
* Corresponding author.

1944-3994/1944-3986 © 2022 Desalination Publications. All rights reserved.

Desalination and Water Treatment 
www.deswater.com

doi: 10.5004/dwt.2022.28617

268 (2022) 36–47
August 

Fabrication of porous biochar decorated with MnFe2O4 magnetic 
nanoparticle for high effective removal of Cr(VI) ion in solution

Jingjing Hana,b, Renrong Liua, Huifang Wanga, Muqing Qiua,*, Baowei Hua

aSchool of Life Science, Shaoxing University, Shaoxing 312000, China, email: qiumuqing@usx.edu.cn (M. Qiu) 
bZhejiang Shaoxing Ecological Environment Monitoring Center, Shaoxing 312000, China

Received 16 February 2022; Accepted 3 June 2022

a b s t r a c t
Heavy metals posed a very important treat to public health and environment because of their 
toxicity, bioaccumulation and biodegradability properties. The development of high efficiency, low 
cost and good chemical stability adsorbents for removing heavy metals from aqueous solution 
was very urgent. The removal capacity of Cr(VI) by the preparation of porous biochar decorated 
with MnFe2O4 magnetic nanoparticle (MnFe2O4@PS) was evaluated. Results showed that the oper-
ational parameters had an important influence on Cr(VI) removal. Pseudo-second-order model 
and Langmuir model could be used to describe the adsorption process. The adsorption process 
of Cr(VI) by MnFe2O4@PS composites was a spontaneous, endothermic and randomness pro-
cess. The removal capacity of Cr(VI) by MnFe2O4@PS composites reached 46.51 mg/g. The main 
mechanisms contained electrostatic interaction, Surface adsorption, surface complexation and 
chemical precipitation. MnFe2O4@PS composites exhibited high removal capacity of Cr(VI), good 
chemical stability and recyclability.
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1. Introduction

With the rapid development of industrialization as 
well as urbanization, heavy metals posed a very import-
ant treat to public health and environment because of their 
toxicity, bioaccumulation and biodegradability properties 
[1,2]. They were discharged into the environment through 
mining, electroplating, leather industries, anodizing bath, 
wood preservation, and so on [3]. Among them, chromium 
was considered as one of the hazardous heavy metal. 
The World Health Organization reported that the maxi-
mum contaminant level for concentration of chromium 
in drinking water was 0.05 mg/L [4]. Because chromium 
could easily penetrate the cell wall, it was a carcinogenic, 
mutagenic, acutely toxic and teratogenic element for most 

living organisms of human, plants and animals [5,6]. 
It was necessary that chromium from aqueous solution was  
clean up.

At present, many technologies have been reported to 
eliminate the chromium from aqueous solution, such as ion 
exchange, reverse osmosis, electrolysis, membrane filtra-
tion, chemical precipitation and adsorption [7–9]. Among 
these technologies, adsorption method was thought as a low 
cost, simple operation and high efficiency for the removal 
of contaminants, such as heavy metal, radionuclide, organic 
pollutant, inorganic pollutant, and so on [10,11]. However, 
some of the reported adsorbents for the removal of chro-
mium also have some limitations of difficult filtration, 
easy agglomeration or low adsorption capacities [12–14]. 
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Therefore, the development of high efficiency, low cost and 
good chemical stability adsorbents for removing chromium 
from aqueous solution was very urgent.

In recent years, biochars have been attracted attention 
owing to their low cost, high carbon content, high sur-
face area, natural biomass, performance in the treatment 
of environmental pollutants [15–17]. Biochars were pyro-
genic carbon material produced by the rich carbon mate-
rials (such as, forestry waste, agricultural straw, animal 
manure, etc.) under oxygen-limited environment. They 
are adsorption materials of porous irregular structures, 
high surface area, lower cost, controllable chemical char-
acteristic [18,19]. Therefore, they could successfully be 
applied into the eliminating of environmental pollutants 
[20]. However, application of biochar was limited due to 
their small particle size and low density [21]. In order to 
enhance their performance, various modification meth-
ods have been elaborated in details [22]. Zhang et al. [23] 
reported that the mechanism of decrease in As bioavail-
ability after addition of FMCBC to As-contaminated soil. 
It could prevent heavy metal denaturation and improve 
soil enzyme heavy metal tolerance. Sun et al. [24] found 
that biochar could be supported by the survival of Bacillus 
mucilaginosus. The modified BC from corn stalk could 
adsorb more volatile organic compounds compared with 
rice straw under mushroom medium. BC modified by 
nano-Mn oxide exhibited good performance of oxytetracy-
cline and DBP removal. It also could imply that the combi-
nation of BC and nano-Mn oxide improved the adsorption  
capacity [25].

