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ABSTRACT: A new poly(vinyl alcohol) (PVA)/quaternized lignin composite absorbent (PVA/QL) was synthesized from modified lignin
and PVA, crosslinked by glutaraldehyde. As-prepared absorbent was characterized by IR, DSC, SEM BET, and DMA. Effects of shak-
ing time, absorbent dose, initial pH, and temperature on NO3;~ removal from aqueous solution by the absorbent were comprehen-
sively investigated. The results show that the PVA/QL absorbent comprises quaternary ammonium groups in the form of ether bond.
The composite absorbent exhibits remarkable network structure with large numbers of connected holes. The mechanical strength of
the absorbent is enhanced by combining of PVA with modified lignin and crosslinkage of glutaraldehyde. The effect of pH on adsorp-
tion of NO; ™ is apparent and appropriate pH is 2.0. The adsorption process is endothermic, and determined to be consistent with
the Langmuir isotherm. Furthermore, it is found that the quaternary ammonium structure and network structure in the surface of

PVA/QL are the key factors to remove nitrate. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000000, 2012
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INTRODUCTION

Nitrate pollution in different water and wastewater has become
a global problem as a result of industrial and agricultural devel-
opment and population growth. The nitrate wastewater is gen-
erated by some industries. Nitrate is one of nitrogen-containing
compound, potentially converted to nitrite in the gastrointesti-
nal tract or to nitrous nitrogen compounds through reduction,
which will threat human or animal health.! For this reason, ni-
trate removal from water resources is necessarily explored.

Many studies have demonstrated that substances like nitrate,
fluoride, and arsenate can be removed from water by absorb-
ents. Therefore, absorbents are widely applied to water and
wastewater treatment.” However, the cost of commercial syn-
thetic ion-exchangers is too high to apply in practice. An exten-
sive search for low-cost and efficient ion-exchangers is impera-
tive under the situation. Industrial or agricultural waste
products, such as lignin, sawdust, coconut husk, tealeaf and rice
hull, are a sort of the low-cost absorbents.>™

Lignin is the second most abundant natural raw material and
aromatic polymer. It consists of both aromatic and aliphatic
portions containing many active functional groups, such as
phenolic, hydroxyl, carboxyl, benzyl alcohol, methoxyl, and
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aldehyde groups,®® which suggest some ion exchange and
adsorption properties. The study of lignin as absorbent has been
increased in the latest yearsg’lo; however, it has been considered
little about the absorbent for nitrate absorption and improving
the dimensional stability and mechanical properties of the
absorbent, which was important when it applied in practice.

Poly(vinyl alcohol) (PVA), a highly polar, water-soluble,
biodegradable polymer, has good chemical stability, film forming
ability, and high hydrophilicity. Blending lignin with poly(vinyl
alcohol) (PVA) has been reported to form miscible homogeneous
systems and provide good material performance attributed to the
formation of strong intermolecular interaction in them.'""?
Therefore, PVA is combined with modified lignin followed by
crosslinking to enhance the mechanical property and the dimen-
sional stability of the absorbent. Because of natural lignin with
only small number of hydroxyl groups (~10%),"” lignin was phe-
nolated with sulfuric acid catalyst to yield reactive phenolized lig-
nin, greatly increasing the number of hydroxyl groups, i.e., active
functional groups, at the side-chain-o position rather than at the
condensed aromatic nuclei,'*'® and aminated by monomeric
quaternary ammonium salt synthesized by us in the laboratory to
generate quaternized lignin (QL). Finally, the poly (vinyl alco-
hol)/quaternized lignin absorbent (denoted as PVA/QL), was
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prepared by combining PVA with QL followed by crosslinking.
The removal of NO;~ from aqueous solution with PVA/QL was
investigated. The aim is to explore the synthesis of PVA/QL
materials and absorption properties of nitrate on PVA/QL.

