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Effects of mixed enzymolysis alone or combined
with acetylation or carboxymethylation on

the role of jujube kernel fibre as a biosorbent
for wastewater treatment

Nan Qin,* Yunfei Li, Lan Zhang, Lili Guo, Wenfang Zhang, Guanwen Li and Jun Bai

Jujube kernel fibre (JKF) could serve as a renewable, abundant, low-cost, and environmentally friendly
adsorbent for wastewater if its adsorption capacities are improved. However, data on the modification of
JKF, especially on the combination of biological and chemical modifications, are scarce. Therefore, for
the first time, we studied the effect of mixed enzymolysis alone or combined with acetylation or
carboxymethylation on the structure and adsorption capacities of JKF. After these modifications, the
microstructure of JKF became more porous, and its soluble fibre and extractable polyphenol contents,
surface area and adsorption capacities for nitrite, copper, and lead ions were all significantly improved (P
< 0.05). Meanwhile, mixed enzymatic hydrolysis and acetylation treated JKF showed the highest surface
hydrophobicity (43.57) and oil-adsorption ability (4.47 g g~%), while mixed enzymatic hydrolysis and
carboxymethylation treated JKF exhibited the highest water adsorption ability (10.66 g g3, water
expansion ability (8.50 mL g~3), and lead and copper ion chelating abilities. Additionally, mixed enzymatic
hydrolyzed JKF had the highest nitrite-ion-adsorption ability (10.57 pmol g™%). It can be concluded that
mixed enzymolysis combined with carboxymethylation is an optimal way to increase the hydration
properties and heavy-metal-adsorption capacity of JKF, while mixed enzymolysis combined with
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1 Introduction

Water pollution is one of the biggest problems threatening
human survival and security. Pathogenic microorganisms,
parasites, heavy metals, grease, detergent and phytonutrients
(such as nitrogen, phosphorus and sulfur) in contaminated
water can deteriorate water quality, reduce or eliminate crop
yields, contaminate food and cause and spread various
diseases." Industrial wastewater, gas and residues, pesticide
and veterinary drug residues, and non-compliant packaging
materials are the main sources of heavy metal pollution in
water.> Most heavy metals, such as lead(n) (Pb*"), cadmium
(Cd") and mercury (Hg") ions, are hazardous because they
accumulate in living organisms and cause fatal diseases," while
excessive essential heavy metals in water, such as copper, iron,
and manganese ions, can cause serious damage to the liver,
kidney, and other organs of humans.>* Moreover, excessive
phytonutrients, such as nitrite, phosphorus, and sulfur, in
water can cause eutrophication, water-quality degradation,
bloom, and even the death of fish and other organisms.*
Additionally, oil and sugar in domestic and industrial sewage
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acetylation is an effective approach to enhance the oil-adsorption capacity of JKF.

can breed a large number of pathogenic bacteria and microor-
ganisms, thus depleting the oxygen in water and gradually
resulting in the death of animals and plants in the water."*
Therefore, technologies, such as adsorption, reverse osmosis,
and ion exchange, that can remove heavy metals, phytonu-
trients, and other toxic substances from wastewater have
attracted increasing attention. Among these, the use of natural
biopolymers, especially fibre, starch, and chitosan, as adsor-
bents to treat wastewater is popular for their high availability,
low cost, and renewability.**

Compared to active carbon and starch, adsorbents derived
from plant fibres have remarkable advantages, including
availability, low cost, reasonable strength and stiffness, and low
density.® In recent decades, the adsorption properties of heavy
metals, phytonutrients, oil and other toxic substances in
wastewater on various agro-based waste fibres, such as rice
bran, coconut shell, millet bran, and sugarcane bagasse, have
been studied.®*® Although insoluble fibre also plays a role in the
wastewater treatment ability of fibre adsorbents, a large number
of studies have shown that the wastewater treatment ability of
fibre is mainly dependent on surface microstructure, soluble
fibre content, hydrophobicity and hydrophilicity."> However,
many natural fibre adsorbents show relatively poor adsorption
capacities for toxic and harmful substances in wastewater due
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to their low hydration properties, small specific surface area,
and few functional groups.* Thus, various physical, biological,
and chemical modifications have been explored to improve the
adsorption capacity of fibres.*® Among these methods, enzyme
hydrolysis is a biological modification for increasing the
hydration and adsorption properties of fibres, with the advan-
tages of environmental friendliness, low-energy consumption,
selectivity, and mild operation.'*** Cellulase and lignin enzyme
hydrolysis can cause a rupture of the glycoside bonds of fibres,
exposing more hydrophilic groups and increasing the contact
area of fibres with adsorbed substances.”** Moreover, hydrox-
ypropylation, acetylation, and carboxymethylation can induce
the introduction of hydroxypropyl, ester and carboxymethyl
groups into fibres, respectively. These introduced groups can
improve the polarity of fibres, thereby improving their specific
area, hydration properties, and adsorption capacities."* "
However, the composite influence of these biological and
chemical modifications on the adsorption capacity of fibres is
small.