Recently, MeFe2O4 nanoparticles (Me represented the 
element of Mg, Mn, Cu, Ni, Co, etc.) was recognized as 
adsorption material containing of magnetic permeability, 
high performance and chemical stability, which have been 
widely researched on the removal of the heavy metals from 
aqueous solution [26–28]. Among the MeFe2O4 nanoparti-
cles, MnFe2O4 nanoparticles were thought as a good per-
formance adsorbent because of their high potential of ion 
binding, small specific surface area and large number of 
active functional groups. Additionally, the application of 
MnFe2O4 nanoparticles exhibited no toxicity effect for envi-
ronment [29]. It indicated it could be used for high efficiency 
removal capacity of toxic heavy metals ions from aqueous 
solution. However, MnFe2O4 nanoparticles were easy to be 
agglomerated and decreased their activity and chemical 
stability. If MnFe2O4 nanoparticles were combined with bio-
char, it could be compensated each other in terms of practi-
cal application shortcomings. MnFe2O4 nanoparticles could 
transfer its characteristics of high potential of ion binding, 
small specific surface area and large number of active func-
tional groups to biochar. Furthermore, biochar could provide 
a high performance platform to prevent the agglomeration 
of MnFe2O4 nanoparticles. Therefore, the combination of 
biochar with MnFe2O4 nanoparticles not only could compen-
sate their shortcoming, but also could develop the adsorption 
material of the biochar and MnFe2O4 nanoparticles.

In this research, the removal capacity of Cr(VI) by the 
preparation of porous biochar decorated with MnFe2O4 mag-
netic nanoparticle (MnFe2O4@PS) was evaluated. The main 
objectives were following: (1) characterization of MnFe2O4@
PS; (2) adsorption process of Cr(VI) by MnFe2O4@PS;  

(3) adsorption mechanism of Cr(VI) by MnFe2O4@PS; 
(4) chemical stability of MnFe2O4@PS.

2. Experimental

2.1. Materials

Chemical agents in this experiment all were analyt-
ical grade and without further purification. The double 
distilled water was used in this experiment. Ferric nitrate 
(Fe(NO)3·9H2O), manganese nitrate (Mn(NO3)2·4H2O), potas-
sium dichromate (K2Cr2O7), sodium hydroxide (NaOH), 
sulfuric acid (H2SO4) and hydrochloric acid (HCl) were pur-
chased from Shanghai Macleans Chemical Reagent Co., Ltd. 
(Shanghai, P.R. China). Peanut shells were obtained from 
local farm (Shaoxing, P.R. China).

2.2. Preparation of MnFe2O4@PS

The biochar from peanut shell (PS) was prepared by high 
temperature hydrothermal method. Briefly, peanut shell was 
washed for several times with double distilled water in order 
to remove the dust and impurities on the surface of pea-
nut shell. The washed peanut shells were dried at 65°C for 
24 h. Then 5 g of the dried peanut shells were grounded into 
80 meshes, and mixed with 20 mL of double distilled water. 
The mixture solution was stirred for 20 min under magnetic 
stirrer, and heated at 150°C for 24 h under steam pressure 
cooker. Cooled at room temperature, the obtained black pow-
der was dried at 105°C for 6 h.

