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Abstract

Herein, magnetically modified biomass camphor seeds husk (MBC) was developed as an efficient biosorbent for remediation
of arsenite (As(IIl))-polluted wastewater. The results of the SEM + EDS, TEM, XRD, and BET demonstrate the as-obtained
adsorbents were Fe species impregnated amorphous porous carbon nanosheets. The effects of adsorbent dosage, solution
pH, contact time, initial concentration, and co-existing ions were systemically investigated. As a result, the MBC delivers
a maximum adsorption capacity of 39.7 mg/g based on the Langmuir model at natural pH. Moreover, the MBC could also
maintain superior As(II) removal performance in wide pH values ranging from 5 to 10. And the commonly coexisting anions
showed slight effect on the As(III) removal. FT-IR and XPS of the MBC before and after As(III) adsorption revealed the
removal mechanism was dominated by the surface complexation, oxidation, and H-bonds.

Keywords Biosorbent - Carbon nanosheets - Arsenite - Fe;0,

Introduction

Rapid urbanization and industrialization inevitably induce
the release of toxic metals into the water. Among these, arse-
nic (As) pollution is deemed as a potential environmental
and public health issue to human beings due to its threat of
high toxicity, non-biodegradation, and accumulation through
the food chain(Zhu et al. 2016). The accumulation of As
in groundwater is mainly from the weathering of As-rich
minerals and poorly disposed of metallurgical, mining indus-
tries, and As-containing pesticides. Intaking of As could
cause serious diseases to human beings, such as skin, lung,
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bladder, and kidney cancer. Arsenite (As(IIl)) and arse-
nate (As(V)) are commonly existing inorganic As species,
and As(III) dominates as the H;AsO; species while As(V)
appears as a mixture of the H2ASO4_ and HAsO42_ species
with normal pH range from 4 to 8. As previously reported,
As(III) is 60-folds more toxic and mobile than As(V) (Sha-
koor et al. 2019; Amen et al. 2020). Thus, developing an effi-
cient strategy for the remediation of As(IIl))-contaminated
water is urgently needed.

To date, various technologies such as chemical precipita-
tion, ion exchange, electrochemical techniques, and mem-
brane separation have emerged to tackle the As-contami-
nated water (Samuel et al. 2021; Alka et al. 2021). However,
adsorption is still considered one of the most promising pro-
cesses owing to its low cost, high efficiency, and facile oper-
ation (Cheng et al. 2021; Luo et al. 2021; Han et al. 2022).
Till now, kinds of novel materials such as activated carbon
(Budinova et al. 2006), layered double hydroxides (Li et al.
2021), porous metal-organic frameworks(MOFs) (Wang
et al. 2019), industrial byproducts, and wastes (Rha and Jo
2021), have been used as As(III) adsorbents. Nevertheless,
most of the adsorbents are pH-sensitive in As(IlI)-containing
solution due to the protonation of functional groups on the
adsorbent surface and the speciation of As in the aqueous
medium (Samuel et al. 2021). To this end, an additional
pH modifier is inevitable which will increase the cost in

@ Springer


http://orcid.org/0000-0002-8724-9989
http://crossmark.crossref.org/dialog/?doi=10.1007/s11696-022-02410-x&domain=pdf

7296

Chemical Papers (2022) 76:7295-7303

practical application. Thus, developing a more economical
and facile adsorbent is still challenging.

Biomass possesses great application prospects in the
treatment of water pollution issues due to its environmen-
tally benign, low cost, and tunable surface properties (Chen
et al. 2018a, b; Chen et al. 2018a, b) (Chen et al. 2020a, b).
Seed husks are reported as effective biosorbents to remove
anionic and cationic heavy metals from aqueous solutions
(Ullah et al. 2020; Somasekhara Reddy et al. 2017). Cin-
namomum camphora is an evergreen broad-leaved tree spe-
cies extensively distributed in south China. And the seeds
are usually applied to extract the oil, hereafter the seed husks
are thrown away which might be washed to the river by the
rain or burned outside and cause a threat to the environment
(Liu et al. 2018). Conversion of biomass to biochar is an effi-
cient way to construct biosorbent but is still hindered by the
limited adsorption sites, which failed to achieve satisfactory
pollution removal performance (Qin et al. 2020). Magneti-
cally modified biochar not only displays a strong affinity to
As(II) but is easy to be recycled, which has been consid-
ered as one of the most promising functionalized strategies
(Tabatabaiee Bafrooee et al. 2021; Li et al. 2020; Zhang
et al. 2019). In addition, the introduction of iron speciation
will improve the removal process via surface complexation
and oxidation, which weaken the effect of pH (Amen et al.
2020). To the best of our knowledge, the spent camphor
seeds husk (CSH) derived magnetic biochar has not been
examined on the As(IIl) removal yet.