Red jujube (Ziziphus jujuba Mill.) is one of the main fruits in
the north of China, with a cultivation history of around 4000
years."” Jujube kernel, a potential dietary fibre resource, is rich
in fibre, of which cellulose and lignin account for around 49 and
24 g 100 g~ ', respectively.’® Every year, approximately 200 000
tons of jujube kernels are produced in China, but only a small
part is used as medicine for nourishing the liver, and calming
the heart and mind, while the majority are discarded directly,
causing serious environmental pollution problems.***°
Although jujube kernel fibre (JKF) has a relatively high water
sorption ability, its soluble fibre content (6.32 g 100 g~ ') is low
and its sorption abilities for oil and heavy metal ions are poor,
which is not conducive for its applications as a wastewater
adsorbent.?* Moreover, alkaline treatment has been shown to be
effective at reducing the cellulose content of date-pit fibres,**
albeit there is scant data referring to the modifications of JKF,
especially the synergistic effects of physical, chemical, and
biological modifications for wastewater treatment. Thus, to
improve the wastewater treatment capacity of JKF, mixed
enzymatic hydrolysis (cellulase, hemicellulase, and laccase
hydrolysis), mixed enzymatic hydrolysis assisted with acetyla-
tion or carboxymethylation were used to modify JKF. Changes in
the structure, hydration properties, and the ability of purifying
wastewater by these composite modification methods were
investigated with the purpose of expanding the usage of JKF as
a low-cost, biodegradable and renewable wastewater adsorbent.

2 Experimental

2.1. Materials

Jujube kernels were purchased from Zaohua Red Jujube Pro-
cessing Factory, Taigu, China. Laccase (75 U g~ ', where one unit
corresponds to the amount of enzymes that can convert 1 pmol
catechol per hour at pH 5.0 and 25 °C), hemicellulase (from
Aspergillus niger, 2.0 x 10° U g~ ', where one unit can liberate 1.0
pumol of p-galactose from hemicellulose per hour at pH 5.5 at 45
°C), cellulase (from Trichoderma Vride G, 3.0 x 10° U g,
where one unit corresponds to the amount of enzymes that can
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convert 1 pmol substrate to produce glucose per hour at pH 4.8
and 50 °C), amyloglucosidase (Aspergillus niger, 1.0 x 10° U g™},
where one unit corresponds to the amount of enzymes that can
convert 1 pmol soluble starch per minute at pH 4.6 and 40 °C),
and a-amylase (Bacillus licheniformis, 1.0 x 10° U g~ ', where one
unit corresponds to the amount of enzymes that can convert 1
umol starch to produce glucose per hour at pH 6.9 and 25 °C)
were all purchased from Peisun Enzyme Company (Nanning,
China). Monochloroacetic acid, isopropenyl acrylate, and other
analytical reagents were obtained from Maoyuan Chemical
Reagent Company (Tianjin, China).

2.2. JKF preparation

Jujube kernel was dried at 45 °C for 12 h, and then ground and
sieved using a XL-30C grinder (Xulang Machinery, Guangzhou,
China) and a sieve (aperture: 150 um) (Yushang Sieve Instru-
ment, Shaoxing, China) in sequence. Next, 80 g of the ground
powder, phosphate buffer (100 pmol L™, 1 L), and a-amylase
(2.4 g) were added and mixed in a triangular glass bottle." The
mixture in the bottle was shaken with an HEZ-004C shaker
(Shangxu Instrument Factory, Shangyu, China) at 225 rpm and
90 °C, and the pH value of the mixture was maintained at 5.0
through adjusting the pH with NaOH (100 mmol L") or HCI
(100 mmol L") every 30 min. Then, 90 min later, the mixture
was adjusted to pH 7.0 and papain (1.2 g) was added. The
mixture in the bottle was continuously shaken at 225 rpm (50 °
C, 120 min). Afterward the pH value of the mixture was lowered
to 4.0, and then glucoamylase (1.2 g) was added. The bottle was
shaken in the HEZ-004C shaker at 225 rpm and 60 °C for
120 min, and then heated in boiling water for 10 min. Finally,
the reaction mixture was filtered with a filter paper (Whatman
1004-047), and the residue on the paper was dried in a GHZ-43B
blast drying oven (45 °C, 6 h). The dried residue was ground and
passed through a sieve (aperture: 150 um), and JKF was
obtained.

2.3. Mixed enzymatic hydrolysis of JKF

In a glass bottle, JKF (20 g), 400 mL of buffer (pH 5.0,
0.1 mol L"), 0.15 g of cellulase, and 0.05 g of hemicellulase
were mixed. The suspension in the bottle was shaken in the
EZH-004C shaker (48 °C and 225 rpm) for 2 h. NaOH
(0.1 mol L") was used for adjusting the pH value of the
suspension to 6.5 + 0.1 and the reaction temperature was
adjusted to 35.0 °C, and then laccase (25 U g~ JKF) was added.
The reaction suspension was shaken at 225 rpm for 2 h, and
then heated in boiling water for 10 min. Afterward, the
suspension was filtered with filter paper (Whatman1004-047),
and the residue on the paper was dried in the GHZ-43B blast
drying oven (52 °C, 6 h). The dried residue was ground and
passed through a sieve (aperture: 150 um), and the mixed
enzymatic hydrolyzed jujube kernel fibre (JKF-E) was obtained.

2.4. Acetylation of JKF-E

Here, 20 g of JKF-E was placed in a triangular flask, and
dimethyl sulfoxide (270 mL) was slowly added to the inside of
the flask.” The suspension in the bottle was shaken at 70 °C in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the HEZ-004C shaker with a stirring speed of 45 rpm. Then, 3 h
later, the temperature was lowered to 40 °C, and then sodium
carbonate (0.3 g) and 7.4 mol L™" isopropenyl acetate (16 mL)
were added. The mixture was continuously shaken at 45 rpm
and 40 °C in the oscillator for 70 h, and then filtered with filter
paper (Whatman1004-047). Isopropanol (60 mL) was used to
purify the residue on the filter paper in triplicate. Then the
residue was dried at 48 °C for 7 h and the jujube kernel fibres
modified by mixed enzymatic hydrolysis and acetylation (JKF-
EA) was obtained.

