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A spherical cellulose adsorbent embedded with black wattle extract (SABW) was prepared by an inverse

suspension method, and used to adsorb the typical food pigment, gardenia yellow pigment (GYP).

Results of SEM, XRD, FTIR and BET characterization showed that SABW was composed of abundant

porous structures and functional groups such as –C]O, –OH and benzene ring groups. The batch

adsorption experiments revealed that SABW presented excellent adsorption performance for GYP with

a high adsorption percentage of 97.96%. The adsorption process followed the Langmuir and Freundlich

adsorption isotherm, and the experimental data were in good agreement with the pseudo-second order

dynamic model. Furthermore, the main adsorption mechanism involved hydrogen bonding, electrostatic

interaction and pore adsorption. Importantly, the desorption and regeneration experiments showed that

SABW had satisfactory reusability and retained 92.30% adsorption after 4 cycles. The above results

provide a vital theoretical basis for the extraction of GYP.
1 Introduction

Gardeniae Fructus is a traditional Chinese medicine which has
been commonly used in the treatment of jaundice hepatitis,
contusion, hypertension and diabetes.1–4 It has demonstrated
effective pharmacological activities such as removing activity,
inhibiting apoptosis of cells, and protecting activity against
oxidative damage.5–8 Gardenia yellow pigment (GYP) is one of
the main active substances of Gardeniae Fructus. It has
medicinal effects similar to Gardeniae Fructus and is commonly
used as a nutritive colorant.9 GYP is widely used as a food
pigment in beverages, pastries, instant noodles and cooked
food due to its water solubility.10,11 Therefore, the extraction
technologies of GYP from Gardeniae Fructus play an important
role in improving the quality of GYP and promoting the devel-
opment of gardenia. So far, the main extraction methods of GYP
from gardenia include general extraction,10 microwave extrac-
tion,12 supercritical extraction13 and so on. However, the prod-
ucts contain a large amount of impurities aer the general
extraction process, and cannot be used directly. Hence, it is
necessary to rene the crude GYP. The main rening methods
of GYP include macroporous resin adsorption methods,
membrane extraction and separation methods, enzyme rening
methods, gel chromatography methods and so on.14–16 Some
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methods are not suitable for mass production due to the
number of organic solvents and heavy work, and some have the
shortcomings of large amounts of organic residues and poor
separation effects. As a result, it is of great signicance to
develop an efficient adsorption material for GYP rening.

Tannins as a natural biomass, have a series of unique
chemical properties, such as reducibility, the active of capturing
free radical, the amphiphilic structure,17 which can be used as
an alternative and efficient adsorbent for the multiple adjacent
hydroxyl groups.18,19 However, tannins oen exist in an amor-
phous state and are easily soluble in water, ethanol, propanol
and other solvents. Thus, they cannot be used as water treat-
ment materials directly and must be modied or immobilized
in the medium.20Many researchers have studied the modied
and immobilized of tannin, the adsorbents were applied to the
adsorption of protein, amino acid, ethanol, iron ion, chromium
ion and so on.21,22 According to the previous investigations,
cellulose is the most suitable carrier for the immobilization of
tannins,23–25 because cellulose adsorbent not only has the
adsorption capacity of microbial adsorption, but also displays
higher stability and better selectivity than resin adsorption
method. At the same time, cellulose adsorbent has many
advantages, such as wide sources, low cost, biodegradability
and environmentally friendly. Formerly, a variety of cellulose-
based adsorbents have been prepared to remove different
pollutants. For example, Jilal et al. was graing of EDTA on
hydroxyethyl cellulose to remove Pb(II) and Cu(II) from aqueous
solutions.26 Tian et al.modied cellulose with graphene oxide to
remove rhodamine B from aqueous solutions.27 In addition,
Zhang investigated the adsorption properties of polymyxin B
RSC Adv., 2021, 11, 4407–4416 | 4407
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View Article Online
immobilized on cross-linked cellulose in aqueous solutions
containing the toxic endotoxin.28 Therefore, it is signicant to
make full use of the earth's most abundant renewable resources
in the preparation of cellulose absorbents, especially as a carrier
of tannin for the good adsorption properties.

