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Synthesis and Characterization of Porous Hydrogel
Based on Lignin and Polyacrylamide
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A porous lignin-containing hydrogel was developed for dye removal via
graft copolymerization of acetic acid lignin (AAL) and acrylamide (AAm),
in the presence of ethyleneglycol dimethacrylate (EGDMA) as a
crosslinker and H202 as an initiator. AAL was characterized by FT-IR and
TGA. After being washed to remove impurities, the hydrogel was
characterized by FT-IR, TGA, SEM, and swelling ratio. FT-IR spectra
suggested that AAL was present in the hydrogel. The TGA curves
revealed that the introduction of AAL had no significant impact on the
thermal stability of PAAm. SEM images showed that the honeycomb-like
structure of the hydrogel was improved with increasing AAL content. The
swelling ratio data showed that the hydrogel with a high AAL/AAm ratio
was sensitive to pH. Furthermore, increased lignin content of the
hydrogel favors the dye adsorption.
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INTRODUCTION

Lignin, second only to cellulose in natural abundance, is an important constituent
in biomass. The principal use for lignin is as a fuel to fire the boilers used for pulp
production (Dimmel 2010). Moreover, lignin is now being isolated from the process of
ethanol fuel production; commercial uses of the lignin by-product will greatly enhance
the processing costs (Bujanovic et al. 2012). However, only 1 to 2% of lignin is isolated
from pulping liquors and used to prepare polymer materials, e.g., polyurethanes (Cinelli
et al. 2013; Li and Ragauskas 2012; Pan and Saddler 2013), phenolic resins (Cheng et al.
2013), and epoxy resins (Qin et al. 2014; Sasaki et al. 2013). A review of materials
prepared from lignin was presented by Chung and Washburn (2012).

In recent decades some lignin-based materials have been prepared from enzymatic
hydrolysis lignin (Fang et al. 2010), acidic hydrolysis lignin (Da Silva et al. 2011),
formic acid lignin (Consolin Filho et al. 2007), alkali lignin (Suteu et al. 2010), and
lignosulfonate (Liu and Huang 2006) for removal of dyes from aqueous solution. The
effectiveness of such systems has been attributed to various interactions, e.g.,
electrostatic and hydrophobic interactions, between lignin and dyes (Hubbe et al. 2012).
A hydrogel is a network of polymer chains that can absorb large amounts of water
(Hennink and Van Nostrum 2012). Polyacrylamide (PAAm) hydrogels are also used
extensively in dye wastewater treatment (Karadag et al. 2002; Yang and Ni 2012)
because of their three-dimensional cross-linked polymer networks of flexible chains that
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are able to retain dye molecules. The porous structure networks allow dyes to diffuse
through the hydrogel structure. As PAAm hydrogels possess anionic functional groups,
they can absorb cationic dyes, e.g., methylene blue (MB), from wastewaters (Yi and
Zhang 2008). Due to the content of many anionic functional groups e.g., phenolic and
carboxylic groups, on the lignin, there is reason to expect cationic dye molecules to have
good affinity with lignin-based PAAmM hydrogel.

Acetic acid lignin (AAL) is a kind of organosolv lignin precipitated from the
waste liquor of acetic acid pulping. Relatively little structural changes and condensed
structure of AAL favor its reactivity (Feng and Chen 2012). In this study, AAL and MB
was used as the lignin and cationic dye, respectively. A new kind of hydrogel derived
from AAL and polyacrylamide was synthesized and characterized. The presence of AAL
in the hydrogel was confirmed by FT-IR and TGA. The effect of lignin on the
corresponding properties of the hydrogel was discussed.

EXPERIMENTAL

Materials

AAL was obtained from the acetic acid pulping of eucalyptus chips under
atmospheric pressure (Uraki et al. 1991). AAL was deacetylated according to the method
of our previous work (Feng et al. 2012). The Mmw and mn of AAL were 12060 and 5330
g/mol, respectively. The phenolic and carboxylic content of AAL was measured to be
2.42 and 0.09 mmol/g, respectively. Acrylamide (AAm, 99%) and ethyleneglycol
dimethacrylate (EGDMA, 98%) were obtained from Aladdin Reagent Co. Ltd, Shanghai,
China.