EXPERIMENTAL PROCEDURE

Materials

Lignin which was used of alkaline pulping by spray drying was
from Shanghai Paper, China. The content of lignin is >88%.
The percentage composition of moisture, metal ion (Mg*"
Ca®" Na™') and ash is, respectively, 7, 1, and 4%, and the den-
sity is 0.29 g cm . PVA, glutaraldehyde (50% content in
water), trimethylamine, epichlorohydrin, phenol, sulfuric acid,
and hydrochloric acid (35% content) were purchased from Ke
Long Chemical Company (Chengdu, China). The degree of
polymerization of PVA was 1788. The Coconut-shell activated
carbon was provided by Tangshan United Carbon Technology
and the density is 0.53 g cm . All other reagents were of ana-
Iytical grade. The water used was distilled water.

Measurements

Infrared spectra of pure lignin, QL, and PVA/QL were deter-
mined on KBr pellets with a sample concentration of 1%. FT-IR
spectra were recorded using a Nicolet 6700 FTIR spectrometer
in the range 400-4000 cm .

The surface areas were detected with N, adsorption at liquid
nitrogen temperature (77 K) wusing a surface analyzer
(NOVA3000, Quanta Chrome, America). Before measuring the
isotherm, all the samples were degassed at 120°C for 4 h in vac-
uum (107 atm).

Differential scanning calorimetry (DSC) was performed on a TA
Instruments Q200 under flowing nitrogen (50 mL min~"')
atmosphere at 10°C min~ ' over the temperature range of —50
to 190°C. Samples of 5 mg were placed into aluminum pans.

The morphologies of PVA/QL were observed on a JEOL model
JSM 5900 scanning microscope operated at an acceleration volt-
age of 20 kV. All specimens were sputter coated with gold prior
to examination.

The mechanical property and fracture behavior were studied using
a TA instrument Q800 DMA in the compressed mode. In the time
scanning tests for the determination of the mechanical properties,
the deformation displacement (d) of the samples was determined at
a ramp force of 0.5 N min~' to 18N as a function of temperature
at 25°C. The sample sizes were 2 mm X 2 mm X 2 mm.

Preparation of PVA/QL

There is the insufficient number of reactive sites in lignin mole-
cules. To increase the reactivity towards quaternizing reagent
(monomeric quaternary ammonium salt), lignin is first phenol-
ized by phenol. In the phenolation reaction, the first step
involves the protonation of the benzyl hydroxyl group, followed
by dehydration at the a-carbon, to give a carbonium ion. The
phenol molecule undergoes an electrophilic attack by carbo-
nium ion giving rise to a phenol condensation product.'” These
steps result in increase of the number of phenolic hydroxy in
the lignin. Phenolic hydroxyl is a significant functional group
which is a reactive site acted by quaternizing reagent. The
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Figure 1. Mechanism of lignin reacting with phenol and phenolized
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lignin reacting with quaternary amic salt.

increasing number of phenolic hydroxy in the lignin leads to
increase of reactive sites. Prephenolation of lignin enhances its
reactivity toward quaternizing reagent. The reaction mechanism
and experiment of lignin phenolized and quaternized is demon-
strated as Figure 1 shows.

A mixture of lignin (4.0 g) and phenol (10.0 g) in 20 mL sulfu-
ric acid (72%) was stirred at 60°C for 6 h. After quenching by
dilution with 500 mL of water, the suspension was boiled for 2
h, and then filtered, washed thoroughly with warm water to
give phenolized lignin. Synthesis of monomeric quaternary am-
monium salt was carried out at mole ratio of trimethylamine
and epichlorohydrin 1 : 0.7, temperature from —3 to —6°C.
Phenolized lignin (4.0 g) and monomeric quaternary ammo-
nium salt (20 g) were mixed in 50 mL water at 70°C water bath
and stirred continuously for 4 h. The final product was filtered,
washed with water, and then freeze-dried to give the quater-
nized lignin (QL). QL (15.0 g) and PVA (3.0 g) were mixed in
30 mL hot water (pH 3.0) to form dense slurry. The flask with
the mixture was tightly closed and placed in a water bath case
at 60°C, and agitated for about 2 h until a homogenous suspen-
sion was formed. After then, glutaraldehyde (2 mL) was added
slowly into the mixture and stirred for 2 h in order that QL
and PVA were crosslinked adequately, and the final product was
filtered, washed with de-ionized water twice, and then dried to
give PVA/QL composite absorbent.