2.5. Carboxymethylation of JKF-E

The carboxymethylation of OPKEF-GE was performed by slight
modification of the procedure of Zhang et al.*® First, 20 g of
OPKEF-GE was alkalized using 70 mmol L™" of NaOH (dissolved
in 85% ethanol, v/v) at 35 °C for 70 min. Afterward, chloroacetic
acid (3.5 mmol L', dissolved in 85% ethanol solution) was
added. The reaction mixture was shaken in the EZH-004C
shaker at a temperature of 35 °C and shaking rate of 115 rpm.
Then, 75 min later, the reaction mixture was slowly mixed with
45 mL of NaOH solution (3.4 mol L"), and then continuously
shaken at 53 °C and 115 rpm. Then, 4 h later, the mixture was
slowly neutralized with acetic acid (8.75 mol L"), and then
centrifuged at 4100xg for 0.5 h. The obtained precipitate was
purified through washing with anhydrous ethanol (15 mL each
time), and dried at 50 °C for 7 h. JKF treated by mixed enzymatic
hydrolysis and carboxymethylation (JKF-EC) was finally ob-
tained. The substitution degree was defined as the increment in
carboxymethyl group content of  JKF-E after
carboxymethylation.>*

2.6. Determination of the chemical constituent

The methods AOAC.955.04, AOAC.92.05, AOAC.924.05, and
AOAC.920.39 were used to determine the contents of protein,
fat, ash, and moisture of the jujube kernel fibres, respectively.*
The cellulose, lignin, and hemicellulose contents were
measured according to the method of Zhu et al.® Moreover, the
AOAC.991.43 method was employed to determine the insoluble
and total fibre contents, and the soluble fibre content is the
difference between the total fibre content and the insoluble
fibre content.”® Moreover, phenolic content determination was
conducted with the Folin-Ciocalteu method.>®

2.7. Determination of the particle size

JKFs were dispersed in distilled water (1:25 g mL ") and then
analysed with a WNINER 336B nanometre size analysis system
(Xinna Particle Instrument Factory, Chengdu, China).** The
particle size was represented by the Sauter mean diameter (D; ,,
pm) and the refractive index was 1.33. Moreover, the specific
surface area (m”> kg~ ') of the samples was read.

2.8. Changes in the structure of JKF after modification

2.8.1 Changes in the microstructure. The effects of
different modification methods on the microstructure of JKF
were determined using a scanning electron microscopy system
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(SEM, SJM-JEOL-7200E, Electronics Co., Ltd, Showima city,
Japan). The dried samples were fixed on the sample table using
a conductive adhesive. After spraying 10 nm gold, the samples
on the table were photographed at a magnification of 5000.

2.8.2 Fourier-transform infrared spectroscopy (FT-IR). The
infrared spectra of the JKFs were recorded with an HS-FT-725
Fourier-transform infrared (FT-IR) spectrometer (Precision
Scientific Instrument Company, Shanghai, China). Dried KBr
(0.2 g) was blended thoroughly with 4 mg of JKFs. Next, the
mixed powder was pressed into a transparent sheet, and then
analysed using the spectrometer in the scanning range of 4000~
400 cm ™" at a resolution of 4 cm™ .12

2.9. Water absorption and expansion capacities

In a graduated centrifugal tube, dried JKFs were dispersed in
distilled water with a mass to volume ratio of 1:15. The
dispersion was placed at 25 °C for 230 min, and then centri-
fuged at 1500 g for 25 min.”” The upper water was removed, and
the wet JFKs were weighed. The water absorption capacity
(WAC) was calculated as follows:

WAC (gg ) = (Wy — Wl Wy (1)

where W, and Wy are representative of the wet and dry weights
of the JKFs, respectively.

Moreover, 3 g of dry JKFs was placed in a glass cylinder with
a plug and the volume was read (Vy, mL). Next, 54 mL distilled
water was added and gently mixed for 3 min, and then the
cylinder was placed at 25 °C for 20 h. Afterward the volume of
the wet JKFs was read (V., mL), and the water expansion ability
(WEA) was calculated as follows:

WEA (mL g™') = (Vy, — Vo)l Wy (2)

where Wy is the dry weight of the JKFs.

2.10. Surface hydrophobicity

As per the method of He et al.,*® JKF and the modified JKFs (JKF-
E, JKF-EA, and JKF-EC) were dispersed in 0.1 mol L™* of phos-
phate buffer (pH 7.4) for formulating solutions of different
concentrations (20-500 pg mL ™). Next, 2.5 mL of the JKFs
solution was reacted with 25 uL of 1-anilino-8-
naphthalenesulfonate (10 mmol mL™") at 25 °C for 2 min.
Then the fluorescence intensity of the reaction solution was
investigated using a DOLOBF93 spectrophotometer (Lengguang
Technology and Science Co. Ltd, Shanghai, China) with an
emission wavelength of 470 nm and an excitation wavelength of
390 nm. The regression curve between the fluorescent intensity
of the JKFs' solution and their concentration was drawn, and
the initial slope of the curve was defined as the surface
hydrophobicity.