Methylene blue (MB) dye is a commercial product of Kermel Reagent Inc, China.
The stock solution of 1.0 g/L MB was prepared by dissolving appropriate amount of MB
in deionized water. The MB stock solution could be diluted to obtain solutions of
different concentrations.

Methods
Preparation of the Hydrogels

The hydrogels were prepared according to the method of Meister and Chen
(1991), with modifications. The compositions of these materials, based on the added
amounts, are listed in Table 1.

Table 1. Feed Composition of the Hydrogels

) sample | o LGA1 LGA2 LGA3
Material
AALTg 0 05 05 0.5
AAm/g 3 25 3.5 4.5
EGDMA/pL 24 24 32 40
CaClJ/g 0 03 04 05
30% H202/uL 0 30 40 50
AIBN/g 0.03 0 0 0
DMSO/mL 3 3 ] 5
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Various amounts of CaCl, and 0.5 g of AAL were dissolved in DMSO
successively. Then, the initiator, H202, was added to the solution. Subsequently, AAm
and EGDMA were added to the solution. After being bubbled with N2 for 20 min, the
solution was placed in a 70 °C bath. The reaction was allowed to proceed for 12 h.
Afterward, the gel was soaked in deionized water, where it was equilibrated for 7 days at
ambient temperature. Deionized water was replaced every 12 h. Then, the hydrogel was
carefully cut into small pieces for further characterization. In this paper, hydrogels
prepared with 2.5, 3.5, and 4.5 g of AAm were named LGALl, LGA2, and LGAS3,
respectively.

PAAmM hydrogel was synthesized for comparison. AAm and EGDMA were
dissolved in DMSO successively. Then, 2,2-azobisisobutyronitrile (AIBN), the initiator,
was added to the solution. After being bubbled with N2 for 20 min, the solution was
placed in a 70 °C bath for 12 h. The hydrogel was purified according to the method
above.

Characterization of AAL, PAAm, and the Hydrogels

The FT-IR spectra of AAL, PAAm, and LGA2 were obtained on a Nicolet Nexus
670 Fourier transform infrared spectrometer using the KBr pellet technique. The samples
were scanned 32 times in the range of 4000 to 500 cm™.

Thermogravimetric analysis (TGA) of AAL, PAAm, and LGA2 was performed
on a TA Instruments Q500 using approximately 5 mg of sample under nitrogen at a
heating rate of 20 °C mint in the temperature range from room temperature to 700 °C.
All samples were vacuum-dried at -50 °C for 24 h and then dried in a vacuum oven at
40 °C for 12 h prior to FT-IR, SEM, and TGA measurements.

The freeze-dried hydrogels were fractured carefully in liquid nitrogen. After being
sputter-coated with gold, the hydrogels were characterized with scanning electron
microcopy (SEM) on an FEI Quanta 200 apparatus with an accelerating voltage of 20 kV.

The equilibrium swelling ratio of the hydrogels was measured in the pH range of
1 to 9, with an interval of 2. After being immersed in deionized water for 24 h at each
temperature, the hydrogel was taken out from water and blotted with wet filter paper to
remove excess water on the hydrogel surface. The weight of wet hydrogel was recorded.
The swelling ratio was calculated as follows,

Swelling Ratio (%) = (Ws- Wg)/Wg x 100 (1)

where Ws and Wy represent the weight of swollen and dry hydrogel, respectively.

