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Abstract

Heavy metals are recognized as a growing environmental concern due to their toxicity and 
long-term stability. In this study, a magnetic composite biochar material (PDFMB) was synthesized 
using iron-based sludge and Chinese medicine residue, with zinc chloride and polyaniline serving 
as modifiers, to adsorb and reduce Cr(VI) in water. The optimal preparation conditions were 
determined through preliminary experiments, and the adsorption performance was evaluated through 
material characterization and Cr(VI) adsorption tests. The removal of Cr(VI) by PDFMB was highly 
pH-dependent, with an optimal pH of 2, indicating that acidic conditions favored adsorption. 
The maximum adsorption capacity for Cr(VI) at 308 K and pH 5 was 111.11 mg/g. The adsorption 
kinetics followed a pseudo-second-order model, while the Langmuir isotherm provided a good fit to 
the adsorption isotherm data. Thermodynamic analysis revealed that the removal process was 
spontaneous and endothermic. The anions Cl‒, SO4

2‒, and PO4
3‒ inhibited the removal efficiency of 

Cr(VI), with inhibition strength following the order Cl‒<SO4
2‒<PO4

3‒. The key mechanisms involved 
in Cr(VI) removal included physical and chemical adsorption, chelation, and the reduction of Cr(VI) to 
Cr(III). The PDFMB composite exhibited high stability and reusability, achieving an 85.25% removal 
efficiency after six cycles. Owing to its high efficiency, magnetic separability, and excellent recyclability, 
PDFMB represents a highly promising candidate for addressing Cr(VI) pollution.
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Introduction

Heavy metals are considered one of the most 
hazardous groups of pollutants among various 
wastewater pollutants [1] because of their potential 
toxicity, high mobility and non-biodegradable nature. 
Chromium (Cr) is a typical heavy metal used in 
industrial processes including paint manufacturing, 
electroplating, chemical manufacturing, metal plating, 
and tanning [2]. The US Environmental Protection 
Agency (US-EPA) and the World Health Organization 
classify Cr(VI) as the second most abundant inorganic 
groundwater pollutant. Hence, it is of great significance 
to address the Cr(VI) problem using a safe and effective 
approach.

Techniques including chemical precipitation, ion 
exchange, ultrafiltration and membrane separation 
for removing Cr(VI) have several limitations, such 
as complex procedures, high costs, and secondary 
chemical contamination. Considering its high efficiency 
and low cost, adsorption is regarded as one of the most 
valuable techniques for Cr(VI) removal [3]. Finding  
a cheap and efficient adsorbent is important for 
adsorption techniques. Thus, biochar generated from 
a series of biomass materials has been identified as 
a cost-effective adsorbent. Up to 70 million tons of 
Chinese medicine residue (CMR) is produced annually 
in China with the development of Chinese medicine, 
and is mainly disposed of as solid waste in landfills [4].  
As a result, CMR is a potential resource for preparing 
biochar. Yuan et al. [5] prepared five types of traditional 
Chinese medicine residue biochars (DNS, CX, DG, DGS, 
HQ), which possessed favorable structural stability and 
removed Pb(II) with a maximum adsorption capacity of 
36.42 mg/g. Nevertheless, raw medicinal residue biochar 
lacks magnetism to facilitate convenient solid-liquid 
separation after adsorption and has limited adsorption 
performance, so corresponding modification treatment 
is necessary to strengthen its practical remediation 
capability.

Large amounts of iron-based sludge (IS) are generated 
both in waterworks using iron-based coagulants and 
during the treatment of iron-containing groundwater 
[6]. Currently, the most common disposal method for 
this sludge is landfill, which can lead to the leaching 
of metal ions, contamination of soil and surface water, 
and harm to the environment. Zhao et al. [7] prepared 
Fe-modified sewage sludge biochar (Fe-HKBC), which 
possessed abundant iron species and oxygen-containing 
functional groups along with a specific surface area of 
280.68 m2/g, achieving a higher removal capacity for 
Cr(VI) than the original biochar. Notably, IS can be 
magnetized through calcination, as the iron minerals 

within it are converted into magnetic Fe3O4 particles 
during pyrolysis [8]. Therefore, modifying biochar with 
IS is a more environmentally friendly approach than 
traditional chemical magnetic modification methods. 
Zinc chloride (ZnCl2) is a common activating agent that 
effectively increases functional groups and promotes 
the formation of porous structures [9]. Furthermore, 
the co-calcination of zinc and iron at high temperatures 
generates magnetic zinc ferrite (ZnFe2O4), which 
significantly enhances magnetism [10]. 

As a typical conducting polymer, polyaniline 
(PANI) has become a promising material owing to its 
extended π-conjugated skeletons, high conductivity, 
good stability, simple preparation, and eco-friendly 
and non-toxic nature [11]. Particularly, PANI contains 
a variety of functional groups, including amino and 
imine groups, which endow it with the adsorption and 
reduction capacities for anions, such as Cr(VI) [12]. 
Behera et al. [13] prepared a flower-shaped polyaniline-
modified yttrium phosphate (PANI-YPO4) composite, 
achieving a Cr(VI) adsorption capacity of 91.0 mg/g 
with outstanding structural stability. Nevertheless, the 
non-magnetic nature of polyaniline hinders solid–liquid 
separation and limits its cyclic regeneration in practical 
applications.

To prepare an efficient and environmentally 
friendly composite material, this study synthesized 
magnetic biochar using ZnCl2 as a pore-forming agent, 
polyaniline as an amino grafting reagent, and iron-based 
sludge combined with traditional Chinese medicine 
residue as raw materials. The adsorption performance  
of the composite toward hexavalent chromium (Cr(VI)) 
and its physicochemical properties were investigated, 
and the removal mechanism of Cr(VI) was further 
elucidated.