2.11. Adsorption properties

2.11.1 Oil-adsorption ability. The oil-adsorption ability
(OAA) was determined referring to the a modified procedure
from Asadpour et al.*® First, crude oil (25 mL) was added into
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250 mL sodium chloride (3.5 g 100 mL™", artificial seawater,
267.5 g), and then 1 g dry JKFs was added, thoroughly mixed,
and then stirred in the HEZ-004C shaker at 165 rpm and at 25 °C
for 10, 20, 30, 40, and 50 min, respectively. After filtration with
a nylon mesh filter, the residual wet JKFs were collected and
weighted (W,), and then used for determination of the water
amount (W3) using the method AOAC.920.39. The OAA of the
JKFs in artificial seawater was defined as follows:

OAA (gg ") = (Wr — W, — Wa)IW, 3)

where W, represents the weight of the dry JKFs.

2.11.2 Adsorbing capacity of nitrite ions on the JKFs.
Referring to the procedures from Zheng et al,” 0.2 mg 100
mL ™" of NaNO, (25 mL, 26.75 g wastewater) was added into
a glass beaker and pre-incubated at 25 °C for 5 min. Next, JKFs
(0.5 g) was added and mixed thoroughly using the DTM-2500
vortex oscillator for 5 s. Afterward the beaker was placed in
the HEZ-004C shaker (215 rpm and 35 °C). Then, 2 h later, the
dispersion was filtered. The original nitrite content in the
NaNO, solution and the final nitrite content in the filtrate
solution were both measured wusing the N-1-naph-
thylethylenediamine dihydrochloride method.** The adsorbing
capacity of nitrite ions (ACNI) on the JKFs was defined as the
reduced nitrite content per weight of the JKFs (umol g™ ).

2.11.3 Adsorption capacity of lead ions(u) on the JKFs. The
adsorption capacity of lead ions(u) (ACLI) on the JKFs was
investigated according to a modified procedure from Rani
et al** Briefly, 70 mg L™" of lead nitrate (220 mL, 235.4 g
wastewater) was added into a glass beaker and pre-incubated at
25 °C for 5 min. Next, 0.5 g of JKFs was added and mixed
thoroughly using the DTM-2500 vortex oscillator for 5 s. After-
ward the dispersions in the beaker were placed in the HEZ-004C
shaker (215 rpm and 35 °C) for 5, 20, 35, 50, 65, 80, 95, and
110 min, respectively, and then were all filtered by nylon cloth
with apertures of 8.3 mm. The flame atomic absorption spec-
trometry method was used to measure the original lead ion
content in the cupric sulfate (C,) and the final lead ion content
in the filtrate solution (C¢).” The ACLI was defined according to
the following equation:

ACLI (mg g~ Y) = (Cy — Cs) x 220/W (4)

where 220 is the volume of lead nitrate (mL), and W represents
the dry JKFs' weight.

2.11.4 Adsorption capacity of copper ions(u) on the JKFs.
The isothermal adsorption kinetics of copper ions on the JKFs
was investigated according to a modified procedure from Zheng
et al.*® Briefly, 325 ng mL ™" of cupric sulfate (125 mL, 133.75 g
wastewater) was added into a glass beaker and pre-incubated at
25 °C for 5 min. Next, 0.5 g of JKFs was added and mixed
thoroughly using the DTM-2500 vortex oscillator for 5 s. After-
ward the dispersions in the beaker were placed in the HEZ-004C
shaker (215 rpm and 35 °C) for 10, 20, 40, 60, 80, and 100 min,
respectively, and then were all filtered using nylon cloth with
aperture of 8.3 s mm. The KI-soluble starch titration method
was used to measure the original copper content in the cupric

23040 | RSC Adv, 2024, 14, 23037-23047

View Article Online

Paper

sulfate (C,) and the final copper content in the filtrate solution
(C¢).* The adsorption capacity of copper ions(u) (ACCI) on the
JKFs was calculated using the following equation:

ACCI (mg g7") = (C, — Cp) x 125/W (5)

where 125 is the volume of cupric sulfate (mL), and W repre-
sents the dry JKFs' weight.

2.12. Statistics analysis

The mean and standard deviation for all the data were obtained
by duplicating all the experiments at least three times. Statis-
tical differences were analysed by analysis of the variance
(ANOVA) and Duncan test with the SPSS Mas program (SPSS
Inc., Chicago, America). The threshold for significant difference
(p < 0.05) was 95%.

3 Results and discussion

3.1.
components of the JKFs

Effects of different modifications on the chemical

The carboxymethylated degree of JKF-EC was 4.73% =+ 0.22%,
suggesting that a part of the hydrogen bonds in JKF had been
replaced by carboxymethyl groups. Compared with hydrogen
bonds, carboxymethyl groups have higher hydrophilicity, which
could probably improve the water solubility of JKF. The acety-
lated degree of JKF-EA was 1.87 £ 0.13%, indicating that a part
of the hydrogen bonds in JKF had been replaced by acyl ester
bonds, which was conducive to the hydrophobicity of DFs.**
Moreover, the composite modification methods used in this
study (mixed enzymatic hydrolysis, enzymatic hydrolysis assis-
ted with acetylation or carboxymethylation) had no obvious
impact on the fat, protein, or moisture contents (p > 0.05),
because the difference between JKF, JKF-E, JKF-EA, and JKF-EC
was not significant (p > 0.05, Table 1). By contrast, these
modification methods all showed remarkably enhanced soluble
fibre content of JKF (p < 0.05). Cellulase and laccase can cause
a degradation of the glycosidic bonds, which can release more
hydrophilic groups and increase the soluble fibre content of
JKE.?