The adsorbent of MnFe2O4@PS composite material was 
developed by co-precipitation method. In a word, 4.0 g of 
PS was added into 250 mL Erlenmeyer flask containing 
the 50 mL mixture solution of 0.4 mol/L Mn2+ solution and 
0.4 mol/L Fe3+ solution. Then, the mixture solution was 
stirred for 10 min under magnetic stirrer. 50 mL 1.0 mol/L 
NaOH was slowly dropped into the flask, and stirred for 
20 min again under magnetic stirrer. Filtered with filter 
paper, and dried at 105°C for 12 h. The synthesis pathway 
for MnFe2O4@PS composites is shown in Fig. 1.

2.3. Characterization of MnFe2O4@PS

MnFe2O4@PS and PS were characterized by scanning 
electron microscopy (SEM), transmission electron micros-
copy (TEM), X-ray diffraction (XRD), Fourier-transform 
infrared spectroscopy (FT-IR) and X-ray photoelectron spec-
troscopy (XPS), respectively. The details of these analytical 
techniques were shown in Supporting Information.

2.4. Adsorption experiments

The Cr(VI) ions removal experiments by MnFe2O4@PS 
composites were carried out in 250 mL Erlenmeyer flask 
at 200 rpm and constant temperature. Briefly, MnFe2O4@
PS composites were added into 250 mL Erlenmeyer flask 
containing 100 mL Cr(VI) ions. The initial pH in solution 
was adjusted with 0.1 mol/L NaOH or 0.1 mol/L HCl. The 
flask was placed in a shaker at 200 rpm and constant tem-
perature. The sample was centrifuged at 5,000 rpm for 
15 min. The supernatant was passed 0.25 um filter, and 
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the concentration of Cr(VI) was determined by Flame 
Atomic Absorption Spectrophotometer (FAAS). The resid-
ual sample was characterized by spectrum technology. 
All experiments were carried out for three times, and the 
experimental data were analyzed by the mean and stan-
dard deviation. Additionally, calculation equations of the 
uptake capacity (q (mg/g)) and the removal rate (R (%)) 

were provided in Supporting Information. The detail of 
adsorption experiments (effect of contact time, initial con-
centration of Cr(VI), initial pH in solution and temperature) 
and regeneration experiment also were described in the 
Supporting Information.

3. Results and discussion

3.1. Characterization

The Brunauer–Emmett–Teller (BET) and pore width of 
PS and MnFe2O4@PS are determined by NOVA 4200e Surface 
Area and Pore Size Analyzer. The BET of PS and MnFe2O4@
PS are 25.43 and 54.65 m2/g respectively. The average pore 
width of PS and MnFe2O4@PS are 5.5 and 18.7 nm respec-
tively. The BET and pore width of PS modified by MnFe2O4 
nanoparticles are increased. It indicates that the MnFe2O4 
nanoparticles are loaded onto the surface of PS successfully. 
The morphologies of PS and MnFe2O4@PS composites could 
be observed by SEM and TEM, which are shown in Fig. 2.

It could be found that the micrograph of PS was 
entirely different with that of PS. It could be concluded 
that MnFe2O4@PS composites were combined with PS in 

Fig. 1. Synthesis pathway for MnFe2O4@PS composites.
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Fig. 2. SEM images of PS (A), MnFe2O4@PS composites (B), TEM images of PS (C) and MnFe2O4@PS composites (D).
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this work. The micrograph of PS (Fig. 2A and C) showed 
that there were the large amounts of irregular particles 
on the surface of PS, and their surface was smooth. As 
shown from the micrograph of MnFe2O4@PS composites 
(Fig. 2B and D), it could be observed that large amounts 
of rough and irregular nanoparticles were appeared on 
the surface of PS. It also indicated that the combination 
of PS and MnFe2O4@PS composites could slow down the 
agglomeration of MnFe2O4@PS composites [30].

Energy-dispersive X-ray (EDS) spectrum and elemen-
tal mapping images of PS and MnFe2O4@PS composites are 
displayed in Fig. 3.