Preparation of Crosslinked Lignin and Crosslinked QL

Lignin (15.0 g) was dispersed in the 60°C hot water at pH 3
adjusted with diluted sulfuric acid solution, and then poured
into paraffin (100 mL) containing 0.3% surfactants of dodecyl
sulfonate, stirred at 60°C for 2 h. Glutaraldehyde (2 mL) was
added slowly into the suspension, reacted for 2 h, filtered and
dried, crosslinked lignin was obtained. Preparation of cross-
linked QL is the same process as crosslinked lignin.

Batch Adsorption

Adsorption capacity was determined by adsorption experiments.
The designated adsorption materials were mixed with 25 mL of
NO; ™ solution (10 mg L") and shaken at 200 rpm. Nitrate
concentration was determined by spectrophotometric method
with phenol disulfonic acid. The removal efficiency (E) was cal-
culated as follows:

E%) = 9= 100 0

0
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where C, and C, are the concentrations of NO;~ ions before
and after adsorption (mg LY, respectively.

Desorption Experiment

Removal of the adsorbed nitrate ions from PVA/QL was studied
in a batch system. About 0.3 g of PVA/QL with different vol-
umes of 0.1M NaOH, ranging from 10 to 25 mL, was stirred
for 10 min, the PVA/QL suspension was centrifuged at 10,000
rpm for 5 min and the concentration of nitrate released into
the supernatant was measured by spectrophotometric method.
Desorption ratio was calculated using the following equation:

amount of nitrate ions desorbed

Desorption ratio= x100% (2)

amount of nitrate ions adsorbed

The regeneration efficiency experiments were carried out by stir-
ring 0.3 g of PVA/QL with different volumes of 0.1M NaOH,
ranging from 10 to 25 mL.

RESULT AND DISSCUSSION

Characterization of PVA/QL

FT-IR Spectra Analysis. Figure 2 shows the FTIR spectra of lig-
nin, QL and PVA/QL. From Figure 2, it can be seen that QL
and PVA/QL retains the basic structure of lignin. The broad
band at 3424 ¢cm ™' was dominated by the stretching vibrations
of aromatic and aliphatic —OH groups. The peaks at 2926
cm ™' predominantly arose from C—H stretching in methyl and
methylene groups of side chains and aromatic methoxyl groups.
Stretching at about 1712 and 1715 cm™" are attributed to con-
jugated carboxyl and carbonyl. Three peaks at 1612, 1505, and
1462 cm ™" could be assigned to typical aromatic skeletal vibra-
tions.'®'” However, the peak at 1505 cm™" covered respectively
by the strong absorption peak at 1476 and 1440 cm™' was not
obvious in the IR spectra of QL and PVA/QL compared with
pure lignin. And the band around 1476 and 1440 cm ™" provides
the evidence of the bending vibration of the quaternary ammo-
nium ion, which reveals that QL and PVA/QL have been intro-
duced quaternary ammonium groups. The band at 1440 cm ™'
of PVA/QL FTIR was obviously shifted to lower wave number
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Figure 3. DSC curves of lignin, QL, and PVA/QL.

compared with that of QL. This shift may be resulted from
more crosslink between PVA and QL. The peak of 1140 cm ™' of
PVA/QL which is characteristic of ether linkage suggests the
crosslink reaction between the hydroxyl group of PVA and lig-
nin and the aldehyde group of glutaraldehyde.”

