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Abstract

Biomass is important precursor to construct environmental functional materials.
Polyaniline/lignosulfonate (PANI-LS) was synthesized through one-step method and
used as an adsorbent to remove acid red 94 (AR94) dye from aqueous solution. The
PANI-LS was characterized using SEM, XPS, FTIR and N,-sorption analysis. The
particles of PANI-LS have been considerably changed after lignosulfonate modified
polyaniline. From the batch experiment results, the solution pH plays a significant
role during the adsorption. The Langmuir model well describes the adsorption data
with the maximum sorption capacity of 10.56 g g=! (10,560 mg g~!). Pseudo-sec-
ond-order model can fit well the kinetic data obtained from batch AR94 removal
experiments. The adsorption of AR94 onto PANI-LS is a spontaneous and exother-
mic process in nature. After adsorption, the adsorbate and adsorbent formed a gel-
like composite responsible for the superior adsorption efficiency.
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Introduction

Synthetic dyes are widely used in printing, paper, textiles, leather, food and
other similar industries in order to color their products. During dyeing pro-
cesses, a large amount of dyes are lost resulting in colored wastewater [1]. Many
of synthetic dyes possess high molecular weight, complex structures, and stabil-
ity toward light, heat and oxidizing agents [2]. In water, these dyes are highly
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observable even at very low concentrations, which hinder the photosynthetic rate
of aquatic flora due to obstruction of light penetration [3]. Hence, removal of
the dye contaminants into the environment prior to their discharge is necessary.
Many treatment processes are used to address the problem, such as adsorption
[4-7], chemical precipitation [8], membrane separation [9], biological processes
[10], coagulation—flocculation [11], electrochemical [12], photocatalytic degra-
dation [13]. Among these, adsorption is considered as a competitive method to
remove dyes in wastewater owing to its high efficiency, economic feasibility and
easy to operate [14, 15]. Many kinds of materials, for example, activated carbon
[16], mineral adsorbents [17-19] and polymer [20-22] have been prepared and
reported to be able to remove contaminants as adsorbents with various removal
efficiency. However, it is still imperative to improve the sorption efficiency
including high adsorption capacity and rate via designing novel adsorbents.

Polyaniline (PANI) is a conducting polymer and extensively studied for its
easy synthesis, excellent redox properties, well-controlled electrochemistry and
good environmental stability [3, 23]. In recent years, it has gained a substantial
attention using bio-/conducting polymeric composite materials as adsorbent. For
instance, polyanilines doped by lignosulfonate-modified carbon nanotubes [24],
chitosan/polyaniline composite [25], cellulose/polyaniline composite [26] and
polyaniline/bacterial extracellular polysaccharides composite [27] have been
demonstrated as effective adsorbent to remove various dyes from water solu-
tion, and cross linked-chitosan-grafted-polyaniline composite [28], polyaniline/
cellulose fiber composite [29], polyaniline grafted chitosan [30] and polyaniline
coated chitin [31] have been reported for the adsorption of heavy metals ions
from water solution.

Lignin is the second most abundant natural polymer after cellulose in the world
which exists in the cell walls of terrestrial plants [32, 33]. Lignin is well known
as a waste by-product in paper industries, and depending upon the pulping process,
different types of lignin are obtained. Calcium lignosulfonate (LS-Ca) is usually
obtained from the pulping of the acid process. LS-Ca is an aromatic three-dimen-
sional polymer structurally, containing numbers of functional groups such as meth-
oxyl, alcoholic hydroxyl, phenolic hydroxyl, sulfonic acid group, carbonyl and con-
jugated double bonds [34], which makes it and its composites adsorb many kinds of
dyes.

In this paper, PANI surface was modified with LS-Ca to synthesize a biomass-
based PANI-LS composite. The PANI-LS was characterized using SEM, XRD,
FTIR, XPS and N,-sorption analysis. The adsorption capacity of PANI-LS com-
posite on the removal of acid red 94 (AR94) from aqueous solutions was studied.
The influence of various parameters, including temperature, initial pH value, contact
time and initial concentration of AR94 in aqueous solution, has been investigated
by batch experiment method. The maximum adsorption capacity of the PANI-LS
reaches up to 10.56 g g~ (equal to 10.87 mmol g~!). After adsorption, the adsorbate
and adsorbent formed a gel-like composite through electrostatic interaction, hydro-
gen bond and intermolecular interaction, which is responsible for the highly effi-
ciency adsorption removal. Figure 1 shows the synthesis of PANI-LS and the pro-
posed mechanism of AR94 removal.
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Fig.1 Synthesis of PANI-LS, proposed mechanism of AR94 removal and the structure of a LS-Ca, b
PANI-LS and ¢ AR9%4