In this work, the performance of GYP extract from aqueous
solution on spherical cellulose adsorbent embedded with black
wattle extract (SABW) was studied. The adsorption conditions
were optimized and adsorption kinetics and thermodynamic
were investigated to understand the general adsorption's regu-
lation of SABW. To better understand the adsorption mecha-
nism of GYP, the particles were characterized with SEM, XRD,
FTIR and its surface area. In addition, the desorption and
regeneration conditions of GYP were optimized to obtain rele-
vant parameters. These provided relevant basis for the appli-
cation and research of adsorbents in the eld of food. The
novelty of the paper was that the preparation process of SABW
was simple, and the adsorption process for GYP had high
separation efficiency and low residual concentration.
2 Experimental section
2.1 Materials

Masson pine kra pulp cellulose (MPC) was obtained from
Nanping Paper Industry Co., Ltd, Fujian, China. Gardenia
yellow pigment was purchased from Chengdu University of
Traditional Chinese Medicine. Black wattle extract was provided
by Guangxi Wuming Black Wattle Extract Factory Co., Ltd.
CaCO3 was purchased from Sinopharm Chemical Co., Ltd. All
other agents in this work were of analytical grade and used
without further purication. Deionized water was used
throughout the work.
2.2 Synthesis of the adsorbent

2.2.1 Preparation of viscose. 20.0 g of MPC was soaked in
20% NaOH solution at room temperature for 2 h. The excess
alkali liquor was extruded until the remaining alkali cellulose
was about 100 g, and the optimum viscosity was obtained by
aging at room temperature for 3.0 days. The alkali cellulose was
put into a 500 mL three-necked ask with 9.1 mL of CS2. Aer
stirring the mixture for a while, 210 mL of 6 wt% NaOH solution
and 0.028 g of sodium oleate (as surfactant) were added. The
mixture was stirred for 3 h at room temperature to obtain
viscose, then it was removed, sealed and placed under dark
conditions for 1 day for standby application.

2.2.2 Preparation of SABW. The polymer phase was ob-
tained by adding 30 mL of viscose, 2.0 g of CaCO3 and 0.3 g of
imbedding agent black wattle extract (it contains tannins) into
a 500 mL three-necked ask. Aer 10 minutes of polymer phase
stirring, 120 mL of dispersed phase transformer oil was added,
as well as 30 mL of distilled water and a small amount of
dispersant sodium oleate. Aer dispersing evenly in 200 rpm
stirring, the mixture was slowly heated to 65 �C and reacted for
1.5 h. Aer the reaction, the water bath was removed and the
system was naturally cooled to room temperature under agita-
tion. The oil phase of the upper layer was recovered, and the
4408 | RSC Adv., 2021, 11, 4407–4416
lower oil phase containing brown beads is ltered. The brown
beads being wished which were identied as embedded
spherical cellulose adsorbent with black wattle extract (SABW).
In addition, the spherical cellulose adsorbent without black
wattle extract (SCB) was prepared for the experimental
comparison.
2.3 Characterizations

The scanning electron microscope (SEM, SUPRA 55; Carl Zeiss
Jena, Germany) was used to analyze the morphologies and sizes
of MPC and SABW. The change of crystal structure of MPC
before and aer modication was characterized by X-ray
diffraction (XRD, D8 advance; Bruker, Karlsruhe, Germany).
The Fourier transform infrared (FTIR) spectra of MPC and
SABW were received using a Nicolet AVATAR 360 FTIR spec-
trometer (Thermo Nicolet Corp., Waltham, USA). The specic
surface area, pore size and pore volume were obtained by Bru-
nauer–Emmett–Teller equation (BET, ASAP 2020 HD88; Micro-
meritics, Georgia, USA).
2.4 Adsorption studies