DSC Analysis. DSC curves of lignin, QL, and PVA/QL compo-
sites absorbent are shown in Figure 3. Thermal parameters of
the composites are summarized in Table I. The peak tempera-
tures for lignin, QL, and the PVA/QL are 118.23, 130.74, and
87.97°C, respectively. The QL exhibits a higher peak tempera-
ture and thermal degradation onset as compared with that of
lignin, indicating that the thermal stability is improved by graft-
ing quaternary ammonium groups onto lignin. When PVA is
incorporated into QL, it can be seen that the thermal degrada-
tion onset and the peak temperature are shifted to a lower tem-
perature, which means PVA/QL has been formed.

SEM Analysis. The scanning electron micrograph (SEM)
images of PVA/QL composite absorbent at a magnification of
500%, 5000%, 10,000x and 20,000x are shown respectively in
Figure 4(a—d). The surface of the composite absorbent shows
remarkable network structure with large numbers of connected
holes. It may base on a crosslinked structure which is obtained
from a reaction between hydroxyl groups of PVA and QL and
aldehyde groups of glutaraldehyde in the presence of a strong
acid. Because of existence of the holes in the absorbent, the
PVA/QL has large surface area which facilitates the adsorption
of nitrate.”!

BET Analysis. The surface area was measured by BET method
using the adsorption isotherm of N,. The pore structures of lig-
nin and PVA/QL are demonstrated in the Table II. It can be

Table I. Thermal Characteristics of Lignin, QL, and PVA/QL

Sample Onset °C)  Tpeak °C)  End °C)  AH (U g™
3500 3000 2500 2000 1500 1000 500 Lignin 52.41 118.23 17037 2220
Wavenumber (cm™) QL 83.98 130.74 182.81 3612
PVA/QL  19.78 87.97 13229 1519

Figure 2. FT-IR spectra of (a) lignin, (b) QL, and (c) PVA/QL.
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Figure 4. SEM images obtained at (a) 500%, (b) 5000x, (c) 10,000%, and (d) 20,000x magnification for PVA/QL. Acceleration voltage = 20 kV. Scale

=50, 5, and 1 pm, respectively.

seen that PVA/QL shown larger surface area, pore volume, and
average pore size than lignin. The porosity was manifest by low
value of surface.

Mechanical Properties. As can be seen from Figure 5, it is
obvious that the PVA/QL composite exhibited a slow not a
sharp decrease curve in comparison to crosslinked lignin. How-
ever, the curve of crosslinked lignin greatly deviated from linear-
ity up to the maximum force. For example, the deformation
displacement of crosslinked lignin is 1404 pm while the PVA/
QL is only 680 um as the static force is 15N. The less deforma-
tion displacement led to the conclusion that the mechanical
strength was enhanced in the presence of PVA. Combining PVA
with modified lignin induced the crosslink between PVA and
glutaraldehyde and exhibited network structure, as indicated by
FTIR and SEM. Crosslink of PVA and glutaraldehyde, formation
of network structures and enhanced interfacial bond in the
PVA/QL composite resulted in the increase of mechanical prop-
erties compared with that of the crosslinked lignin.

Table II. Pore Characteristics of Lignin, QL/PVA, and Activated Carbon

Surface Total pore Average pore
Sample  area(m®g ) volume cm® gl  size (nm)
Lignin 5.28 0.0053 13.14
QL/PVA 1110 0.0098 14.58
AB 743.98 0.364 19.561
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Nitrate Adsorption on PVA/QL

Effect of Shaking Time. Figure 6 illustrates the effect of shaking
time on the removal efficiency. The removal efficiency for nitrate
on PVA/QL absorbent increased with the increase of the shaking
time. More than 50% removal efficiency occurred within an hour
for PVA/QL absorbent. After adsorption time of 24 h, the
adsorption tended saturation for PVA/QL absorbent. The removal
efficiency reached 96% at 24 h and remained constant when the
adsorption time exceeded 24 h. Compared with activated carbon
absorbent, the PVA/QL absorbent exhibited the higher removal
efficiency for nitrate in whole absorption process.
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Figure 5. DMA spectra of crosslinked lignin and PVA/QL.
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Figure 6. The effect of shaking time on adsorption of nitrate at pH 2.0
and 25°C with 0.2 g of absorbents for 24 h.

