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Abstract
The treatment of Cr(VI) wastewater containing hexavalent chromium is a difficult 
problem. The World Health Organization (WHO) "Drinking Water Quality Stand-
ard" stipulates that the maximum allowable limit of chromium in drinking water 
is 0.05 mg/L. It is very necessary to develop an adsorbent for efficiently removing 
Cr(VI) in water. In this paper, a composite porous hydrogel adsorbent of sepiolite/
humic acid/polyvinyl alcohol@polypyrrole (SC/HA/PVA@PPy) was prepared by 
Pickering emulsion template-in-situ oxidative polymerization, and the enhancement 
effect of this design idea on the adsorption performance of PPy was studied with 
heavy metal ion hexavalent chromium Cr(VI) as the target adsorbate. The morphol-
ogy and structure of the composite adsorbent were characterized by FESEM, EDX 
and FT-IR, which confirmed the successful compounding of PPy with SC/HA/PVA 
and effectively avoided the agglomeration of PPy. The adsorption performance of 
Cr(VI) was systematically studied through the experiments of solution pH, adsorp-
tion dosage, adsorption isotherm and adsorption kinetics. The adsorption capacity 
of SC/HA/PVA@PPy for Cr(VI) can reach 970.31 mg/g-PPy, which is about 44 
times higher than that of pure PPy (21.87  mg/g), indicating that the experimen-
tal design can effectively avoid PPy agglomeration and exert its potential adsorp-
tion performance. The fitting results of adsorption isotherm are more in line with 
Langmuir model  (R2 = 0.912, 0.975, 0.991 at three temperatures), and the thermo-
dynamic parameters reveal that the adsorption process is a spontaneous endother-
mic process. The adsorption kinetics proved that the adsorption process of Cr(VI) 
mainly followed the pseudo-second-order kinetic model  (R2 = 0.957). The regenera-
tion study shows that the adsorbent can be recycled. In addition, according to the 
FESEM-EDX, FTIR and XPS analysis of the adsorbent before and after adsorption, 
the removal of Cr(VI) was mainly enhanced by ion exchange, electrostatic attraction 
and chemical reduction. The peak of Cr element in EDX spectrum after adsorption 
provide direct evidence for the adsorption of Cr(VI). SC/HA/PVA@PPy adsorbent 

Extended author information available on the last page of the article

http://crossmark.crossref.org/dialog/?doi=10.1007/s00289-023-05013-y&domain=pdf


6326 Polymer Bulletin (2024) 81:6325–6348

1 3

has good adsorption performance and strong stability, which has great development 
prospects in wastewater treatment.

Keywords Porous hydrogel · Polypyrrole · Hexavalent chromium · Adsorption · 
Wastewater treatment

Introduction

As we all know, heavy metal ions in water not only have a bad influence on the 
environment, but also are very harmful to human health [1–4]. Especially hexa-
valent chromium Cr(VI), which is highly toxic. Heavy metal Cr(VI) is ubiquitous 
in various industrial wastewater, and a large amount of wastewater containing 
Cr(VI) will be produced during electroplating and surface treatment. In addi-
tion, the wastewater from leather, tanning, textile, pigments and dyes, paint, wood 
processing, petroleum refining industry and photographic film production also 
contains a lot of Cr(VI) [5, 6]. It will cause serious damage to human nervous 
system, liver, blood and bones, because Cr(VI) can diffuse through the cell mem-
brane in the form of  CrO4

2− or  HCrO4
− ions after entering the human body, and 

accumulate in the body and is difficult to be metabolized [7–9]. The World Health 
Organization (WHO) "Drinking Water Quality Standard" stipulates that The max-
imum allowable limit of chromium in drinking water is 0.05 mg/L. Therefore, it 
is urgent to treat Cr(VI) polluted wastewater. There are numerous technologies 
for treating Cr(VI), such as chemical precipitation [10], membrane filtration [11], 
adsorption, and biological treatment [12]. Among many technologies for treating 
hexavalent chromium, adsorption method has attracted much attention because 
of its advantages of simplicity, high efficiency, low cost and no secondary pollu-
tion [13–15]. The adsorption technology mainly depends on the performance of 
adsorbent, which determines the adsorption efficiency and cost.

Polypyrrole (PPy) has attracted much attention in wastewater treatment due to its 
advantages of low cost, non-toxicity, stable environment, easy synthesis and good 
possibility of chemical modification [16, 17]. The redox mechanism involved in 
the doping and undoping process in PPy is beneficial to the adsorption of Cr(VI) 
in wastewater. In addition, there are some positively charged nitrogen atoms in 
PPy chain, which will adsorb anions in aqueous solution through ion exchange and 
electrostatic action and keep the charge neutral. Therefore, it has good adsorption 
capacity for Cr(VI) [18–20]. However, polypyrrole particles will reunite with each 
other due to π-π stacking, which limits the exchange between doped anions (such as 
 Cl−) and Cr(VI) anions. On the other hand, the adsorption performance will also be 
affected by the reduction of the contact area between polypyrrole and Cr(VI) [21, 
22]. Polypyrrole powder can’t exert high adsorption capacity because of its lack of 
porous structure and low surface area [23]. Solving the problem of polypyrrole is 
easy agglomeration and giving full play to its adsorption advantages are the research 
hotspots of efficient polypyrrole-based adsorption materials.
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Composite method is one of the most effective methods to improve the easy 
agglomeration characteristics of polypyrrole [24]. The physical and chemical prop-
erties of single materials are always inferior to those of composite materials. The 
composite adsorbent after introducing matrix materials into polypyrrole can not 
only improve the dispersibility of polypyrrole, but also cooperate with the advan-
tages of the two materials to effectively enhance the adsorption performance [6, 25]. 
Polyvinyl alcohol (PVA)-based hydrogels can be crosslinked to form a hydrophilic 
three-dimensional network structure, which has attracted much attention in the field 
of adsorption because of its non-toxicity, low cost, simple process, good chemical 
and mechanical stability and fast adsorption rate [26, 27]. As a matrix material, 
PVA-based hydrogel can provide a uniform dispersion system for polypyrrole and 
enhance the adsorption performance and mechanical strength.