Herein, a facile one-step calcination method is devel-
oped to construct the magnetic biomass-derived carbon
nanosheets (MBC) as efficient As(III) adsorbents. Spent
CSH was applied as feedstocks, and FeCl; was adopted as Fe
sources. Then, the FeCl, pretreated CSH was annealed under
N, atmospheres at 700 °C for 2 h. The as-obtained MBC
yields a superior adsorption capacity of 39.7 mg/g based
on a Langmuir model at natural pH and quick adsorption
equilibrium time within 120 min. In addition, the adsorbent
could also be efficient in a wide pH range from 5 to 10 and
possessed a slight effect by the coexisting ions. This work
provides a theoretical reference for the high-value utiliza-
tion of biowaste and the effective treatment of As(IIl) in
wastewater.

Experiment section

Chemicals and raw materials

All the reagents used in this work were analytical grade and
employed as purchased without further purification. Cam-
phor seeds husk (CSH), obtained from the spent Cinnamo-

mum camphora seeds from Jiangxi Province Key Labora-
tory of Edible and Medicinal Resources Exploitation of
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Nanchang University, were dried overnight at 80 °C in an
oven then chopped with a mechanic mill and sieved to parti-
cle sizes below 0.45 mm for subsequent experiments.

Preparation of magnetic biomass-derived carbon
nanosheets (MBC)

For the synthesis of MBC, a one-step calcination method
was applied. Typically, the spent CSH powder (10 g) was
immersed in 50 mL FeCl; solution (FeCl;/CSH ratio=0.1),
and stirring at 80 °C for 120 min for vaporization of water.
Subsequently, the Fe-impregnated sample was transferred
to the tubular reactor and started at 200 °C under N, with a
flow of 500 mL/min for 1 h, then the temperature was raised
to 700 °C under heating rate of 10 °C/ min, and maintained
for 2 h. After cooling naturally, the sample was washed thor-
oughly with deionized water and dried overnight to obtain
the MBC. For comparison, the BC was prepared without the
addition of FeCl;.

Characterization

The morphology and microstructure were observed on scan-
ning electron microscopy (SEM, FEI Nova Nano SEM450,
Czech) and transmission electron microscopic (TEM,
Talos F200X, Netherlands). The structural properties were
revealed by the powder X-ray diffraction (XRD, PANalyti-
cal empyrean series2, Netherlands) with Cu-Ka radiation
at room temperature from 5 to 90 °C and Raman micros-
copy (HORIBA Jobin Yvon, France) with 532 nm radia-
tion. The changes of the surface chemical composition and
functional groups were disclosed by the Fourier Transform
Infrared spectrometer (FT-IR, Nicolet, America) from 400
to 4000 cm™! and X-ray photoelectron spectroscopy (XPS,
Axis Ultra DLD, Japan). The magnetic properties of the
samples were measured with a Lakeshore7404 vibrating
sample magnetometer (VSM).

Batch adsorption experiments

The batch adsorption experiments were conducted in a tem-
perature-controlled shaker with a rotation speed of 160 rpm.
The effect of dosage was conducted by adding the adsorbent
amount of 15, 30, 60, 120, and 150 mg to 30 mL solutions
under natural pH for 8 h, respectively. Then, 30 mg of the
adsorbent was added to 30 mL solutions with different pH
values, different contact times, and different initial concen-
trations. The pH values were adjusted by using 0.1 M HCl
or NaOH. The contact time was set from 5 to 720 min for
the kinetic experiment. The initial concentration was set
from 10 to 100 mg/L. The coexisting anions of C1~, NO;™,
S0,*", HCO;™, and CO,*~ were prepared from their cor-
responding sodium salts. After adsorption, the suspension
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was immediately filtered with a 0.22 pm microfiltration
membrane. And the concentration of As was quantified by
an atomic fluorescence spectrometer (AFS-8220, Beijing
Haitian Instruments, China).