The swollen hydrogel sample was dried in a vacuum oven at 40 °C overnight until
a constant weight was reached. The dried sample was immersed in deionized water at
25 °C and removed from water at pre-determined time intervals. Then, it was removed
from water and blotted with wet filter paper to remove excess water on the hydrogel
surface. The weight of wet hydrogel was recorded. The swelling ratio as a function of
time was defined as follows,

Swelling Ratio (%) = ((W: - Wg)/Wa)x100 )

where W; is the weight of the wet hydrogel at time t and Wq is the same as defined above.
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Equilibrium studies

The impact of initial dye concentration on the amount of MB removal was studied
in a batch mode of operation for 72 h. In each adsorption experiment, 50 mL of MB
solution with predetermined concentration and pH was stirred (100 rpm) with 0.1 g of the
vacuum dried hydrogel at 30 °C, which was more than sufficient to reach equilibrium.
The concentration in the supernatant solution was measured by monitoring the
absorbance changes at a wavelength of maximum absorbance (664 nm) with a Beckman
DU-7HS UV spectrophotometer. All the experiments were carried out at pH 5.0. The
adsorption capacity of MB on the adsorbent was calculated by the following equation:

C,~C\V
0. = (m) 3

where ge (Mg/g) is the amount of MB adsorbed on the hydrogel, Co and Ce (mg/L) are the
initial concentration and the equilibrium concentration of MB solution, respectively, V (L)
represents the volume of solution treated, and m (g) represents the amount of the
hydrogel added.

Kinetics studies

Vacuum dried LGA1 (2.0 g) was transferred into 1000 mL of MB solution (75
mg/L) at pH 5.0. The mixtures were stirred (100 rpm) at 30 °C. 2 mL MB solution were
withdrawn at predetermined time intervals and measured as above. The amount of
adsorption at time t, g: (mg/g), was calculated as follows:

g ="l @

m

where C; (mg/L) represents the concentration of MB solution at the predetermined time t
and the other symbols are the same as defined above.
RESULTS AND DISCUSSION

Synthesis of the LGA Hydrogels
The mechanism of LGA hydrogel formation is shown in Fig. 1.
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Fig. 1. Synthesis of the LGA hydrogels
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During the formation of the hydrogels, hydroperoxide reacted with chloride anion
to form a chlorine atom. Chlorine then abstracted hydrogen from lignin to form a free-
radical site on the lignin. Subsequently, the lignin initiated polymerization. The LGA
hydrogels can be easily synthesized in the presence of EGDMA.

FT-IR Spectra

The FT-IR spectra of AAL, LGA2, and PAAm are shown in Fig. 2. The spectrum
of LGA2 shows a series of characteristic bands that can be assigned to the specific
structures of AAL and PAAm that make up the hydrogel. The bands at 1660 and 1610
cm™are assigned to typical amide groups in PAAm and LGA2. A broad band at 3400 to
3200 cm in the spectrum of LGAZ2 is attributed to the stretching of N-H (from PAAm).
In comparison, the spectrum of LGA2 provides evidence of the existence of AAL in
LGA hydrogels by showing the presence of the bands at 1505 and 1030 cm™. The band at
1505 cm™ is characterized by the C=C stretching in aromatic rings. The absorption at
1030 cm™ arises from C-O stretching in primary alcohol. The intensity of the band at
1130 cm for C—O stretching in ether also increased.
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Fig. 2. FT-IR spectra of AAL, LGA2, and PAAmM

Thermogravimetric Analysis

Figures 3 and 4 show the thermal stability, as evaluated by thermogravimetry, of
AAL, PAAm, and LGA2. As shown, LGA2 and PAAm had similar TGA and DTG
curves.
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Fig. 3. TG curves of AAL, PAAmM, and LGA2 Fig. 4. DTG curves of AAL, PAAmM, and LGA2
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The temperature at 5% weight loss remained almost the same when AAL was
incorporated into PAAmM in the hydrogel. The results mean that the introduction of AAL
had no negligible impact on the thermal stability of PAAm. Figure 3 also plots the impact
of the introduction of AAL on the char residue percentage of LGA2. The fact that the
char residue was higher in LGA2 than in PAAm confirmed the presence of AAL in LGA
hydrogel. A similar trend in the TGA curves of lignin-g-Poly(N-isopropylacrylamide)
hydrogels was observed in our previous work (Feng et al. 2011). However, the DTG
curve of LGAZ2 in Fig. 4 showed four peaks, which is different from that of PAAm
hydrogels (Caulfield et al. 2002). The results may be attributed to the high lignin content
of LGAZ2 in the present work.