As shown in Fig. 3, the elements of PS contained C, 
O and Si. Their wt.(%) were 68.47%, 31.35% and 0.17%, 
respectively. After MnFe2O4 magnetic nanoparticle loading, 
the elements were C, O, Si, Fe and Mn, respectively. Their 
wt.(%) were 56.05, 40.51, 0.11, 1.61 and 1.72%, respectively. 
It could be observed that the relative contents of oxygen 
increased evidently. This might indicate that Mn–O–C 
and Fe–O–C were appeared on the surface of MnFe2O4@
PS composites [31]. It also confirmed again that MnFe2O4 
magnetic nanoparticle was successfully loaded on the 
surface of PS. The results were consistent with the results 
of SEM and TEM.

In order to evaluate the characterization of PS and 
MnFe2O4@PS composites, they also were characterized by 
FT-IR, XRD and XPS, respectively (Fig. 4).

FT-IR spectrum of PS and MnFe2O4@PS are displayed 
in Fig. 4A. For PS and MnFe2O4@PS, five characteris-
tic peaks at 3,390; 2,332; 1,610; 1,379 and 598 cm–1 were 
observed. They were attributed to the stretching vibration 
of O–H, stretching vibration of C–H, stretching vibration 
of C=C, stretching vibration of C–O and stretching of 
organic matters, respectively [32–35]. For MnFe2O4@PS, 
the characteristic peak at 598 cm–1 appeared, and it was 
attributed to the stretching vibration of Fe–O and Mn–O 
[36]. Furthermore, compared with PS, transmittance of 
bands for MnFe2O4@PS observably changed. It indicated 
that the interaction between PS and MnFe2O4 nanopar-
ticles appeared. It also was confirmed that MnFe2O4 
nanoparticles and PS were successfully combined.

XRD patterns of PS and MnFe2O4@PS were shown in 
Fig. 4B. For PS, the diffraction peak at 26.62° was con-
firmed as quartz (SiO2). It also was the main component 
of PS. For MnFe2O4@PS, the diffraction peaks at 25.94°, 
31.12° and 34.2° could be confirmed as jacobsite (MnFe2O4). 
It indicated the successful preparation of MnFe2O4@PS 
composites. XPS spectra of MnFe2O4@PS were depicted in 

Fig. 3. EDS spectrum and elemental mapping images of PS (A) and MnFe2O4@PS composites (B).
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Fig. 4C and D. As shown from Fig. 4C, two new peaks of 
binding energy appeared at 641.65 and 711.12 eV, which 
could be contributed as Mn 2p photoelectron and Fe 2p 
photoelectron. Additionally, Fe 2p spectrum indicated 
that two characteristic peaks at 711.98 and 726.28 eV 
should be Fe 2p3/2 and Fe 2p1/2. It implied that the for-
mation of Fe on the surface of MnFe2O4@PS was Fe(III). 
It also confirmed that PS was successfully combined with 
MnFe2O4 nanoparticles. This result was consistent with the 
results of SEM, TEM, EDS, FT-IR and XRD.

3.2. Effect of operation parameters

In order to evaluate effect of operation parameters on 
Cr(VI) removal by MnFe2O4@PS, the adsorption experiments 
were carried out. The details of adsorption experiments 
were depicted in Supporting Information. The experimental 
results were shown in Fig. 5. From Fig. 5A, the initial pH 
in solution had an important influence on Cr(VI) removal. 
Along with the increasing of pH from 2.0 to 12.0, removal 
capacity of Cr(VI) ions in solution decreased drastically. The 
main reasons should be connected with Cr(VI) species in 

different pH in solution. When pH < 6.0, HCrO4
– ions were 

the predominant ion species in solution. However, when 
pH > 6.0, CrO4

2– ions were the predominant ion species in 
solution [3]. Cr(VI) ions in solution could be removed by 
MnFe2O4@PS composites through the electrostatic inter-
action. At lower pH, the anionic species appeared on the 
surface of MnFe2O4@PS composites. Therefore, the removal 
capacity of Cr(VI) ions by MnFe2O4@PS composites was high 
[8,37]. However, along with the increase of the initial pH in 
solution, the charge on the surface of MnFe2O4@PS compos-
ites become more negative. Thus, the removal capacity of 
Cr(VI) ions by MnFe2O4@PS composites decreased because 
of the presence of CrO4