Results and discussion
Characterization of the adsorbents

Scanning electron microscope (SEM) and transmission elec-
tron microscopic (TEM) were used to disclose the morphol-
ogy change of the biomass-derived carbon after magnetic
modification. As displayed in Fig. 1a, b, and c, the unmodi-
fied BC was large and thick chunks with a smooth surface.
Upon FeCl, treatment, the magnetic MBC were shown as
thin carbon nanosheets with rough surfaces (Fig. 1d, e, and
f). This might be due to the activation of the FeCl;, which
could endow a larger surface area on MBC and boost the
As(IIT) immobilization(Cho et al. 2017). The high-resolution
TEM (HRTEM) image indicates the poor crystallinity and
amorphous carbon structure of MBC (Fig. S1) while the
energy dispersive X-ray spectroscopy (EDS) spectra sug-
gests the successful impregnation of Fe species (Fig. S2).
Moreover, the corresponding EDS mapping images suggests
the element of C, O, and Fe are evenly distributed on the
MBC (Fig. 1g).

Fig.1 SEM images of a BC and
b enlarged BC surface, ¢ TEM
images of BC; SEM images of
d MBC and e enlarged MBC
surface, f TEM images of MBC,
and g corresponding EDS map-
ping images

The structural properties of the obtained biochar with
and without treatment of FeCl; were revealed by the
XRD. As depicted in Fig. 2a, the diffraction peak at about
22.5 °C for both samples can be assigned to the reflec-
tion of graphite (002) (JCPDS: No. 41-1487). And the
broad and low-intensity (002) diffraction peak imply the
amorphous character of the obtained adsorbents (Chen
et al. 2018a, b). The newly emerged characteristic peaks
at 20 =35.5°, 43.1°, 57.0°, and 62.6° were related to the
planes of (311), (400), (511) and (440) of the cubic Fe;0,
(JCPDS 88-0866), suggesting the loaded Fe oxide in MBC
was identified mainly as magnetite (Fe;O,) (Zhang et al.
2020a, b). The Fe;O, could maintain MBC with superior
magnetism, as revealed in Fig. 2b. Raman spectra were
further applied to investigate the graphitization degree and
defects. As illustrated in Fig. 2c, both samples displayed
an obvious D band at 1343 cm~! and G band at 1580 cm™!,
which can be assigned to the disordered and graphite
structures of carbon, respectively (Jiang et al. 2019). It can
be seen that the intensity ratio values of I/I; increased
from 0.875 to 0.955 on MBC, indicating more defect
sites in MBC (Kolagatla et al. 2018), which was consist-
ent with the SEM results. The mass loading of the Fe is
calculated to be about 10.35% based on the XPS results
(Table S1). And the carbon content decreased from 77.3%
of BC to 66.0% of MBC due to the impregnated Fe spe-
cies (Table S2). Moreover, the N, adsorption—desorption

@ Springer



7298 Chemical Papers (2022) 76:7295-7303
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isotherms were measured at 77 K to investigate the FeCl;  area could render MBC with highly accessible As(III) sites
treatment on the surface properties of biochar. As illus-  thereby affording high As(III) capacity.

trated in Fig. 2d, both BC and MBC exhibited type IV

isotherm with type H4 hysteresis according to the [IUPAC  As(lll) adsorption performance

classification, implying the mesoporous carbon materials

(Chen et al. 2018a, b). The calculated BET surface area of  Effect of dosage and pH