The static adsorption experiments were conducted by shaking
0.2 g of SABWwith different concentrations (160–260mg L�1) of
GYP and pH values (1–10, adjusted with 1 mol L�1 NaOH or HCI
solutions) in conical ask for 20–180 min. Aer equilibrium,
the concentrations of GYP in the ask were determined by High
Efficiency Liquid Chromatography (HPLC, HITACHI L-2000)
means with Ultimate 5 mm XB-C18 (4.6 � 250 mm) and
mobile phase employ by acetonitrile–ultrapure water (80 : 20) at
a ow velocity of 0.8 mL min�1.29 The adsorption capacity of
GYP adsorbed by SABW, qe (mg g�1), was obtained as follows
(eqn (1)),

qe ¼ (C0 � Ce) � V/W (1)

where C0 and Ce (mg L�1) are the initial and equilibrium
concentrations of GYP, respectively, V is the volume of solution
(L), and W is the weight of SABW (g).

The used adsorbent aer adsorption was washed twice with
80% methanol and ethanol followed by distilled water several
times to remove adsorbed GYP. It was reused for further
adsorption. All adsorption experiments were repeated three
times to ensure the accuracy of the data, and the results were
expressed in terms of average values.
3 Results and discussion
3.1 Characterization of MPC and SABW

The morphological characteristics of MPC and SABW were
observed by SEM (Fig. 1). Compared with MPC (Fig. 1(a–c)),
SABW displayed 3-D spherical structure with well-developed
pore structure, indicating the substantial morphology change
of MPC aer the hydroxyl groups interact.30 In addition, the
MPC had a smooth surface, while SABW had at and rough
surface, which was conducive to the adsorption of GYP.
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra09796a


Fig. 1 SEM images of MPC (a–c), SABW (d–f).
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Cellulose molecules can be divided into crystalline and non-
crystalline regions in structure. The change of crystal structure
of the MPC and SABW was analyzed by X-ray diffraction
(Fig. 2(a)). It showed that MPC presented type I structure, which
2q was 14.48�, 16.06�, 22.38� and 34.02� respectively corre-
sponding to type I on the crystal structure of (101), (101�), (002)
and (040) face.31 Meanwhile, XRD spectra of SABW presented
a type II structure, whose 2q was approximately 20� and 22�

respectively corresponding to type II on the crystal structure of
(101) and (101�),32 indicating that the crystal structure of MPC
was changed obviously. As a result, the type I structure of MPC
was successfully changed to type II structure. In addition, the
diffraction peak at 22.38� of MPC had strongest peak, while the
diffraction peak strength of SABW decreased, implying that the
Fig. 2 XRD patterns of (a) MPC and SABW, (b) SABW analyzed by MDI jade
isotherms of MPC, SCB and SABW.

© 2021 The Author(s). Published by the Royal Society of Chemistry
crystal structure of MPC was regular, and the crystal structure of
SABW was destroyed.33 The higher the destruction of the crystal
structure, the more complete the reaction of synthetic cellu-
lose.33 At the same time, the diffraction peak of SABW still
presented, illustrating that the crystalline structure was not
completely destroyed and the material still has a certain
mechanical strength. Importantly, MDI jade (XRD analysis
soware) was used to analyze the components of SABW
(Fig. 2(b)), conrming the presence of CaCO3 in SABW.

The infrared spectrum in (Fig. 2(c)) showed the successful
modication of MPC. The spectrum of SABW exhibited new
peaks at 710 cm�1 and 874 cm�1, representing the deformation
vibration peak of substituted benzene; and the peak at
1370 cm�1 belonging to the stretch vibration of tannin B ring.
. (c) The FT-IR spectra of MPC and SABW. (d) N2 adsorption–desorption

RSC Adv., 2021, 11, 4407–4416 | 4409
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Table 1 Pore distribution properties of MPC, SCB and SABW

Sample
BET surface
area (m2 g�1)

Pore size
(nm)

Pore volume
(cm3 g�1)

MPC 0.2718 — —
SCB 19.92 17.91 0.0905
SABW 20.21 28.29 0.1409

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Ja

nu
ar

y 
20

21
. D

ow
nl

oa
de

d 
on

 1
2/

4/
20

25
 5

:0
0:

59
 P

M
. 