Materials and Methods

Preparation of the Material

The CMR was obtained from a pharmacy in 
Zhengzhou, Henan, China. The IS was collected from 
a drinking water treatment plant in Huludao, Liaoning, 
China. The CMR and IS were dried at 105℃. The major 
elemental composition and mass fractions of iron-rich 
sludge (IS) were characterized by X-ray fluorescence 
(XRF). Table 1 shows that the mass fraction of Fe 
reached 78.62%, followed by C (6.54%) and Si (5.89%). 
These components mainly originated from iron-based 
flocculants and suspended organic matter in raw water, 
and no toxic or hazardous substances were detected  
in IS.

Table 1. The main element contents of IS (wt.%)

Fe C Si Al Ca K Mg

78.62 6.54 5.89 2.94 0.93 0.60 0.46
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CMR and IS were thoroughly mixed at a mass ratio 
of 1:2. The mixture in the crucible was microwaved  
at 300 W for 10 min as a pre-treatment. Subsequently, 
25 wt.% of ZnCl2 was added to the CMR-IS mixture, 
and the material was dried at 105°C for 24 h. Calcination 
was carried out in a vacuum tube furnace under  
a nitrogen flow of 200 mL/min. The furnace was heated 
to 400°C at a ramp rate of 15°C/min and held at this 
temperature for 3 h to obtain the dual ferrite magnetic 
biochar (DFMB). 

In the preliminary experiment, 3.5 mL of aniline was 
added to 100 mL of HCl solution (0.25-0.5 mol/L), and 
the mixture was stirred for 1 h at 300 rpm. Under the 
same stirring conditions, DFMB (0.5-3 g) was added and 
mixed for 20 min. Then, 50 mL of (NH4)2S2O8 solution 
(90 g/L) was added to the reaction system, followed by 
stirring for 30 min. The mixture was allowed to stand 
for 8 h, after which the solids were separated and dried 
in a vacuum oven for 12 h. The dried particles were 
crushed and filtered through a 60-mesh sieve to obtain 
polyaniline dual ferrite magnetic biochar (PDFMB) for 
subsequent experiments.

Static Adsorption Experiment

In the experiment, K2Cr2O7 was dissolved in water 
to produce the Cr(VI) solutions. The pH was adjusted 
using 0.1 mol/L HCl or NaOH. 

0.05 g PDFMB was added to 25 mL Cr(VI)-
containing wastewater. The mixture was reacted at  
120 rpm in a temperature-controlled shaker and filtered 
with a 0.45 μm filter membrane after adsorption.  
The concentration of Cr(VI) was measured using  
a UV–Vis spectrophotometer at 540 nm. Each 
experiment was performed in triplicate, and the average 
value was used for subsequent analysis. 

Results and Discussion

Determination of the Conditions 
for PDFMB Preparation

The ideal PDFMB composite should possess 
both superior magnetic separation performance and 
prominent Cr(VI) adsorption capacity. All saturation 
magnetization and corresponding adsorption data for 
each preparation group are summarized in Table 2 to 
elucidate the trade-off between magnetic properties 
and adsorption capability. As shown in Fig. 1a) and 
c), PDFMB achieved the highest adsorption capacity 
when the HCl concentration was 0.5 mol/L, while it 
still showed great magnetism (18.1 emu/g). Fig. 1b),  
d indicated that increasing the dose of DFMB created 
a contradiction between the magnetism and the Cr(VI) 
removal performance of PDFMB. Fig. 1b) demonstrated 
that the magnetization was visibly enhanced from  
6.8 emu/g to 18.1 emu/g as the dose of DFMB increased 
from 0.75 g to 1.5 g, while the magnetization remained 

basically the same as the DFMB dose increased from  
1.5 g to 3 g. Fig. 1d showed that the Cr(VI) uptake 
decreased continuously with increasing DFMB dose. The 
Cr(VI) uptake decreased from 64.1 mg/g to 56.4 mg/g 
as the DFMB dose increased from 1.5 g to 3 g. 

Excessive DFMB filler dilutes the mass fraction 
of PANI functional components with chelation and 
reduction activity within the composite matrix, thereby 
weakening the intrinsic adsorption efficiency per unit 
adsorbent mass. Considering both magnetism and 
Cr(VI) adsorption performance, the HCl concentration 
and the dose of DFMB were determined to be 0.5 mol/L 
and 1.5 g, respectively, for preparing PDFMB. 

Sample Characterization

SEM images of DFMB, PDFMB and PDFMB 
after Cr(VI) adsorption are shown in Fig. 2(a-c).  
Fig. 2a) shows that the DFMB had spherical particles 
and octahedral spinel particles on its surface, which 
might be iron oxide (Fe3O4) and magnetic zinc ferrite 
(ZnFe2O4). 