MBC is 345.4 m?*/g, which was much higher than the BC

(3.1 m%g). This might be due to the activation of the FeCl;  The effect of the dosage of the MBC on As(III) adsorption
and the formation of Fe;O, during the reaction, suggesting ~ was investigated. As shown in Fig. 3a, the removal efficiency
the simultaneous activation and magnetization on MBC by  increased with the increasing dosage, when the dosage was
FeCl; treatment (Zhang et al. 2020a, b) The large surface  raised to 5 g/L, the removal efficiency can achieve above
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Fig. 3 a Effect of the dosage and on the MBC for As(IIT) adsorption capacity and removal efficiency, b Effect of pH on the BC and MBC for
As(III) adsorption capacity. Initial concentration =50 and 20 mg/L for dosage and pH effect, respectively, pH = natural, adsorbent dose=1 g/L
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95%. However, the adsorption capacity q, reach the max-
imum of 28.0 mg/g at 1 g/L, and then declined with the
increase of adsorbent dosages. This might be due to the lim-
ited adsorption sites at a lower dosage and overlapped bind-
ing sites at the higher dosage (Zhang et al. 2021). So, 1 g/L
dosage was applied for further experiment. pH values play a
vital role in the adsorption because it affects the charge state
of the pollution and adsorbent (Tang et al. 2019a, b; Tang
et al. 2019a, b). As displayed in Fig. 3b, As(III) adsorption
of MBC had the highest removal efficiency (above 62%) at a
wide pH range from 5 to 10, which satisfies the pH range of
6-8.5 in groundwater. However, for BC, the As(III) removal
efficiency is highly pH-dependent. In general, As(III) exists
in the form of H;As05% at <pH 9, and H,AsO;~ at pH 9-11
(Rha and Jo 2021). So the increase of the As(III) removal
efficiency above pH 9 is due to the electrostatic attraction
between arsenic ions and the charged material surfaces. The
much higher As(III) removal efficiency on MBC than BC in
a wide pH range manifests the dominated As(III) immobi-
lization mechanism is caused by the effect of iron species.
Because the natural pH in As(IIl) solution is about 7.2, to
avoid the cost of an additional pH modifier, a natural pH
value was adopted in the further experiment.

Adsorption kinetics and isotherms

The adsorption kinetics of As(III) by BC and MBC are
depicted in Fig. 4a. Both BC and MBC showed quick equi-
librium on As(IIl) sorption within 2 h and exhibited only a
slight increase hereafter. Obviously, MBC exhibited much
higher capacities than that of BC all over the reaction time
from 5 to 720 min. The nonlinear fitting curves of pseudo-
first- and pseudo-second-order models were presented in
Fig. 4a and the calculated fitting parameters were shown in
Table 1. The correlation coefficients R* (0.950 and 0.987,
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Fig.4 a Nonlinear fittings of adsorption kinetics using pseudo-
first-order and pseudo-second-order models, initial concentra-
tion=50 mg/L, pH=natural, adsorbent dose=1 g/L; and b nonlinear

Table 1 Adsorption kinetic models and parameters for removal of As
(1IT) on BC and MBC

Parameters BC MBC
Pseudo-first-order

q, (mg/g) 13.68 34.12
k, (min~") 0.1223 0.0549
R’ 0.907 0.968
Pseudo-second-order

q, (mg/g) 14.30 36.40
k, (g/(mg-min)) 0.0131 0.0023
R? 0.950 0.987

respectively) of the pseudo-second-order model were higher
than that of the pseudo-first-order model, suggesting the
pseudo-second-order model was more consistent with As
(IIT) adsorption by both BC and MBC. This also implies the
adsorption process was mainly controlled by the amount of
the active sites on their surface. To achieve complete adsorp-
tion, the reaction time was set as 8 h.

To disclose the adsorption mode on the as-obtained MBC
and evaluate the maximum adsorption capacity. The adsorp-
tion isotherm experiments were carried out with initial As
(III) concentrations ranging from 10 to 100 mg/L for 8 h.
As illustrated in Fig. 4b, the capacity q, of both BC and
MBC increased quickly in the low concentrations and tend
to equilibrium at high concentrations. The nonlinear fit-
ting curves of Langmuir and Freundlich models were pre-
sented in Fig. 4b and the obtained relevant parameters were
listed in Table 2. The higher R? for the Langmuir model on
BC (0.853) and MBC (0.994) demonstrate the adsorption
behavior of As(IIT) on both BC and MBC were in better
pertinence with the Langmuir model. This result suggests
the chemisorption on the surface of the adsorbents. And