 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

.
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According to the above analysis, black wattle extract has been
successfully incorporated into the MPC skeleton (Table 6).

The BET surface areas of SCB and SABW was 19.92 m2 g�1

and 20.21 m2 g�1 respectively, which substantially higher than
that of MPC (0.27 m2 g�1) due to the method of dissolution and
regeneration (Fig. 2(d) and Table 1). Meanwhile, the pore
volume of SABW was higher than that of SCB, probably due to
the presence of black wattle extract. The N2 adsorption
isotherms curves (Fig. 2(d)) revealed that SCB and SABW having
the characteristics of a type H3 hysteresis loop, indicating that
the products were mesoporous materials.34 With the modica-
tion on the MPC, SABW owned bigger pore size, which was
consistent with the SEM analysis partially.
Fig. 4 Zeta potentials of SABW at various acidities (pH ¼ 1–10).
3.2 Adsorption experiments of GYP

3.2.1 Effect of pH values on the adsorption of GYP. The pH
value of the liquid was an important controlling parameter in
adsorption process.35 As presented in Fig. 3(a), the adsorption
efficiency and adsorption capacity of GYP increased with the
increasing pH value in the range of 1.0–6.0, and gradually
reduced in the range of 6.0 to 10.0. These facts implied that the
sorption process was highly related to the pH value, and strong
acidity or strong alkaline solution was not benecial to the
sorption. When the pH value was low (1.0), the surface of SABW
was more protonated because of high concentration of
hydrogen ions. GYP mainly existed in the form of cations in the
solution, which would repel the positive charge on the adsor-
bent, resulting in relatively low adsorption capacity. As for the
pH value of the solution was high, the adsorbent was more
ionized by phenolic hydroxyl group, which greatly promotes the
reaction of GYP and increased the adsorption capacity. More-
over, when the pH value was higher than pKa value (4.21),36 the
Fig. 3 (a) Effect of pH values on the adsorption, (b) effect of adsorption ti
the adsorption time was 180 min, the adsorbent usage was 0.2 g/25 mL

4410 | RSC Adv., 2021, 11, 4407–4416
GYP existed mostly as molecules in solution, which was
contributed to the adsorption process. With the increase of
solution pH, GYP was further deprotonized, resulting in
a greatly reducing of electrostatic attraction.

In addition, the zeta potential tests indicated that the
isoelectric point of SABW was 3.61 (Fig. 4). Therefore, when pH
values lower than 3.61, the surface of SABW was protonated,
and it became positively charged. This adsorbent surface
exhibited an electrostatic repulsion with the cationic ions,
leading to a decrease in the adsorption capacity of SABW. On
the contrary, as the pH values increased above 3.61, the SABW
was deprotonated, which contributed to an enhanced adsorp-
tion of GYP.

3.2.2 Kinetic studies. The effect of adsorption time on the
adsorption was presented in Fig. 3(b). It was remarkable that
SABW displayed an excellent adsorption performance. The
equilibrium adsorption capacities increased rapidly within
80 min. In addition, the pseudo rst- and second-order kinetic
curves were shown in Fig. 5, and the correlation coefficient (R2)
as well as the calculated kinetic parameters were summarized in
Table 2. And these data were tted by pseudo-rst-order kinetic
model, pseudo-second-order kinetic model and intra-particle
diffusion model. The R2 of pseudo-rst-order and pseudo-
second-order kinetic equations were all relatively high (>0.99).
However, the equilibrium adsorption capacity calculated by
pseudo-rst-order adsorption kinetic model was quite different
from that measured by experiment, while the equilibrium
me on the adsorption. The initial concentration of GYP was 240mg L�1,
, and the adsorption temperature was 30 �C.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Pseudo-first-order and pseudo-second-order kinetic curves, (b) intra-particle diffusion kinetic curve.

