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Abstract
The proteins and polysaccharides are always remained in the effluent of biotreated process, which leads to further pollution 
for advanced treatment or aqueous environment. In this study, Fe3O4/polynailine composite (Fe3O4@PANI) was prepared 
by means of in situ surface polymerization, and was used as the adsorbent for removal of proteins and polysaccharides 
from biotreated wastewater. The removal rate of polysaccharide by PANI (69.43%) was higher than that by Fe3O4@PANI 
(61.33%), while the removal percentage of protein by Fe3O4@PANI (65.25%) was higher than that by original PANI 
(47.56%). The adsorption process was fitted well with the quasi-first-order kinetic and Langmuir isotherm models. Finally, 
it was determined that electrostatic attraction is the primary mechanism for the adsorption of proteins and polysaccharides 
by PANI-based materials.
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1  Introduction

Recently, the domestic wastewater is usually treated by 
biological technologies, including aerobic and anaerobic 
methods [1]. Compared with aerobic biological treatment, 

the anaerobic treatment is feasible for sewage treatment 
due to its easy resource recovery and low operation costs 
[2]. Nowadays, anaerobic membrane bioreactor (AnMBR), 
which combines membrane separation and anaerobic bio-
logical treatment, has been attracted increasing attention for 
sewage treatment. However, the membrane fouling is consid-
ered as one of the challenges for the operation of AnMBR. 
As was known, large number of organics were remained in 
the effluent of anaerobic treatment unit, including residual 
biodegradable and non-biodegradable substrates, interme-
diate products, and complex dissolved microbial products 
(SMP) [3]. In addition, the soluble extracellular polymeric 
substances (EPS) secreted by microorganisms were also 
remained in the biotreated wastewater [4].

The SMP and soluble EPS remained in the biotreated 
wastewater can easily cause the disinfection by-products, 
which would lead to the risk on the environmental and 
human health [5]. It was the bacterial clusters would form 
the filter cake layer on the surface of membrane, which leads 
to the membrane fouling. Besides, the biopolymers, organic 
matters, and inorganic matters were also found as the main 
pollutants in the filter cake layer [6]. Nowadays, the control 
of biological fouling has attracted widespread concern for 
the membrane separation operation [7–9]. Also, the SMP 
and EPS also play an important role in the formation of filter 
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cake layer, causing severe membrane fouling [9, 10]. Thus 
the mitigation of biological membrane fouling was the one 
of the main challenges for the application of AnMBR [11]. 
The proteins (PN) and polysaccharides (PS) are the main 
components of EPS, and they account for more than 70% of 
the total mass of EPS [8]. Therefore, removal of the PN and 
PS in the biotreated wastewater seems to be important for 
mitigating the membrane fouling for the AnMBR.

Various techniques were used to remove the dissolved 
organic matters in wastewater, including the flocculation, 
oxidation, and adsorption [12, 13]. Among these methods, 
the adsorption was commonly used due to its easy operation 
and low cost [13]. Recently, the activated carbon materials 
have been widely used to adsorb the EPS in the wastewater 
[14–16]. Besides, the polyaniline (PANI), as a typical con-
ductive polymer, has been widely used in various applica-
tions, such as coatings, batteries, absorbing materials, sen-
sors, and conductive fibers [17–22]. In anaerobic digestion 
systems, it is also used as a conductive material to improve 
extracellular electron transfer efficiency and promote meth-
ane production [23]. Aboundant amine and imine groups 
are contained on the PANI chains, and the imine groups are 
easily doped with protons. The positive charge carried by 
the proton can be transferred in the molecular chain, which 
leads to positively charged surface of PANI [24]. As was 
known, the proteins and polysaccharides are often nega-
tively charged in the wastewater [20]. PANI is supposed to 
be effective on adsorption removal of the negatively charged 
proteins and polysaccharides as it is always positively 
charged in the neutral solution. However, the adsorption 
performance of PN and PS from the biotreated wastewater 
by the conductive PANI has not been reported.

In this study, conductive PANI and core–shell structured 
Fe3O4@PANI composites with a high electric point were 
prepared which served as the adsorbent for removing the 
remained PN and PS from the biotreated wastewater. The 
adsorption performance of PANI and Fe3O4@PANI compos-
ites on the PN and PS was investigated as well as the adsorp-
tion kinetics and isotherms. Finally, the removal mechanisms 
were also disclosed.