Experimental

Chemicals and instrumentation

Calcium lignosulfonate (96%) was purchased from Shanghai Jingcun Biochemical
Technologies Co. Ltd. and was used without any further purification. The chemicals

including aniline, acetone, acid red 94 (AR94), and 1,4-dioxane were supplied by
Chemical Reagent (Shanghai, China). Ammonium persulfate (APS), hydrochloric
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acid and sodium hydroxide were purchased from Aladdin Chemicals (Shanghai,
China).

Fourier transform infrared (FTIR) spectroscopy of the adsorbents was recorded
on a spectrum 100 FTIR spectrophotometer (Perkin-Elmer, USA) using a KBr
disk method and scanned in the range of 4000—450 cm™!. The SEM images were
examined using JSM-6700F scanning electron microscopy (JEOL Ltd., Japan). The
specific surface area of the samples was carried out at 77 K with the aid of volu-
metric adsorption analyzer (ASAP 2420, Micrometrics, USA). X-ray photoelectron
spectra (XPS) of samples were explored by a PHI quantera SXM spectrometer, and
according to C 1s peak (284.8 eV), the binding energies were adjusted. AR94 con-
centration of the test adsorbents was analyzed using a UV-Vis spectrophotometer
(Lambda 35, Perkin-Elmer, USA).

Synthesis of PANI-LS

The PANI-LS composite was synthesized according to the method described in
the literature [30, 35] with some alterations. Briefly, 1.0 g LS-Ca was dissolved in
100 mL of 1.0 mol L™ HCI solution and stirred until totally dissolved, 30 mL of
aniline monomer was dissolved in 30 mL of 1,4-dioxane to get another solution.
Then, the above two solutions were mixed together. The suspension was electromag-
netic stirred for 3 h to achieve the pre-equilibrium of LS-Ca and aniline monomer.
After the suspensions were cooled to 04 °C, 40 mL of (NH,),S,0; (2.0 mol L™
water solution was dropwise added under electromagnetic stirring. The polymeriza-
tions of LS-Ca and aniline were carried out at 0—4 °C for another 12 h. The prepared
products were filtrated and rinsed using acetone and distilled water for the removal
of the residual free aniline monomer and (NH,),S,0g. Then, lignosulfonate-modi-
fied polyaniline (PANI-LS) composite was obtained after being dried in a vacuum
drying oven at 60 °C for 24 h. The polymer of polyaniline (PANI) unmodified with
calcium lignosulfonate was prepared also using an identical process without the
addition of LS-Ca.

Batch adsorption

The adsorption behavior of AR94 on PANI-LS composite and PANI was performed
by batch equilibrium method in a conical flask. A desired amount of adsorbents was
added to each flask containing 50 mL of AR94 solution. Then, the mixture was agi-
tated in a water bath constant temperature shaker at 250 rpm for a desired time.
The effect of pH was studied in the range of 3.0-11.0. Adsorption isotherms were
studied using 100 mL of different initial AR94 concentration (0.500-10.00 g LY
and 50 mg of adsorbent at 25 °C and pH=35 for 24 h. Adsorption kinetics were car-
ried out with 200 mL of AR94 concentration (3.000 g L™!) and 50 mg adsorbent at
25 °C and pH=35. The samples were immediately collected at predetermined time
intervals. The concentration of AR94 was calculated by calibration curve method
according to Lambert’s law, and the absorbance of AR94 was measured by UV—Vis

@ Springer



Polymer Bulletin (2019) 76:4103-4116 4107

spectrophotometer at a wavelength of 548 nm. The adsorption amount (¢, g g~') was
calculated as:

(cg—c)xV

g=———r (1)
m

where V (L) is the volume of the solution, ¢ and ¢, (g L") are the final and initial
concentrations of AR94, and m (g) is the mass of adsorbent, respectively. The AR94
removal percentage was calculated as:

cp—c¢
% Removal =

100
X 6)

Results and discussion
Characterization

Figure 2 shows the surface morphology evolution of (a) PANI, (b) PANI-LS, (c)
AR94-loaded PANI and (d) AR94-loaded PANI-LS. It could be observed that the

6.0kvV X5,000 1um WD 7.6mm

NONE

Fig.2 SEM micrographs of a PANI, b PANI-LS, ¢ AR94-adsorbed PANI and d AR94-adsorbed PANI-
LS
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Fig. 3 Nitrogen adsorption—desorption isotherms and pore size distribution curves of a PANI-LS and b
PANI