As shown in Fig. 2b), PDFMB mainly presents 
a nanorod structure. PANI nanofiber filaments are 
interlaced with each other, while Fe3O4 and ZnFe2O4 
on PDFMB are basically invisible, indicating that the 
modified PANI is well dispersed on the DFMB surface. 
Most of the magnetic particles are embedded inside the 
PDFMB, while the interlaced fiber structure provides 
good load-type protection for the magnetic centers. 
PANI nanorods are distributed in a coral-like structure, 
and there are a large number of pores and channels on 
PDFMB, showing a rich mesoporous structure. This 
structure is conducive to the diffusion of Cr(VI) ions 
into the pores, and increases the contact probability 
between the adsorbent and adsorption sites [14]. Fig. 2c) 

Table 2. SBET and pore textures of PDFMB with different 
condition

HCl concentration 
(mol/L)

Saturation magnetization 
(emu/g)

Cr(VI) uptake 
(mg/g)

0 18.7 14.1

0.25 17.9 52.4

0.5 18.1 78.5

1 23.1 70.8

1.5 19.8 70.2

2 12.9 71.5

DFMB dosage (g) Saturation magnetization 
(emu/g)

Cr(VI) uptake 
(mg/g)

0.75 6.8 77.1

1.5 18.2 64.1

3 21.3 56.4

4.5 27.7 37.4
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showed that the PANI nanofiber filaments and some  
of the pores were filled and covered with a layer of film, 
suggesting that Cr(VI) ions are adsorbed on the surface 
of PDFMB after adsorption.

Fig. 2d) and Fig. 2e) showed the N2 adsorption-
desorption isotherms of DFMB and PDFMB, which were 

classified as type IV isotherms. The DFMB isotherm 
had a type H4 hysteresis loop, illustrating that the 
composite comprised micropores and mesopores. The 
PDFMB isotherm had an H3 hysteresis loop, indicating 
that it had a layered structure with a mesoporous nature. 
As shown in Table 3, the BET specific surface area (SBET) 

Fig. 1. a) VSM curves of PDFMB as a function of HCl concentration; b) VSM curves of PDFMB as a function of DFMB dosage; c) 
Cr(VI) removal of PDFMB as a function of HCl concentration; d) Cr(VI) removal of PDFMB as a function of DFMB dosage.

Fig. 2. SEM of a) DFMB, b) PDFMB and c) PDFMB after Cr(VI) adsorption; N2 adsorption-desorption isotherms of d) DFMB and e) 
PDFMB.
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the zeta potential of PDFMB increased from -301.67 mV 
to 146.78 mV as the pH decreased from 10 to 2, and the 
pHPZC of PDFMB was calculated to be 5.30. At pH<5.30, 
H+ ions were abundant in the solution, and the functional 
groups on the surface of PDFMB were easily protonated, 
thus contributing to the electrostatic attraction toward 
the anions, including HCrO4

‒, CrO4
2−, and Cr2O7

2−  

(Fig. 3c). As the pH increased, deprotonation led to 
many negative charges on the surface of PDFMB, 
which caused the repulsion of anions. In addition, 
competition from OH- continuously increased as the pH 
increased from 5.30 to 10, resulting in the weakening 
of Cr(VI) adsorption as well. The variation trend of 
the material surface charge derived from zeta potential 
measurements helps interpret some of the underlying 
reasons for the pH-dependent adsorption discrepancy of 
Cr(VI).

of DFMB and PDFMB were 145.13 m2/g and 18.57 m2/g, 
respectively. The average pore diameter increased from 
4.91 nm to 15.26 nm after modification with PANI, 
showing that the micropores were blocked and abundant 
wedge-shaped mesopores were formed.

Combined with the morphological characteristics 
observed from SEM images, the BET results 
demonstrate an obvious structural trade-off originating 
from PANI coating modification. The mass-specific 
surface area contributed by the primitive micropores is 
kinetically unavailable to hydrated Cr(VI) oxyanions 
due to steric restrictions and severe diffusion barriers. 
Although PDFMB possesses a much lower total BET 
surface area, the opened mesoporous channels optimize 
the transmission pathways of Cr(VI) ions and greatly 
lower intraparticle diffusion resistance, enabling 
Cr(VI) to penetrate deep into the adsorbent interior and 
sufficiently contact internal active sites. Furthermore, 
the interlaced coral-shaped PANI nanorods introduce 
massive amine and imine functional groups with 
prominent specific chelation and reduction performance 
for Cr(VI). The loss of native surface adsorption sites 
is effectively compensated by these high-efficiency 
chemically active sites, achieving a favorable capacity 
compensation mode dominated by site quality rather 
than total surface quantity. The morphological feature 
in Fig. 2c), in which the pore channels are covered 
by adsorbed substances, also proves that Cr(VI) ions 
smoothly diffuse into the mesoporous structures and 
anchor on PANI active sites.

Adsorption Study

Effect of Initial Solution pH

The influence of initial aqueous pH on Cr(VI) 
adsorption by PDFMB was analyzed in an initial pH 
range of 2 to 10. Solution pH significantly affects the 
form of Cr(VI) in water and the functional groups on 
the surface of PDFMB. Fig. 3a) shows that the Cr(VI) 
uptake decreased from 155.26 mg/g to 49.50 mg/g as the 
pH increased from 2 to 10, indicating that a lower pH 
was favorable for the removal of Cr(VI) [15].

The pHPZC (pH at the point of zero charge) is an 
important parameter that indicates the surface charge 
density of the material as a function of the aqueous 
solution pH [16]. When the solution pH was lower than 
pHPZC, the functional groups on the material became 
protonated, and the surface of the material remained 
positively charged, promoting the electrostatic attraction 
to the anions in the solution. As shown in Fig. 3b),  

Table 3. SBET and pore textures of DFMB and PDFMB.

