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 Lignin based poly (acrylic acid)
(LBPAA) was synthesized by free
radical-initiated copolymerization.
 LBPAA with pores improved water
retention,
salt
resistance
and
biodegradation.
 LBPAA had no signiﬁcant effects on
the organic matter content and bacterial colony forming units of soil.
 Lignin was found to improve swelling
behaviors with higher water retention, fast swelling and de-swelling
rates.
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Supramolecular cross-linked porous lignin based poly (acrylic acid) [LBPAA] was lab-synthesized by
copolymerizing lignin grafted N, N'-methylene-bisacrylamide (LM) and acrylic acid. LBPAA successfully
acted as a water retention agent with salt resistance and biodegradation for agricultural applications.
Lignin was found to improve its swelling behaviors with higher water retention, fast swelling and deswelling rates. The salt tolerance was stronger in the case of LBPAA (60 PAA/40 LM) [60 wt% PAA/
40 wt% LM], i.e., 145.79 g$g1 higher than PAA at 0.09 mM KCl solution. The effect of ion charges on the
LBPAA swelling ratio was greater than that of ionic radius. The weight loss of LBPAA (60 PAA/40 LM) was
5.47%, 4.96%, and 4.56% in the soil of Tangshan, Harbin, and Sian, respectively. The soil moisture content
and clay content were observed to decrease gradually with increasing the burial time. The biodegradation test of LBPAA (60 PAA/40 LM) composite exhibited different bacterial colony forming units (CFU),
the soil of Tangshan was 2.0  103 CFU$g1 soil, 7.0  103 CFU$g1 soil for Harbin, and 6.10  104 CFU$g1
soil for Sian. However, the organic matter contents in the soils did not have signiﬁcant changes (Tangshan
6.21 mg$g1, Harbin 0.61 mg$g1, and Sian 0.405 mg$g1).
© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction
The world population stands at about 7.39 billion, but the world
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arable land is amounted to merely 31 million square kilometers.
The cultivated land has been signiﬁcantly decreased with a rate of
100 thousand square kilometers each year. To accommodate the
increased demand for food, excessive cultivation makes the soil
quality become poor (Zhong et al., 2013). Sufﬁcient water supply
and fertilizer are two essential requirements in agriculture. Population growth, extreme climate occurrence frequently associated
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with drought, river runoff, and water resources also play a negative
role on the crop production (Zhong et al., 2013).
Superabsorbent polymer (SAP) is the most potential material to
solve the above problem (Shi et al., 2014). While SAP has several
disadvantages such as low salt tolerance, low biodegradability
(Staples et al., 2000), poor mechanical properties, and high cost,
which limit their applications in agriculture (Franssen et al., 2013).
To make it stronger and lower cost, natural biodegradable polymers
were used to prepare economical agricultural water absorbent
materials such as starch (Ismail et al., 2013), cellulose (Chen et al.,
2011; Moon et al., 2011), lignin (Qi et al., 2015), inorganic clay,
lez et al., 2011;
and chitosan (Singh et al., 2010; García-Gonza
Nourbakhsh et al., 2014). Among the popular biodegradable polymers, lignin is the most abundant and complicated renewable aromatic resource with approximately 50 million tons produced
annually from wood, straw, and paper industry (Sun et al., 2011;
Cinelli et al., 2013; Pan and Saddler, 2013). It physically/chemically binds to cellulose/hemicellulose via covalent bonds such as
benzyl-ether, benzyl-ester, and phenyl-glycoside bonds. Thus,
lignin plays as a protective barrier for plant cell permeability and
resistance against microbial attacks and provides mechanical support to the plant vessels for transporting nutrients (Ohashi et al.,
2011; Ago et al., 2012). For example, lignin was used as a reactive
reinforcing ﬁller for soy oil-based polyurethane biomass foam (Luo
et al., 2013). Lignin has also reported to enhance the thermomechanical properties of lignin/poly (ester-amine) due to the
hydrogen
bonded/cross-linked
polymer
networks
(Sivasankarapillai and McDonald, 2011). Kraft lignin replacing
portion of glycol improved the ﬂexibility of polyurethane foam as
well as reduced its glass transition temperature (Pan and Saddler,
2013). Thus lignin plays an important role in cutting off the cost
and increasing the mechanical properties of composite polymer.
Since lignin gel was prepared from acetic acid lignin by using
polyethylene glycol diglycidyl ether as cross-linker, the research
focused on structural, mechanical, optical, and thermal properties
of the composite gels (Nishida et al., 2003). For example, Raschip
et al. reported that the effect of the lignin type on the morphology
and thermal properties of the xanthan/lignin hydrogels. The lignin
type was found to inﬂuence the hydrogel morphology, such as the
surface of xanthan/lignin hydrogels had porous structure (Raschip
et al., 2013). Wang et al. synthesized a sodium lignosulfonategrafted poly (acrylic acid-co-acrylamide) to verify that water
diffusion in this superabsorbent was non-Fickian solute transport,
and the swelling process followed the Schott model with SEM
images showing more pores (Diao et al., 2014; Lee and Bae, 2014;
Wang et al., 2014). However, the usage of lignin in SAP has not
been reported especially for soil environment-related studies.
In this work, double bond was introduced by the grafting lignin
and N, N'-methylene-bisacrylamide (LM). A porous lignin composite hydrogel consisting of LM and acrylic acid was investigated.
