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al by agricultural waste biochars
with different forms of iron oxide

Yue Chen,a Jing Shi, *ab Qiong Du,a Haowen Zhanga and Yixin Cuia

Pollution by antibiotics has become a serious threat to public health. In this study, agricultural waste, corn husk, in

the form of biochar, was utilized for antibiotic removal from wastewater. Two kinds of iron-loaded biochars,

impregnation–pyrolysis biochar (IP) and pyrolysis–impregnation biochar (PI), were synthesized to adsorb the

typical antibiotics tetracycline (TC) and levofloxacin (LEV). PI contained amorphous hydrated iron oxide, whereas

the major component of IP was g-Fe2O3. Compared with IP, PI had a much higher adsorption capacity for

both TC and LEV. This was because PI could provide more –OH, especially –OHads, to serve as the adsorption

sites. In comparison with TC, –OH was prone to combine with LEV. FT-IR and XPS results indicated that the

mechanisms of LEV adsorption included hydrogen bonding, F-replacement, electrostatic attraction and bridging

bidentate complexation. TC adsorption may involve complexation, hydrogen bonding and electrostatic attraction.
1 Introduction

Antibiotics are extensively used in treating infective diseases for
both humans and animals. Levooxacin (LEV) and tetracycline
(TC) (Fig. 1) are two typical and commonly used antibiotics. LEV
is a uoroquinolone antibiotic, which is generally utilized to
treat gastrointestinal tract, genitourinary and respiratory
infections.1 TC is used for the treatment of inammatory bowel
disease and acne.2 However, owing to the improper treatment of
pharmaceutical wastewater, its abuse in food additives used for
livestock breeding or animal husbandry, and incomplete
metabolism in human and animal bodies, excessive antibiotics
are discharged into the environment.3 As a result, they have
been frequently detected in different environments and even in
drinking water. Animals and humans could absorb excess
environmental antibiotics through the water and food chains,
resulting in antibiotic resistance.4,5 On the other hand, the
conventional biological wastewater treatment was not appro-
priate for antibiotic removal, due to their toxic effects on
microorganisms.4 Consequently, cost-effective approaches for
LEV and TC removal from wastewater are urgently needed.

Adsorption is considered as one of the most applicable
technologies because it is safety, economical and simple.
Several adsorbents have been tested to adsorb LEV or TC, such
as chitosan, montmorillonite, graphene-based materials.5,6 To
achieve the aims of low-cost, corn husks, the agricultural waste,
were selected as the major part of the adsorbent. It could not
only reduce the antibiotics pollution but also supply an addi-
tional method for corn husks reuse. In addition, corn is
cal University, Nanjing 211198, People's
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a worldwide and plentiful crop, which makes it cheap and easy
to obtain. For adsorption capacity enhancement and recovery
improvement, the corn husks were transformed into biochar
and Fe, which was magnetic and non-toxic, was employed for
the biochar modication. In summary, iron modied-biochars
advocate the concept of disposal waste with waste. The corn
husks are easy to obtain and cheap and they are harmless to the
environment. In addition, they can remove antibiotics high-
efficiently from aqueous solution. Furthermore, they can be
recycled and reuse, which still maintains high adsorption
capacities.

In this study, two kinds of Fe-loaded biochars with different
forms of Fe oxide were prepared for LEV and TC removal. The
adsorption performances were investigated and compared. The
possible adsorption mechanisms were analyzed based on X-ray
Diffraction (XRD), X-ray Photoelectron Spectroscopy (XPS) and
Fourier Transform Infrared Spectroscopy (FTIR) results.

2 Material and methods
2.1 Materials

LEV (>98.5%) and TC (>98.5%) were purchased from TCI
company. Corn husks were acquired from Shandong Province,
China. The type of corn was Liangyu 99. Ferric chloride
Fig. 1 The structures of LEV (a) and TC (b).
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hexahydrate (FeCl3$6H2O) and other chemicals were analytical
grades and purchased from Aladdin company.

2.2 The preparation of adsorbents

The raw corn husks were washed with deionized water, and
then dried in oven at 100 � 5 �C for 24 h. Aer cooling down to
room temperature, the corn husks were ground to 60–100 mesh
with a disintegrator.

