to
Langmuir model. Higher adsorption capacity of LXR for Pb”* rather than alkaline
lignin is attributed to introduction of xanthate moiety and porous structure. The
adsorption thermodynamics indicates that the adsorption process of Pb>* on LXR is
spontaneous and endothermic. The low cost, easy preparation and its efficient removal
of Pb** from wastewater makes LXR being a great potent for the treatment of
wastewater containing metallic ions.
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Figure captions

Scheme 1. The synthetic diagram of LXR.

Fig. 1. SEM images of (a) lignin and (b) LXR

Fig. 2. FT-IR spectra of lignin (a), LXR (b).

Fig. 3. Effect of pH on adsorption capacity of Pb** by LXR.

Fig. 4. Effect of LXR dosage on the adsorption efficiency of Pb** by LXR.

Fig. 5. Adsorption kinetics and the fitting results by pseudo first-order and pseudo
second-order models.

Fig. 6. Adsorption isotherms and the fitting results by Langmuir and Freundlich
models.

Fig. 7. Plot of Inky against 1/T for the adsorption of Pb** on LXR.
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Table 1. Kinetic parameters for the adsorption of Pb** by LXR.

Pseudo-first-order

Pseudo-second-order

Co Experimental

(mg/L) (mefg) kL x102 g, R bx10* ¢ R
20 23.6 2.25 249 09853 6.53 32.1  0.9615
50 53.9 2.26 56.1  0.9926 297 71.9  0.9746
100 62.6 2.27 634  0.9957 278 80.3  0.9927
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Table 2. Fitting results of adsorption isotherms by Langmuir and Freundlich models.

Langmuir model

Freundlich model

T Experimental

0  (mg/g) gmx B R, Ke n R,

30 62.6 63.9 0.677 0.9561 299 4.83 0.7695
40 64.9 66.3 0.809 0.9619 325 5.04 07758
50 69.5 71.1 0.907  0.9507 354 5.05 0.7550
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Table 3. Thermodynamic parameters for the adsorption of Pb** on LXR.

AG® (kJ/mol) AH° (kKJ/mol)  AS° (J/K mol)
30 °C 40°C  50°C
11.93 56.49
-5.17 -5.81 -6.29
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ACCEPTED MANUSCRIPT



SU8020 10.0kV 138:2mm x2.00k SE(TUL)

(a) (b)
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Fig. 2.
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Fig. 3.
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Fig. 4.
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Fig. 5.
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Fig. 6.
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Fig. 7.
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Highlights
A lignin xanthate resin (LXR) was newly synthesized by a two-step method
This method is easy for large-scale production
The LXR contains an order porous structure (d,<100 nm)
The LXR showed a 4.8 times higher adsorption capacity than alkaline lignin

The adsorption of Pb** by LXR is spontaneous and endothermic
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