Moreover, the soluble fibre content of JKF-EC (18.32 + 0.82 g
100 g~ ') was much higher than that of JKF-E (p < 0.05), indi-
cating that carboxymethylation significantly enhanced the
effects of the mixed enzymatic hydrolysis to improve the
polarity of JKF. The introduced carboxymethyl group had
a relatively high polarity.*® In comparison, the soluble content
of JKE-SGEA was not different from that of JKE-SGE (p > 0.05).
Previous studies showed that acyl ester bonds could increase
the hydrophobicity of fibres,'>'*** therefore acetylation reduced
the effect of mixed enzymatic hydrolysis on the polarity of JKF.

In addition, the cellulose, hemicellulose, and lignin contents
of JKF were all decreased after the three modifications (p < 0.05),
corresponding to their lower insoluble fibre content (Table 1).
Cellulase, hemicellulase, and laccase can cause a degradation of
cellulose, hemicellulose, and lignin,* resulting in a decreased
insoluble fibre content and increased soluble fibre content.
Furthermore, the soluble fibre contents of JKF, JKF-EC, and JKF-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Proximate compositions of jujube kernel fibre (JKF), JKF modified via mixed enzymes (cellulase, hemicellulase and laccase) hydrolysis
(JKF-E), JKF treated with mixed enzymatic hydrolysis combined with carboxymethylation (JKF-EC), and JKF modified via mixed enzymatic
hydrolysis combined with acetylation (JKF-EA)*

Constituent Jujube kernel JKF JKF-E JKF-EC JKF-EA

Moisture (g 100 g~ ) 5.25 + 0.47a 6.38 £ 0.11a 5.37 £ 0.09a 4.29 £ 0.20a 5.12 + 0.15a
Fat (g 100 gfl) 2.74 £ 0.25a 1.93 £ 0.27b 1.24 + 0.05b 0.97 £ 0.05b 1.01 £ 0.06b
Ash (g 100 g™V 0.81 £ 0.11b 0.95 =+ 0.04b 1.51 + 0.06a 1.28 + 0.09a 1.41 + 0.15a
Protein (g 100 gfl) 0.87 £ 0.09a 0.38 + 0.06a 0.45 + 0.03a 0.39 + 0.03a 0.62 + 0.06a
Total fiber (g 100 g~ *) 87.36 + 2.74b 89.76 + 2.56a 91.36 + 2.69a 92.19 + 4.52a 90.64 + 3.73a
Insoluble fiber (g 100 gfl) 81.87 £ 1.65a 83.44 £ 3.43a 77.72 £+ 3.48b 73.87 £ 1.19a 76.64 £+ 2.57b
Soluble fiber (g 100 g~} 5.49 =+ 0.24c 6.32 + 0.33¢ 13.64 & 1.42b 18.32 + 0.82a 14.00 + 1.22b
Extractable polyphenols (mg g %) 3.46 + 0.22d 5.82 £ 0.37c 12.65 + 0.16a 9.56 + 0.37b 10.07 £+ 0.45b
Cellulose (g 100 g~ ) 40.83 + 1.64a 41.82 + 1.43a 34.27 + 1.25b 35.45 + 0.08b 31.91 + 1.02b
Hemicellulose (g 100 gfl) 24.25 £ 0.39a 24.67 £ 0.78a 17.58 £+ 0.50b 17.49 £+ 0.32b 18.05 £+ 0.67b
Lignin (g 100 g7%) 24.37 £ 3.14a 26.17 + 3.27a 14.34 + 0.78b 9.43 + 0.37¢ 8.39 + 0.47¢

¢ Different small letters (a—e) in the same line indicate significant difference (p < 0.05).

EA (13.64-18.32 g 100 g~ ') were much higher than those of rice
bran fibre (3.03 g 100 g~ '),” coconut mesocarp fibre (4.01 g 100
g 1),”” soybean hulls fibre (1.76 g 100 g !),° and sugarcane
bagasse fibre (3.12 g 100 g ),® highlighting their relatively high
hydration properties.

Apart from that, the extractable polyphenol content of JKF
was 3.46 £+ 0.22 mg g, which was in accordance with the result
of Ji et al.** The extractable polyphenol contents of JKF-E, JKF-
EA, and JKF-EC were all higher than that of JKF (p < 0.05),
probably due to laccase hydrolysis. Laccase causes a degrada-
tion of lignin (polyphenol polymers) and thus significantly
increases the extractable phenols.*

3.2. Effects of different modifications on particle size of JKF

The results in Table 2 show that mixed enzymatic hydrolysis,
and mixed enzymatic hydrolysis combined with acetylation or
carboxymethylation increased the surface area of the JKF and
reduced its particle size (p < 0.05). Mixed enzymatic hydrolysis
can cause the breakdown of the fibre cell well and degradation
of the polysaccharide chains,** resulting in a reduction of JKF's
particle size. The surface area of JKF-EA (146.37 & 3.72 m* kg™ %)
was higher than that of the other JKFs, and its particle size
(63.77 £ 1.53 um) was lower than that of the other JKFs (p <

0.05). An increase in surface area can improve the contact
chance between JKF and oil or heavy metal ions, leading to an
improvement of its sorption capacity.*