2– ions as the predominant ion spe-
cies. It also could be implied that the removal mechanism 
of Cr(VI) ions by MnFe2O4@PS composites should contain 
the electrostatic interaction. Fig. 5B showed the effect of 
reaction time on the removal capacity of Cr(VI) ions by 
MnFe2O4@PS composites. The removal capacity of Cr(VI) 
ions by MnFe2O4@PS composites increased sharply at the 
first 30 min. Then, the removal capacity of Cr(VI) ions by 
MnFe2O4@PS composites begun to increase slowly, and it 
reached equilibrium about 300 min. It might be the reasons 
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that the sufficient number of adsorption sites on the sur-
face of MnFe2O4@PS composites appeared at the beginning 
of adsorption process. Then, along with the development 
of adsorption process, adsorption sites on the surface of 
MnFe2O4@PS composites decreased slowly. This leaded to 
the decrease of removal capacity of Cr(VI) ions. Effect of 
initial concentration of Cr(VI) and reaction temperature 
on removal capacity of Cr(VI) are shown in Fig. 5C and D, 
respectively. It could be observed that the increase of ini-
tial concentration of Cr(VI) and reaction temperature would 
contribute to the adsorption process of Cr(VI) removal by 
MnFe2O4@PS composites.

3.3. Adsorption kinetic, adsorption isotherm and thermodynamic

To elaborate the mechanism of Cr(VI) removal by 
MnFe2O4@PS composites, adsorption kinetic, adsorption 
isotherm and thermodynamic were discussed in details. 
In this research, pseudo-first-order, pseudo-second- order, 
Langmuir and Freundlich models were used to elabo-
rate the adsorption behavior of Cr(VI) ions on MnFe2O4@

PS composites. Their equations and the calculation of 
thermodynamic parameters were shown in Supporting 
Information.

According to the experimental results of Fig. 5B, the 
adsorption kinetic for Cr(VI) removal by MnFe2O4@PS com-
posites were shown in Fig. 6A and B.

It could be observed that the value of R2 for pseudo- 
second-order model was higher than that of R2 for pseudo- 
first-order model (0.9998 > 0.9495). It also indicated that 
the main adsorption process was chemisorption [38]. 
According to the experimental results of Fig. 5C, the 
adsorption isotherm for Cr(VI) removal by MnFe2O4@
PS composites were shown in Fig. 6C and D. As shown 
in Fig. 6C and D, the Langmuir model could be used to 
describe the adsorption process according to its higher value 
of R2 (0.9824 > 0.8658). According to the Langmuir model, the 
theoretical qm could be calculated. The value of qm reached 
46.51 mg/g. It exhibited high removal capacity of Cr(VI) 
by MnFe2O4@PS composites. Additionally, it also implied 
that the adsorption process of Cr(VI) ions by MnFe2O4@PS 
composites was monolayer adsorption [39].
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According to the experimental results of Fig. 5D, the 
thermodynamic values could be calculated, and were listed 
in Table S1. The positive values of ΔH° and ΔS° indicated 
that the removal of Cr(VI) ion by MnFe2O4@PS compos-
ites was the endothermic and randomness process, respec-
tively. Additionally, the negative values of ΔG° revealed 
that the adsorption process also was a spontaneous pro-
cess. The increase of reaction temperature would lead to the 
greater adsorption driving force and improve the adsorp-
tion of Cr(VI) by MnFe2O4@PS composites. In a word, the 
adsorption process of Cr(VI) by MnFe2O4@PS composites 
was a spontaneous, endothermic and randomness process.

3.4. Adsorption mechanism

In order to elaborate the adsorption mechanism of 
Cr(VI) removal by MnFe2O4@PS composites, MnFe2O4@
PS composites were determined by many technologies. 
According to the results of SEM and TEM, MnFe2O4@PS 
composite was a pore, rough and irregular structure. It was 
benefit for removal of Cr(VI) through physical adsorption. 