The modication for the two types of Fe-biochars both
included the following three operations, but in a different order.
(1) Impregnation: 40.545 g FeCl3$6H2O was dissolved into
500 mL deionized water, and put 8.377 g biomass into the
solution (themass ratio of total iron to biomass was 1 : 1). Then,
the pH value was adjusted to 10. The mixture was placed in
a shaker for 2 h with 180 rpm at 30 �C, and next, pH was
adjusted to 10 again. The obtained mixture was deposited at
70 �C for 0.5 h. Aer cooling to room temperature, the solid–
liquid mixture was ltered and the obtained solid was dried at
60 �C for 12 h. (2) Pyrolysis: the pyrolysis temperature was raised
to 300 �C at a rate of 5 �C min�1 and maintained for 1 h. During
this process, nitrogen gas was passed over to isolate oxygen with
the rate of 200 mLmin�1 in the muffle furnace. Aer that, it was
cooled to room temperature. (3) Drying: the solid residues were
washed with distilled water and dried at 40 �C.

If the corn husks were modied as the order above, it was
dened as the impregnation–pyrolysis biochar (IP). If it was in
the sequence of (2) (1) (3), the product was the pyrolysis–
impregnation biochar (PI). The operation process was shown in
Fig. 2.

2.3 Adsorption experiments

0.04 g PI or IP was added to 50 mL 0.55 mol L�1 LEV
(200 mg L�1) or TC (266 mg L�1) solutions in a shaking water
Fig. 2 Procedure for the preparation of PI and IP.

14144 | RSC Adv., 2019, 9, 14143–14153
bath for 24 h at 120 rpm and 30 �C, respectively. pH values were
adjusted by HCl and NaOH solution. The adsorption kinetic
and isotherm experiments were carried out under optimal
initial pH values. In the kinetic experiments, samples were
taken at different time intervals. Next, the supernatant was
ltered through 0.22 mm lter. Then the absorbance of the
supernatant was measured using ultraviolet-visible spectro-
photometer at 357 nm and 287 nm for TC and LEV,
respectively.7–10

To facilitate description, the adsorbed samples would be
represented by abbreviations. For example, IP–LEV is the IP
sample aer LEV adsorption. The others were abbreviated
similarly.

2.4 Regeneration and reuse

Five reuse cycles were performed to evaluate the regenerability
of two modied biochars. 50 mL 0.55 mol L�1 LEV (200 mg L�1)
or TC (266 mg L�1) solution was adsorbed rst by 0.04 g PI or IP
in a shaking water bath for 24 h at 120 rpm and 30 �C, respec-
tively. Aerward, they were regenerated by 25 mL 0.01 mol L�1

NaOH solution and shaken at 120 rpm under 30 �C for 24 h.
Next, the regenerated adsorbents was washed with deionized
water and dried at 105 �C. The adsorbents were reused to
remove TC or LEV for the next four cycle as described above.

2.5 Materials characterization

BET (Quantachrome, Autosorb-IQ-AG-MP) was used to explore
the specic surface area and the micropore properties. The
specic surface area of the modied biochars was determined
by nitrogen adsorption method.11 The structure of the
compounds was detected by XPS (Thermo Fisher Scientic,
Escalab 250Xi) usingmono-chromatized Al Ka X-ray source with
a power of 100 W and pass energy of 30 eV.12,13 XRD (Bruker-Axs,
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 XRD of IP (a) and PI (b).
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D8 Advance) was utilized to character the components of Fe-
loaded biochar. The samples were scanned in the range of 5–
90 �C using Cu-Ka radiation at 40 kV.12,14 The modied-biochar
was dissolved by nitric and hydrochloric acid, and the iron
content was determined by Inductively Coupled Plasma-Atomic
Emission Spectrometry (ICP-AES). The surface functional
groups of sample were investigated by FTIR spectroscopy
(Thermo Fisher Scientic, Nicolet-46). The powder sample was
mixed with KBr, then pressed into pellets with a radius of
0.65 cm. The spectra were recorded in the mid-infrared from
4000 to 400 cm�1 with 4 cm�1 resolution.15–17

2.6 Data analysis

The amount of TC and LEV absorbed on Fe-loaded biochar
could be calculated by the following formula.

qe ¼ ðc0 � ceÞ � V

M
(1)

where qe (mmol g�1) is the equilibrium adsorption capacity; c0
and ce (mmol L�1) are initial and equilibrium concentrations of
antibiotic; V (L) is the volume of the solution; M (g) is the mass
of adsorbent.