Table 2 Kinetic equations and parameters

Dynamic equations Dynamic parameters R2

Pseudo-rst-order equation: ln(qe � qt) ¼ ln qe1 � k1t k1 ¼ 0.0415 qe1 ¼ 0.8899 mg g�1 (qe ¼ 29.39 mg g�1) 0.9941
Pseudo-second-order equation: t/qt ¼ 1/(k2Qe

2) + t/Qe k2 ¼ 0.0340 Qe ¼ 29.41 mg g�1 (qe ¼ 29.39 mg g�1) 0.9999
Intra-particle diffusion equation: qt ¼ Kit

1/2 + Ci K1 ¼ 0.0627 C1 ¼ 28.81 0.9980
K2 ¼ 0.0036 C2 ¼ 29.35 0.9549
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adsorption capacity calculated by pseudo-second-order
adsorption kinetic model was consistent with that measured
by experiment. Therefore, the chemical adsorption took place
during the adsorption process. The intra-particle curve was
divided into two parts and was showed in Fig. 5(b). The rst part
was a straight line that did not pass through the origin, indi-
cating that the intra-particle diffusion was not the only step to
control the SABW adsorption process of GYP. The adsorption
process was jointly controlled by surface diffusion and intra-
particle diffusion.

3.2.3 Adsorption isotherms. In adsorption theories, Lang-
muir and Freundlich isotherms have been widely used to
explain adsorption processes. According to the shape and
change of adsorption isotherm, the relationship between
adsorbents and adsorbates can be explored.37,38 The relevant
parameters could be seen in Table 3, the Langmuir and
Freundlich isotherm model were all t the experimental data,
and the correlation coefficients (R2) were higher than 0.995.
Both saturated adsorption capacity (qe) and Langmuir constant
(b) increased with an increase of temperature, indicating that
Table 3 Adsorption constants of GYP on SABW

Temperature
(�C)

Langmuir isotherm model, Ce/qe
¼ 1/(bQm) + Ce/Qm

Freundlich isotherm
model, log qe ¼ log K
+ 1/n log Ce

Qm (mg g�1) b (L mg�1) R2 K 1/n R2

30 37.17 0.4009 0.9984 14.95 0.2989 0.9981
40 39.06 0.4361 0.9988 15.31 0.3338 0.9970
50 40.16 0.4882 0.9970 16.04 0.3470 0.9986
60 40.65 0.5325 0.9989 16.60 0.3537 0.9990

© 2021 The Author(s). Published by the Royal Society of Chemistry
high temperature was conducive to the adsorption of GYP on
SABW. The parameters K and 1/n obtained from the Freundlich
model increased with the increased temperature, and the 1/n
fell well in the range of 0.1–0.5, suggesting GYP adsorption of
SABW was favorable and the adsorption effect was increased
with increased temperature. The maximum adsorption capacity
(Qm) and the parameter of Langmuir (b) were related with initial
adsorption concentrations and the properties of the adsorbent,
respectively (Table 5). The b reected the affinity or bonding
strength between the adsorbent and the matrix.39 The b value
tted by Langmuir model was relatively high, indicating that
SABW had a good adsorption affinity for GYP. As previously
mentioned, the surface morphology of SABW was relatively
developed and the specic surface area was relatively high,
which could provide more adsorption sites for targeted GYP
molecule. Therefore, due to the introduction of tannin, the
surface modication of MPC generally improved the adsorption
Fig. 6 The value of the equilibrium parameter RL.

RSC Adv., 2021, 11, 4407–4416 | 4411
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Table 4 The thermodynamics parameters for SABW adsorption on
GYP

Temperature
(�C)

Thermodynamics parameters

DG
(kJ mol�1)

DH
(kJ mol�1)

DS
(kJ mol�1)

30 �37.75 8.08 124.6
40 �38.99
50 �40.23
60 �41.48
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percentage, affinity and sensitivity of GYP, which was conducive
to the adsorption performance of adsorbent, and was suitable
for the practical water remediation.