Additionally, the large number of functional groups (such 
as O–H, C–H, C=C, C–O, and so on) were observed on the 
surface of MnFe2O4@PS composite. Therefore, they could 
react with Cr(VI) ions by electrostatic surface complex-
ation and cationic attraction [34]. Additionally, MnFe2O4@
PS composites after adsorption of Cr(VI) also were deter-
mined by XPS technology. The results of XPS were depicted  
in Fig. 7.

The survey of XPS spectrum was shown in Fig. 7A. The 
elements of the MnFe2O4@PS composites could be observed. 
Before adsorption of Cr(VI), the peaks at 284.86, 531.07, 
641.65 and 711.12 eV were corresponding to C 1s, O 1s, Mn 
2p and Fe 2p species, respectively. Additionally, their atomic 
were 61.88%, 31.37%, 3.34% and 3.41%, respectively. After 
adsorption of Cr(VI), the new peak at 582.12 eV appeared. 
It was corresponding to Cr 2p species. It indicated that 
Cr(VI) ions in solution could be adsorbed by MnFe2O4@
PS composites. Fig. 7D–E depicted the high resolution 
XPS spectrum of Fe 2p and Mn 2p. XPS spectrum of Fe 2p 
contained two characteristic peaks at 711.98 and 726.28 eV 
corresponding to Fe 2p3/2 and Fe 2p1/2 states, respectively. 
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Additionally, XPS spectrum of Mn 2p contained two charac-
teristic peaks at 642.18 and 653.98 eV corresponding to Mn 
2p3/2 and Mn 2p1/2 states, respectively. It could confirm the 
Mn2+ oxidation state of Mn element. From Fig. 7B and C, it 

indicated that O–H, C–H, C=C and C–O could be observed 
on the surface of MnFe2O4@PS composites.

The proportion of functional groups on the surface 
of MnFe2O4@PS composites before and after adsorption 
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exhibited an obvious change, which indicated that these 
functional groups reacted with Cr(VI) ions in solution. 
According to the above experimental results, it could be 
concluded that adsorption of Cr(VI) by MnFe2O4@PS com-
posites could be attributed to the combination of chemisorp-
tion and physisorption. From the effect of pH in solution on 
adsorption, it could be found that Cr(VI) ions in solution 
could be removed by MnFe2O4@PS composites through the 
electrostatic interaction and chemical precipitation. At high 
pH, Cr(VI) reacted with OH–, and the precipitation were 
formed. Additionally, Cr(VI) ions in solution could react 
with –OH functional groups on the surface of MnFe2O4@
PS composites. The reaction was following: MnFe2O4@
PS-OH + Cr6+ → MnFe2O4@PS-O–-Cr6+ + H+. Additionally, 
van der Waals force played an important role between 
Cr(VI) and the porous material of MnFe2O4@PS compos-
ites. It could adsorb Cr(VI) through electrostatic attraction, 
surface adsorption and surface complexation.

Therefore, according to the results of XPS technology 
and the characterization of MnFe2O4@PS composites, the 
possible mechanism of Cr(VI) removal by MnFe2O4@PS com-
posites was suggested. They were shown in Fig. 8.

The adsorption of Cr(VI) by MnFe2O4@PS composites 
could be attributed to the combination of chemisorption and 
physisorption. The main mechanisms contained electrostatic 
interaction, surface adsorption, surface complexation and 
chemical precipitation.

3.5. Regeneration experiment

The regeneration experiments were carried out. That 
is, 100 mg adsorbent and 100 mL 100 mg/L Cr(VI) ions in 
solution were charged into a series of flasks, respectively. 
The mixture was shaken at pH 4.0, 200 rpm and 25°C 

for 360 min. Then, concentration of Cr(VI) in solution 
was determined by FAAS and MnFe2O4@PS composites 
were washed by (1 + 1) hydrochloric acid for three times. 
The regeneration experiments were performed with five 
times. The experimental results were depicted in Fig. 9.

After five times, the removal rate of Cr(VI) ions in solu-
tion by MnFe2O4@PS composites decreased from 30.5% to 
26.4%. It indicated that MnFe2O4@PS composites could be 

 
Fig. 8. The possible adsorption mechanism.