Interior Morphology

The interior morphology of the LGA hydrogels, obtained by freeze fracturing, is
shown in Fig. 5. The images show that the honeycomb-like structure of the hydrogel was
improved with increasing AAL content. The pore size of these porous structures changed
little with increasing AAL/AAm ratio in the hydrogel composition. A contrasting result,
however, was reported in our previous work (Feng et al. 2011), in which the pore size of
lignin-g-poly(N-isopropylacrylamide) hydrogels increased with increasing lignin content.
The result can be attributed to two possible explanations. First, the lignin content of the
lignin-g-polyacrylamide hydrogels changed less than did that of lignin-g-poly(N-
isopropylacrylamide) hydrogels. Second, polyacrylamide is more hydrophilic than
poly(N-isopropylacrylamide).

Fig. 5. SEM micrographs of the LGA hydrogels
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The hydrophilic polyacrylamide highlighted the interaction of lignin in the
hydrogel. Subsequently, physical crosslinking increased due to the interaction of lignin.
The increased crosslinking decreased the pore size of the high-lignin content
polyacrylamide hydrogel.

Swelling Ratio

Figure 6 shows the swelling ratios of the hydrogels as a function of time in
deionized water. The curves indicate that the swelling ratios of the hydrogels increased as
the content of the hydrophobic component (AAL) decreased. This means that water
diffused into the LGA hydrogels network more slowly with higher AAL content.
Specifically, LGA3 exhibited a relatively fast swelling rate, reaching a swelling ratio of
around 930% within 420 min, while the swelling ratio of LGA1 was less than 750%. This
tendency may be attributed to the incorporation of hydrophobic AAL (Lee and Yeh 2005).
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Fig. 6. Swelling ratios of the LGA hydrogels as a function of time

Figure 7 shows the swelling ratios as functions of pH for the LGA hydrogels.

1100
o 1000
o)
|
o)) ://///
=
° .
2 800 o
& —0—LGAIl
o —0—LGA2
700+ LGA3
o 2 4 6 8 10
pH

Fig. 7. Effect of pH on the swelling ratios of the LGA hydrogels
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The effect of pH was most pronounced in LGA1, and the swelling ratio increased
with increasing medium pH. This could be attributed to the relatively low AAL content
of LGA2 and LGAS3. Decreasing pH will tend to make the network more condensed
because of carboxylic groups on the AAL, since those groups are protonated and
uncharged at low pH. Furthermore, the LGA hydrogels were only slightly sensitive to pH
due to the low amount of carboxylic acid groups in AAL (Zhang et al. 2004).

Adsorption Isotherms

Langmuir and Freundlich isotherms are often used to describe and understand the
mechanism of the adsorption. The Langmuir model is based on monolayer adsorption
(Langmuir 1918), while the Freundlich isotherm model assumes heterogeneity of
adsorption surfaces (Freundlich 1906). The equation can be expressed in the following
equations:

1 C

s (5)

C, _
qe qO KL qO

1
log g, =log K¢ + - log C, (6)

where o (mg g?1) and K. (L mg?) represent the monolayer adsorption capacity and
Langmuir constant, respectively. Values of qo and K. were calculated from the plot of
Celge against Ce. Ke (mg*¥" LY" g') and n represent the constants related to sorption
capacity and sorption intensity of adsorbents, respectively. The values of Kr and n were
determined from the slopes and intercepts of the plots of log ge versus log Ce; their values
are given in Table 2.
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Fig. 8. Equilibrium curves (V, 25 mL; m, 0.25 g; pH, 5.0; temperature, 30 °C)

The isotherm constants can be utilized to predict whether an adsorption system is
favorable or unfavorable. The essential characteristics of the Langmuir isotherm can be
expressed in terms of a dimensionless constant separation factor or an equilibrium
parameter, R., which is expressed by:
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R—_ L
"1+ K.C, ()

where Co (mg L) represents the highest initial dye concentration. As shown in Table 2,
the R values of LGA hydrogels were found to be between 0 and 1, indicating that LGA
hydrogel favors the adsorption of MB. The n values in the Freundlich equation can also
indicate how favorable an adsorbent is to adsorb the adsorbate. The result showed that the
values of n were all in the range of 1 to 10, which implies that dye molecules are
favorably adsorbed by the LGA hydrogel. This is in good agreement with other findings
regarding the R. value (Chen et al. 2011).