Lignin based poly (acrylic acid) (LBPAA) was synthesized by free
radical-initiated copolymerization to improve the salt tolerance for
agricultural applications. A series of experiments were performed
to evaluate the inﬂuences of factors such as lignin amount, salt
solution type and concentration on the swelling behaviors of the
LBPAA hydrogels. Synthetic polymers, such as PE, PAN, PET and so
on, are difﬁcult to be decomposed by microorganisms in the soil
that causes an increased environment pollution problem. The soil
moisture, bacterial colony forming units, clay content, and organic
matter content were indexed to diagram the variation of soils
(collection from Harbin, Tangshan, Xian of China) with increasing
the degradation of LBPAA. LBPAAs was characterized by FTIR
spectroscopy and 13C NMR spectroscopy; and scanning electron
microscopy (SEM) and accelerated surface area and porosimetry
system (ASAP) (Wang et al., 2014). The speciﬁc surface area of pore
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and the variation of soils brought by the degradation of lignin
composite hydrogels were also studied.
2. Materials and methods
2.1. Materials
Alkali lignin from wheat straw was obtained from the paper
manufacturing industry, and contained 82.69% lignin, 8.35% carbohydrates, and 8.96% ash. Prior to use, it was washed with acidiﬁed water (pH 2.0) to remove the residual salts and washed with
water to pH 7. The contents of functional groups were total hydroxyl (2.95 mmol$g1), aliphatic OH/aromatic OH (1:1.02), and
weight-average molecular weight (1903). Acrylic acid (AA),
ammonium persulfate (APS) and N, N'-methylene-bisacrylamide
(MBAm) were obtained from Aladdin Chemistry Co., Ltd.
(Guangzhou, China). Sodium hydroxide (NaOH) and ethanol (EtOH)
were purchased from Shanghai Reagent Corporation (Shanghai,
China). All the reagents were of analytical grade and were used
without any further puriﬁcation. Deionized water with approximate pH 7 was used throughout the study.
2.2. Preparation of LBPAA
Lignin (1.1 g) and N, N'-methylene-bisacrylamide (1.97 g) were
dissolved in 85 mL NaOH (1.25 M) with 30 min stirring at 60  C.
After adding APS (0.1 g), the ﬂask was sealed and the radical
polymerization was carried out for 10 min at 60  C to obtain LM
(Fodor et al., 2011). Afterward, different mass of LM (0.702, 0.882,
1.092, 1.34, and 1.638 g), APS (0.16 g) and extra MBAm (as a
crosslinker, 0.03 g) were added into 1.56 mL AA in the ﬂask to
prepare the composite LBPAAs (70 PAA/30 LM, 65 PAA/35 LM,
60 PAA/40 LM, 55 PAA/45 LM and 50 PAA/50 LM). The monomers
solution was stirred and bubbled with nitrogen for 15 min to
remove residual oxygen, and co-polymerized 30 min at 60  C. The
obtained hydrogels were divided equally into two parts. One part
was subsequently freeze-dried, and the other was washed three
times with 30 mL anhydrous ethanol (Zhou et al., 2013). PAA
(control sample) was also prepared as described above without
adding the lignin.
The neutralization degree refers to molar ratio of carboxyl to
hydroxyl, and the neutralization of acrylic acid was done by using
sodium hydroxide as neutralization reagent. Here, a monomer was
used with different neutralization degree (40, 50, 60, 70 and 80 mol
%), MBAm crosslinker (0.985, 1.97, 2.47, 3.94, and 4.54 g), APS
initiator (0.08, 0.16, 0.24, 0.32 and 0.40 g) and grafting time of LM
(5, 10, 15, 20, and 25 min) in order to obtain materials with sufﬁcient mechanical strength for further characterizations. This optimized condition, which exhibits the highest swelling capacity, is
shown in Fig. A1 of the Appendices. The polymerization was performed using APS as redox initiation.
2.3. Characterization of LBPAA
The morphology of porous LBPAAs was characterized by SEM
using Hitachi S-4800 (Hitachi Ltd., Japan) and Quanta 200 (FEI Ltd.,
USA). The samples were gold-coated before scanning to provide an
electrically conductive surface for better imaging (Luo et al., 2013).
The composite LBPAAs (70 PAA/30 LM, 65 PAA/35 LM, 60 PAA/
40 LM, 55 PAA/45 LM and 50 PAA/50 LM). The apparent speciﬁc
surface area and pore volume were obtained by nitrogen adsorption in the relative pressure range from 106 to 1.0 using ASAP 2020
(77 K, Micromeritics Co., USA) (Wu et al., 2004). The apparent
speciﬁc surface area was obtained using the BrunauereEmmetteTeller method (Song et al., 2009). The FTIR spectra were recorded
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on solid in KBr pellets by spectrometer (Nicolet 6700, Thermo
Scientiﬁc Inc., USA) connected to software with the OMNIC operating system (Version 9.0). The FTIR spectra were collected in the
frequency range from 4000 to 650 cm1. The 13C NMR spectra were
tested by solid NMR using Bruker ultrashield 500 plus (Bruker, GER)
with tetra-methyl silane (TMS) as the internal standard.
2.4. Swelling experiments
The effects of contact time on the water absorption capacities of
the hydrogels with different amounts of LM were studied. The
gravimetric method was employed to measure the swelling
behavior and salt tolerance of the LBPAA hydrogel samples (all
solutions were prepared with deionized water). The samples were
immersed in KCl solutions with different concentrations and pure
distilled water at room temperature. To investigate the effect of
different types of salt solutions on the swelling capacity, the
hydrogel samples were immersed in various saline solutions (KCl,
LiCl, CaCl2, FeCl3, KNO3, K2CO3 and K2SO4) with different concentrations at room temperature. Thus, the effect of pH on the water
absorption capacities were examined in the solutions with various
pHs (3e11). The equilibrium water uptake was calculated using
Equation (1):