3.3. Effects of different modifications on the structure of JKF

3.3.1 Changes in the microstructure. As shown in Fig. 1A,
JKF offered a relatively smooth microstructure surface with
some fragments. By contrast, JKF-E, JKF-EA, and JKF-EC all
showed irregular and fragmented microstructures with a large
amount of pores (Fig. 1B-D). Mixed enzymatic hydrolysis and
acetylation or carboxymethylation can all break down the cell
wall of JKF or crack its polysaccharide chains, causing a loss of
fat, cellulose, and lignin, while also increasing fragmentation
and the pores in the microstructure of JKF.”** The fragmented
and porous microstructures of JKF-E, JKF-EA, and JKF-EC were
in accordance with their larger surface area and smaller particle
sizes (Table 2). Moreover, fibres with a porous microstructure
always exhibit higher sorption capacities for oil, sugar, and
heavy metals.>*¢

3.3.2 Fourier-transformed infrared spectroscopy. Fig. 2
shows the FT-IR spectra of JKF, JKF-E, JKF-EA, and JKF-EH,
where visible differences can be seen among them. Compared
with the spectrum of JKF, a new peak at around 860 cm '

Table 2 Particle-size distribution and adsorption properties of JKF, JKF-E, JKF-EC, and JKF-EA®

Properties JKF JKF-E JKF-EC JKF-EA

D3, (um) 132.94 + 3.62a 73.35 £ 4.27¢ 87.99 £ 3.39b 63.77 + 1.53d
Surface area (m?* kg ") 51.46 + 1.28d 129.22 + 5.68b 114.95 + 1.73¢ 146.37 + 3.72a
Water-absorption capacity (g g~ ") 4.46 + 0.30c 7.73 £ 0.28b 10.66 + 0.45a 6.47 £+ 0.49b
Water-expansion ability (mL g™*) 4.20 £ 0.17¢ 6.42 + 0.16b 8.50 + 0.20a 5.95 + 0.20b
Viscosity (cp) 9.83 £ 0.04c 14.34 + 0.12b 17.93 £ 0.84a 16.71 £ 0.22a
Surface hydrophobicity 36.50 + 3.44b 28.65 + 2.59¢ 22.42 + 1.62d 43.57 + 3.36a
Oil-adsorption ability (g g~") 1.56 + 0.21c 1.32 £+ 0.07¢ 2.62 £ 0.12b 4.47 £ 0.34a
Adsorbing capacity of nitrite ions (umol g ™) 3.37 £ 0.17¢ 10.57 + 0.34a 9.69 + 0.32a 7.24 + 0.33b
Equilibrium sorption amount of Pb** (mg g™ ) 12.43 + 0.35d 17.22 + 1.52¢ 29.85 + 1.64a 25.61 + 1.44b
Equilibrium sorption amount of Cu** (mg g~ ") 11.44 + 1.08d 15.97 £ 0.98c 23.47 +1.33b 19.69 £ 1.99a

“ Different small letters (a-d) in the same line indicate significant difference (p < 0.05).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Fourier-transformed infrared spectra of JKF, JKF-E, JKF-EA,
and JKF-EC.

appeared in the spectra of JKF-E, JKF-EA, and JKF-EH,
evidencing the degradation of the B-glycosidic bond caused by
the mixed enzymolysis.** An obvious red-shift occurred for the
peak located at the wavenumber of around 3300 cm™ " in the
spectra of JKF-E, JKF-EA, and JKF-EH, suggesting that mixed
enzymolysis, and mixed enzymolysis assisted with acetylation
or carboxymethylation changed the hydrogen bonds of JKF.*®
Moreover, the peaks at wavenumbers of 1760 and 1046,

23042 | RSC Adv, 2024, 14, 23037-23047

1500 cm ™' (indicative of the asymmetric bend of acetyl groups,
C-0-C, and -C=0, respectively) in the spectrum of JKF sepa-
rately appeared at 1762, 1037, and 1508 cm ™" in the spectrum of
JKE-SGEA,® demonstrating that acyl ester groups had been
introduced into the JKF molecules after acetylation. Addition-
ally, a new peak appeared compared with the spectrum of JKF,
with the spectrum of JKF-EC showing this new peak at around
964 cm ™!, which was attributed to the introduction of the car-
boxymethyl group after carboxymethylation.”> Previous studies
have shown that both acetylation and carboxymethylation could
influence the structure of the fibres by changing their chemical
bonds.>***

3.4. Water adsorption and expansion capacities

High WAC and WEA mean fibres have a larger expansion
volume in wastewater, which is helpful for the adsorption of
heavy metal ions, oil, sugar, and nitrite ions on the fibres.*® The
results in Table 2 show that mixed enzymatic hydrolysis, and
mixed enzymatic hydrolysis combined with carboxymethylation
or acetylation all showed enhanced WACs and WEAs compared
to JKF (p < 0.05), which could be mainly attributed to the
improvement of the soluble fibre content and the changes in
the surface area and microstructure of JKF after these modifi-
cations. Their higher soluble fibre contents (Table 1) mean that
JKF-E, JKF-EA, and JKF-EC have a stronger affinity with water
molecules than JKF. Moreover, the larger surface area and more
porous microstructures (Fig. 1B, C and Table 2) can ensure that

© 2024 The Author(s). Published by the Royal Society of Chemistry
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JKF-E, JKF-EA, and JKF-EC have more contact chance and
stronger interactions with water molecules."*

JKF-EC exhibited the highest WAC (10.66 g ¢ ') and the
largest expansion volume (8.50 mL g ') among these JKFs,
corresponding to its highest soluble fibre content (18.32 +
0.82 g 100 g~ '), evidencing that mixed enzymatic hydrolysis
combined with carboxymethylation was more effective for
improving the water adsorption and expansion capacities of JKF
than mixed enzymatic hydrolysis alone. The main reason for
this was that after carboxymethylation, the introduced carbox-
ymethyl groups can significantly increase the polarity of JKF,
and enhance the steric hindrance between its polysaccharide
chains, both of which play an important role in the WAC and
WEA of the fibres." Moreover, JKF-EA also had a higher WAC
and WEA than JKF (p < 0.05), but these values were not signif-
icantly different from those of JKF-E (p > 0.05), probably due to
the introduced acyl ester groups having a relatively high
hydrophobicity rather than hydrophilicity."* A higher WEA is
helpful for JKF to expand its structure, and contact and adsorb
pollutants in effluents.