From Table II and Figure 6, it can be seen that active carbon
had more pores and larger surface than PVA/QL; however the
removal efficiency at any shaking time is lower than PVA/QL.
Therefore, we deduce that the high removal efficiency for the
PVA/QL is ascribed to adequate functional groups in the surface
of the adsorbent, which provided more binding site for the
adsorption.

Effect of Absorbent Dose. Effect of PVA/QL dosage on NO;
adsorption was investigated by changing the sorbent dose from
0.05 to 0.4 g with the initial NO5;~ concentration at 10 mg L™".
Figure 7 shows the removal efficiency of NO; increased with
increasing of absorbent dose. The removal efficiency of NO; ™
increased rapidly when PVA/QL dose increased from 0.05 to 0.3
g and then reached the maximum with >90% of NO; ™ in solu-
tion was removed. But the removal efficiency changed little
when the absorbent weight was beyond 0.3 g. At a higher PVA/
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Figure 7. The effect of absorbent dose on adsorption of nitrate on PVA/
QL at pH 2.0 and 25°C for 24 h.
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Figure 8. The effect of temperature on adsorption of nitrate on PVA/QL
at pH 2.0 with 0.3 g of the absorbent.

QL dose, e.g., 0.4 g, the sorption sites were sufficient and a fur-
ther increase in sorbent dose did not lead to a significant
increase in the NO;~ removed from aqueous solution. There-
fore, when the initial concentration of nitrate was 10 mg L,
the absorbent dose of 0.3 g was more appropriate.

Effect of Temperature. Figure 8 gives the adsorption of NO;
on PVA/QL at 25, 30, 35, 40, and 45°C. The removal efficiency of
the absorbent for NO; ™ increased with the increase of the tem-
perature from 25 to 45°C in the first 10 h, indicating that the
adsorption process to be endothermic. Nevertheless, little differ-
ence in removal efficiency of nitrate was observed with the
increase of the temperature, so the adsorption temperature was
conducted at 25°C to save energy. The increase in remove effi-
ciency of NO;~ with temperature may be due to the changes in
the size of the pores or the increasing in molecule movement rate.

Effect of Solution pH. The effect of solution pH on the

adsorption of nitrate on PVA/QL is presented in Figure 9.
Nitrate adsorption is known to be dependent on the pH of

80
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Figure 9. The effect of solution pH on adsorption of nitrate on PVA/QL
at 25°C for 24 h with 0.2 g of the absorbent.
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Figure 10. The adsorption isotherm for nitrate is at pH 2.0. Absorbent
dose = 0.3g, shaking time = 24 h, temperature = 25°C.

solution. Solution pH is an important controlling parameter in
the adsorption process, and thus the role of solution pH is
examined at different pH value covering a range of 2.0-12.0.
Figure 9 shows that with an increase in solution pH ranging
from 2.0 to 12.0, the removal efficiency of NO;~ decrease from
67.2 to 13.8%. The removal efficiency is higher in the acidic
conditions than those in the neutral and alkaline solutions.
Moreover, because when the solution pH above 6 the nitrate
generates nitrophenol disulfonic which is yellow compound, the
color of the nitrate solution changes evidently. Change in the
solution color interferes with the evaluation for data validity of
the absorption. Therefore, the solution pH was adjusted to 2.0
to conduct the adsorption experiments.

Adsorption Isotherms. The adsorption isotherm experiments
were performed with the initial nitrate concentrations varied
from 10 to 80 mg L™'. For the Langmuir model, the linear
equation has the following form:

C G 1

Q" Q. . )

where Q is the adsorbed amount at equilibrium and C, is the
concentration at equilibrium, and Q,, and b are Langmuir con-
stants. The adsorption data were applied to Langmuir isotherm
equation and its contents were calculated, where Q,, was 5.75, b
was 3.41, and R* was 0.99696. From the slope of the Langmuir
curve, the maximum adsorption capacity of PVA/QL was eval-
uated as 5.75 mg g '. Figure 10 shows that the equilibrium

Table III. Desorption of Nitrate Ions

0.1M NaOH volume (mL) Recovery percentage (%)

10 51
15 75
20 87
25 82
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sorption data fits well Langmuir model, indicating to monolayer
adsorption on the surface.