2 � Experimental section

2.1 � Materials

Aniline, ammonium persulfate, hydrochloric acid, nano-ferric 
oxide, glucose, bovine serum albumin, sodium carbonate, 
sodium potassium tartrate tetrahydrate, sodium hydroxide, 
folin phenol, anthrone, and sulfuric acid were provided by 
Beijing Chemical Works, China. None of the chemicals had 
undergone any purification.

2.2 � Preparation of PANI and Fe3O4@PANI

Preparation of PANI by chemical oxidative polymerization 
[23, 25, 26]  Briefly, 3.2 mL of aniline and 8.22 g of ammo-
nium persulfate were added in to 100 mL of HCl solution 
(54 mmol/L), respectively. The prepar The mixed solution 
was stirred at 600 rpm below 0 °C for 4 h until a dark green 
solid formed in the reaction system. Subsequently, the solid 
samples were separated by suction filtration separation, 
and then suction filtration washing with acetone or alco-
hol and deionized water until the filtrate becomes colorless. 
The obtained solids were vacuum-dried at 60 °C for 12 h to 
obtain the PANI sample.

The Fe3O4@PANI was prepared by an in situ surface 
polymerization method [27, 28]. Briefly, 0.6 g of nano-
scaled Fe3O4 was added into 200  mL of HCl solution 
(54 mmol/L), and the mixed solution was mechanically 
stirred for 15  min. Then 3.2-mL aniline monomer was 
added, and further stirred for 30 min to well disperse them 
in the solution. Then 100 mL of APS solution was put in 
the aniline solution dropwise. The mixture was stirred at 
600 rpm in the ice bath until a dark black solid formed in the 
reaction system. Subsequently, the solid sample was sepa-
rated from the reaction system by suction filtration, and then 
suction filtration washing with acetone or alcohol and deion-
ized water until the filtrate becomes colorless. The obtained 
solids were vacuum-dried at 60 °C for 12 h to obtain the 
Fe3O4@PANI sample.

2.3 � Protein and polysaccharide adsorption

The artificial wastewater was prepared and used to the 
adsorption tests in this study. A mixture solution with 
40 mg/L of PN and 25 mg/L of PS was prepared as the  
storage solution. One-hundred milliliters of the mixture 
solution was added into the beakers, and then the desired 
dosage (0.2 g/L) of PANI or Fe3O4@PANI composites were 
added, respectively. The adsorption reaction was carried 
out in a shaker with a speed of 300 rpm for 12 h. Before 
measuring the concentration of the PN and PS, the solu-
tion was collected and filtrated by 0.45-μm filter. For the 
kinetic investigation, the same procedures were conducted 
as motioned above. PANI or Fe3O4@PANI adsorbents were 
added into the prepared solutions, and then the adsorption 
was carried out at 35 °C with stirring at 100 rpm. The water 
samples were collected at different time intervals. For iso-
therm experiments, the PN and PS solutions with differ-
ent initial concentrations were prepared. Then 50 mg PANI 
or Fe3O4@PANI adsorbents were added to the solutions, 
and adsorption experiments were carried out at 25 °C and 
35 °C, respectively. The concentration of PN remained in the 
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solutions was detected by the Folin-Lowry method using the 
bovine serum albumin as the standard [29], and the concen-
tration of PS was determined by the anthrone-sulfuric acid 
method using the glucose as the standard [30].

2.4 � Characterizations

The morphology of the PANI and Fe3O4@PANI composite 
was detected by a JSM-F100 scanning electron microscope. 
The Fe3O4@PANI structure was detected by a transmission 
electron microscope (Tecnai G2 F20, FEI). The functional 
groups of the synthesized materials were determined by 
FT-IR (ALPHA, Bruker). An X-ray photoelectron spectrom-
eter (AXIS Ultra DLD, Shimadzu) was used to determine the 
valence states of the elements in PANI and Fe3O4@PANI 
materials. The zeta potential of the materials was detected 
by a zeta potentiometer (Nano Z, Marvin). Fluorescence 
spectrometer (F-7000, Hitachi) was used for detecting the 
proteins remained in the solutions.

3 � Results and discussion

3.1 � Characterizations

As shown in Fig. S1, the pristine PANI has a regular nano-
rod-like structure with an average length of about 3 μm 
and a diameter of ~ 100 nm. Besides, the PANI material 
has a rough surface, which might provide abundant active 
sites for adsorption of organic pollutants in the wastewater. 
As shown in Fig. 1a, the synthesized Fe3O4@PANI com-
posite has an irregular spherical morphology with a rough 
surface. The average diameter of Fe3O4@PANI particle 
is determined as ~ 200 nm. Figure 1b further reveals the 
regular spherical structure of Fe3O4@PANI composite. 
The Fe3O4 particles used in this study are about 100 nm in 
diameter, and PANI is obviously coated around the Fe3O4 

particles, forming the core–shell structured Fe3O4@PANI. 
The magnetic Fe3O4 core leads to the easy separation of 
the composites after being used from the wastewater.