Adsorbent SBET (m
2/g) Average pore 

diameter (nm)

DFMB 145.13 4.91

PDFMB 18.57 15.26

Fig. 3. a) Cr(VI) adsorption at a series of initial pH values  
(C0 = 500 mg/L, time = 6 h, T = 25oC); b) Zeta potential of 
PDFMB; c) existing forms of Cr(Ⅵ) in solution at different pH.
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Effect of Adsorption Time and Adsorption Kinetics

Fig. 4a) showed that the Cr(VI) uptake increased 
gradually with increasing reaction time, and the whole 
process had two distinct stages. Due to the abundant 
active sites on the surface of PDFMB, Cr(VI) adsorption 
occurred rather quickly in the first stage. At the three 
initial concentrations, the removal rate of Cr(VI) 
ions exceeded 50% when the adsorption reaction was 
carried out for 30 min. Compared with the equilibrium 
adsorption uptake, the adsorption uptake rapidly 
reached 89.9%, 81.3%, and 80.6% within the first 6 h 
for the initial Cr(VI) concentrations of 100, 150, and 
200 mg/L. The Cr(VI) adsorption by PDFMB showed 
a slow growth trend in the second stage and reached 
equilibrium at 12 h, 16 h, and 18 h under the three initial 
concentrations, respectively.

The pseudo-first-order (PFO) model [17] and pseudo-
second-order (PSO) model [18] were used to analyze the 

adsorption kinetics. The linear kinetic plots of the two 
models are shown in Fig. 4b) and Fig. 4c), and the kinetic 
parameters are listed in Table 4. The three coefficients 
(R2) of the PSO model at different initial concentrations 
of Cr(VI) were 0.9997, 0.9978, and 0.9988, which were 
higher than those of the PFO model. For the initial 
Cr(VI) concentrations of 100, 150, and 200 mg/L, the 
Cr(VI) adsorption capacities calculated with the PSO 
model were 52.44, 76.80, and 90.83 mg/g, respectively, 
which agreed with the experimental values of 51.90, 
76.21, and 89.52 mg/g. Therefore, the PSO model was 
more suitable for representing Cr(VI) adsorption by 
PDFMB, illustrating that the adsorption process was 
mainly affected by chemical reactions.

Adsorption Isotherms

At 10, 25, and 35°C, the adsorption capacity of 
PDFMB increased from 39.42 to 93.14 mg/g, from 

Fig. 4. a) Effect of reaction time on Cr(Ⅵ) adsorption (C0 = 100, 150, and 200 mg/L, pH = 5, T = 25℃); linear fitting 
plot of b) pseudo-first-order model and c) pseudo-second-order model.

Table 4. The parameters for the adsorption kinetics.

C0
mg/L

pseudo-first-order pseudo-second-order
Qe

mg/g
k1
h-1 R2 Qe

mg/g
k2

g/(mg·h) R2

100 15.29 0.1915 0.9086 52.44 0.0190 0.9997

150 45.31 0.1603 0.9299 76.80 0.0130 0.9978
200 47.56 0.1840 0.9654 90.83 0.0110 0.9988
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39.95 to 104.96 mg/g, and from 39.91 to 109.59 mg/g 
with increasing initial concentrations of Cr(VI)  
(Fig. 5a)). The promotion of Cr(VI) adsorption can be 
attributed to the improvement in the mass transfer rate. 
The concentration difference between the solution and 
the adsorbent increased clearly as the initial Cr(VI) 
concentration increased, and hence the adsorption 
capacity increased gradually.

The Freundlich model [19] and Langmuir model 
[20] were used to describe the adsorption isotherm. 
The linear kinetic plots of the two models are shown in 

Fig. 5b) and Fig. 5c), and Table 5 shows the isotherm 
parameters for the adsorption. The regression coefficient 
(R2>0.995) of the Langmuir model was higher than 
that of the Freundlich model at all temperatures. The 
Langmuir model was more appropriate for describing 
the adsorption process, indicating that the adsorption 
of Cr(VI) by PDFMB had a monolayer adsorption 
nature. The maximum Cr(VI) uptakes calculated by 
the Langmuir isotherm model were 96.25, 105.00, and 
111.11 mg/g at 10, 25, and 35°C, respectively.

Fig. 5. a) Cr(VI) adsorption isotherms (T = 10, 25, and 35℃, pH = 5, time = 24 h); b) Langmuir  and c) Freundlich fitting results.

Table 5. The parameters of the adsorption isotherms.

Table 6. The parameters of the thermodynamic constants.

Reaction
Temperature

oC

Langmuir Freundlich

Qm
mg/g

KL
L/mg R2 RL Kf 1/n R2

10 96.25 0.224 0.9952 0.015 48.192 0.1319 0.8502

25 105.00 1.092 0.9985 0.003 70.921 0.0831 0.9167

35 111.11 2.679 0.9990 0.001 81.691 0.0663 0.9744

Reaction Temperature ΔG0 (KJ/mol) ΔH0 (KJ/mol) ΔS0 (J/mol·K)

283 K -2.13
14.92 60.25298 K -3.03

308 K -3.64
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The thermodynamic characteristics of Cr(VI) 
adsorption onto PDFMB were investigated at 283 K,  
298 K and 308 K [21], with the calculated thermodynamic 
parameters summarized in Table 6. All ΔG0 values were 
negative and became more negative with increasing 
temperature (-2.13 kJ/mol at 283 K, -3.03 kJ/mol  
at 298 K, -3.64 kJ/mol at 308 K), which confirms  
that the Cr(VI) adsorption process was spontaneous 
and that the spontaneous tendency was strengthened 
at elevated temperatures. The positive enthalpy change 
(ΔH0 = 14.92 kJ/mol) demonstrates the intrinsic 
endothermic property of this adsorption system. 
Meanwhile, the positive entropy value (ΔS0 = 60.25 J/
(mol·K)) suggests an increase in the randomness of the 
solid–liquid interfacial system during Cr(VI) capture by 
PDFMB.