Table 1 gex;‘ural pgoperties of Adsorbent BET surface Total pore vol- Average pore

PANI and PANI-L. area (m? g1 ume (cm’ g7 diameter (nm)
PANI 3.62 0.0107 11.8
PANI-LS 3.76 0.0087 9.20

particles of PANI and PANI-LS were irregular, thin and flat, with the surface mor-
phology smooth, and compared with the image PANI, the particles of PANI-LS
were considerably reduced in size after LS-Ca modified PANI. Subsequently, it is
also observed from the images (c) and (d) that after the adsorption of AR94, the
particles of PANI and PANI-LS were significantly thickened and blocky in shape,
which revealed that a large amount of AR94 was adsorbed by PANI and PANI-LS.

Figure 3 shows the nitrogen adsorption—desorption isotherms and the pore size
distributions of prepared products. According to ITUPAC classification [36], iso-
therms of PANI-LS (Fig. 3a) and PANI (Fig. 3b) can be categorized as type II
isotherm. No obvious hysteresis loop in Fig. 3 was observed at a relative pressure
of 0.4-0.9, indicating that there is no mesoporous structure in PANI and PANI-
LS. Compared with PANI in Table 1, the PANI-LS showed slightly larger spe-
cific surface area and smaller pore size. The increase in surface area is favorable to
adsorption.

The FTIR spectra of PANI, PANI-LS and LS-Ca are presented in Fig. 4a. The
absorption peaks at 1570 and 1498 cm™' are associated with the aromatic C=C
stretching vibration of the quinonoid ring and the benzenoid ring. The peak at
1293 cm™! is corresponding to the C-N stretching of the benzenoid unit. The C-H
in-plane and out-plane bending vibration of p-disubstituted benzene ring appeared
around 1138 and 736 cm™! [37—40], respectively. The band in FTIR spectra of
PANI-LS composite shows a slight shift compared with the prepared PANI in this
study, which might be caused by the interaction between PANI and LS-Ca. From the
FTIR spectrum of PANI-LS, new absorption peaks related to the aromatic ring and
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Fig.4 a FTIR spectra and b XPS survey spectra of samples

sulfonic group [41] were observed at 1515 cm~! and 1194 cm™!, respectively, and
the peak at 1329 cm™! is enhanced, implying LS-Ca successfully modified PANI.

XPS spectrum spectroscopy technique is used also to identify and qualitatively
measure the functional groups change on PANI and PANI-LS composite. As can be
seen from Fig. 4b, the peak intensity of Ols at ~532 eV and that of S2p at ~170 eV
increase due to the adding of LS-Ca, indicating LS-Ca on PANI surfaces success-
fully [35]. The S2p of PANI comes from ammonium persulfate in the preparation
process.

Effect of pH and adsorption mechanism

The influence of pH on the adsorption of AR94 onto the PANI-LS composite and the
PANI polymer was studied and is illustrated in Fig. 5a. For this purpose, the experi-
ments were conducted with different initial pH ranging from 3.0 to 11.0 at an initial
ARY4 concentration of 1.500 g L™! with 50 mg/100 mL adsorbents. From Fig. 5a, the
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Fig.5 a Effect of pH on the adsorption of AR94 by PANI-LS and PANI and b FTIR spectra of PANI-LS
before and after adsorption of AR94
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effect of pH on the removal of AR94 onto PANI-LS is basically the same as that onto
PANI. The adsorption of AR94 on the two adsorbents increased with increasing pH
values at pH < 5.0 and decreased at pH>5.0. The maximum removal of AR94 on the
two adsorbents was occurred at pH 5.0. At lower pH values, the higher AR94 removal
efficiency was due to increasing H* ions concentration and amine groups protona-
tion which increased the number of adsorption sites available for the AR94 sorption
(Fig. 1). On the other hand, the removal of AR94 was decreased with the pH increas-
ing. This may be because the prepared products acquired negatively charged surface
with the decrease in H* ions concentration which enhanced the electrostatic repulsion
between AR94 and the prepared products [3, 20]. Similar results were reported by other
research groups [3, 20].