(b) =
- = -
= - -
354 P
-
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S 25- d - ° BC
> 7 Langmuir
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;’ 15 i
/ ° * = -
101, 7
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fittings of adsorption isotherms using Langmuir and Freundlich mod-
els, pH =natural, adsorbent dose =1 g/L, contact time=8 h
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Table 2 Adsorption equilibrium

Parameters BC MBC

models and parameters for

removal of As (IIT) on BC and Langmuir

MBC g, (mgle) 196 397
K;(L/mg) 0.123 0.202
R’ 0.853 0.994
Freundlich
Kn(mg!™LYg) 327 12.6
1/n 0.374 0.281
R? 0.715 0.920

the calculated maximum adsorption capacity on MBC is
39.7 mg/g, about twofold higher than that of BC (19.6 mg/g).
The removal performance outperforms most of the recently
reported literature (Table 3).

Effect of coexisting ions

To evaluate the application of MBC in real water systems,
the effect of some common co-existing anions (C1~, NO; ™,

Table 3 As(IIT) adsorption performance compared with other literatures

SO,*", HCO;™ and CO;*7) on the As(III) adsorption was
investigated. The adsorption retention represents ratio of
the adsorption capacity of As(III) under different co-exist-
ing anions to that under blank solution without co-existing
anion. As observed in Fig. 5a, the adsorption capacity of
As(IIT) by BC was obviously affected by the co-exist-
ing anions. The maximum As(III) capacity decrease
was affected by SO,%~ and the adsorption retention only
remained 3.7% at the concentration of 1.0 mg/L SO,>".
And the adsorption effect for coexisting ions of As(III)
by BC is following SO,* >HCO;™ > CO;* > Cl"> NO;".
Conversely, the adsorption capacity of As(IIl) by MBC
was slightly affected by the co-existing anions. As shown
in Fig. 5b, even when the concentrations of the co-existing
anions increased from 0.1 to 1.0 mg/L, the q, of As(III) on
MBC decreased less than 17%. This also proves that the
As(IIT) adsorption properties on MBC were rarely relevant
with the charge state of the pollution, which was consistent
with the pH effect results.

Sample Initial concentra-  Dosage (g/L) pH Adsorption Refs.
tion range (mg/L) capacity(mg/g)
Fe-Mn-La-BC 10-80 1 7 15.3 (Lin et al. 2019)
Waste foundry dust (WFD) 1-100 2.5 3 12.6 (Rha and Jo 2021)
Bi-BC 5-200 2 9.3 16.2 (Zhu et al. 2016)
Bacillus thuringiensis strain WS3 biomass 3-7 0.5 7 10.9 (Altowayti et al. 2019)
H-CAFBs 0.1-50 1 7 24.1 (Zeng et al. 2020)
Bark-based magnetic iron oxide particle (BMIOP)  0.092-1.981 1 7 19.6 (Dhoble et al. 2018)
BC 10-100 1 Natural 19.6 This work
MBC 10-100 1 Natural  39.7
() (b)
120 120
I Blank [MO0.1mg/L [ 1.0 mg/L I slank 0.1 mg/L []1.0mg/L
= 100 = 1004
S 5
E 80 = 80
8 s
E 604 2 604
2 $
2 40+ ‘é 40 4
2 g
2 20- T 204
< <
0 - T T T T 0+ T T T T 1
- - 2- - 2- - - . - .
Cl NO, S0, HCO, CO, Cl NO, 3042 HCO, 0032

Co-existing ions

Co-existing ions

Fig.5 Effect of co-existing ions on As(III) removal by a BC and b MBC. Initial concentration =20 mg/L, pH =natural, adsorbent dose=1 g/L.
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Adsorption mechanism