The pseudo-rst-order kinetic model, the pseudo-second-
order kinetic model and intra-particle diffusion model were
used to t the kinetics data. The equations were written as
follows.

qt ¼ qe(1 � exp(�k1t)) (2)

qt ¼ qe
2k2t

1þ qek2t
(3)

qt ¼ kit
0.5 + C (4)

where, qt and qe (mmol g�1) are the amount of antibiotics
adsorbed at time t (h) and equilibrium; k1 (h�1) and k2 (g
mmol�1 h�1) are the observed rate constants of the pseudo-rst-
order and pseudo-second-order, respectively; ki (mmol h0.5 g�1)
is intra-particle diffusion rate constant; C is the intercept
reecting the extent of the boundary layer thickness.18

Freundlich, Langmuir and Temkin isotherm models were
utilized to depict the adsorption performance.

qe ¼ KFCe
1/n (5)

qe ¼ qmKLCe

1þ KLCe

(6)

qe ¼ RT

bT
lnðKTCeÞ (7)

where KF (mmol(1�1/n) L1/n g�1) is the Freundlich constant
related to the adsorption capacity; n is concerned with the
adsorption intensity; KL (L mmol�1) represents the Langmuir
coefficient correspond to the bonding force of adsorption; qm
(mmol g�1) is the maximum adsorption capacity; KT (L mmol�1)
is equilibrium bond constant related to the maximum energy of
bond; bT is the Temkin isotherm constant; R and T are the
universal gas constant and absolute temperature.
This journal is © The Royal Society of Chemistry 2019
The difference between original adsorption amount and
regenerated adsorption amount in different cycles can be
calculated by the following formula.

Differenceð%Þ ¼ Q0 �Qn

Q0

� 100% (8)

where, n is the number of cycles, Q0 (mmol g�1) is original
amount, Qn (mmol g�1) is adsorption amount in cycle n.
3 Results and discussion
3.1 Characterization of biochar

3.1.1 XRD. The XRD pattern (Fig. 3) of IP displayed the
diffraction peaks at 30.6�, 35.8�, 43.4�, 57.3�, 63.1�, which was
aligned with the standard XRD data of g-Fe2O3,19,20 coincided
with (220), (311), (400), (511) and (440) planes, respectively. In
contrast, as PI, there was only a broad band, attributed to
amorphous hydrous iron oxide.21,22
3.2 Effects of pH

Fig. 4 illustrated the antibiotics adsorption at different equi-
librium pH values. In the PI system, the amount of TC
RSC Adv., 2019, 9, 14143–14153 | 14145
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Fig. 4 Adsorption amounts at different pH values.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
M

ay
 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

1/
28

/2
02

5 
5:

10
:3

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
adsorption decreased as pH increased. Because the pHpzc was
lower than 2.5, PI surface was negatively charged during the
whole experiment. While TC existed as a cationic under lower
pH, which was easy to combine with the negative sites on the PI
surface.23 When pH increased, TC transformed into an anion, at
which time the electrostatic repulsion enhanced, and the
adsorption capacity reduced. Compared with PI, the IP
adsorption capacity was much lower, especially under acid
condition. This may due to the limitation of the active adsorp-
tion sites on IP.

For LEV, the optimal adsorption capacity appeared at around
the neutral condition in both the PI and IP adsorption systems.
This was probably related to synthetical effect of the deproto-
nated carboxyl group, which was favorable for the complexation
Table 1 The parameters for the kinetic models of TC and LEV adsorbed

Model Parameters IP–LEV

Pseudo-rst-order qe (mmol g�1) 0.0964
k1 (h

�1) 0.2081
R2 0.8991

Pseudo-second-order qe (mmol g�1) 0.1119
k2 (g (mmol h)�1) 2.439
R2 0.9041

Intra-particle diffusion ki (mmol h0.5 g�1) 0.0195
C 0.0123
R2 0.9871

Table 2 The fitting parameters for the isotherm models of TC and LEV

Model Parameters IP–LEV

Langmuir KL (L mmol�1) 5.361
qm (mmol g�1) 0.156
R2 0.799

Freundlich KF (mmol(1�1/n) L1/n g�1) 0.153
1/n 0.418
R2 0.933

Temkin KT (L mmol�1) 0.144
bT (�103) 52.69
R2 0.990

14146 | RSC Adv., 2019, 9, 14143–14153
with ferric oxide,24 and the electrostatic repulsion also. Under
acidic conditions, the percentage of deprotonated carboxyl
group declined, resulting in the reduced adsorption amount.
During alkaline conditions, electrostatic repulsion inhibited the
contact of LEV molecule with biochar, leading to the adsorption
decrement.