Effect of Coexisting Ions

The impacts of coexisting ions on Cr(VI) removal 
by PDFMB were studied, and the findings are given  
in Fig. 6a) and Fig. 6b). In comparison, the influence 
was not noticeable except for SO4

2‒ and PO4
3‒. The major 

reason for the competition might be the similar ionic 
nature of the anions and Cr(VI). Fig. 6b showed that the 
order of negative effects followed Cl‒ < SO4

2‒ < PO4
3‒, 

indicating that the interference was closely related to 
the charge of the anions. In addition, the inhibitory 
effect on Cr(VI) adsorption was enhanced as the anion 
concentration increased. When the concentration of 
PO4

3- was 0.01, 0.05, and 0.1 mol/L, respectively, the 
adsorption capacity of Cr(VI) dropped to 75.81, 68.16, 
and 62.43 mg/g, causing decreases of 8.19%, 17.46%, 
and 24.39%.

   Effect of Coexisting Contaminants

Anionic Congo red (CR), cationic Rhodamine B 
(RhB), and Cr(VI) were selected as target contaminants. 
Adsorption experiments were performed to investigate 
the removal performance of PDFMB toward the three 
pollutants in single-component and mixed aqueous 

systems, with the initial dye concentration fixed at  
100 mg/L and the initial Cr(VI) concentration set to  
500 mg/L. The corresponding results are displayed  
in Fig. 7.

PDFMB exhibited higher adsorption capacities for 
anionic CR and Cr(VI) than for cationic RhB in single-
pollutant systems. This phenomenon was attributed 
to the point of zero charge (pHPZC) of PDFMB at 5.30. 
The material surface was positively charged at pH<5.30, 
generating strong electrostatic attraction toward 
anionic pollutants. In the CR-Cr(VI) binary coexisting 
system, competitive adsorption occurred between the 
two anionic species. Nevertheless, abundant positively 
charged nitrogen-containing functional groups were 
distributed on the PDFMB surface. The adsorption 
capacities of CR and Cr(VI) were only slightly reduced, 
with negligible mutual inhibitory effects, verifying the 
reliable decontamination capacity of PDFMB toward 
CR and Cr(VI) under coexisting conditions.

For the RhB-Cr(VI) mixed system, intensified 
electrostatic interactions existed among RhB, Cr(VI), 
and PDFMB. Synchronous oxidative degradation of 
RhB and reductive conversion of Cr(VI) accelerated 
interfacial electron transfer, thereby producing a 
synergistic promotion effect on the uptake of both 
pollutants. Collectively, PDFMB possessed favorable 
structural stability and outstanding adsorption 
capability, enabling efficient simultaneous removal of 
multiple pollutants in complex coexisting wastewater 
matrices.

PDFMB Recycling

After saturation adsorption of Cr(VI), the spent 
PDFMB was regenerated. Specifically, a 0.5 mol/L 
NaOH solution, as a desorbing eluent [22], was mixed 
with the spent PDFMB for 3 h at 25℃. The regenerated 
PDFMB was reactivated with 80 mL of 0.1 mol/L 
HCl solution for 2 h at 25°C. The product was rinsed 
repeatedly with deionized water and dried in a vacuum 
oven. The regeneration was repeated 6 times.

Fig. 6. Effect of co-existing ions with different a) kinds and b) concentrations (C0 = 120 mg/L, time = 6 h, pH = 5, T = 25oC).
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A regeneration experiment was conducted to analyze 
the reusability potential of PDFMB. As shown in  
Fig. 8a), the Cr(VI) uptake of the raw PDFMB was 
81.47 mg/g. Compared with the raw PDFMB, the Cr(VI) 
uptake decreased by 3.87% after the first regeneration. 
After six regeneration cycles, the Cr(VI) uptake was 
still 69.45 mg/g, representing a decrease of 14.75%. 
As illustrated in the SEM images of PDFMB after 
regeneration cycles (Fig. 8b), the material surface  
was partially covered by chromium species after 
Cr(VI) adsorption. After 6 regeneration treatments, 
the overall morphology of regenerated PDFMB did 
not change significantly. The complete carbon skeleton 
and distinct nanorod structures were well preserved, 
demonstrating the favorable structural stability of 
PDFMB and confirming that the adsorbent could be 
effectively recovered via desorption treatment. Zhao 
et al. [23] synthesized CMC-AM for Cr(VI), and 
the results showed that 86% of Cr6+  ions were still 
removed after six cycles. Masuku et al. [24] fabricated 
pinecone biochar and studied adsorbent regeneration  

and reusability, with the adsorbent retaining a 50% 
removal efficiency over 3 regeneration cycles. By 
comparison, the as-prepared PDFMB in this study 
retained 85.25% of its initial Cr(VI) adsorption capacity 
after six cycles, indicating its excellent regeneration 
performance.

Comparative Evaluation of PDFMB 
against Various Adsorbent Materials

Pristine biochar exhibits poor adsorption 
performance for heavy metals, and further modification 
is required to improve its adsorption capacity. Table 7 
summarizes the Cr(VI) adsorption capacities of various 
adsorbents in this study and those reported in previous 
literature, which were calculated based on the Langmuir 
model. Among the 18 listed adsorbents, PDFMB 
delivers a high Cr(VI) adsorption capacity and excellent 
magnetic properties, demonstrating its great potential 
for Cr(VI) removal from aqueous solutions.

Fig. 7. Effect of coexisting contaminants (time = 6 h, pH = 5, T = 25°C).