Composite hydrogels with porous structure can provide adsorbents with faster 
adsorption rate and stronger adsorption capacity [28, 29]. Pickering emulsion tem-
plate method is an excellent template for preparing various porous hydrogels, which 
has strong anti-coalescence, good long-term stability and biocompatibility. Picker-
ing emulsion is stabilized by solid particles, and the irreversible adsorption of solid 
particles makes it very stable [30, 31]. In addition, the droplet size of Pickering 
emulsion can be adjusted by the solid particles, thus determining the pore size of 
the adsorbent [32]. Clay, as a solid particle with colloidal size, large reserves and 
low cost, is the preferred material for stabilizing Pickering emulsion. Sepiolite (SC) 
is a typical natural clay material with fibrous morphology, wide sources and high 
specific surface area. The surface is negatively charged (because  Si4+ is replaced by 
other cations), and it has a certain adsorption capacity, which has great advantages 
in stabilizing Pickering emulsion [33, 34].

In order to reduce the agglomeration of PPy and increase the exposure of active 
adsorption sites, so that the potential adsorption performance of PPy can be brought 
into play, a composite porous hydrogel adsorbent of sepiolite/humic acid/polyvinyl 
alcohol@polypyrrole (SC/HA/PVA@PPy) was prepared by Pickering emulsion 
template in-situ oxidative polymerization. Compounding PPy with SC/HA/PVA can 
not only effectively prevent PPy from agglomeration, but also improve the adsorp-
tion capacity of hydrogel for Cr(VI). Specifically, a stable SC/HA/PVA oil-in-water 
Pickering emulsion was prepared with SC/HA composite colloidal particles as sta-
bilizer. There is negatively charged SC at the droplet interface, which combines with 
PPy through electrostatic interaction (PPy contains positively charged nitrogen-con-
taining groups), thus limiting PPy to the emulsion droplet interface for in-situ oxida-
tive polymerization. Then PVA was crosslinked by freeze–thaw cycle method [35] 
to form a three-dimensional network structure to obtain hydrogel. Hydrogel net-
work also plays a limiting role in PPy. Finally, SC/HA/PVA@PPy composite porous 
adsorbent was obtained by solvent volatilization- freeze drying (Fig. 1). The adsor-
bents were characterized by FESEM, EDX, FT-IR and XPS. Cr(VI) was taken as the 
target to determine the actual adsorption performance of PPy in the prepared hydro-
gel. The effects of solution pH, adsorbent dosage, adsorption time, initial concentra-
tion and temperature of Cr(VI) on the adsorption performance were investigated, 
and the main mechanism of Cr(VI) adsorption was analyzed. The SC/HA/PVA@
PPy composite porous hydrogel prepared in this study to adsorb Cr(VI), which 
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gives full play to the adsorption potential of PPy itself, improves the utilization rate 
of PPy, and is also in line with the concept of developing environmental-friendly 
adsorbents. Another is to utilize composite colloidal particles with abundant and 
low-cost sepiolite and humic acid to synergistically stabilize Pickering emulsion, 
which enriches the stabilization methods of Pickering emulsion.

Methods

Raw materials

Sepiolite (SC) was purchased by TOLSA, S.A (Spain). Humic acid (HA) was pur-
chased from houma Jiayou Humic Acid Co., Ltd. Polyvinyl alcohol (PVA, polym-
erization degree is about 1700), cyclohexane  (C6H12), potassium dichromate 
 (K2Cr2O7), pyrrole  (C4H5N), acetone  (C3H6O), 1,5-diphenylcarbazide, phosphoric 
acid  (H3PO4), sulfuric acid  (H2SO4), ammonium persulfate (APS) ((NH4)2S2O8), 
hydrochloric acid (HCl), sodium hydroxide (NaOH) and ethanol  (C2H6O) are pur-
chased from Sinopharm Chemical Reagents Co., Ltd.(Shanghai, China). All stock 
solutions were prepared with deionized water for material preparation and adsorp-
tion experiments.