The valence state of N element in pristine PANI and 
Fe3O4@PANI composite was analyzed by XPS (Fig. 2). The 
binding energy peaks at 399.3, 400.4, and 402.0 eV corre-
spond to the –N = group in the quinone ring, − NH − group 
in the benzene ring and the proton doping N+ groups 
[28, 31, 32], respectively. There is no obvious difference 
between the spectra of PANI and Fe3O4@PANI, indicat-
ing that Fe3O4 has no obvious effect on the state of PANI. 
The equal intensities of − N = and − NH − in the N1s XPS 
spectra indicate that PANI exists in the form of emeralds 
[33]. Moreover, proton doping leads to positively charged 
surface of PANI, which facilitates adsorption of the nega-
tively charged biomacromolecules. Figure 2c shows the 
FTIR spectra of original polyaniline and Fe3O4@PANI. 
The characteristic peaks located at 1490 and 1568 cm−1 
correspond to the C = C stretching vibration of benzene 
ring and quinone ring of PANI [34, 35]. The characteristic 
absorption peak at 1290 cm−1 is the stretching vibration of 
C–N in aromatic amine, and the peak at 1033 cm−1 is the 
in-plane bending vibration of C–H caused by protonation 
[36–38]. The characteristic absorption peak at 794 cm−1 
is C–H out-of-plane bending vibration [39]. It was found 
that all the characteristic peaks of the PANI also appeared 
in the spectra of Fe3O4@PANI, and no obvious difference 
was detected between the PANI and Fe3O4@PANI. This 
result was consistent with the XPS (Fig. 2a, b). However, 
the characteristic peak of bending vibration in the C–H 
plane was blue-shifted, indicating the interaction of the 
PANI and Fe3O4 during the polymerization process [40, 
41]. A new peak was also found in the spectrum of Fe3O4@
PANI, at 556 cm−1, which was owing to the vibration of 
Fe–O [42]. It indicated that the Fe3O4 was successfully 
coated with PANI.

Fig. 1   (a) SEM and (b) TEM 
images of Fe3O4@PANI com-
posite

1890 Advanced Composites and Hybrid Materials  (2022) 5:1888–1898

1 3



3.2 � Adsorption performance

3.2.1 � Adsorption removal rate

The removal performance of the PANI composites on the 
PN and PS was investigated. The pristine PANI and Fe3O4@
PANI materials can effectively remove PN and PS. As 
shown in Fig. 3, 47.56% of PN was removed by the pristine 
PANI material when 0.2 g/L of the adsorbents was added. 
Moreover, 65.25% of PN was adsorbed by the Fe3O4@
PANI composite, which is higher than the pristine PANI. 
About 69.43% of PS was removed from the wastewater by 
0.2 g/L of pristine PANI, which is a little higher than that 
by the Fe3O4@PANI composites (61.33%). It was inferred 

that pristine PANI has a better performance on adsorption 
removal of PS than Fe3O4@PANI composite, while Fe3O4@
PANI performed better on PN removal than pristine PANI. 
As was known, the positive charged surface of PANI can 
adsorb the negatively charged PN and PS by the electro-
static attraction. Besides, the Fe3O4 also provides the active 
sites for PN adsorption. Thus Fe3O4 and PANI was inferred 
to have the synergistic effect for removing PN. However, 
magnetic Fe3O4 could make the Fe3O4@PANI composites 
agglomerate easily in the wastewater [43], reducing the 
active sites on the surface of PANI for PS adsorption, which 
decreased the PS adsorption performance of Fe3O4@PANI.

As was documented, the chitosan was commonly used 
for adsorption of proteins and polysaccharides from the 

Fig. 2   N1s XPS spectra of (a) PANI and (b) Fe3O4@PANI composite and (c) FT-IR spectra of PANI and Fe3O4@PANI composite
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aqueous solution [44, 45]. For example, 45% and 60% of 
proteins can be removed by chitosan when the adsorbent 
dosage was controlled at 1 g/L and 10 g/L [46]. This indi-
cated that PANI-based materials have the similar adsorp-
tion performance, but 0.2 g/L of the adsorbents dosage 
was much lower than chitosan. Meanwhile, macro-porous 
resins were commonly used for removing the polysaccha-
rides from aqueous solution [47, 48]. Sixty-six percent 
of polysaccharides can be removed by 10 g/L of macro-
porous resin [49, 50]. For achieving the same adsorption 
performance, the dosage of PANI-based materials used 
in this study was much lower than that of macro-porous 
resin.