SW ¼

Wt  Wd
We  Wd

(1)

where SW (g$g1) is the swelling ratio per gram dried sample, Wd
(g) and Wt (g) are the mass of dried and swollen samples at time t.
We (g) is the mass of sample to the equilibrium adsorption (Calabria
et al., 2012).
2.5. Degradation tests
]The soils consist of a wide range of microbes that aid in the
biological processes such as nutrient cycling of phosphorous, nitrogen, and carbon, and converting organic matters into energy
for plants, thus organic matter content was chosen as a comprehensive index to measure the nutrient content (Franzetti et al.,
2006). The soil moisture is a parameter of interest, particularly
in the ﬁeld studies of plant water relations, or crop production and
irrigation (Yakabe et al., 1992). The soil microorganisms have
functions of nitrogen ﬁxation, nitriﬁcation, denitriﬁcation, and
decomposition and synthesis of humus, to ensure normal growth
of crops. Bacterial colony forming units can reﬂect the growth of
microorganism. High clay content not only showed the nutrient of
soil rich, but also that the soil nutrients was not easy to be leached
by rain and irrigation water, reﬂecting the soil with good fertilizer
performance (Ro et al., 2016). Polymers are usually hard to
degrade and cause environment pollution. To test the inﬂuences
brought by LBPAA degradation on the soils, the soil moisture,
bacterial colony forming units, clay content and organic matter
content were chosen as index. The soil samples were obtained
from different farms in Harbin, Tangshan, and Sian of China. The
detailed experimental data of the above soils are shown in
Table B1 of the Appendices.
During the process of LBPAA degradation, the soil samples
were collected and air-dried for analysis at 1, 2, 3, 4, 5, 7, 11, 17, 25,
and 35 d (Watanabe et al., 2009). The organic matter content was
determined using the oxidation method. Brieﬂy, the soil samples
were treated with H2O2 to destroy the organic matter content,
followed by adding a dispersive agent [Na(PO3)6 þ Na2CO3]. Then,
different soil textural fractions were separated by successive
sieving, rinsing and pipetting of the suspension solution and by
weighing the dry residues after evaporation in an oven at 105  C

for 48 h (Urrutia et al., 2013). The value of clay content was
calculated by the proportion of soil particles with a diameter
<2 mm (Ciampalini et al., 2015). The soil pH was determined with a
pH meter, using glass and reference electrodes, in a 1:2.5 soil/
water suspension. The water losses of LBPAA and soil moisture
content were measured by the gravimetric method (Sugihara
et al., 2010). The soil samples were suspended in 1 mL distilled
water to isolate bacteria. This suspension was diluted 1:1000 with
distilled water and 10 mL diluted suspension was inoculated onto
a LuriaeBertani (LB) agar plate. The LB agar plate was incubated at
25  C until some colonies had been formed (Kenji Tabata et al.,
2013). The soil bacteria that had been stored at 30  C were
inoculated in LB broth and incubated at 30  C for 12 h. After this
pre-incubation, 10 mL culture medium was inoculated onto LB agar
plates that contained 1% (w/v) glucose. After incubation at 30  C
for 2 d, the bacterial colony forming units were determined by the
dull colony notation.
3. Results and discussion
3.1. Preparation of hydrogels
The three-dimensional structure of lignin was well-organized
by random copolymerization of LM and poly (acrylic acid) as
illustrated in Scheme 1. Double bond was introduced by the grafting reaction between lignin and MBAm. LM was copolymerized
with acrylic acid by free radical-initiated reaction.
The polymer hydrogels were subjected to FTIR and 13C NMR
(Figs. 1 and 2). It is noted that the infrared spectra of gels cannot be
taken as the superposition of the FTIR spectra of the PAA, lignin and
MBAm. The presence of PAA and lignin-g-MBAm units in the
hydrogels is characterized as follows. The broad bands in the range
of 3448 cm1 are due to the NeH stretching of amide groups and
OeH stretching of carboxyl groups (Sivasankarapillai and
McDonald, 2011; Liu et al., 2014), and the absorbance bands at
1635 cm1 are attributed to the secondary amide C]O stretching
(Zhou et al., 2013). The stretching vibration of OeC]O bonds of
carboxylate groups for PAA at 1735 cm1 shifted to a lower wavenumber (1720 cm1) (Sivasankarapillai and McDonald, 2011; Zhou
et al., 2013; Liu et al., 2014). The benzene ring breathing vibration
for LM at 1600 cm1 also shifted to a lower wavenumber
(1589 cm1). Besides, the syringyl breathing vibration appears at
1329 cm1, and the guaiacyl breathing vibration appears at
1266 cm1, indicating that lignin-g-MBAm cross-linked with PAA to
form network successfully (Singh et al., 2010; Wang et al., 2014).
The CeO stretching vibration peaks at 1210 cm1 are attributed to
the phenolic hydroxyl groups and hydroxyl groups for PAA,
respectively (Liu et al., 2014).
Besides, the 13C NMR spectra show two signals at 48 and 60 ppm
for NeCH2eCH2eOe, which support the occurrence of grafting
reaction between the hydroxyl groups of lignin and MBAm
(Sivasankarapillai and McDonald, 2011). Furthermore, the signal at
175 ppm for the formation of carbonyl ester (C]OeOeR) also
supports the occurrence of esteriﬁcation. Moreover, the appearance
of signals (Fig. 2) around 60e160 ppm suggests the characteristic
signals of a phenylpropane structure unit. In addition, the signal at
72 ppm is attributed to C-b in b-O-4, indicating that the lignin
consists of b-O-4 units. The chemical shifts indicate that LBPAA was
synthesized by radical copolymerization of lignin grafted MBAm as
a macromonomer with acrylic acid (Ismail et al., 2013).
3.2. Morphology of the hydrogels
Fig. 3 shows the SEM microstructures of the swollen hydrogel
materials that were freezen by liquid nitrogen. The micrographs
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Scheme 1. Synthesis of lignin based poly (acrylic acid).