Although PI (24.9%, 94.9 m2 g�1) contained lower Fe content
and surface area than IP (54.10%, 112.45 m2 g�1), it showed
a larger adsorption capacity for both TC and LEV. This implied
that the Fe and surface area were not the main adsorption active
sites. So other functional group may play a key role during the
adsorption.

3.3 Adsorption kinetics

Adsorption kinetic was a widely used method to explore the
adsorption rate. The results of the relevant parameters were
listed in the Table 1. It could be seen that the pseudo-second-
order model were more accurate than the pseudo-rst-order
model for all adsorptions, which suggested that the antibi-
otics adsorption on PI or IP was mainly controlled by chemical
process.25 Intra-particle diffusion model described the IP
removal results well, which indicated that intra-particle was the
main control steps during adsorption of two antibiotics on
IP.26,27

3.4 Adsorption isotherms

The adsorption isotherm could explain the functional rela-
tionship between adsorption capacity and concentration. Table
2 listed the tting results of two isotherm models. The qmax

values of PI were 0.310 mmol g�1 (149.1 mg g�1) for TC and
0.757 mmol g�1 (273.7 mg g�1) for LEV respectively. Both were
to modified biochars

IP–TC PI–LEV PI–TC

0.1572 0.5451 0.2494
0.1613 5.576 2.822
0.9865 0.9492 0.9050
0.1948 0.5686 0.2620
0.870 15.878 15.50

7 0.9909 0.9577 0.9175
7 0.03382 0.04312 0.02992
0 7.102 � 10�4 0.4010 0.1405

0.9926 0.5687 0.8254

adsorbed to modified biochars

IP–TC PI–LEV PI–TC

7.893 10.26 27.319
7 0.2120 0.7573 0.3097
3 0.8797 0.8211 0.8385
2 0.2122 0.7086 0.3234
1 0.3471 0.1738 0.1409
0 0.9253 0.8688 0.9436
8 0.2096 0.4105 0.1855

29.22 4.990 11.15
2 0.9395 0.8963 0.9823

This journal is © The Royal Society of Chemistry 2019
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much higher than those of IP. In addition, compared with some
other adsorbents (Table 3), PI and IP also showed the
outstanding adsorption capacity.

Freundlich model was more appropriate for the TC and LEV
adsorption behaviors on the two adsorbents, indicating that the
adsorption took place on heterogeneous surface, which was
probably due to the different kinds of active sites.6 The n values
were all greater than 2, indicating the strong interaction
between the antibiotics and the modied biochars.34 In addi-
tion, the difference of LEV adsorption capacity between PI and
IP was much more signicant than that of TC. The Temkin
isotherm model tted the adsorption data better. This result
indicated that electrostatic interaction had an effect on the
interaction between modied-biochar and the two
antibiotics.35,36
Table 3 Adsorption capacities of TC and LEV by different adsorbents

Adsorbents

Chitosan
Montmorillonite
Bamboo charcoal
Magnetic porous carbon with g-Fe2O3 particles
Carbon disulde-modied magnetic ion-imprinted chitosan-Fe(III)
Graphene-based materials
PI
IP
Iron-pillared montmorillonite
Zr-modied corn biochar
Wood chip biochars
Porous nano-cerium oxide wood chip biochar composites
PI
IP

Table 4 Peak positions and areas of O1s before and after adsorption by

Peak position (eV)

IP 530.1
531.4

IP–TC 530.1
531.4
532.8

IP–LEV 530.0
531.3
533.0

PI 530.1
531.1
532.3
533.6

PI–TC 530.2
531.6
532.3
533.5

PI–LEV 530.0
531.2
532.2
533.5

This journal is © The Royal Society of Chemistry 2019
3.5 Adsorption mechanism

3.5.1 XPS. The XPS spectra of O1s were summarized in
Table 4. For IP, deconvolution of O1s spectra produced two
peaks located at 530.1 eV and 531.4 eV, corresponding to lattice-
O2� and –OHlat/C–O.37,38 Aer TC and LEV adsorption, the ratio
of –OHlat decreased from 34.38% to 27.52% and 26.62%,
respectively. It indicated that the –OHlat was one of the func-
tional groups in the adsorption process. For IP–TC, a new peak
appeared at 532.8 eV, which were probably concerned with C–O
from TC.39 Also, a new peak at 533.0 eV appeared for PI–LEV that
was likely ascribed to the O]C–O or C–O from LEV. Moreover,
as can be seen from Table 5, deconvolved N1s of TC into two
peaks at 399.4 eV and 401.7 eV were assigned to –NH– or –NH2

and C–N–C.6,40 Aer adsorption, the binding energy shied
upward to 399.8 eV and 403.2 eV, respectively, due to the
Adsorbate qm (mg g�1) References