Synthesis of SC/HA/PVA@PPy adsorbent

The pH value of 11  g deionized water was adjusted to 11, and 0.064  g SC and 
0.0064 g HA were uniformly dispersed in it to obtain a uniform SC/NaHA solution. 
Add 3.2 mL hydrochloric acid solution (5 M) to obtain SC/HA composite colloidal 
particle solution. Then, 16 g of 10% PVA solution and 0.16 g of pyrrole were added 
in turn. After stirring evenly to obtain water phase, 61.70 mL of cyclohexane (oil 
phase) was added, and then a uniform and stable oil-in-water Pickering emulsion 

Fig. 1  Schematic diagram of preparation of SC/HA/PVA@PPy adsorbent and adsorption of Cr(VI)
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was obtained through high-speed shearing. 0.56  g ammonium persulfate was dis-
solved in 4 mL hydrochloric acid solution (0.5 M), then added into Pickering emul-
sion as oxidant, slowly stirred until the color was uniform, and stood for 12 h. After 
polymerization, the hydrogel was obtained by freeze–thaw cycle for 5 times. The oil 
phase, unreacted monomers and oligomers were removed by washing with deion-
ized water and ethanol. Finally, SC/HA/PVA@PPy composite porous adsorbent was 
obtained by freeze drying.

Characterization

Optical microscope (Motic, MOTIC CHINA GROUP CO., LTD) was used to 
observe the droplet stability of Pickering emulsion and take photos to record the 
droplet size.The elemental composition and micro-morphology of the materi-
als before and after adsorption were measured by field emission scanning electron 
microscope (FESEM) equipped with energy dispersion analysis system of X-ray 
spectrometer (EDX) (NOVA Nano SEM 430, FEI Corporation).Fourier transform 
infrared spectrometer (FT-IR, PerkinElmer, USA) was used to analyze the functional 
groups of PPy, SC/HA/PVA and SC/HA /PVA@PPy before and after adsorption. 
The infrared spectra were recorded in the wave number range of 400–4000  cm−1 at 
room temperature, with a spectral resolution of 4  cm−1 and 16 scanning times. The 
zeta potential at different pH values was measured by a Zetasizer Nano ZS90 instru-
ment (Malvern, UK) at room temperature. X-ray photoelectron spectroscopy (XPS) 
of the materials before and after adsorption were analyzed by ESCALAB 250XI 
Xray photoelectron spectrometer (Thermo Fisher) with Al Kα radiation (1486.6 eV). 
Ultraviolet–visible spectrophotometer (UV3600, shimadzu corporation) was used to 
evaluate the adsorption capacity of SC/HA/PVA@PPy for Cr(VI) in the wavelength 
range of 500–700 nm.

Adsorption experiments

Batch experiments were carried out on SC/HA/PVA@PPy in a water bath constant 
temperature oscillator. The diluted  K2Cr2O7 stock solution (1000 mg/L) was used to 
prepare Cr(VI) solutions with different concentrations, and the pH of the solution 
was adjusted by adding 0.2 mol/L HCl or 0.2 mol/L NaOH. The effects of solution 
pH (2, 4, 6, 8, 10), adsorbent dosage (0.5–5 g/L), adsorption time (10–600 mins), 
initial concentration (50–250 mg/L) and temperature (298, 308, 318 K) of Cr(VI) 
on adsorption performance were systematically investigated. Three parallel experi-
ments were carried out in all experiments to improve the accuracy of the experi-
ments. The adsorption capacity was evaluated by Langmuir and Freundlich isother-
mal models. Thermodynamic parameters are used to analyze the thermodynamic 
properties of adsorption process. The adsorption mechanism and diffusion mecha-
nism were further studied by using pseudo-first-order rate equation, pseudo-second-
order rate equation and intraparticle diffusion model. According to 1,5-diphenylcar-
bazide spectrophotometry [36], the residual Cr(VI) ion concentration was measured 
by UV–vis spectrophotometer (UV3600, Shimadzu Corporation) at the wavelength 
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of 540 nm. The removal rate R (%) of adsorbents on Cr(VI) and the adsorbed Cr(VI) 
amount on per gram of adsorbent  Qt (mg/g) in time t were calculated using Eqs. (1) 
and (2) as follows [37]:

where  C0 (mg/L) and  Ct (mg/L) correspond to the initial concentrations of Cr(VI) 
ions and the residual concentration of Cr(VI) at time t, respectively. m(g) represents 
the mass of adsorbent, and V(L) represents the volume of Cr(VI) solution.

Results and discussion

Characterization of SC/HA/PVA@PPy adsorbent

The structure, pore size and micro-morphology of Pickering emulsion droplets, SC/
HA/PVA and SC/HA/PVA@PPy composite adsorbents were characterized. It is 
observed from Fig. 2a–c that the pore diameters of SC/HA/PVA and SC/HA/PVA@
PPy composite adsorbents is basically the same as the droplet size of Pickering 
emulsion. The results show that Pickering emulsion prepared with SC/HA compos-
ite solid particles as stabilizer has good stability, and porous hydrogel prepared with 
this emulsion as template also has excellent stability. The abundant circular pores 
in SC/HA/PVA@PPy adsorbent are highly connected. These pores can be used as 
water channels to accelerate the combination of adsorbate and adsorption sites, thus 
improving the adsorption rate. Figure  2d shows that the surface of SC/HA/PVA 
is smooth, while the surface of SC/HA/PVA@PPy (Fig.  2e) is rough, and PPy is 
evenly distributed on SC/HA/PVA@PPy, which indicates that PPy is successfully 
compounded on the composite adsorbent and effectively improves the agglomera-
tion of PPy. In addition, the rough surface can provide more adsorption sites for 
Cr(VI) ions, thus improving the adsorption capacity. The EDX elemental analysis 
[38] results of SC/HA/PVA and composite adsorbent SC/ HA/PVA@PPy are shown 
in Fig. 2f, g. It is found that C, N, O, Si and Mg are the main elements of SC/HA/
PVA. In contrast, Cl element was added to SC/HA/PVA@PPy. Obviously, the Cl 
element comes from the  Cl− doped with PPy. EDX confirmed the successful com-
pounding of PPy and SC/HA/PVA.