Fig. 8. a) The reusability study of PDFMB (C0 = 250 mg/L, pH = 5); b) SEM image of PDFMB after regeneration cycles.
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The adsorption performance of Cr(VI) is generally 
strongly dependent on solution pH, and higher adsorption 
capacities are commonly obtained under acidic 
conditions. Zhou et al. [28] prepared Cit-nZVI@BC, 
which achieved an adsorption capacity of 187.5 mg/g 
at pH 3. Yang et al. [36] synthesized nZVI@PEI/
EVMT with an adsorption capacity of 116.2 mg/g 
at pH 2. Saeed et al. [40] fabricated PMGO, which 
exhibited an adsorption capacity of 148.98 mg/g at pH 3.  
The high Cr(VI) uptake of these 3 materials was achieved 
under acidic conditions. Notably, PDFMB reaches 
an outstanding adsorption capacity of 170.65 mg/g 
at pH 2, ranking among the highest values across the 15 
compared adsorbents. Even at pH 5, its Cr(VI) adsorption 
capacity remains as high as 111.11 mg/g, proving that 
the as-prepared materialpossesses favorable adsorption 
performance over a wide pH range.

CFA/GO/PANI nanocomposites synthesized 
by Umejuru et al. [27] and chitosan-allophane 
nanocomposites prepared by Pazoki et al. had Cr(VI) 
adsorption capacities of 124 mg/g and 112 mg/g, 
respectively. However, these materials lack magnetism 
and thus cannot be regenerated or reused. MNP/SBACC 

developed by Ramya et al., Mag-PAC by Sangkarak et al., 
and Ppy@MNCFB by Samal et al. [34] exhibited weak 
magnetism (2-10 emu/g), with corresponding adsorption 
capacities of 80.21 mg/g, 75.76 mg/g, and 111.11 mg/g. 
Magnetic zeolite/chitosan composites fabricated by 
Liu et al. [35] and FCN-500 synthesized by Juturu et 
al. [38] showed strong magnetism of 18.67 emu/g and  
54.3 emu/g, respectively, whereas their adsorption 
capacities were relatively low at 28.47 mg/g and  
52.63 mg/g. These findings reveal that magnetic 
modification usually reduces the adsorption capacity 
of adsorbents. In comparison, PDFMB possesses 
satisfactory magnetism (18.13 emu/g) while maintaining 
high adsorption efficiency, with a Cr(VI) uptake of 
170.65 mg/g at pH 2. The superior magnetism enables 
rapid separation of PDFMB from wastewater, facilitating 
its regeneration and cyclic utilization.

Notably, PDFMB in this work was fabricated using 
solid wastes as raw materials, resulting in low cost and 
environmental friendliness. Combined with its high 
Cr(VI) adsorption capacity, excellent pH adaptability 
and desirable magnetic properties, the as-synthesized 
PDFMB exhibited outstanding comprehensive 
performance and promising application prospects for 

Table 7. Comparison of monolayer Cr(VI) adsorption capacities of various adsorbents.

Adsorbents Moments 
(emu/g) qm (mg/g) Conditions

(K and pH) Reference

Iron-modified chitosan/coconut shell activated carbon -
58.04
63.41
64.49

298 and 3
308 and 3
318 and 3

[25]

PANI@Nd-LDH - 219 298 and 3 [26]

CFA/GO/PANI nanocomposite - 124.72 298 and 2 [27]

Cit-nZVI@BC - 187.5 298 and 3 [28]

BC-nZVI@Cell-g-PAA - 69.54 298 and 3 [29]

chitosan-allophane nanocomposite - 112.17 298 and 3 [30]

Microwave-assisted hydrothermal carbonization of furfural residue - 78.08 298 and 2 [31]

MNP/SBACC 2.35 80.21 298 and 2 [32]

Mag-PAC 9.66 75.76 298 and 2 [33]

Ppy@MNCFB 3.6 111.11 328 and 7 [34]

Magnetic zeolite/chitosan composites 18.67 28.47 303 and 3 [35]

nZVI@PEI/EVMT 41.5 116.2 303 and 2 [36]

FCN-500 54.3 52.63 308 and 3 [37]

MBC 5.44 25.62 303 and 2 [38]

PMGO 12.4 148.98 313 and 3 [39]

MABN 11.11 95.16 303 and 2 [40]

PDFMB 18.13

96.25
105.00
111.11
170.65

283 and 5
298 and 5
308 and 5
308 and 2

Current 
study

The “-“ in the table indicates that this parameter was not explicitly specified in the study.
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Cr(VI) removal from wastewater.

Exploration of the Adsorption Mechanism

The XRD, FTIR, and XPS characterization 
results were jointly analyzed and cross-verified to 
systematically clarify the integrated reaction pathway of 
Cr(VI) removal by PDFMB.

XRD Analysis

The structures and crystallinities of DFMB, 
PDFMB, and PDFMB after Cr(VI) adsorption were 
studied by XRD, and the findings are shown in Fig. 9. 
The main characteristic peaks at 2θ values of 30.08º, 
35.43º, 43.05º, 53.41º, 56.94º and 62.52º were attributed 
to the (220), (311), (400), (422), (511) and (440) crystal 
planes of ZnFe2O4 (JPCDS No.1-1109) and Fe3O4 (JPCDS 
No.19-0629) [41, 42]. The XRD patterns of PDFMB 
showed a broad peak at 25º, which was ascribed to 

periodic parallel and perpendicular PANI chains in the 
semicrystalline structure [43]. Hence, the ferromagnetic 
material and PANI were successfully combined by  
a one-pot technique, which was consistent with the SEM 
and VSM analyses. In addition, the characteristic peaks 
of PDFMB distinctly decreased at 2θ = 25º, 30.08º, 
35.43º, 43.05º, 56.94º and 62.52º after Cr(VI) adsorption. 
This peak attenuation preliminarily proves that abundant 
surface functional groups on the composite participate 
in Cr(VI) sequestration, which is further corroborated 
by subsequent FTIR functional group shifts and XPS 
surface elemental variations.