3.2.2 � Adsorption kinetics

The removal process of PN and PS process from the waste-
water by the pristine PANI and Fe3O4@PANI composite 
was fitted by using the adsorption kinetic models [51]. The 
information of the models is presented in the Supporting 
materials, and fitting results are listed in Table S1. As shown 
in Figs. 4 and S3, the correlation coefficient (R2) fitted by 
the first-order kinetic model is significantly higher than that 
by the second-order kinetic model. Moreover, the equilib-
rium adsorption capacity calculated by the first-order kinetic 
model is closer to the experimental value. It indicates that 
PN and PS removal processes by both the pristine PANI and 
Fe3O4@PANI fit well with first-order kinetic, and the Fe3O4 
has no obvious effect on the adsorption of PN and PS by the 
PANI. It can be inferred that the PN and PS removal by both 
the pristine PANI and Fe3O4@PANI is based on the bound-
ary diffusion, and these adsorption processes are controlled 
by the physical adsorption. The adsorption process depends 
in part on the number of surface active adsorption sites of 
the adsorbent [52].

3.2.3 � Adsorption isotherms

The Langmuir and Freundlich isotherm models were used to 
simulate the adsorption processes of PN by both the pristine 
PANI and Fe3O4@PANI (Fig. 5). The information of the iso-
therm models is presented in the Supporting materials, and 
fitting results are listed in Table S2. Table S2 shows that the 
correlation coefficient (R2) fitting with the Langmuir model 
is significantly higher than that with the Freundlich model. 
Therefore, the Langmuir model can better describe the 

Fig. 3   Adsorption removal of PN and PS by pristine PANI and Fe3O4@
PANI composite

Fig. 4   First-order kinetic model for adsorption of (a) PN and (b) PS by PANI and Fe3O4@PANI
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adsorption behavior of PN by the PANI and Fe3O4@PANI. 
This also indicates that the removal of PN by the PANI and 
Fe3O4@PANI is a single molecule layer adsorption, and the 
PN substances would occupy adsorption sites on the surface 
of the PANI and Fe3O4@PANI adsorbents [53, 54]. The maxi-
mum PN adsorption capacity of Fe3O4@PANI is calculated as 
104.65 mg/g, which is much higher than 87.30 mg/g of PANI 
(Table S2).

Figure 5c, d show that the correlation coefficient (R2) fit-
ting with the Langmuir model is significantly higher than that 
with the Freundlich model, indicating that the Langmuir model 
fits better with the PS adsorption process by both the pristine 
PANI and Fe3O4@PANI. This indicates that the PS removal 
is a monolayer adsorption process, which is similar with the 
PS removal process. The maximum PS adsorption capacity of 
Fe3O4@PANI is calculated as 196.85 mg/g with the reaction 

temperature at 35 °C, which is much higher than 152.91 mg/g 
of PANI (Table S2).

3.3 � Adsorption mechanism

3.3.1 � 3D fluorescence spectrum

The adsorption characteristics of fluorescent substances in 
wastewater were characterized by three-dimensional fluo-
rescence spectroscopy (EEM) (Fig. 6). Two characteristic 
peaks were detected in the spectra of the wastewater, and 
the peaks at Ex/Em = 222/344 nm and Ex/Em = 275/342 nm 
are related the aromatic and tryptophan protein substances 
[55]. The results show that the peak intensity decreases with 
the increase of adsorption time, and the weak intensity of 
both the two peaks was observed after 24 h of adsorption by 

Fig. 5   PN absorption fitting with (a) Langmuir and (b) Freundlich isotherm and PS absorption fitting with (c) Langmuir and (d) Freundlich iso-
therm
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Fig. 6   3D-EEM images of the 
wastewater treated by the (a) 
Fe3O4@PANI and (b) pristine 
PANI
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both the PANI and Fe3O4@PANI, indicating the good per-
formance of the PANI-based materials on the removal of PN 
substances. It was also found that the peaks intensity of the 
wastewater treated by the Fe3O4@PANI was lower than that 
by the pristine PANI, which suggests that Fe3O4@PANI has 
a better performance on removal of proteins than PANI. This 
is consistent with the result of the adsorption experiment.