Furthermore, in order to conrm the adsorption of GYP by
SABW, the dimensionless equilibrium parameter RL (eqn (2))
was used to characterize the Langmuir adsorption isotherm:40,41

RL ¼ 1/(1 + bC0) (2)

where b is the parameter of Langmuir (mg L�1), when RL > 1, it is
adverse adsorption; when RL ¼ 1, it is linear adsorption; when
RL ¼ 0, it is irreversible adsorption; and when 0 < RL < 1, it is
favorable adsorption, within this range, the RL is larger, and the
pollutants is better removal.

The equilibrium parameter (RL) analysis in Fig. 6 showed
that the RL were less than 0.5 both in different concentrations
and different temperatures, indicating that SABW had an effi-
cient adsorption on GYP.

3.2.4 Adsorption thermodynamics. Adsorption tempera-
ture was a very important parameter in adsorption thermody-
namics. Values of thermodynamic parameters such as Gibb's
free energy (DG), enthalpy change (DH), and entropy change
(DS) were further calculated by eqn (3) and (4) to measure the
spontaneity of the adsorption process.42–44

DG ¼ DH � TDS (3)

ln(qe/Ce) ¼ DS/R � DH/RT (4)
Table 5 Comparison of the maximum adsorption capacity (qe) of SABW

Adsorbent

NKA macroporous resin
HPD450 resin
A-9 macroporous resin
A-5 macroporous resin
A-3 macroporous resin
A-1 macroporous resin
A-8 macroporous resin
A-2 macroporous resin
A-4 macroporous resin
A-7 macroporous resin
A-6 macroporous resin
A-10 macroporous resin
SABW

4412 | RSC Adv., 2021, 11, 4407–4416
where R is the ideal gas constant 8.314 (J mol�1 K�1) and T is the
temperature (K).

The Langmuir and thermodynamics parameters for SABW
adsorption on GYP were listed in Table 4. The DG values were
negative and decreased with the increase of temperature,
implying the spontaneity and feasibility of the sorption of
GYP on the adsorbent. The value of DH was positive, indi-
cated that the adsorption process was endothermic reaction.
However, the positive DS values revealed that chaos increased
during the reaction of GYP adsorption on SABW. This result
conrmed that the temperature plays positive effects on GYP
sorption process.

3.2.5 Desorption and reproducibility. Considering the cost
of desorption and the safety of food pigment, in this part, 80%
ethanol solution was selected as desorption solution to study
the reuse ability of adsorbent SABW. The results of static
adsorption/desorption experiments were shown in Fig. 7(e).
Aer 4 times of reuse, the adsorption percentage could reach
92.30%, suggesting the excellent regeneration performance of
SABW. In addition, the regenerated SABW had rough surface
(Fig. 7(a–c)), which was conducive to the adsorption of GYP.
Moreover, the morphological characteristics of SABW (Fig. 1(d–
f)) and regenerated SABW were basically consistent, implying
that the properties of regenerated cellulose did not change.
Importantly, the spectrum of GYP-loaded SABW (denoted as
SABW (GYP)) showed weaker peaks at 3331 cm�1 and 1641 cm�1

representing the deformation vibration peak of hydroxyl and
carbon–oxygen double bond (Fig. 7(d)), implying the immobi-
lization of GYP onto SABW. Moreover, the spectrum of SABW
aer desorption (denoted as SABW (re)) was the same as the
spectrum of SABW (GYP), indicating that the adsorbent had very
stable properties. These results implied that the adsorbent
displayed outstanding regenerate .

3.3 Adsorption mechanism

The main adsorption mechanisms about GYP adsorption on
SABW was explored (Fig. 8). The hydrogen bonding was hold
to be an important mechanism in the adsorption process for
GYP between the adsorbent and the adsorbate during the
adsorption process. The FTIR results (Fig. 2(c)) clearly
on GYP with different forms of adsorbent

qe (mg g�1) Reference

25.32 46
27.75 47
1.22 48
1.09 48
1.02 48
0.55 48
0.32 48
0.16 48
0.16 48
0.08 48
0.06 48
0.05 48

29.39 This work

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 6 FT-IR characteristic peaks of main groups