In order to explicate the possible mechanism of As(III)
removal onto MBC, FTIR and X-ray photoelectron spec-
troscopy (XPS) were carried out on the adsorbent before
and after the As(III) immobilization. As shown in Fig. 6a,
a large number of functional groups appeared on the sur-
face of MBC. The peaks detected at 3386 cm™!, 2358 cm™!,
1576 cm™', 1410 ecm™!, and 1088 cm™! can be assigned to
the stretching vibration of -OH, -CH;, -C=0, -O=CO-,
and C—OH bonds (Wen et al. 2017; Meng et al. 2021). And
the peaks between 500 and 900 cm™' were mainly ascribed
to the Fe—O bond (Rha and Jo 2021). Upon As(III) adsorp-
tion, the obvious shifts of the O-containing groups and Fe-O
bond indicate the participation of these functional groups in
the removal of As(III) through complexation (Amen et al.
2020; Cuong et al. 2021). XPS survey spectrum of fresh
MBC and As-MBC demonstrate the successfully adsorp-
tion of As (Fig. S3), and the spectrum of Cls, Fe 2p, and As
3d was deeply investigated to disclose the removal detail.
As depicted in Fig. 6b, the C 1 s derived from the biochar
could be deconvoluted into four characteristic peaks attrib-
uted to C-C (284.8 e V), C-O (285.5eV), C=0 (286.7 eV),
and O=C-0 (289.1 eV) (Gong et al. 2017; S. Chen et al.
2020a, b). The ~0.2% and ~ 1.5% decrease of C-O and C=0
peaks implies the C—O and C =0 functional groups could
aid the immobilization of the As(III) onto the adsorbent

surface through H-bond formation (Amen et al. 2020). As
shown in Fig. 6¢c, the Fe 2p;,, spectrum can be resolved
into Fe(II) oxide peaks at 711.2 eV, an Fe(Ill) oxide peak
at 713.2 eV. The ~2.4% increase proportion of Fe(IIl) after
As(IIT) adsorption was most probably resulted from the
oxidative transformation of Fe;O, to Fe,O; by dissolved
O, in the reaction system during agitation (Zhang et al.
2016). The adsorbed As on the MBC are mainly existed as
As(IIT) (83.4%) and As(V) (16.6%), which proved part of
As(IIT) adsorption was the oxidative transformation caused
by the Fe;0, (Fig. 6d). In summary, the possible removal
mechanisms of As(III) include surface complexation, oxi-
dation, and H-bonds (Fig. 7). Moreover, the unique large
surface area from the as-obtained MBC could also provide
highly accessible As(III) sites thereby affording high As(III)
capacity.

Conclusions

Spent camphor seeds husk (CSH)-based magnetic porous
carbon (MBC) was successfully prepared by pyrolysis of
FeCl, pretreated CSH. And simultaneous activation and
magnetization were obtained on the MBC. As a result,
the MBC possesses a variety of functional groups, which
enhance the As(III) removal through surface complexa-
tion, oxidation, and H-bonds. Thus, the MBC can achieve

Fig.6 a FT-IR spectra and b (a) (b) cc A =3
Cls XPS spectra, ¢ Fe 2p XPS o o 634% [ -
spectra, and d As 3d XPS spec- oy O \ co oco0
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As(ll)  As(V) o Chen Q, Tan X, Liu Y, Liu S, Li M, Gu Y et al (2020a) Biomass-
W s derived porous graphitic carbon materials for energy and envi-
o o 2 Mol / L) ronmental applications. ] Mater Chem A 8(12):5773-5811
2 2 i Chen S, Lu C, Liu L, Xu M, Wang J, Deng Q et al (2020b) A hierar-
><_>_< chical glucose-intercalated NiMn-G-LDH@NiCo,S, core-shell
HO OH e structure as a binder-free electrode for flexible all-solid-state
Sas’ Fe(r) Fe(ll) asymmetric supercapacitors. Nanoscale 12(3):1852-1863

H(B Magnetite é) o) Cheng N, Wang B, Wu P, Lee X, Xing Y, Chen M, Gao B (2021)
o H-bonds (Fe(I)OFe(lll),0,) OH H-bonds Adsorption of emerging contaminants from water and wastewa-

¢ 2 . ter by modified biochar: a review. Environ Pollut 273:116448

7777777777
MBC surface

Fig. 7 Possible mechanisms for the immobilization of As on MBC

a maximum adsorption capacity of 39.7 mg/g based on the
Langmuir model at natural pH, almost twofold higher than
that of BC (19.6 mg/g). Moreover, the MBC could also
maintain excellent As(IIT) adsorption during wide pH val-
ues from 5 to 10.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11696-022-02410-x.
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