molecular of LM formed porous LBPAA composite gel by tow ways
of grafting reaction and ﬁlling volume.

3.3. Swelling properties and textural properties

Fig. 1. FTIR spectra of (a) Lignin-g-MBAm, (b) LBPAA (60 PAA/40 LM), and (c) PAA. (In
FTIR spectra, blue, black and red represent Lignin-g-MBAm, LBPAA (60 PAA/40 LM) and
PAA. For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)

show that the PAA gels (gel f) exhibit a honeycomb-like structure
with dense cell walls. These ice crystals as a template formed cell in
the network. The morphology is the mesh of hydrogels at their
molecular level. Nevertheless, the LBPAA hydrogels revealed pronounced morphological differences. The LBPAA gel shows smaller
pore size and rougher surfaces than others due to the incorporation
of LM. The hydrogel with lower cross-linker density (gel aee)
shows much porous morphology, and the cell walls of gels are
observed to be thinner than that of PAA (gel f). The result was
consistent with a rough surface found in the xanthan/lignin
hydrogels (lignin from annual herbaceous) (Cinelli et al., 2013; Luo
et al., 2013; Pan and Saddler, 2013).
Gel e shows that excessive lignin covered the surface of LBPAA
(50 PAA/50 LM) composite LBPAA (Fig. 4). The pores have also been
observed in gel aed (Fig. 4), the rougher surfaces not only indicate
the copolymerization of AA and LM uniformly, but also show some
LM embedded on the surface of LBPAA network. Comparison high
magniﬁcation SEM photographs of LBPAA (60 PAA/40 LM) with
PAA, network of LBPAA was not only more rough on the inner
surface by the grafting reaction of LM, but lignin molecular fragments without active reaction sites can ﬁlling in it (See in Fig. A2 in
the Appendices). With Fig. 1 a, we can conclude that the 3D macro-

The dynamics of swelling and de-swelling processes has been
determined for all the hydrogel samples by measuring the water
absorption capacity at different periods (Fig. 5). The LBPAA (60 PAA/
40 LM) hydrogels presented the water absorption capacity at
equilibrium of 411.9 g$g1 while PAA's capacity is 131.8 g$g1, and
other LBPAA hydrogels (gelb, 389.0 g$g1; gelc, 373.1 g$g1; geld,
312.6 g$g1; and gele, 239.5 g$g1) also have higher water absorption capacity than PAA (See in Fig. 5a). The degree of swelling
can be controlled via the cross-linker type, concentration, and the
amount of synthesized monomers (Lee and Bae, 2014). High water
absorption capacity of LBPAAs was believed arising from the
decreased crosslinking density of composite polymer, that also
helps LBPAA formed the development pores (Ali et al., 2015). The
decreased crosslinking density of LBPAA is caused by the fact that
lignin grafted MBAm has amorphous structure to disturb regular
structure of composite materials. Fig. 5b shows that the water
releasing ability of LBPAA hydrogels is stronger than that of PAA. For
example, one gram LBPAA (60 PAA/40 LM) can release 312.16 g
water, but one gram PAA can only release 122.33 g water; and other
LBPAAs (65 PAA/35 LM 300.35 g, 70 PAA/30 LM 274.27 g, 55 PAA/
45 LM 165.75 g, and 50 PAA/50 LM 178.71 g) also release water
higher than PAA. From Fig. 5, the swelling process was observed to
be carried violently out in 300 min and the water absorption capacity of de-swelling process was decreased rapidly in 1000 min.
The rate constants in the swelling (0.89 ± 0.077 g$g1$min1) and
deswelling (0.049 ± 0.0007 g$g1$min1) processes of LBPAA (60
PPA/40 LM) were higher than PAA (swelling 0.46 ±
0.011 g$g1$min1, de-swelling 0.018 ± 0.0009 g$g1$min1) (See
in Table B2 in the Appendices). Then, it can be concluded that an
appropriate addition of lignin into PAA can not only improve the
swelling and deswelling rates, but also enhance their water absorption capacity and the amount of released water. This result is
attributed to the pores built by grafting reaction of lignin and
improved network structure of PAA.
To determine the effect of pores on the water absorption
mechanism of LBPAAs, the kinetic parameters from Díez-Peﬁa. E.
(Eq. (2)), the Fickian diffusion (Eq. (3)) and Schott second-order (Eq.
(4)) models were calculated and summarized in Table 1. The ﬁtting
curves are shown in Fig. A3. The equations are shown as follows
(Sun et al., 2013):
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Fig. 2.