Figure 3 shows the infrared spectra of PPy, SC/HA/PVA and SC/HA/PVA@PPy. 
In order to better analyze the functional groups of materials, Fig. 4 shows the FTIR 
spectra of SC/HA/PVA and SC/HA/ PVA@PPy separately. In curve of PPy of Fig. 3, 
the bands at 1558, 1480, 1046 and 925  cm−1 are determined by the C=C stretching 
vibration peak, C–N stretching vibration peak, C–C in-plane and out-of-plane bend-
ing vibration peaks, respectively. All of these peaks belong to the characteristic peak 
of polypyrrole [39, 40]. It can be observed from Fig. 4 that the spectral similarity 
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Fig. 2  Optical microscope images of Pickering emulsion droplets (a), Low magnification FESEM images 
of SC/HA/PVA and SC/HA/PVA@PPy (b, c), High magnification FESEM images of SC/HA/ PVA and 
SC/HA/PVA@PPy (d, e) and EDX analysis images of SC/HA/PVA (f), SC/HA/PVA@PPy (g)

Fig. 3  FTIR diagram of PPy, 
SC/HA/PVA, SC/HA/PVA@
PPy
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between the two is very high, which shows that the combination of PPy does not 
destroy the overall structure of hydrogel. SC/HA/PVA and SC/HA/PVA@PPy have 
a strong broad peak at 3400–3250  cm−1, which is mainly due to the stretching vibra-
tion of –OH [41–43]. Among them, the N–H stretching vibration of PPy in SC/HA 
/PVA@PPy overlaps with –OH. The peak near 2940   cm−1 comes from the asym-
metric and symmetric stretching vibration of C–H [44], while the peaks at 1092 and 
849  cm−1 correspond to the tensile vibration of Si–O and the deformation vibration 
of Mg–OH [45], respectively. In SC/HA/PVA@PPy, the spectral peaks at 1574 and 
1043  cm−1 are attributed to the C=C tensile vibration and the C–C in -plane bending 
vibration of PPy [46], respectively, which are the characteristic peaks of PPy. The 
above results showed that PPy and SC/HA/PVA were successfully compounded.

The surface charge of adsorbent directly affects the adsorption performance of 
materials. The Zeta potential of the adsorbent at different pH values was measured 
and shown in Fig.  5. The zero charge value (pHzpc) of SC/HA/PVA@PPy was 

Fig. 4  FTIR comparison diagram of SC/HA/PVA and SC/HA/PVA@PPy (a), FTIR comparison of local 
amplification of SC/HA/PVA and SC/HA/PVA@PPy (b)

Fig. 5  Zeta potentials of SC/
HA/PVA@PPy at different pH 
values  (C0 = 100 mg/L, t = 12 h, 
T = 298 K, adsorbent dosage = 1 
g/L)
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determined to be 4.9. When the pH of the solution is less than 4.9, the surface of 
SC/HA/PVA@PPy is positively charged [47], and the removal amount of Cr(VI) 
oxygen anion increases due to the enhancement of electrostatic interaction. On the 
contrary, when the pH of the solution is greater than 4.9, the surface of SC/HA/
PVA@PPy is negatively charged [48], which enhances the electrostatic repulsion 
and reduces the removal amount of Cr(VI) oxygen anion.

Sorption properties of SC/HA/PVA@PPy

Comparison of adsorption capacity before and after material compounding

The adsorption capacity of Cr(VI) was calculated to determine the actual adsorp-
tion performance of PPy on the prepared composite adsorbent. Table  1 displays 
that the maximum adsorption capacity of SC/HA/PVA@PPy for Cr(VI) can reach 
125.37  mg/g, which is obviously higher than that of pure PPy (21.87  mg/g) [49] 
in the literature and SC/HA/PVA (44.45 mg/g). Furthermore, according to the per-
centage of PPy and SC/HAPVA in SC/HA/PVA@PPy, it can be calculated that 
the actual adsorption capacity of Cr(VI) by PPy is 970.31 mg/g-PPy, which is also 
greatly improved compared with the pure PPy in the literature. The results show 
that the combination of PPy and SC/HA/PVA can not only significantly improve the 
adsorption capacity of adsorbent. It can also effectively prevent the reunion of PPy, 
which gives full play to the potential ability and enhancement in adsorbing Cr(VI).