FTIR Analysis

FTIR spectra further track functional group 
evolution before and after Cr(VI) adsorption to 
supplement the structural clues from XRD (Fig. 10). 
The wide peak at 3443 cm‒1 was assigned to O-H [44]. 
The peak at 2919 cm‒1 was attributed to the C-H [45]. 
The characteristic stretching vibrations located at 1574 
and 1471 cm−1 were related to the C=C of quinoid rings 
and C=C of benzenoid rings [46 ,47], while the peaks 
at 1295, 1235, and 1108 cm−1 were assigned to the C–N, 
C–N+ and =N+–H stretching vibrations, respectively. 
These characteristic peaks are typical of PANI in the 
emeraldine salt state. Two adsorption peaks at 558 and 
493 cm-1 were assigned to the stretching vibrations 
of Fe-O and Zn-O [48, 49], illustrating that Fe3O4 and 
ZnFe2O4 were present. After Cr(VI) adsorption, the O-H 
peak became broader at 3396 cm‒1, while the peak at 
2919 cm‒1 disappeared. The peaks at 1574, 1471, 1295, 
1235, and 1108 cm‒1 shifted to 1581, 1497, 1380, 1314, 
and 1150 cm‒1, respectively. In addition, the peaks at 
558 and 493 cm‒1 shifted to a strong peak at 526 cm‒1. 
These FTIR spectral shifts demonstrate strong chemical 
interactions between Cr species and surface -OH, PANI 
amine groups, and metal-oxide sites, consistent with 
XRD peak fading; XPS high-resolution spectra further 

Fig. 9. XRD patterns of DFMB, PDFMB, and PDFMB after 
Cr(VI) adsorption.

Fig. 10. a) FTIR spectra of DFMB and PDFMB; b) FTIR spectra of PDFMB before and after adsorption.
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quantify valence and elemental changes induced by 
these chemical interactions.

XPS Analysis

XPS survey and high-resolution spectra 
quantitatively reveal surface elemental composition, 
chemical valence and binding state changes, cross-
verifying the redox and complexation processes inferred 
from XRD and FTIR (Fig. 11). The XPS spectrum of 
DFMB revealed the presence of Fe and Zn (Fig. 11a)). N 
appeared in the XPS spectrum after modification with 
PANI, while the peaks of Fe and Zn were weakened, 
indicating that PANI was successfully loaded onto the 
surface to form a magnetic core-shell structure. Fig. 11a) 
showed that a Cr peak appeared after Cr(VI) adsorption, 
indicating that Cr(VI) was adsorbed onto the surface of 
PDFMB. 

Fig. 11b) shows that the O 1s spectra contained two 
peaks at 530.13 and 532.39 eV, which were attributed 
to -OH and C=O, respectively [50]. The two peaks 
were shifted to 530.22 and 531.15 eV, respectively, 
after Cr(VI) adsorption, indicating that the interaction 
between Cr(VI) and oxygen functional groups in 
PDFMB may have formed new chemical bonds, which 
can be described by Eq. (1).

As shown in Fig. 11c), C=C and C=N had peaks 
at approximately 284.48 and 288.42 eV [51], while the 
peak at 285.18 eV corresponded to C-N+ and C=N+ 

[52], indicating the presence of PANI. After Cr(VI) 
adsorption, the peak area of C-N+/C=N+ decreased from 
54.75% to 35.94%, while the peak area of C=C increased 
from 30.55% to 53.91%. This depletion of protonated 
nitrogen sites aligns with the FTIR nitrogen band shifts, 
indicating that protonated PANI sites consume electrons 
and participate in Cr(VI) binding and reduction.

As shown in Fig. 11d), the N 1s spectrum can be 
divided into three peaks, which were assigned to quinone 
imine (‒N=, 398.55 eV), secondary amine (‒NH‒, 
399.26 eV) and positively charged imine nitrogen (‒N+=, 
400.12 eV) [53-56]. The peak area of ‒NH‒ decreased 
from 51.77% to 46.54%, and the ‒NH‒ peak shifted to  
a higher binding energy, indicating that the ‒NH‒ group 
acted as an electron donor during adsorption to reduce 
Cr(VI) to Cr(III). The proportion of -N= increased 
from 9.85% to 22.43% after adsorption, indicating a 
redox reaction occurred between PANI and Cr(VI) 
[57, 58], and the ‒N= group served as a binding site for 
complexed Cr(III). Reduced proportions of ‒N⁺= and ‒
NH‒ jointly confirm electrostatic attraction as the initial 
driving force for capturing anionic Cr(VI) oxyanions, 
consistent with FTIR peak shifts of amine functional 
groups (Eqs. (2)-(5)).

The Fe 2p spectrum is shown in Fig. 11e). Two peaks 
at 713.13 eV and 726.69 eV belong to Fe 2p3/2 and Fe 
2p1/2 of Fe(Ⅲ), respectively [59]. Two peaks at 711.01 
eV and 724.27 eV corresponded to Fe 2p3/2 and Fe 2p1/2 
of Fe(Ⅱ), and a satellite peak of Fe(Ⅱ) emerged at 719.25 

eV [60]. The peaks attributed to both Fe(Ⅲ) and Fe(Ⅱ) 
shifted after Cr(VI) adsorption. Meanwhile, the peak 
region for Fe(III) increased from 37.73% to 53.15%, 
while the peak area of Fe(II) declined from 62.27% to 
46.85%. This valence conversion confirms that Fe(II) 
serves as the second reducing component for Cr(VI) 
reduction [61]. The resulting Cr3+ combines with Fe3+ 
and surface hydroxyl groups to form mixed hydroxide 
precipitates (Eqs. (6)-(8)). This valence evolution process 
is consistent with the characterization results: the 
original split Fe-O/Zn-O vibration peaks merge into one 
broad peak in FTIR, and the diffraction intensities of 
metal ferrites decrease significantly in XRD. 