3.3.2 � SEM–EDS and TEM

Figure 7 shows the SEM and TEM images of the Fe3O4@
PANI after treatment of the wastewater. Fe3O4@PANI pre-
sents as the obvious particles, and the particles were sur-
rounded with a loosen layer of substances. It was inferred 
that the proteins and polysaccharides were adsorbed and 
formed a rough surface of the Fe3O4@PANI. Moreover, 
the obvious core–shell structure of the Fe3O4@PANI was 
also observed after the treatment of wastewater. No obvi-
ous change was observed for the materials before and after 
being used, which indicated that the Fe3O4@PANI has good 
stability for treating this wastewater.

Figure S4 shows the composition of elements in the 
Fe3O4@PANI and PANI before and after treating the 
wastewater, and the elemental contents were listed 
in Table S4. Of the C, 72.49% and of N, 17.10% were 
detected for PANI after adsorption, which was obviously 
higher than these in the pristine PANI. However, the per-
centage of O in PANI decreased. For the Fe3O4@PANI, 
only the percentage of N element increased to 18.34% after 
adsorption, while the percentage of C and O decreased. 
It was inferred that the PANI-based materials were pre-
ferred to adsorption of PN. The PN contains abundant N; 
thus, the high adsorption capacity led to the increase of 
the N element on the surface of the adsorbents. The higher 
increase of N element in Fe3O4@PANI composite indi-
cated the Fe3O4@PANI has a better performance on PN 
adsorption than pristine PANI. The percentage of Fe in the 
composite also significantly decreased. The adsorbed PN 

and PS formed a layer surrounding the composite, which 
weakened the intensity of Fe.

3.3.3 � FTIR characterization

FT-IR spectra of PANI-based materials after wastewater 
treatment are shown in Fig. 8. Compared with the synthe-
sized PANI and Fe3O4@PANI (Fig. 2c), the characteristic 
peaks of the C = C stretching vibration of the quinone ring 
on polyaniline undergo a slight blue shift after adsorption, 
which inferred that the imine groups (−N=) are the main 
active sites for the PN and PS adsorption. For Fe3O4@
PANI, a little shift was also observed at the characteristic 
peaks of 1568 and 1290 cm−1, which also indicates indi-
cating that PN and PS are adsorbed on the imine groups 
(−N=) of the composite.

Fig. 7   (a) SEM and (b) TEM 
images of Fe3O4@PANI after 
treatment of wastewater

Fig. 8   FT-IR spectra of PANI and Fe3O4@PANI after treating the 
wastewater
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3.3.4 � Zeta potential

The measurement results of zeta potential of Fe3O4@PANI 
and PANI adsorbents are shown in Fig. 9. Figure 9a shows 
that the isoelectric point (Pi) of PANI is about pH at 7.3, 
which indicates that the PANI surface is positively charged 
when pH is lower than 7.3. The high Pi is due to the dopped 
protons in the imine groups in the PANI chains. Besides, the 
Pi of Fe3O4@PANI increases to pH at 8.4. The Pi of pro-
teins and polysaccharides was detected as pH at 4.9 and 2.5 
(Fig. S5), respectively. It was inferred that proteins existed 
as negatively charged amino acid ions when the aqueous 
pH is above 4.9, and polysaccharides also exist as nega-
tively charged amino acid when aqueous pH is above 2.5. 
Thus, the positively charged adsorbents can easily adsorb 
the negatively charged proteins and polysaccharides in the 
wastewater by the electrostatic attraction.

4 � Conclusion

The PANI and core–shell structured Fe3O4@PANI compos-
ites were synthesized and were demonstrated as the alterna-
tive adsorbents for further removal of the PN and PS from 
the biotreated wastewater. The adsorption of proteins and 
polysaccharides by both the PANI and Fe3O4@PANI were 
fitted well with the first-order kinetic and Langmuir isotherm 
models. The adsorption capacity of Fe3O4@PANI for PN 
was 104.65 mg/g, which was much higher than pristine 
PANI (87.30 mg/g). While adsorption capacity of PANI for 
PS was 196.85 mg/g, which was higher than Fe3O4@PANI 
(152.91 mg/g). The electrostatic attraction was determined as  
the main mechanism involved in the adsorption of PN and 
PS by the PANI and Fe3O4@PANI.

Supplementary information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s42114-​022-​00508-0.
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