Effect of pH

The pH value of the solution will directly affect the surface charge of the adsorbent 
and the existing form of metal ions, so the pH value of the solution is one of the 
important parameters affecting the adsorption performance of the adsorbent during 
the adsorption process. The adsorption capacity of SC/HA/PVA@PPy for Cr(VI) 
was studied in the range of pH 2–10, and the result is shown in Fig. 6a. The adsorp-
tion capacity reached the optimal value at pH 2, and then decreased rapidly with 
the increase of pH. Figure 6b is a distribution diagram of that exist forms of Cr(VI) 
at different pH value. It can be seen that in the pH range of 2–6, Cr(VI) mainly 
exists in the form of  Cr2O7

2− or  HCrO4
− anion, when the pH > 6, the main exist-

ing form of Cr(VI) changes to  CrO4
2− [50]. This corresponds to the adsorption 

result in Fig.  6a. Under acidic conditions,  Cr2O7
2− and  HCrO4

− ions can replace 
the doped  Cl− and adsorb Cr(VI) anions through ion exchange. On the other hand, 

Table 1  Comparison of adsorption capacity of different samples

Sample Py content (%) qe (mg/g) Unit PPy adsorption 
capacity (mg/g)

References

SC/HA/PVA 0 44.45 0 Present study
Pure PPy 100 21.87 21.87 [49]
SC/HA/PVA@PPy 8.74 125.37 970.31 Present study
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the protonated amino groups on the surface of SC/HA/PVA@PPy are positively 
charged and adsorb Cr(VI) anions through electrostatic interaction. In addition, the 
adsorbent has a high redox potential at this time, which can promote the reduction 
of Cr(VI) to Cr(III) [51]. However, in the aqueous solution with pH > 6, the adsor-
bent is de-doped, and excessive  OH− in the solution will compete with  CrO4

2− for 
adsorption sites. Meanwhile, the deprotonation of amino group reduces the positive 
charge on the adsorbent surface, which hinders the interaction with Cr(VI). There-
fore, that adsorption performance of the adsorbent decrease. The above analysis is 
consistent with the discussion of zeta potential.

Effect of adsorbent dose

Investigating the influence of adsorbent dosage is helpful to weigh the cost and 
actual adsorption benefit. In this experiment, the effect of dosage on the adsorption 

Fig. 6  Effect of solution pH on adsorption performance (a) and species distribution of Cr(VI) at different 
pH (b)  (C0 = 100 mg/L, t = 12 h, T = 298 K, adsorbent dosage = 1 g/L)

Fig. 7  Effect of adsorbent 
dosage on adsorption perfor-
mance  (C0 = 100 mg/L, t = 12 h, 
T = 298 K, pH 2)
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of Cr(VI) by SC/HA/PVA@PPy composite was studied in the range of 0.5–5 g/L. 
As shown in Fig. 7, with the increase of dosage from 0.5 to 5 g/L, the removal rate 
of Cr(VI) increased from 51.35 to 99.81%. The relationship between the removal 
rate of Cr(VI) and the dosage of adsorbent did not increase linearly, but increased 
rapidly to slowly. In the process of 0.5–1 g/L, the concentration of adsorbate is much 
higher than that of adsorbent, and there are a large number of available adsorp-
tion sites [52], the adsorption rate increases rapidly. With the increasing amount 
of adsorbent, the ratio of Cr(VI) anion to available active sites decreases, and the 
driving force to overcome the resistance of solid–liquid mass transfer also decreases 
[53], so the increase of adsorption rate becomes slow.

Adsorption kinetics

Adsorption equilibrium time is also an important factor to investigate the perfor-
mance of adsorbents. Figure  8 shows the change of Cr(VI) adsorbed by SC/HA/
PVA@PPy with time. Clearly, the adsorption rate is very fast in the first 10 mins, 
and about 77% of the adsorption is directly completed. With the increase of reac-
tion time, the adsorption rate gradually increases until it reaches equilibrium at 480 
min. At the initial stage of adsorption, there are a large number of available adsorp-
tion sites on the adsorbent, and the concentration of Cr(VI) in the local micro-
environment of adsorbent-adsorbate is high. At the later stage of adsorption, most 
adsorption sites were occupied and the effective adsorption sites decreased. With 
the decrease of Cr(VI) concentration in the local micro-environment of adsorbent 
-adsorbate, the later adsorption rate gradually slows down until the adsorption equi-
librium is reached.

Adsorption kinetics can provide useful information for understanding the adsorp-
tion process of Cr(VI) on adsorbents. The pseudo-first-order kinetic model [54, 55], 
pseudo-second-order kinetic model [56] and intraparticle diffusion model [57] were 
introduced to fit the adsorption data to understand the kinetic mechanism of adsor-
bent. The nonlinear equations of the three models are as follows:

Fig. 8  Kinetics of SC/HA/
PVA@PPy adsorption of 
Cr(VI)  (C0 = 100 mg/L, 
T = 298 K, adsorbent dosage = 1 
g/L = 0.01 g, pH 2)
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Pseudo-first-order:

Pseudo-second-order:

Intraparticle diffusion model:

where  qt (mg/g) is the amount of Cr(VI) adsorbed at time t,  qe (mg/g) is equilib-
rium adsorption amount,  k1 (1/min) is the pseudo-first-order rate constant,  k2 (g/
(mg min)) is the pseudo-second-order rate constant,  k3 (mg/(g  min0.5)) is the intra-
particle diffusion constant, whereas C is the boundary layer thickness constant.