As shown in Fig. 11f), Cr was adsorbed on the 
surface of PDFMB. The peaks at 576.8 and 586.4 eV 
corresponded to Cr 2p3/2 and Cr 2p1/2 of Cr(VI), 
respectively, and accounted for 41.69% of the total peak 
area. Peaks at 576.52 eV and 586.11 eV were assigned 
to Cr 2p3/2 and Cr 2p1/2 of Cr(III), respectively, and 
their peak areas increased from 0 to 58.31% after Cr(VI) 
adsorption. The Cr 2p results provide direct evidence for 
the chemical precipitation pathway, supported by O 1s 
peak shifts in XPS, broadened hydroxyl bands in FTIR, 
and weakened crystal diffraction in XRD.

	 	 (1)

	 	 (2)

	 	 (3)

	 	 (4)

	 	 (5)

	 	 (6)

	 	 (7)

	 	 (8)

Cross-comparison of the evolution of the XRD 
crystal structure, variation in FTIR functional groups, 
and transformation of XPS surface elemental valence 
states revealed the synergistic reaction pathways 
involved in Cr(VI) removal by PDFMB. Positively 
charged protonated amino groups on polyaniline  
chains can capture negatively charged chromate and 
dichromate anions through electrostatic attraction, 
as evidenced by obvious shifts in nitrogen-related 
FTIR absorption bands and a decreased proportion 
of protonated nitrogen species in the N 1s spectra. 
Moreover, ferrous ions act as reducing components to 
convert adsorbed toxic Cr(VI) into Cr(III). The in situ-
generated Cr3+ can chelate with surface hydroxyl groups 
and coprecipitate with Fe3+ to form stable insoluble 
CrxFe1-x(OH)3 precipitates, which corresponds to the 
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overall attenuation of all XRD characteristic peaks and 
the merging of metal oxide vibration bands in FTIR 
spectra.

In summary, the experimental findings verified that 
PDFMB possessed outstanding capability for high-
efficiency Cr(VI) removal. Combined with the cross-
validated spectroscopic characterization results described 
above, the Cr(VI) immobilization process was governed 
by multiple synergistic reactions (the corresponding 
reaction mechanism is displayed in Fig. 12), 
which mainly consist of physical and chemical 

electrostatic adsorption, surface chelation, and the redox 
transformation of toxic Cr(VI) into less hazardous 
Cr(III) species.

Conclusions

This study aimed to achieve resource recovery from 
solid waste and the removal of Cr(VI) from water. 
To this end, iron-based sludge and Chinese medicine 
residue were utilized as raw materials, with zinc ions 

Fig. 11. a) XPS spectra of DFMB and PDFMB before and after adsorption; b) detailed survey of O 1s; c) C 1s; d) N 1s; e) Fe 2p;  
f) Cr 2p before and after Cr(VI) adsorption by PDFMB.
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and polyaniline incorporated as modifiers, to develop  
a magnetic biochar material (PDFMB) for the adsorption 
and removal of Cr(VI) from aqueous solutions. The 
adsorption behavior of PDFMB was strongly pH-
dependent, with acidic conditions significantly 
promoting Cr(VI) removal, and the maximum monolayer 
adsorption capacity was 111.11 mg/g at 308 K and pH 5. 
The adsorption process conformed to the pseudo-second-
order kinetic and Langmuir isotherm models, while 
thermodynamic analysis confirmed the spontaneous and 
endothermic nature of the adsorption process. PDFMB 
retained 85.25% of its initial adsorption performance 
after six regeneration cycles, demonstrating considerable 
potential for heavy metal wastewater treatment. A 
comprehensive assessment of the adsorption experiments 
and material characterization results demonstrated that 
PDFMB can effectively remove Cr(VI) from wastewater, 
with adsorption driven primarily by electrostatic 
physical and chemical adsorption, surface chelation, and 
redox transformation.

Although batch static experiments verified the 
favorable Cr(VI) removal performance of PDFMB, 
this study still has obvious limitations for practical 
engineering applications. The dynamic adsorption 
stability and stacking effects of PDFMB under 
continuous flow conditions remain unclear, which 
substantially restricts its large-scale engineering 
promotion and application. To address these deficiencies 
and further promote the practical application of 
PDFMB, further targeted research is needed. First, 
continuous column adsorption tests should be conducted 
to investigate the dynamic adsorption performance 
under different flow rates and filler conditions, thereby 
providing basic parameters for practical reactor 
design. Second, toxicity leaching tests of saturated and 
regenerated PDFMB should be conducted to evaluate 
secondary pollution risks and verify its environmental 

safety. Third, a systematic economic analysis covering 
raw material preparation, energy consumption, and 
regeneration costs should be performed, to clarify 
the economic competitiveness of PDFMB through 
comparison with traditional adsorbents. Additionally, 
systematic mixed-ion interference experiments and 
pilot-scale actual wastewater treatment tests should be 
conducted in subsequent research to further verify the 
engineering applicability of the PDFMB adsorbent. 
These follow-up studies will effectively provide 
additional engineering application data of PDFMB  
and facilitate the industrialization of this solid waste-
based adsorbent for Cr(VI)-containing wastewater 
treatment.
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