This property has been supported also by zero point charge studies (pHzpc). The
pHzpe of the PANI-LS composite was found to be 6.0. Below the pHyp(, the surface of
PANI-LS acquired positive charges and hence there was a probability of electrostatic
attraction between protonated PANI-LS and the negatively charged AR94 molecules,
which resulted in more AR94 adsorption from 3.0 to 6.0, while above the pH,p- value,
PANI-LS was negatively charged and hence the increase in pH from 6.0 to 11.0 could
result in the increase in electrostatic repulsive forces, which decreased the adsorption of
AR94 on PANI-LS [42, 43].

The FTIR spectra of AR94 and PANI-LS before and after adsorption are presented
in Fig. 5b. Several typical absorption bands of PANI-LS-AR94 (after adsorption AR94
by PANI-LS) can be observed, such as the absorption peaks at 1570 and 1498 cm™! are
corresponding to the aromatic C=C stretching of the quinonoid ring and the benzenoid
ring. The band at 1138 cm™! is related to the absorption of C-H in-plane bending vibra-
tion of p-disubstituted benzene ring from PANI-LS [37-40], and the band at 955 cm™!
is related to the absorption of aromatic C—O—C vibration from AR94. The adsorption
band at 1774 cm™! ascribed to the stretching vibration of C=0 is enhanced obviously,
which may be due to the influence of PANI-LS adsorbent on the AR94 structure during
the adsorption process, resulting in the enhanced vibration of C=0 in AR94. Mean-
while, it also could be observed that those absorption peaks around 760—700 cm™" and
613-500 cm™! related to C—Cl and C-I [44], respectively, show obvious shift compared
with AR94. These shifts might be caused by the interaction between PANI-LS and
AR%4.

Adsorption isotherms

Langmuir and Freundlich models have been widely employed to depict the adsorption
equilibrium process [28]. Langmuir and Freundlich isotherms are expressed as [30]:

. iy 1 C,
Langmuir : & = + =
& 9e Gnb  Gn (€)

Frendlich : Ing, = InKp + 1 Inc, 4)
n
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Fig. 6 Effect of initial concentration on a adsorption capacity, b removal, ¢ Langmuir, d Freundlich
adsorption isotherm for adsorption of AR94 on PANI-LS and PANI, and e photograph before and after
adsorption of AR94 on PANI-LS

Table 2 Fitting results of adsorption isotherms by Langmuir and Freundlich models

Materials Oexp (8 ¢h Langmuir Freundlich

RE 0,(gg) BlLghH R N Kp(Lg™
PANI 5.947 0.9998 5.956 52.63 0.8384 10.49 5339
PANI-LS 11.19 0.9941 10.56 12.78 0.9190 5.761  8.861

where ¢, (g L) is the equilibrium concentration of AR94, ¢, (g g7!) is the equi-
librium adsorption capacity of AR94 onto the adsorbents, g, represents a saturated
adsorption capacity, and b (L g~") is the Langmuir adsorption constant; K (L g7') is
the Freundlich constant which indicates the adsorption capacity, and » is the hetero-
geneity factor which represents the adsorption intensity.

The effect of initial concentration on AR94 adsorption capacity and removal by
PANI-LS and LANI is displayed in Fig. 6a and b. The related equilibrium param-
eters could be calculated from the corresponding linear fitting, as shown in Fig. 6¢c
and d, and the results are listed in Table 2. It is observed that AR94 adsorption
capacity (q,) of the two adsorbents increased and the AR94 removal was decreased
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with increasing the AR94 initial concentration (c;). The removals of AR94 were
close to 100% when the initial concentrations of AR94 were below 2.5 g L™! and
4.0 g L™! using PANI and PANI-LS adsorbents, respectively. The higher correlation
coefficient (R?>0.99) of the Langmuir model indicates that the adsorption data of
AR94 on PANI-LS and PANI fit better with the Langmuir isotherm. The obtained
maximum adsorption capacity (g,) of the PANI-LS was 10.56 g g~!, which was
higher than PANI (5.947 g g™!). The high adsorption capacity of PANI-LS and PANI
contributed to the higher content of amido and imino groups from PANI and a num-
ber of functional groups such as alcoholic hydroxyl, carbonyl, phenolic hydroxyl,
methoxyl and sulfonic acid group from calcium lignosulfonate (LS-Ca) [34], which
could capture AR94 molecules by electrostatic interaction, hydrogen bond and inter-
molecular interaction (Fig. 1). The synergy of the three aspects is responsible for the
high adsorption capacity. From Fig. 6e, after adsorption, the adsorbate and adsor-
bent formed gel-like assembly and the removal of AR94 was close to 100%.