Table 2. Isotherm Parameters (V, 50 mL; m, 0.1 g; pH, 5.0; temperature, 30 °C)

Isotherm model LGAl LGA2 LGA3

Jo(mg g?) 29.65 26.43 21.62
. Ki (L mg?) 0.4963 0.4004 0.2597

Langmuir
R 0.01325 0.01638 0.02503
I’L2 0.9928 0.9937 0.9900
Kr (mgtin LVn g1) | 13.0529 11.5361 9.8117

Freundlich n 4.9857 5.2134 5.9557
I’F2 0.9396 0.9696 0.9191

The coefficients of determination (r 2 and r:?), as listed in Table 2, indicated that
the experimental equilibrium data matched the Langmuir model better than the
Freundlich model. This suggested the monolayer coverage of MB onto the LGA hydrogel.
The adsorption capacity of LGA hydrogel was increased with increasing AAL content
due to anionic functional groups of lignin.

Adsorption Kinetics
Figure 9 shows the adsorption capacity of the adsorbent as a function of time

under the condition of a dye initial concentration of 75 mg/L.
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Fig. 9. Adsorption kinetics curve and pseudo-second order plot for the adsorption of MB on LGA1

Feng et al. (2014). “Hydrogel with lignin for dye,” BioResources 9(3), 4369-4381. 4377



bioresources.com

PEER-REVIEWED ARTICLE

As can be seen in the figure, the dye adsorption process on the LGA1 was rapid in
the first 20 min, and thereafter it proceeded at a slower rate, then rapid again during the
40-60 min. The relatively high adsorption rate in the initial 20 min may be due to the
highest levels of vacant site on hydrogel surface. Dry hydrogel sample prevented dyes
diffusion during the 20 to 40 min. As hydrogel adsorbed water, its structure became
porous, leading to dyes diffusion through the hydrogel structure. Therefore, the
adsorption rate was high again.

In order to investigate dye adsorption rate, the kinetics of MB adsorption by
LGA1 was modelled using pseudo-first order and pseudo-second order shown below as
equations (8) and (9), respectively:

1 k1

& at g, (8)
t 1t

q  ko® q, ©)

where ki (min™) and k2 (g mg™* mint) are the rate constants of pseudo-first-order and
pseudo-second-order, respectively.

The models parameters and regression coefficients (r?) were determined by linear
regression analysis and are listed in Table 3. According to the linear pseudo-second order
plot obtained by plotting t/qt against t (inset in Fig. 9) and the r? value, it clearly shows
that MB adsorption data on the hydrogel were successfully described by pseudo-second
order model. Similar phenomena have been observed in the adsorption of anionic dyes on
other hydrogel with anionic functional groups modified by PAAm (Yang et al. 2013).

Table 3. Pseudo-first order and pseudo-second order kinetic parameters for MB
adsorption on LGA1 (Co: 75 mg/L).

Qe, exp Pseudo-first-order Pseudo-second-order
(mg g?) k1 Qe, cal r 2 ko Oe, cal r 2
(min?) | (mgg?) ' (min't) (mg g?) 2
24.79 124.93 16.34 0.9392 0.0001927 23.03 0.9900

CONCLUSIONS

1. pH-sensitive hydrogels containing AAL and PAAmM were prepared via graft
polymerization in the presence of EGDMA as the crosslinker and H202 as the

initiator.

2. The thermal stability of the hydrogels was not influenced by the introduction of AAL.
The interior network of the hydrogels was porous, and the pore size remained almost
the same when the weight ratio of AAL/AAm increased from 1/5 to 1/9. The swelling

ratio decreased with increasing AAL/AAM ratio.

3. The adsorption of methylene blue (MB) for hydrogels were found to be highly
dependent on lignin content. High lignin content favors the adsorption of MB. The

maximum adsorption capacity was 29.65 mg MB per gram of LGA hydrogel.
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