13

C NMR spectra of (a) LBPAA (60 PAA/40 LM), (b) PAA, and (c) Lignin.

Fig. 3. SEM images of hydrogels freezing by liquid nitrogen. (a) LBPAA (60 PAA/40 LM), (b) LBPAA (65 PAA/35 LM), (c) LBPAA (70 PAA/30 LM), (d) LBPAA (55 PAA/45 LM), (e) LBPAA
(50 PAA/50 LM), and (f) PAA.

 
St
¼
S∞

1  eðk1 þk2 Þt
 
k1
þ eðk1 þk2 Þt
k

k1
k2


(2)

2

 
St
¼ ln k3  n ln t
ln
S∞

(3)

t
1
t
¼

St k4 S∞

(4)

where k1 is a ﬁrst-order rate constant, in response to the

penetration of water molecules, k2 is the auto-catalytic rate constant, k3 is the constant incorporating characteristics of the polymer
network and the solvent of Fickian diffusion equation; n is the
diffusional release exponent; and k4 is the initial swelling rate of
Schott swelling equation. St is the swelling ratio (g$g1) at time t;
and S∞ represents the theoretical equilibrium swelling ratio (g$g1)
(Sun et al., 2013).
The correlation coefﬁcients R2 for the Schott second-order kinetic plots for all the hydrogels studied are above 0.99, indicating
that the Schott second-order kinetic model can describe well the
experimental data. This also means that the swelling process of
LBPAAs and PAA in deion water was probably controlled by the
chemical process, and those pores introducing by LM just acted as a
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Fig. 4. SEM images of the freeze-dried hydrogels. (a) LBPAA (60 PAA/40 LM), (b) LBPAA (65 PAA/35 LM), (c) LBPAA (70 PAA/30 LM), (d) LBPAA (55 PAA/45 LM), (e) LBPAA (50 PAA/
50 LM), and (f) PAA.

Fig. 5. Plots of swelling ratio as function of time for (a) swelling at deionized water and (b) deswelling in air at 20  C.

Table 1
Related kinetic parameters of LBPAAs from Díez-Peﬁa. E., the Fickian diffusion and Schott second-order models.
Samples

Díez-Peﬁa. E model
Sr (g$g

LBPAA
LBPAA
LBPAA
LBPAA
LBPAA
PAA

(
(
(
(
(

60
65
70
55
50

PAA/40
PAA/35
PAA/30
PAA/45
PAA/50

LM)
LM)
LM)
LM)
LM)

1

411.89
389.03
373.11
319.28
244.85
131.85

)

10

3

k1

10.29
8.12
7.23
7.33
3.82
10.29

Fickian model
10

48

k2

6.43
32
1.27
2.1
2.9
0.82

S∞ (g$g
411.87
389.03
373.11
319.27
243.93
131.85

1

)

R

2

0.9568
0.9385
0.8887
0.9685
0.9912
0.9873

n

k3 (g$min

0.298
0.295
0.3122
0.3789
0.3809
0.4635

0.1461
0.1395
0.1216
0.0816
0.0676
0.0411

synergistic role. In addition, Sr is the measured maximum value of
swelling ratio (g$g1). Compared to values of Sr, the S∞ calculated
by the Díez-Peﬁa. E. model was closer to the experimental data than
that of the Schott second-order model and Fick's diffusion model
(see in Table 1).
The pH of a solution is an important parameter in the swelling
process because of the pH dependencies of the complexation reactions or electrostatic interactions in the physisorption processes
at the adsorption surface. Fig. 6 shows the effect of pH value on the
water absorbency of LBPAAs hydrogels. The swelling behaviors of
LBPAAs were mainly anionic-type superabsorbents that were cut
into many stages because of eCOO- and C6H6eO. At pH < 5, the

Schott's second-order model
1

)

1

S∞ (g$g

487.441
466.1162
478.3833
412.1211
265.6487
159.0477

)

R

k4 (105 g$min1)

S∞ (g$g1)

R2

0.9543
0.9667
0.9683
0.913
0.961
0.9054

2.1
2.45
2.22
2.31
2.04
7.36

440.5286
414.9378
393.7008
337.8378
263.1579
142.6534

0.9987
0.9994
0.9986
0.9994
0.9984
0.9958

2

water absorbency was found to be low at lower pH values and
increased with increasing the pH value. This can be explained with
the carboxylate groups protonated (COO/COOH) to strengthen
the molecular interactions of electrostatic repulsion and formed
extra physical crosslinking in the network (Wang and Wang, 2010;
Zhou et al., 2013). But when the pH was over 6 (6 < pH < 7), the
molecular interactions were weakened due to the lack of Hþ, and
the network shrunk (pKa of carboxyl group at 4.75). However, for
LBPAAs at 7 < pH < 10, the hydrogels were expanded again because
of new rejection balance for the carboxylate groups
(COOH/COONa). Finally, when the LBPAAs were put in the basic
solutions (pH > 10), the hydrogels shrunk. There are two reasons.
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Fig. 6. Effects of varying pH on water absorbency of LBPAA hydrogels.