 
Fig. 9. Effect of regeneration time on removal rate of Cr(VI) ions 
in solution by MnFe2O4@PS composites (Reaction conditions: 
0.1 g adsorbent; 100 mg/L Cr(VI); pH 4.0; 200 rpm; 25°C for 
360 min).
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reused for removal of Cr(VI) ions in solution. The chemi-
cal stability and recyclability of MnFe2O4@PS composites  
was good.

4. Conclusions

In this research, the adsorbent of MnFe2O4@PS com-
posite material was developed by co-precipitation method. 
MnFe2O4@PS composites were characterized by SEM, TEM, 
XRD, FT-IR and XPS, respectively. MnFe2O4 nanoparticles 
and PS were successfully combined. A lot of functional 
groups (such as O–H, C–H, C=C, C–O and stretching of 
organic matters) were observed on the surface of MnFe2O4@
PS composites. The adsorption process could be described 
by pseudo-second-order model and Langmuir model. 
It also indicated that the main adsorption process was 
chemisorption and monolayer adsorption. The value of qm 
would reach 46.51 mg/g. The adsorption process of Cr(VI) 
by MnFe2O4@PS composites was a spontaneous, endother-
mic and randomness process. The main mechanisms con-
tained electrostatic interaction, surface complexation and 
chemical precipitation. The chemical stability and recy-
clability of MnFe2O4@PS composites for Cr(VI) removal 
were good.
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Supporting information

S1. Characterization of sorbents

SEM (Scanning electron microscope, JEOL 6500F, 
Japan) and TEM (Transmission electron microscope, 
Tecnai G2 20, The Netherlands) was used to observe the 
surface morphology and structure of adsorbents. The sur-
face area and pore size of adsorbents were determined 
by the NOVA 4200e Surface Area and Pore Size Analyzer 
(Quantachrome, FL, USA) at a relative pressure of 0.95 fol-
lowing the multipoint N2-Brunauer–Emmett–Teller adsorp-
tion method. The surface functional groups of adsorbents 
in the wave number range of 500–4,000 cm–1 were recorded 
on a Nexus 670 FT-IR Spectrometer (Fourier-transform 
infrared spectroscopy, Thermo Nicolet, Madison). The 
crystalline structures of the adsorbents were conducted 
in a D/Max-IIIA Powder X-ray Diffractomer (Rigaku 
Corp., Japan). XPS (X-ray photoelectron spectrometer, 
Kratos AXIS Ultra DLD, Japan) and the model Axis-HS 
(Kratos Analytical) were used to determine the surface of 
adsorbents.

S2. Calculation of removal rate and uptake capacity

The removal rate (R (%)) and the adsorption capacity (q 
(mg/g)) were calculated according to the following Eqs. (S1) 
and (S2).

R
C C
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0
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where C0 (mg/L) and Ce (mg/L) are initial concentration and 
equilibrium concentration, respectively. V (L) is the solution 
volume and m (g) is the weight of adsorbent.

S3. Adsorption experiments

S3.1. Effect of pH

100 mg adsorbent and 100 mL 100 mg/L Cr(VI) ions in 
solution with different pH (2.0, 4.0, 6.0, 8.0, 10.0 and 12.0) 
were charged into a series of flasks, respectively. The mixture 
was shaken at 200 rpm and 25°C for 8 h.

S3.2. Effect of initial concentration

100 mg adsorbent and 100 mL initial concentration of 
Cr(VI) ions in solution with a different initial concentration 
(50, 100, 150, 200 and 250 mg/L) were charged into a series 
of flasks, respectively. The mixture was shaken at pH 4.0, 
200 rpm and 25°C for 8 h.

S3.3. Effect of contact time

100 mg adsorbent and 100 mL 100 mg/L Cr(VI) ions in 
solution were charged into a series of flasks, respectively. 
The mixture was shaken at pH 4.0, 200 rpm and 25°C for dif-
ferent time (5, 10, 15, 30, 60, 90, 120, 180, 240, 300 and 360 min).