Figure  8 and Table  2 show the fitting results of kinetic experiments. Com-
pared with the pseudo- first-order model, the pseudo-second-order model has a 
higher correlation coefficient  (R2 = 0.976), and its calculated adsorption capacity 
 qe (80.24 mg/g) is also closer to the experimental value  qe (86.41 mg/g). It can be 
concluded that the adsorption process of Cr(VI) by SC/HA/PVA@PPy composite 
follows the pseudo-second-order kinetic model, which holds that the main mecha-
nism of Cr(VI) adsorption is chemical adsorption [58, 59]. The intraparticle diffu-
sion model was used to further study the adsorption rate control steps and diffusion 
mechanism. According to the intraparticle diffusion diagram (Fig. 8) and the fitting 
parameters (Table 2), the correlation coefficient  (R2 = 0.508) is not good, the fitting 
curve does not pass through the coordinate origin, and the value of the boundary 
layer thickness constant C is not 0, which indicates that intraparticle diffusion is not 

(3)qt = qe
(

1 − e
−k1t

)

(4)qt =
k
2
q2
e
t

1 + k
2
q
e
t

(5)qt = k
3
t0.5 + C

Table 2  Adsorption kinetic 
models and parameters for 
removal of Cr(VI) on SC/HA/
PVA@PPy

Parameters

C0 (mg/L) 100
qe(exp) (mg/g) 86.41
Pseudo-first-order
k1 (1/min) 0.438
qe (mg/g) 76.76
R2 0.957
Pseudo-second-order
k2 (g/(mg·min)) 0.004
qe (mg/g) 80.24
R2 0.976
Intraparticle diffusion
k3 (mg/(g·min0.5)) 2.726
C 38.693
R2 0.508
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the only rate control factor in the adsorption process of Cr(VI), and may be affected 
by the membrane diffusion [60].

Adsorption isotherm

The adsorption isotherm can determine the maximum adsorption capacity of adsor-
bent. In this experiment, the adsorption capacity of adsorbent in different Cr(VI) 
concentrations was tested at three temperatures (298, 308 and 318 K). Langmuir 
(single-layer homogeneous adsorption) [61] and Freundlich (multi-layer heteroge-
neous adsorption) isotherm models [62] were used to fit the adsorption data. The 
nonlinear fitting equation of the model is as follows:

Langmuir:

Freundlich:

where  Ce (mg/L) is the Cr(VI) mass concentration in solution equilibrium,  qe (mg/g) 
is equilibrium adsorption amount,  qm (mg/g) is the maximum adsorption capacity, 
 KL (L/mg) is the Langmuir constant related to adsorption energy, which represents 
the affinity of the adsorbent for the adsorbent.  KF (mg/g) and n are the Freundlich 
isotherm constants related to adsorption capacity and intensity, respectively. It can 
be seen from Fig.  9a that the adsorption capacity of SC/HA/PVA@PPy increases 
with the increase of the initial concentration of Cr(VI) in the solution, and then tends 
to balance gradually. This is because there are many empty adsorption sites on the 
adsorbent at first. Once Cr(VI) comes into contact with the adsorbent, it will quickly 
occupy the adsorption sites, so the adsorption capacity will increase rapidly. With 

(6)qe =
KLqmCe

1 + KLCe

(7)qe = KFC
1∕n
e

Fig. 9  Isotherm of SC/HA/PVA@PPy adsorption of Cr(VI) at different temperatures (a), Plot of lnK- 1/T 
to determine the thermodynamic parameters of Cr(VI) adsorption onto SC/HA/PVA@PPy (b) ( t = 12 h, 
adsorbent dosage = 1 g/L = 0.01 g, pH 2)
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the continuous increase of Cr(VI) concentration, the adsorption sites have gradu-
ally reached saturation and the adsorption capacity will steadily become balanced. 
With the increase of temperature, the adsorption capacity also increases, reaching 
the optimal adsorption capacity of 125.37 mg/g at 318 K, which indicates that the 
temperature has a positive correlation with the adsorption performance of the mate-
rial, and the adsorption process of the material is an endothermic reaction process.

The fitting results of adsorption isotherm model are shown in Fig.  9a and 
Table 3. Obviously, the data fitted by Langmuir model is better and  R2 is higher, 
which reflects that Langmuir model is more suitable to describe the adsorption 
process of Cr(VI) by SC/HA/PVA@PPy than Freundlich model. The results sug-
gest that the main mechanism of Cr(VI) adsorption on the composite is mon-
olayer adsorption, and the active sites are evenly distributed on the adsorbent [63, 
64]. In addition, with the temperature rising from 298 to 318 K, the maximum 
adsorption capacity  qm calculated by Langmuir model increased from 111 to 
124.13 mg/g, indicating that temperature rise is beneficial to adsorption.

Comparing the adsorption of Cr(VI) by SC/HA/PVA@PPy with other porous 
hydrogel adsorbents (Table  4). It is found that compared with porous hydrogel 
adsorbents in these literatures, SC/HA/PVA @PPy has higher adsorption capacity 
for removing Cr(VI), and the optimal adsorption capacity can reach 125.37 mg/g 
at 318 K, which is higher than that in most literatures. Moreover, as can be con-
firmed by the analysis results in Table  1 above, the actual adsorption capacity 
of PPy for Cr(VI) can reach 970.31  mg/g-PPy according to the percentages of 
PPy and SC/HA/PVA in SC/HA@PPy, which gives full play to the adsorption 
potential of PPy itself, improves the utilization rate of PPy, and conforms to the 
concept of developing environmentally friendly adsorbents. The results show that 
SC/HA/PVA@PPy has great research value in removing Cr(VI).