One can be due to the phenolic hydroxyl group of lignin (pKa of
phenolic hydroxyl group at 9.95); the other is the charge screening
effect of the Naþ in the swelling medium that prevented effective
anion-anion repulsions and lead to a decreased water absorption
(Zou et al., 2012). Meanwhile, the LM in LBPAA (PAA50/LM50) are
partially dissolved to bring out the hydrogel collapsed.
To determine the relation of LBPAA pores with swelling properties, the speciﬁc surface area, porosity and average pore diameter
of sample were determined by using ASAP2020 (Wang et al., 2014).
The LBPAA (60 PAA/40 LM) is observed to have the highest speciﬁc
surface area (122.7 ± 4.51 m2$g1) and speciﬁc pore volume
(1.03  102 ± 1.6  104 cm3$g1). PAA has only a speciﬁc surface
area of 0.32 ± 0.47 m2$g1 and a speciﬁc pore volume of
1.5  104 ± 8.24  105 cm3$g1. As a result, the LBPAAs hydrogels
have more water absorption capacity and faster swelling and deswelling rate because of the developed pore structure, and the
pore was built by decreasing the crosslinking density with the
lignin grafted MBAm (Ali et al., 2015). The order of speciﬁc surface
area, speciﬁc pore volume, swelling rate, and de-swelling rate of
LBPAA hydrogels was gel c > gel b > gel a > gel d > gel e, whose
sequence in each are the same (See in Table B2 in the Appendices).
3.4. Salt tolerance
The salt concentration, charge valence, and ionic radius of
external solution greatly inﬂuenced the swelling behavior of the
superabsorbents. Therefore, the salt tolerance was determined by
measuring the ion concentrations and salt type of water absorption
at 25  C. The LBPAA composite hydrogels have many sodium ions
because of the sodium hydroxide as neutralization reagent to
prepare the hydrogels. Thus, KCl solution was chosen as salt media
to prevent sodium ions interfere with water absorption capacity of
the composite hydrogels. The swelling ratios of LBPAA composite
hydrogels were observed for the hydrogels upon using a series of
KCl solutions with different concentrations (Fig. 7a). PAA can not
release any more water when the concentrations of KCl solution
exceed 0.09 mM, but LBPAAs hydrogels can release water until
0.34 mM KCl solution. The water absorbency of LBPAA (60 PAA/
40 LM, 340.54 g$g1) was 145.79 g$g1 higher than PAA
(194.75 g$g1) at 0.09 mM of KCl solution. Furthermore, the water
absorbency of LBPAA (55 PAA/45 LM) and LBPAA (50 PAA/50 LM)
was lower than PAA at 0.34 mM KCl solution. It was concluded that
PAA has lower salt tolerance than the LBPAA composite hydrogels,
which might be due to the decreased crosslinking density of
composite polymer by the pores (Ali et al., 2015). With the addition