S3.4. Effect of temperature

100 mg adsorbent and 100 mL 100 mg/L Cr(VI) ions in 
solution were charged into a series of flasks, respectively. 
The mixture was shaken at pH 4.0 and 200 rpm for 8 h. 
Temperature is 25°C, 35°C and 45°C, respectively.
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S4. Recycle experiment

100 mg adsorbent and 100 mL 100 mg/L Cr(VI) ions in 
solution were charged into a series of flasks, respectively. 
The mixture was shaken at pH 4.0, 200 rpm and 25°C for 8 h.

S4.1. Pseudo-first-order and pseudo-second-order kinetic

In order to describe the adsorption mechanism, the 
adsorption kinetics is described by the pseudo-first-order 
and pseudo-second-order kinetic models. The Eqs. (S3) and 
(S4) represent the linear forms of pseudo-first-order [S1] and 
pseudo-second-order kinetic models [S2].

q q et e
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� �
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2
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where qe (mg/g) and qt (mg/g) are adsorption capacity of 
Cr(VI) ions solution by MnFe2O4 magnetic nanoparticle 
(MnFe2O4@PS) at adsorption time t and adsorption equilib-
rium respectively. K1 (min–1) and K2 (min–1) are the adsorption 
rate constant.

S4.2. Langmuir isotherm model and Freundlich isotherm model

In order to investigate adsorption process, the exper-
imental data of Cr(VI) uptake onto MnFe2O4@PS are ana-
lyzed using Langmuir isotherm model [S3] and Freundlich 
isotherm model [S4]. Langmuir isotherm model expresses 
monolayer adsorption. The adsorbate arrives at the unevenly 
surface of the adsorbent from the liquid phase. They can 
be expressed in Eqs. (S5) and (S6). They are following as:
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q C K
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e L

�
�1

 (S5)

where qe (mg/g) is concentration of adsorbed Cr(VI) ions 
at equilibrium. qm (mg/g) is the maximum uptake capac-
ity of Cr(VI). Ce (mg/L) is concentration of Cr(VI) at 
equilibrium and KL (L/mg) is constant.

q K Ce f e
n= 1/  (S6)

where qe (mg/g) is the amount of adsorbed Cr(VI) ions per 
unit mass of the adsorbent at equilibrium. Ce (mg/L) is 
concentration of Cr(VI) ions at equilibrium. Kf and 1/n are 
constant.

S4.3. Calculation of thermodynamic parameters

In order to explore further mechanism of Cr(VI) uptake, 
thermodynamic parameters are evaluated to determine 
the spontaneity of the reaction. They are Gibbs free energy 
(ΔG° (kJ/mol)), enthalpy (ΔH° (kJ/mol)) and entropy (ΔS° (J/
mol·K)) respectively. They are associated with the adsorption 
can be calculated using the following Eqs. (S7)–(S9):
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where T is the solution temperature (K), Ka is the adsorption 
equilibrium constant, R is the gas constant (8.314 J/mol·K), 
qe is the amount of adsorbate adsorbed per unit mass of 
adsorbate at equilibrium (mg/g) and Ce is the equilibrium 
concentration of the adsorbate (mg/L). ΔS° and ΔH° are 
calculated from the slope and the intercept respectively.

References
[S1] W.S. Hummers Jr., R.E. Offeman, Preparation of graphitic 

oxide, J. Am. Chem. Soc., 80 (1958) 1339, doi: 10.1021/
ja01539a017.

[S2] S. Lagergren, Zur Theorie der sogenannten Adsorption gelöster 
Stoffe, Pseudo-second-order model for sorption processes, 
Handlingar, 24 (1898) 1–39.

[S3] I. Langmuir, The adsorption of gases on plane surfaces of glass, 
mica and platinum, J. Am. Chem. Soc., 40 (1918) 1361–1403.

[S4] H.M.F. Freundlich, Uber die Adsorption in Losungen, J. Phys. 
Chem., 57 (1906) 385–470.

Table S1
Thermodynamic parameters of Cr(VI) ions in solution removal 
by MnFe2O4@PS composites

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

298 (K) 308 (K) 318 (K)

–2.04 –1.91 –1.62 8.27 20.83
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