Thermodynamics studies

In order to study the thermodynamic properties of adsorption process (endo-
thermic or exothermic, randomness and spontaneity), we calculated the follow-
ing thermodynamic parameters. Thermodynamic parameters such as standard 
Gibbs free energy change (ΔG°), enthalpy change (ΔH°) and entropy change 
(ΔS°) for the adsorption of Cr(VI) by SC/HA/PVA@PPy (initial concentration of 
100 mg/L) have been determined by the following equation [69]:

Table 3  Adsorption isotherm 
models and parameters for 
removal of Cr(VI) on SC/HA/
PVA@PPy

T/K Langmuir constants Freundlich constants

qm (mg/g) KL (L/mg) R2 KF (mg/g) 1/n R2

298 111.00 0.176 0.912 48.05 0.170 0.732
308 122.66 0.252 0.975 46.54 0.207 0.855
318 124.13 0.811 0.991 71.15 0.128 0.809
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where K (L/g) is thermodynamic equilibrium constant, R is the ideal gas constant 
(8.314  J/mol/K), T is temperature (K),  C0 (mg/L) is the initial concentrations of 
Cr(VI) ions and  Ce (mg/L) is the Cr(VI) mass concentration in solution equilib-
rium. The thermodynamic parameters obtained are shown in Fig. 9b and Table 5. 
The positive value of ΔH° proves that the adsorption process is endothermic, and 
high temperature can promote the adsorption of Cr(VI), which is consistent with the 
experimental results of temperature. Moreover, the value of ΔH° < 80 kJ/mol, which 
indicates that the adsorption of Cr(VI) by SC/HA/PVA@PPy is a physisorption pro-
cess [70, 71]. This is not in contradiction with the kinetic results, indicating that the 
adsorption of Cr(VI) on the adsorbent can be carried out by physics, chemistry or 
the combination of the two. The positive value of ΔS° indicates that the random-
ness of solid–liquid interface increases during adsorption [72]. At all experimental 
temperatures, ΔG° is negative, indicating that the adsorption process of Cr(VI) is 
spontaneous, and the greater the negative value of ΔG°, the better the adsorption 
[73]. The values of ΔG° in Table 5 is negatively correlated with temperature, which 
further confirms that high temperature is beneficial to adsorption.

Analysis of regenerative performance

Evaluating the regeneration efficiency of adsorbent materials for further use is very 
important for studying a cost-effective adsorbent material to remove Cr(VI) in indus-
trial wastewater. In this experiment,  NaHCO3 (0.5 M) solution was used as eluent, 
washed with distilled water, and HCl (2M) solution was used as dopant to reactivate 
the adsorption site, so the adsorption cycle was repeated for four times. The Fig. 10 
shows the removal efficiency of SC/HA/PVA@PPy in each adsorption cycle. After 
four cycles, the removal efficiency of Cr(VI) by SC/HA/PVA@PPy decreased from 
86.4% to 50.1%. Cr(VI) is not completely desorbed from the adsorbent or reduced to 
Cr(III), which may be the reasons for the low reuse rate. The results show that SC/

(8)lnK =
ΔS0

R
−
ΔH0

RT

(9)ΔG0 = −RT lnK

(10)K =
C
0
− Ce

Ce

Table 5  Thermodynamic 
parameters of adsorption of 
Cr(VI) by SC/HA/PVA@PPy

T(K) Thermodynamic parameters

ΔG° (kJ/mol) ΔH° (kJ/mol) ΔS° (kJ/mol/K)

298 −15.75 53.811 0.196
308 −29.98
318 −66.03
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HA/PVA@PPy composite porous hydrogel has good regeneration and reusability, 
and it is an effective adsorbent for treating Cr(VI) ion polluted wastewater.

Adsorption mechanism of Cr(VI) by SC/HA/PVA@PPy

The surface morphology and elemental composition of SC/HA/PVA@PPy before 
and after adsorption of Cr(VI) were evaluated by FESEM-EDX. Comparing Figs. 2c 
and 11a, there is almost no difference in the structure of the adsorbent before and 
after adsorption, and the porous structure remains stable, which proves that the com-
posite adsorbent has stable structure and high mechanical strength. As can be seen 
from Figs. 2e and 11b, many sepiolite fibers are staggered on the rough adsorbent 
surface, while a large number of PPy are evenly distributed on the adsorbent sur-
face and sepiolite fibers, which indicates that PPy is very stably fixed on SC/HA/
PVA@PPy. Figure 11c is the EDX element spectrum after Cr(VI) adsorption. Com-
pared with before adsorption (Fig. 2g), there is an obvious Cr element peak in the 
energy spectrum after adsorption, while the Cl element peak disappears, indicating 
that Cr(VI) anion is adsorbed by replacing the doped  Cl−. Other authors who have 
studied the adsorption of Cr(VI) by PPy-based adsorbent [74, 75] have also reported 
a similar trend. EDX spectrum is the direct evidence that Cr(VI) is adsorbed on SC/
HA/PVA@PPy by ion exchange.