3.5. Surface hydrophobicity

Surface hydrophobicity is positively correlated with the chem-
ical adsorption of hydrophobic harmful substances in waste-
water on fibres.! The results in Table 2 show that the surface
hydrophobicities of JKF-E and JKF-EC were both lower than that
of JKF (p < 0.05), highlighting that mixed enzymolysis and
mixed enzymolysis combined with carboxymethylation both
reduced the hydrophobicity of JKF. Mixed enzymatic hydrolysis
causes degradation of the glycosidic bonds of JKF and releases
more hydrophilic groups,’®®” and the introduced phosphate
groups increases the hydrophilicity of JKF,” which all
contribute to the lower surface hydrophobicities of JKF-E and
JKF-EC. However, a lower surface hydrophobicity is not
conducive to the treatment of oil wastewater. In contrast, the
surface hydrophobicity of JKF-EA was significantly higher than
that of JKF (p < 0.05), because the introduced acyl ester group
after acetylation have a relatively high hydrophobicity.>®
Previous studies have found that acetylation improved the
surface hydrophobicity of banana and oil palm empty fruit
bunch fibres, too.**3#

3.6. Adsorption capacity

3.6.1 OAA of JKFs. JKF showed a poor OAA (1.56 + 0.21 g
g™, Table 2), which was consistent with the results of Xia et al.*
JKF-EA and JKF-EC both offered a stronger adsorption affinity to
oil (OAA: 2.62-4.47 g g ") than JKF (p < 0.05); while the OAA of
JKF-E was lower than that of JKF (p > 0.05), evidencing that
acetylation and carboxymethylation could improve the OAA of
JKF, but mixed enzymatic hydrolysis reduced it. The main
reason for the high OAA of JKF-EA was that the introduced acyl
ester groups after acetylation significantly increases the surface
hydrophobicity of JKF (Table 2) and thus enhances the OAA of
JKF. Moreover, the increment in surface area and WEC (Table
2), and more porous microstructure (Fig. 1C) after acetylation
are all helpful for the adsorption of oil on JKF-EC.** Asadpour

© 2024 The Author(s). Published by the Royal Society of Chemistry
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et al. also found that the OAA of oil palm empty fruit bunch fibre
could be significantly improved by acetylation.* Other
substances with a porous structure, such as active carbon,
exhibit excellent oil-adsorption capacity, too.** With respect to
JKF-EC, the high OAA was mainly attributed to its larger surface
area, higher WEC, and porous microstructure (Table 2 and
Fig. 1D). A higher WEC indicates that DFs have a larger
expansion volume in wastewater, which is conducive for the
adsorption of oil on DFs." By contrast, although having a bigger
WEC and porous microstructure (Table 2 and Fig. 1B), JKF-E
showed a poor OAA, mainly due to its lower surface hydropho-
bicity (28.65 £ 2.59, Table 2). It has been shown that fibres can
adsorb oil via a chemical adsorption mechanism or physical
adsorption patterns.” The results in the current study demon-
strated that oil molecules can be adsorbed by JKF-E, JKF-EA, or
JKF-EC through both chemical and physical adsorption mech-
anisms. However, their true effects on the oil in effluents need
further study.

3.6.2 ACNI of JKFs. Nitrite in industrial effluents may
contaminate drinking water, and a high concentration of
nitrites poses a risk to human health, potentially resulting in
nitrite poisoning and various digestive tract tumours.*
Compared with JKF, the modified JKFs (JKF-E, JKF-EC, and JKF-
EA) all offered a higher ACNI (7.24-10.57 umol g~ ') (p < 0.05),
reflecting that all three mixed modifications improved the ACNI
of JKF. It has been evidenced that nitrite ions are unstable in
water, and can react with hydrogen ions to form nitrates, which
in turn form nitrogen oxides. Organic acids in fibres, especially
phenolic, uronic, and carboxylic acids, can quickly combine
with these nitrogen oxides.’> Therefore, the higher extractable
polyphenol content (Table 1) was one reason for the higher
ACNI of JKF-E, JKF-EC, and JKF-EA. Apart from that, a larger
WEA and surface area (Table 2), and more fragmented and
porous microstructure (Fig. 1B-D) can increase the contact
chance and affinity between nitrite ions and JKFs.*® Both JKF-E
and JKF-EC offered the highest ACNI values (10.57 and 9.69
pmol g, respectively) among these samples, in accordance
with their high extractable polyphenols (12.65 and 9.56 mg g™ *,
respectively, Table 1). JKF-EC exhibited a higher ACNI than that
of JKF-EA, because the introduced carboxymethyl group has
a relatively stronger affinity with nitrite ions than the acetyl
ester group.” Zheng et al. found that carboxymethylation and
acetylation both can improve the ACNI of millet fibre, too.'” The
high ACNI of JKF-E, JKF-EC, and JKF-EA (7.24-10.57 umol g~ %)
suggested their potential ability to reduce the risk of nitrite
contamination in effluents.