Chemical bond Wavenumber (cm�1) Vibration mode

O–H 3700–3300 Stretching vibration
C]O 1900–1550 Stretching vibration
Substituted benzene 900–710 Deformation

vibration
Tannins B ring 1600–1300 Stretching vibration
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exhibited that SABW owned abundant H-bond donor and H-
bond acceptor moieties, such as –OH, C]O groups, that
means there could be a lot of hydrogen bonding between
them. For example, the –OH of GYP react with the carbonyl
groups for taking shape hydrogen bonds. Therefore, it could
be illustrated that hydrogen bonding might play an impor-
tant role in the adsorption of GYP on SABW. This meant that
hydrogen bonding was one of the main mechanisms for the
adsorption of GYP on SABW.

According to the characterization analysis of BET, the
surface area of SABW was nearly a hundred times than MPC.
Besides, previous results have reported that pore adsorption
play an important role in adsorbing pollutants. Therefore, pore
adsorption was thought to be exist between the SABW and GYP.
As shown in Fig. 9(a and b), both MPC and SCB had a fairly low
GYP adsorption capacity (<1.44 mg g�1). Meanwhile, aer
normalized calculation of specic surface area, the adsorption
Fig. 7 (a–c) SEM images of regenerated SABW, (d) the FT-IR spectra
adsorption.

© 2021 The Author(s). Published by the Royal Society of Chemistry
capacity of SCB to GYP was lower than that of MPC, indicating
that the BET surface area had little effect on the adsorption
process and pore adsorption hardly work.

The adsorption of GYP on SABW was physicochemical
process though electrostatic and ionic interactions between
GYP and SABW. To explore the role of electrostatic interaction
for the adsorption of GYP on SABW, the batch adsorption
experiments were conducted at different pH values (1–10). As
displayed in Fig. 3(a), the pH greatly inuenced the adsorption
performance of GYP on SABW. The equilibrium adsorption
capacity of GYP should be the highest at pH ¼ 6. When pH < 6,
the equilibrium adsorption capacity was positively related to the
acidity. Besides, when pH > 6, the equilibrium adsorption
capacity was decreased with the increasing pH which due to the
further deprotonized of GYP, resulting in a greatly reducing of
electrostatic attraction. Moreover, from Fig. 9(c and d), SABW
had a higher GYP adsorption capacity than SCB, and it was the
same as aer normalized calculation of specic surface area.
These results indicated that tannins play a crucial role in GYP
adsorption. Tannin was isoelectric at pH ¼ 3.4,45 the zeta
potential changed from a positively charged to a negative
charge, which was more attractive to negatively charged mole-
cules. Therefore, it could be deduced that electrostatic interac-
tion might play a very important role in the adsorption process.

As a consequence, the adsorption process of SABW on GYP
involved three mechanisms like hydrogen bonding, pore
adsorption, and electrostatic interaction.
of SABW (GYP) and SABW (re). (e) Reproducibility of SABW for GYP

RSC Adv., 2021, 11, 4407–4416 | 4413
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Fig. 9 Adsorption capacity of (a) MPC and SCB, (b) MPC and SCB in unit area, (c) SCB and SABW, (d) SCB and SABW in unit area.

Fig. 8 Proposed synergetic mechanisms between SABW and GYP.
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4 Conclusions

An spherical cellulose adsorbent embedded with black wattle
extract (SABW) was prepared by inverse suspension. Results of
SEM, XRD, FTIR and BET characterization exhibited that SABW
composed of abundant porous structure and functional groups
such as –C]O, –OH and benzene ring groups. The adsorption
results showed that the adsorption process followed the Lang-
muir and Freundlich isothermal adsorption model. Moreover,
the static adsorption capacity of adsorbent to GYP could reach
97.96%, and the adsorption process was related to pH value,
initial mass concentration and adsorption time. Studies on
4414 | RSC Adv., 2021, 11, 4407–4416
SABW desorption and regeneration showed that 80% ethanol as
eluent could achieve good regeneration effect and retained
92.30% adsorption percentage aer 4 cycles.
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