The FTIR spectra of SC/HA/PVA@PPy composite adsorbent before and after 
adsorption were compared, and the possible mechanism of Cr(VI) adsorption 
was analyzed according to the changes of spectral peaks. It can be observed from 
Fig.  11d that after absorbing Cr(VI), the whole spectral peak shifts to low wave-
number. It is speculated that Cr(VI) anion replaced the doped  Cl−, which affected 
the conjugated structure of PPy chain, and the delocalization degree of charge along 
the polymer chain was limited, which led to the red shift of the peak [22]. After 
adsorption, the tensile vibration peak of C–N moved from 1443 to 1414   cm−1, 
which was the characteristic peak of PPy, and its weakening indicated that amino 
functional groups participated in the adsorption reaction [76]. In addition, the broad 

Fig. 10  Regeneration cycle of 
SC/HA/PVA@PPy adsorp-
tion of Cr(VI)  (C0 = 100 mg/L, 
T = 298 K, adsorbent dosage = 1 
g/L = 0.01 g, pH 2, t = 12 h)
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Fig. 11  Low and high magnification FESEM (a, b), EDX (c), FTIR spectra (d) and high-resolution XPS 
spectra of Cr 2p (e) of SC/HA/PVA@PPy after Cr(VI) adsorption, high-resolution XPS spectra of N 1s 
(f, g) of SC/HA/PVA@PPy before and after Cr(VI) adsorption, scheme of the adsorption mechanism of 
Cr(VI) (h)
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peak at 3341  cm−1 is red-shifted to 3271  cm−1, and the intensity is obviously weak-
ened, which indicates that hydroxyl and amino groups play a role in Cr(VI) adsorp-
tion [77]. The peak of 849   cm−1 moves to 829   cm−1 and the peak width becomes 
slightly larger, which may be because the Cr–O bond formed overlaps with Mg–OH 
[78]. After the adsorption reaction, only some peak shifts and intensities changed, 
while the whole peak shape remained basically unchanged, which indicated that the 
adsorption reaction would not destroy the structure of the adsorbent.

To investigate the adsorption mechanism of Cr(VI) on SC/HA/PVA@PPy in 
detail, XPS analysis was carried out. Figure  11e shows the high-resolution XPS 
spectrum of Cr 2p of SC/HA/PVA@PPy after Cr(VI) adsorption. The spectrum of 
Cr 2p can be divided into three peaks: 577.9 (Cr  2p3/2), 576.3 (Cr  2p3/2) and 586.2 
(Cr  2p1/2) eV. The first peak corresponds to Cr(VI), and the last two peaks corre-
spond to Cr(III). According to the calculation of peak area, there are about 74.5% 
Cr(III) and 25.5% Cr(VI) on the adsorbent, which proved that redox reaction 
occurred on the adsorbent, and part of the adsorbed Cr(VI) was reduced to Cr(III) 
[79]. The reduction reaction needs to get electrons, and the amino group in PPy can 
be used as an electron donor group to provide electrons for Cr(VI) reduction [80]. 
Therefore, the N 1s before and after Cr(VI) adsorption was characterized by high-
resolution XPS spectrum (Fig. 11f and Fig. 11g). The XPS spectrum of N 1s before 
adsorption can be deconvolved into three different peaks at 398.5, 399.2 and 400.2 
eV, which are attributed to 21.3% imine nitrogen (–N =), 63.8% amine nitrogen 
(–NH–) and 14.9% charged nitrogen (–N+) groups, respectively [81]. Among them, 
the existence of (–N+) is due to the protonation reaction of some imines under acidic 
conditions. After adsorption, the percentage of nitrogen component changed. The 
proportion of –NH– decreased to 45.9%, while the proportion of –N = increased to 
32.8%, which proved that part of –NH– on the adsorbent participated in the reduc-
tion reaction of Cr(VI) as an electron donor group [82]. In addition, the increase of 
the proportion of –N+ corresponds to the decrease of pH value in the solution after 
adsorption. The charged nitrogen (–N+) groups can generate electrostatic attraction 
with Cr(VI) to adsorb Cr(VI). XPS analysis results show that the adsorption mecha-
nism of Cr(VI) may include electrostatic attraction and redox reaction.

Hence, the adsorption mechanism scheme of Cr(VI) is given in Fig.  11h. The 
results of FESEM- EDX, FTIR and XPS analysis show that the adsorption mecha-
nism of Cr(VI) by SC/HA/PVA@PPy involves ion exchange, electrostatic attraction 
and redox reaction.

Conclusion

A new type of Cr(VI) adsorbent was synthesized based on the double "defining 
effect" of hydrogel network and Pickering emulsion template on PPy, which effec-
tively enhanced the adsorption capacity of PPy for Cr(VI) in water. The initial pH 
of solution, adsorption dose, reaction time, initial concentration of Cr(VI) and tem-
perature will all affect the performance of adsorbent. Adsorption kinetics and ther-
modynamic experiments show that the adsorption of Cr(VI) by SC/HA/PVA@PPy 
is a spontaneous endothermic single-layer adsorption reaction, and the adsorption 
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process of Cr(VI) on the adsorbent is complex, which can be carried out by physi-
cal, chemical or combination of the two. The possible mechanisms of adsorption 
of Cr(VI) by SC/HA/PVA@PPy are ion exchange, electrostatic attraction and redox 
reaction. The fast adsorption rate of the adsorbent (77% within 10 mins), easy sepa-
ration from water and high utilization rate of PPy (970.31 mg/g-PPy) make the SC/
HA/PVA@PPy composite adsorbent have a certain application prospect in the field 
of wastewater treatment.
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