of KCl, the swelling ratio of LBPAA composite hydrogels was
decreased. This is due to the fact that the increased salt concentration leads to the reduction of osmotic swelling pressure difference between the polymer matrix and the external solution that
prevents water molecules to penetrate inside the hydrogels (Zhou
et al., 2013).
The decrease of swelling ratio depended on not only the salt
concentration but also the type of salt added to the swelling medium. For comparison, the salt rejection was also evaluated among
various salts (Fig. 7b). The data obtained from the salt solutions of
KCl, CaCl2 and FeCl3 show that the salt tolerance of LBPAA (60 PAA/
40 LM) increased with decreasing the charge valance
(monovalent > divalent > trivalent) (Shi et al., 2014). The composite
hydrogels had more carboxyl groups that can be neutralized by
multivalent ions in salt solution, which may increase the crosslinking density slightly and strengthen the intramolecular and
intermolecular complex formation ability. The higher crosslinking
density in turn stimulated the rapid shrinkage of LBPAA (60 PAA/
40 LM), and thus the swelling ratio was decreased (Ali et al., 2015).
The data obtained from the salt solutions of K2CO3 and K2SO4 show
that the anions exerted little impact on the swelling ratio. However,
more shrinking of LBPAA (60 PAA/40 LM) in K2SO4 solution could be
due to SO2
4 (hydrated radius, 0.379 nm) (Tansel et al., 2006) having
smaller ionic radius than CO2
3 (hydrated radius, 0.394 nm) (Volkov
et al., 1997; Tansel et al., 2006). The K2SO4 solution had little
diffusion resistance in porous composite hydrogels. Similarly, more
shrinking of LBPAA (60 PAA/40 LM) in KCl solution than in KNO3
solution could be due to the smaller hydrated radius of Cl
(0.195 nm) than that of NO
3 (hydrated radius 0.340 nm) (Volkov
et al., 1997). On the other hand, the swelling ratios of LBPAA
(60 PAA/40 LM) in monovalent KCl solution (Kþ, hydrated radius
0.331 nm) was similar to that of LiCl solution (Liþ, hydrated radius
0.382 nm) (Volkov et al., 1997) due to similar hydrated radius between Liþ and Kþ. Besides, more shrinking of LBPAA (60 PAA/40 LM)
in K2CO3 solution than in KNO3 solution could be due to the Kþ
concentration in K2CO3 solution as twice as KNO3 solution. We
conclude that the effect of ion charge on the LBPAA swelling ratio
was greater than that of the ionic radius.
3.5. Biodegradability
The morphological photograph of LBPAA (60 PAA/40 LM) before
and after degradation was studied by using SEM. Fig. 8 shows the
SEM microstructures of LBPAA (60 PAA/40 LM) and the PAA of
biodegradation stage-0 d, stage-35 d and stage-180 d, respectively.
Before degradation, LBPAA (60 PAA/40 LM) had very welldeveloped pore (Fig. 4). The degradation of LBPAA (60 PAA/
40 LM) at 180 d was observed to be more severe than after around
35 d, Fig. 8aec. While the network of PAA without LM had no
observable cracks and the surface was also very smooth and homogeneous during the 180-d observations. As expected, there was
no weight loss in PAA. In the ﬁnal stage of biodegradation, the
network became incomplete, and the size and number of cracks
and ﬁssures were increased largely. The degradation of LBPAA
(60 PAA/40 LM) might be due to the complete breakage of covalent
bonds between LM and polymeric chains through the chemical and
enzymatic degradation by different microorganisms.
Table 2 shows the biodegradation test experimental data for
water loss of LBPAA (60 PAA/40 LM). After 35 d, the weight loss of
LBPAA (60 PAA/40 LM) was 5.47%, 4.96%, and 4.56% in soil of
Tangshan, Harbin, and Sian, respectively. These observations were
in agreement with the ﬁndings reported in previous work
(Nourbakhsh et al., 2014). The addition of rice-husk ﬁbers and bagasse's ﬁbers (25%e40%) in polypropylene (PP) composite was
found to improve its biodegradability. Table 2 also shows the

Y. Ma et al. / Chemosphere 163 (2016) 610e619

617

Fig. 7. Effect of LM mass ratio on water absorbency in different (a) KCl concentration and (b) salt type solution.

Fig. 8. Comparative SEM images of LBPAA (60 PAA/40 LM) degradation. (a) LBPAA (60 PAA/40 LM) 0 day, (b) LBPAA (60 PAA/40 LM) 35 days, (c) LBPAA (60 PAA/40 LM) 180 days, (d)
PAA 0 day, (e) PAA 35 days, and (f) PAA 180 days.

Table 2
Effect of LBPAA (60 PAA/40 LM) on degradation rate, soil moisture content, bacterial colony forming units, clay content, and organic matter content from different soils.
Sample

Field
sites

1d

2d

3d

4d

5d

7d

11 d

17 d

Water Loss (%)

Harbin
42.6 ± 1.3 50.1 ± 1.0 61.8 ± 1.5 63.3 ± 1.1 64.7 ± 1.7
Tangshan 37.7 ± 0.3 46.4 ± 0.6 46.9 ± 0.4 47.40 ± 0.5 51.5 ± 0.2
Xi an
41.8 ± 0.2 49.5 ± 0.5 52.3 ± 0.3 53.04 ± 0.7 55.9 ± 0.2

Soil moisture (%)

Harbin
29.1 ± 1.1 26.1 ± 0.9 23.4 ± 0.5 22.6 ± 0.7
Tangshan 26.1 ± 0.9 22.7 ± 0.8 14.6 ± 0.5 6.5 ± 0.5
Xi an
28.6 ± 0.4 26.3 ± 0.3 23.4 ± 0.5 17.3 ± 0.6

19.67 ± 0.5 11.1 ± 0.3 4.0 ± 0.2 2.2 ± 0.03 0.8 ± 0.01 0.7 ± 0.02
1.6 ± 0.5
0.8 ± 0.01 0.5 ± 0.02 0.5 ± 0.01 0.5 ± 0.01 0.5 ± 0.002
8.3 ± 0.3
1.4 ± 0.1 0.9 ± 0.04 0.8 ± 0.005 0.7 ± 0.015 0.6 ± 0.02

Bacterialcolony forming units
(104 CFU$g1 soil)

Harbin
4.10 ± 0.2 5.2 ± 0.2 12.7 ± 0.3 13.6 ± 0.5
Tangshan 1.2 ± 0.04 1.8 ± 0.01 2.4 ± 0.07 8.5 ± 0.4
Xi an
10.1 ± 0.2 12.1 ± 0.1 12.2 ± 0.5 16.4 ± 0.4

24.7 ± 0.2
10.8 ± 0.3
20.7 ± 0.4

19.9 ± 0.4 14.0 ± 0.5 12.9 ± 0.4
7.0 ± 0.5 5.1 ± 0.1 2.6 ± 0.07
21.3 ± 0.5 20.3 ± 0.2 18.3 ± 0.3

4.1 ± 0.1
1.5 ± 0.06
18.1 ± 0.4

3.4 ± 0.1
1.4 ± 0.06
16.2 ± 0.3

Clay content (%)