Thermodynamics studies

Three thermodynamic parameters, namely free energy change (AG°), standard
enthalpy change (AH®) and standard entropy change (AS°), can be determined from
Egs. (5) and (6):

AG° = —RTInK (5)
AH®°  AS°
InK = —
n RT + R 6)

where T (Kelvin) is the absolute temperature, R (8.314 J K~! mol~!) is the universal
gas constant, and K (L mol™") is the sorption distribution coefficient equal to q/c,.
The effect of temperature on the AR94 adsorption onto PANI-LS and PANI is given
from the plots of InK versus 1/7T. From the slope and intercept, the AH° and AS® val-
ues were calculated.

The values of AG°, AS° and AH® are presented in Table 3. The enthalpy changes
(AH®) have negatives values, indicating that the adsorption processes of AR94 on
PANI-LS were exothermic. The negative values of AG® show that the adsorption of
AR94 by PANI-LS was a spontaneous and favorable process at all temperatures of
the experimental. The negative values of AS® indicated a decrease in the randomness
at the solid-liquid interface.

Table 3 Thermodynamic parameters for the adsorption of AR94 on PANI-LS
Materials ~ AH° (kJmol™)  AS°(mol™' K™)  AG° (kJ mol™")

293 K 303K 313K 323K

PANI-LS -67.22 —154.6 —21.68 —20.64 —18.85 -17.20
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Adsorption kinetics

To get a better understanding of the adsorption property of AR94 onto PANI-
LS and PANI, the adsorption kinetics was studied with 3.000 g L™! of AR94 at
pH 5.0, using 50 mg of PANI-LS and 100 mg of PANI, respectively. As Fig. 7a
shows, a fast adsorption process was observed in the initial 60 min for PANI
adsorbent and 120 min for PANI-LS adsorbent, and then the adsorption of AR94
was slow. Two kinetic models, namely pseudo-first-order and pseudo-second-
order models, are used to study the adsorption kinetics behavior as shown in
Egs. (7) and (8), respectively [42].

1g( y=1 kit 7)
g qe qt - gqe 2303 (
r_1 .t
9 kg q. ®)

where ¢, and g, (g g”!) are the adsorbed amounts of AR94 at time ¢ (min) and equi-
librium time, respectively. k, (min~') and ky (g g~! min™') are the pseudo-first-order
and pseudo-second-order rate constants, respectively. The kinetic parameters in the
above linear models were determined by plotting log(g.—g,) versus ¢ and /gt versus
t, respectively.

The fitting results of adsorption kinetics data by pseudo-first-order and pseudo-
second-order models are shown in Fig. 7b and Table 4. Compared with the corre-
lation coefficient R and the experimental adsorption capacity (Geexp) Values, the
adsorption process can be described well with the pseudo-second-order model.

(a) (b)
. 40
84 [
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30 = PANLLS
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o . . 20
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n
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Fig.7 a The effect of time on adsorption of AR94 onto PANI-LS and PANI and b fit of kinetic data with
linear pseudo-second-order kinetic model for adsorption of AR94 onto PANI-LS and PANI
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Table 4 Kinetic parameters for AR94 adsorption onto PANI-LS and PANI

Materials  Pseudo-first-order model Pseudo-second-order model Geexp (& gh
R} 9. @g™) kmn™) R 9.(2g™) Kk (gg " min™)

PANI 09814  4.666 8.96x107° 09979  5.794 4.45%107 5.890

PANI-LS  0.9820 10.49 7.65x107  0.9985 12.65 1.13x 107 11.89

Conclusions

In conclusion, a biomass-based PANI-LS composite was successfully fabricated
through one-step technology. The existence of LS-Ca in as-prepared PANI-LS
effectively increased the number of adsorption sites, and the particles of PANI-
LS were considerably reduced in size after LS-Ca modified PANI. The synthetic
material showed excellent removal performances for AR94. The solution pH
affected the adsorption capacity, and the maximum AR94 adsorption was found
at pH 5. The experimental data were well fitted by pseudo-second-order kinet-
ics model and Langmuir isotherm. Thermodynamic parameters indicated that the
adsorption of AR94 onto PANI-LS was an exothermic and spontaneous process
in nature. The AR94 adsorption on PANI-LS composite was mainly attributed
to electrostatic interaction, hydrogen bond and intermolecular interactions. After
adsorption, the adsorbate and adsorbent formed a gel-like assembly responsible
for the effective adsorption efficiency. Due to its outstanding adsorption perfor-
mances and easily preparation, it could be concluded that this PANI-LS compos-
ite has great application prospects in AR94 dye wastewater treatment.
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