TC 13.3 28
TC 54.0 28
TC 22.7 29
TC 25.4 30
TC 516.3 5
TC 70.0 31
TC 149.1 (0.310 mmol g�1) This work
TC 102.0 (0.212 mmol g�1) This work
LEV 48.6 4
LEV 73.1 32
LEV 7.7 33
LEV 73.0 4
LEV 273.7 (0.757 mmol g�1) This work
LEV 56.6 (0.157 mmol g�1) This work

IP and PI

Group
Peak area percentage
(%)

Lattice-O2� 65.62
–OHlat 34.38
Lattice-O2� 62.22
–OHlat/–OH from TC 27.52
C–O from TC 10.26
Lattice-O2� 67.55
–OHlat/–OH from LEV 26.62
O]C–O/C–O from LEV 5.830
Lattice-O2� 6.442
–OHlat 7.372
–OHads 58.65
H2O 27.54
Lattice-O2� 8.755
–OHlat/–OH from TC 18.00
–OHads 43.41
H2O 29.84
Lattice-O2� 9.012
–OHlat/–OH from LEV 18.94
–OHads 44.69
H2O 27.36

RSC Adv., 2019, 9, 14143–14153 | 14147
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Table 5 XPS peak positions of samples

Element Sample Binding energy (eV)

F LEV 686.7
IP–LEV 687.3
PI–LEV 687.2

N TC 399.4, 401.7
IP–TC 399.8, 403.2
PI–TC 399.9, 402.8

Fig. 5 FT-IR spectra of IP (a), PI (b) before and after adsorption, FT-IR
spectra of LEV and TC (c).
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protonated amines or the formation of hydrogen bonds.41,42 The
F1s signal of LEV presented at 686.7 eV and was transferred to
687.3 eV aer adsorption. The increase in binding energy may
be attributed to the replacement of –OH and the interaction
between metal and F.43

As for the PI, the O1s were divided into three peaks, –OHlat,
–OHads, and adsorbed H2O. Compared with the IP, the lattice-
O2- and the –OHlat portions on PI were much lower. PI contained
a large amount of –OHads. Previous studies had also stated that
amorphous materials could offer more (or higher density)
hydroxyl groups.44 The –OHads content reduced from 58.65% to
43.41% and 44.69% aer TC and LEV adsorption, which indi-
cated the key role of –OHads in the adsorption. The –OHlat was
also thought to be one of the adsorption functional groups
despite its percentage increase aer adsorption, on account of
overlap of the –OH from LEV or TC. Similarly as IP, the F and N
binding energy values of PI both increased aer adsorption.

3.5.2 FTIR. In the FTIR spectra of IP (Fig. 5), for both IP and
PI, the bands between 3600–3700 cm�1 were concerned with
terminal-bonded hydroxyl group.45 The wavenumber at
3407 cm�1 referred to the stretching vibration of hydroxyl,
including the lattice –OH (–OHlat) and adsorbed –OH
(–OHads).46,47 By contrast, the –OH peak of PI at 3400 cm�1 was
broader. It could be found that the peaks between 3600–
3700 cm�1 in PI and IP all disappeared aer adsorption due to
the reactions between terminal –OH and LEV or TC molecular.
Furthermore, the –OH stretching vibrations at around
3400 cm�1 all changed aer adsorption, shiing upward or
downward. It might be attributable to the synthetical results of
inductive effects, complexation, hydrogen bonding, proton-
ation and the overlap of amino group peak.48–51

Additionally, the frequency at 1291 cm�1 (Fig. 5c), assigned
to the coupling of carboxylic acid C–O stretching and O–H
deformation, changed to 1273 cm�1 (Fig. 5b), because Fe
combined with the O atom of carboxyl. This could be conrmed
by the shi of Fe–O stretching peak aer LEV adsorption. The
peak at 1621 cm�1 (Fig. 5c), representing the C]O in LEV
molecular, transferred to 1522 cm�1 (Fig. 5b) aer adsorption,
illustrating that C]O was involved in the reaction. In addition,
the bands in PI–LEV at 1624 cm�1 and 1384 cm�1 corresponded
to the antisymmetric and symmetric stretching vibrations of the
carboxylate group.52,53 And the Dn value was 240 cm�1. It was
comparable to the free LEV (Dnfree), which was 245 cm�1,
implying that the complex was the bridging-type.54,55 As for the
PI–LEV FTIR spectra, the changes were very similar as the above.