3.6.3 ACLI of JKFs. Lead pollution worsens water quality,
threatens the survival of aquatic organisms, and can cause
Minamata disease.*” During tests, it was found that within 5-
80 min, the adsorption of lead ions(u) on JKF, JKF-E, JKF-EA,
and JKF-EC was time dependent (Fig. 3). The ACLI of these
JKFs all reached an equilibrium value at around 95 min.
Moreover, the results in Table 2 and Fig. 2 show that mixed
enzymatic hydrolysis, and mixed enzymatic hydrolysis
combined with carboxymethylation or acetylation improved the
ACLI of JKF, as JKF-E, JKF-EA, and JKF-EC all exhibited a higher
equilibrium ACLI than JKF (p < 0.05). After these composite
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modifications, the improved WEA, increased polyphenol
content and surface area, and more porous microstructure
(Tables 1, 2, and Fig. 1B-D) all supported JKF to adsorb more
lead ions. The increase in the WEA or surface area improves the
volume or area of JKF that can contact Pb>" in water; while fibres
with a porous microstructure have a higher capacity to capture
Pb”".? More importantly, JKF-EC offered the highest ACLI (29.85
+ 1.64 mg g '), mainly due to the introduction of carbox-
ymethyl groups. The negative polarity of JKF was significantly
enhanced by the introduced carboxymethyl groups after car-
boxymethylation. Since negative polarity plays a key role in the
adsorption of metal ions on fibres," the introduced carbox-
ymethyl groups remarkably improved the ACLI of JKF-EC (p <
0.05). Additionally, JKF-E, JKF-EA, and JKF-EC all showed
a higher Pb>*-adsorbing capacity than phytic acid-treated corn
starch and acetylated banana peel fibre (10.45 and 15.32 mg g,
respectively),>* highlighting their potential usage as renewable
and environmentally friendly adsorbents for lead ions in
effluents.

3.6.4 Adsorption capacity of copper ions(u) on JKFs. Metal
mining, smelting, and manufacturing industries produce
a large number of wastes containing excessive copper ions
(Cu®"), which can cause a poor growth of crops, contaminate
drinking water, and damage the liver and other organs of
humans and animals.® The copper isotherm adsorption kinetics
profiles of the JKFs are shown in Fig. 4, and their equilibrium
ACCI is shown in Table 2. It is obvious that the adsorptions of
copper ions on JKF, JKF-E, JKF-EA, and JKF-EC were all time
dependent during 0-60 min, and these JKFs all showed an
equilibrium ACLI at approximately 60 min. All the composite
modifications significantly enhanced the adsorbing capacity of
JKF to copper ions because of their higher ACLI (p < 0.05) (Table
2). After these composite modifications, the surface area and
soluble fibre content were all increased (Tables 1 and 2), and the
microstructure became more porous (Fig. 1B-D), which were all
conducive for copper adsorption by JKF. More importantly,
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more functional groups, especially phenolic and carboxyl
groups, were exposed after the hydrolysis with cellulase, hemi-
cellulase, and laccase. These functional groups can consider-
ably enhance the binding power of JKF to copper ions.”
Meanwhile, the equilibrium ACLI of JKF-EA and JKF-EC were
both higher than that of JKF-E (p < 0.05), and JKF-EA and JKF-EC
both showed a higher ACLI than JKF-E (p < 0.05) (Table 2),
showing that mixed enzymatic hydrolysis combined with car-
boxymethylation or acetylation were more effective at improving
the ACLI of JKF than mixed enzymatic hydrolysis alone. The
introduced carboxymethyl group and acetyl ester group both
can increase the negative polarity of JKF, which plays an
important role in the chelation of fibres with copper ions." Since
carboxymethyl groups have a higher binding power with copper
ions than acetyl ester groups,* the ACLI of JKF-EC (23.47 +
1.33 mg g~ ') was higher than that of JKF-E (p < 0.05). Addi-
tionally, the ACLI of JKF-E, JKF-EA, and JKF-EC (15.97-23.47 mg
g ') was higher than that of rice bran fibre (4.88 mg g~ ') and
millet bran fibre (13.66 mg g~ !),>'* highlighting their potential
usage as absorbents for wastewater purification.

4 Conclusions

Mixed enzymatic hydrolysis alone or combined with acetylation
or carboxymethylation increased the surface area and made the
microstructure of JKF more porous, and improved its soluble
fibre content, and water adsorption and expansion capacities.
Mixed enzymatic hydrolysis combined with acetylation
remarkably enhanced the surface hydrophobicity and oil-
adsorption ability of JKF; while mixed enzymatic hydrolysis
combined with carboxymethylation significantly increased the
solubility and hydration properties of JKF, and improved its
chelating abilities toward glucose, copper, and lead ions.
Moreover, mixed enzymatic hydrolyzed JKF showed the highest
nitrite ions-adsorption ability. Thus, JKF-EC, JKF-EA, and JKF all
exhibited potential as wastewater adsorbents. However, the
adsorption kinetics and mechanism of these modified JKFs on

© 2024 The Author(s). Published by the Royal Society of Chemistry
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pollutants in wastewater, and the chemical oxygen demand of
the effluents after the treatment of JKFs at the optimum
conditions need further study.
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