Harbin
25.8 ± 1.0 22.4 ± 1.0 17.1 ± 0.2 15.6 ± 0.5
Tangshan 24.0 ± 0.7 22.2 ± 0.6 17.8 ± 0.3 14.6 ± 0.2
Xi an
25.0 ± 0.7 18.8 ± 0.5 14.4 ± 0.6 13.4 ± 0.6

15.1 ± 0.4
14.6 ± 0.5
13.2 ± 0.3

14.1 ± 0.3 12.5 ± 0.4 12.0 ± 0.6
14.3 ± 0.4 11.7 ± 0.4 5.0 ± 0.6
12.6 ± 0.3 11.0 ± 0.7 9.7 ± 0.2

10.7 ± 0.6
3.2 ± 0.3
9.7 ± 0.5

9.5 ± 0.5
2.0 ± 0.1
7.3 ± 0.5

Organic matter content (mg$g1)

Harbin
55.6 ± 0.3 55.3 ± 0.3 55.2 ± 0.3 48.4 ± 0.2
Tangshan 49.3 ± 0.6 45.3 ± 0.5 41.7 ± 0.4 40.4 ± 0.8
Xi an
54.1 ± 0.8 53.7 ± 0.4 47.9 ± 0.7 44.8 ± 0.3

31.3 ± 0.3 46.2 ± 0.2 55.1 ± 0.2 55.2 ± 0.2
40.4 ± 0.3 41.5 ± 0.3 44.2 ± 0.6 46.5 ± 0.5
40.9 ± 0.04 41.3 ± 0.4 43.6 ± 0.5 43.8 ± 0.7

55.3 ± 0.5
48.2 ± 0.3
53.0 ± 0.4

56.2 ± 0.4
55.5 ± 0.7
54.5 ± 0.5

65.8 ± 1.6 67.6 ± 2.7 71.4 ± 0.9
55.5 ± 0.6 56.4 ± 0.3 57.1 ± 0.9
56.0 ± 0.3 56.6 ± 0.5 56.7 ± 0.2

25 d

35 d

73.1 ± 0.9
57.8 ± 0.5
56.9 ± 0.7

74.4 ± 0.9
59.5 ± 0.9
57.4 ± 0.6
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biodegradation experimental data for moisture and various features of the soil. The soil moisture content and clay content of test
soils were observed to decrease gradually with increasing the
burial time.
Compared with the bacterial colony forming units of the 1st d and
35th d, Table 2 presents three soils with obvious differences on the
degradation of LBPAA (60 PAA/40 LM). The highest value of bacterial
colony forming units appears in the 5th d. The bacterial colony
forming units of Tangshan soil is 2.0  103 CFU$g1 soil, lower than
soils of Harbin (7.0  103 CFU$g1 soil) and Sian (6.10  104 CFU$g1
soil). Unlike bacterial colony forming units, the organic matter content of soils was at its minimum at 5 d (Tangshan
40.37 ± 0.3149 mg$g1, Harbin 31.26 ± 0.2832 mg$g1, and Sian
40.89 ± 0.0424 mg$g1). While compared the organic matter content
of soils at 1st d and 35st d, the variation of Tangshan soil is
6.21 mg$g1, higher than that of Harbin (0.61 mg$g1) and Sian
(0.405 mg$g1). It was noted that LBPAA (60 PAA/40 LM) promoted
degradation with the growth of bacteria in soil. With the consumption of LBPAA (60 PAA/40 LM), the organic matter content and bacterial colony forming units could be self-healed. Because of the LBPAA
(60 PAA/40 LM) decomposition, the organic matter content in soil
gradually increased with the weight of the LBPPAs decreased. While
clay content did not give rise but fell, which maybe reduce the range
of vertical spatial variation distribution of soil moisture content.
4. Conclusions
In the present study, the synthesis and characterization of
LBPAA composite hydrogels are presented together with the salt
resistance and biodegradation hydrogels by the lignin grafted
MBAm and acrylic acid. A series of polymeric networks with varied
structures of PAA were successfully prepared using free radical
copolymerization technique. Unlike traditional hydrogels, the
swelling properties were found to strongly depend on the pore
architecture of hydrogels and composition of lignin grafted MBAm.
The rate constants in the swelling and de-swelling processes of
LBPAA (60 PPA/40 LM) were higher than that of PAA. The water
absorbency of LBPAA (60 PAA/40 LM) was 145.79 g$g1 higher than
PAA at 0.09 mM KCl solution. The effect of ion charge on LBPAA
swelling ratio was greater than that of the ionic radius. After 35 d,
the weight loss of LBPAA (60 PAA/40 LM) was 5.47%, 4.96%, and
4.56% in the soil of Tangshan, Harbin, and Sian, respectively. The soil
moisture content and clay content of test soils were observed to
decrease gradually with increasing the burial time. With the consumption of LBPAA (60 PAA/40 LM), the organic matter content and
bacterial colony forming units could be self-healed after around
35 d. Many developments in lignin application technologies are
aimed at minimizing environmental impacts and reducing cost.
Therefore, this work about LBPAA for salt resistance and biodegradation hydrogels should beneﬁt minimizing the environmental
impacts and reducing the cost for applications of agriculture.
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