Regeneration of PVA/QL

The regeneration efficiency for PVA/QL at different volumes of
0.1M NaOH is shown in Table III. It was found that nearly 87%
of the adsorbed nitrate ions were desorbed from PVA/QL by
using 20 mL 0.1M NaOH. It means that the high desorption
percentage could led to PVA/QL be repeatedly used in nitrate
adsorption study with slight losses in the initial adsorption
capacities.

Mechanism of Adsorption

In this work, lignin was first phenolated to give high reactivity,
aminated by monomeric quaternary ammonium groups, then
the modified lignin were immobilized onto PVA followed by
crosslink, greatly increasing the intensity and surface area of
PVA/QL absorbent and the active functional groups of absorp-
tion for NO; . The mechanism involved is simply inferred as
anion exchange chemical adsorption owing to dissociation of
hydroxide ion. Grafting of quaternary ammonium groups onto
lignin may increase electronic charge density of the molecule
and enhance the charge neutralization as well. The adsorption
mechanism of PVA/QL may be mainly charge neutrality action
and adsorption bridging action.

Furthermore, by comparing the nitrate removal efficiency of
pure lignin, crosslinked lignin, crosslinked QL and PVA/QL
composite, the mechanism of adsorption for NO; ™ is estimated.

Figure 11, it can be seen that nitrate removal efficiencies of
PVA/QL and QL are higher than that of pure lignin and cross-
linked lignin under the same conditions. The crosslinked lignin
without amination shows the low nitrate removal efficiency as
well as pure lignin, and QL shows almost the same high
removal efficiency as PVA/QL. These results indicate that qua-
ternary ammonium groups are the main reactive groups on the
absorbent for adsorption of nitrate. It can be concluded that
amino group of quaternary ammonium is the major functional
group responsible for the nitrate removal in QL and PVA/QL,
and crosslink plays a small role on nitrate removal. However,

70 67.2%

65.1%

60 -
504

40

i 30.2%
30] 283%

Nitrate removed (%)

201

101

T T

Pure lignin  Crosslinked lignin Crosslinked QL PVA/QL

Figure 11. Removal efficiency of various absorbents for nitrate (%), at
pH 2.0 and 25°C with 0.2 g of absorbents for 24 h.
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the nitrate removal efficiency of PVA/QL is slightly higher than
QL. This may be attributed to crosslink of PVA and QL produc-
ing network structure resulted in the increase of surface area of
PVA/QL absorbent.

CONCLUSION

A new poly(vinyl alcohol) (PVA)/quaternized lignin composite
absorbent was prepared from lignin after phenolization and
then quaternization (QL), and combined PVA with QL fol-
lowed by crosslinking of glutaraldehyde. IR spectroscopy of the
new composite absorbent reveals that lignin in the absorbent
is grafted with quaternary ammonium groups and crosslink
reaction between the hydroxyl group of PVA and lignin and
aldehyde group of glutaraldehyde occurs. The quaternary
ammonium structure and network structure in the surface of
PVA/QL are the key factors to remove nitrate. The nitrate
adsorption was strongly dependent on pH and absorbent dose,
but influenced little by temperature and shaking time. The
adsorption process was found to comply with the Langmuir
isotherm. Furthermore, PVA/QL absorbent exhibits effective-
ness in the removal of nitrate from aqueous solution and be
regenerated by using NaOH solution. The effective application
of the PVA/QL absorbent in the removing of nitrate from
aqueous solution demonstrates that the new composite absorb-
ent has a great potential to be an economical and efficient
absorbent.
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