For the TC spectra (Fig. 5c), the 1670 cm�1 bands were
ascribed to the carbonyl of the amide in ring A of TC. The
14148 | RSC Adv., 2019, 9, 14143–14153
frequencies at 1616 cm�1 and 1582 cm�1 corresponded to the
carbonyl groups in A and C rings, respectively. Aer adsorption
on IP, the two peaks vanished (Fig. 5b). The FTIR spectrum of
This journal is © The Royal Society of Chemistry 2019
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PI–TC was similar as the above. This phenomenon revealed that
interaction between carbonyl (C-1 : C-3 in ring A, C-11 in ring C,
amide group in ring A) and Fe.6

3.5.3 Adsorption performance comparison and competi-
tive adsorption. As can be seen from Fig. 4, obviously, PI could
adsorb more antibiotics, which indicated that PI had more
active adsorption sites, including the –OH group as mentioned
before. PI owned a higher portion of –OH, and correspondingly,
LEV adsorption capacity wasmore than 4 times higher than that
of IP. So, it was quite possible that –OH played the main role in
the LEV adsorption.

To understand the adsorption behavior and mechanism
further, competitive adsorption was investigated (Fig. 6). In the
PI binary adsorption systems, LEV maintained the high
adsorption capacity or only decreased slightly. It could be
deduced that –OH would give priority to LEV molecular for
combination rather than TC. On the other hand, TC decreased
signicantly in the presence of LEV, but it still remained some
adsorption, demonstrating that –OH was not the only or not the
most important reason for TC adsorption. Moreover, in the IP
binary adsorption systems, LEV's priority was not so obvious
due to less –OH in IP.
Fig. 6 The adsorption amount in the single and competitive systems: (a)
adsorption amount by IP; (d) TC adsorption amount by IP.

This journal is © The Royal Society of Chemistry 2019
3.5.4 Possible adsorption mechanisms. In summary, from
the analysis above, the mechanisms of LEV adsorption may
include bridging bidentate complexation, hydrogen bonding,
F-replacement and electrostatic attraction. The rst three
mechanisms were all closely related to the –OH groups. The
adsorption of TC was due to interaction between carbonyl
and Fe, hydrogen bonding and electrostatic attraction. The
adsorption mechanisms were schematically depicted in
Fig. 7.

PI with amorphous ferric oxide could provide more –OH
groups, mainly in the form of –OHads, enhancing both the LEV
and TC adsorption capacities. –OH groups preferred to combine
with LEV molecular rather than TC. And it played the leading
role in LEV adsorption, however it was not the only or not the
most important reason for TC adsorption, especially at the near-
neutral condition.
3.6 Regeneration and reuse analysis

Fig. 8 showed the results in ve adsorption cycles. Compared
with the adsorption capacity in the rst cycle, except for PI–LEV,
other adsorption amounts were maintained high and stable.
LEV adsorption amount by PI; (b) TC adsorption amount by PI; (c) LEV

RSC Adv., 2019, 9, 14143–14153 | 14149
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Fig. 7 Possible adsorption mechanisms for LEV (a) and TC (b).
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Compared with the original adsorption amount, the differences
were less than �20% in the reuse cycle experiments. The
adsorption amount of PI–LEV decreased, but it can also be kept
14150 | RSC Adv., 2019, 9, 14143–14153
more than 64% of the original adsorption amount. This
phenomenonmanifested that the IP and PI could be reused and
recycled efficiently.
This journal is © The Royal Society of Chemistry 2019
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Fig. 8 Reuse experiment results.
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4 Conclusions

In this study, an agricultural waste, corn husk, was used as
carrier to prepare adsorbents with two different forms of iron
oxides. IP biochar showed lower adsorption capacity. PI, mainly
covered with amorphous hydrated iron oxide, could provide
more –OH, especially –OHads, as the reactive sites. Moreover,
–OH was inclined to integrate with LEV in comparison with TC.
FT-IR and XPS results indicated that the mechanisms of LEV
adsorption were the hydrogen bonding, F-replacement, elec-
trostatic attraction and bridging bidentate complexation. TC
adsorption may involve complexation, hydrogen bonding,
electrostatic attraction.
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