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Cadmium (Cd) is a common and toxic non-essential heavy metal that must be effectively treated to reduce
its threat to the environment and public health. Adsorption with an adsorbent, such as agricultural waste, is
widely used to remove heavy metals from wastewater. Sweet potato, the sixth most abundant food crop
worldwide, produces a large amount of waste during postharvest processing that could be used as an
economic adsorbent. In this study, the feasibility of using sweet potato residue (SPR) as an adsorbent for
Cd?* adsorption was assessed. To enhance the removal rate, SPR was modified with NaOH, and the
effects of the modification and adsorption conditions on the removal of Cd?" from wastewater were
investigated. The results showed that modified sweet potato residue (MSPR) could be adapted to various
pH and temperatures of simulated wastewater, implying its potential for multi-faceted application. Under
optimized conditions, the removal of Cd?* by MSPR was up to 98.94% with a maximum adsorption
capacity of 19.81 mg g% Further investigation showed that the MSPR exhibited rich functional groups,
a loose surface, and a mesoporous structure, resulting in advantageous characteristics for the adsorption
of Cd?*. In addition, the MSPR adsorbed Cd?* by complexation, ion exchange, and precipitation during
a monolayer chemisorption adsorption process. This work demonstrates a sustainable and environment
friendly strategy for Cd?* removal from wastewater and a simple approach for the preparation of MSPR
and also revealed the adsorption mechanism of cd?* by MSPR, thus providing a suitable adsorbent and
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1. Introduction

Cadmium (Cd) is a common and toxic non-essential heavy
metal, which is mostly found in industrial wastewater because
of its numerous applications in manufacturing, construction,
and the chemical industry.! Cd*" contamination impairs the
activity of soil enzymes,> interferes with water uptake, reduces
photosynthesis, inhibits the root growth of plants,* and can lead
to liver lesions, kidney diseases, osteoporosis, and various types
of cancer.* Removing Cd from wastewater is therefore critical to
meet effluent standards before it can be discharged.®

Various physical, chemical, and/or biological approaches
have been developed to remove heavy metals from wastewater,
such as photocatalysis, electrochemical treatment, ion
exchange, coagulation/flocculation, nanofiltration, and
adsorption.® Among the reported approaches, adsorption,
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strategy for the removal of other heavy metals.

including physical and chemical adsorption processes, has
been considered as one of the easiest and most cost-effective
techniques because of its strong adaptability in removing
various heavy metals from aqueous solutions with simple
operation.” Therefore, adsorption processes have been widely
applied, especially in developing countries.® Many adsorbents
have been used for Cd** adsorption, such as activated carbon,
fly ash, bio-adsorbents, algae, and nanoparticles.®™* However,
the adsorption capacity of these adsorbents is usually low, while
the complex modification of adsorption materials increases the
cost of the adsorbents. Therefore, the search for low-cost
adsorbents with practical utility has recently attracted much
attention.

Agricultural wastes have been used as a kind of low-cost
biomaterial and are promising bio-adsorbents for Cd**
removal because they contain many functional groups, such as
carboxyl, hydroxyl, and sulfhydryl groups, which can be effec-
tively combined with Cd*".** Before being used as bio-
adsorbents for Cd** removal, agricultural wastes are often
modified to improve their selectivity and adsorption perfor-
mance. Various modification technologies for biomaterials
have been explored, such as high-temperature and high-
pressure treatment, material mixing, and alkali treatment,****
among which, direct alkali modification is considered simpler,
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safer, and more energy efficient. Hsua et al. reported that
treating Ti-7.5Mo with NaOH resulted in better bioactive
properties and exhibited a nanoscale porous network
structure.'®

Sweet potato (SP) is the sixth most abundant food crop
worldwide and is rich in nutrients, including starch, crude fiber,
flavonoids, and carotene.” The average annual yield of SP in the
world from 2016 to 2020 was 91.12 million tons, and the annual
production in China was approximately 51.54 million tons,
accounting for 56.56% of the world's SP yield.*®* SP has a high
starch content and is mostly used for starch production.
However, 4.5-5.0 tons of sweet potato residue (SPR) are gener-
ated while producing 1 ton of starch,' which is not only a waste
of resources but also harmful to the environment. SRP contains
starch and other nutrients, which are easily used by microor-
ganisms, thereafter resulting in spoilage and odor. SPR
contains a large amount of useful component, that can be
further used, such as lignin, cellulose, hemicellulose, protein,
and pectin, which makes it suitable for wastewater treatment.
For example, protein isolated from SPR was used as a frother to
remove trace crystal violet dye by foaming.*® Arachchige et al.
showed that SPR modified with high hydrostatic pressure-
assisted pectinase could effectively adsorb Pb>" in wastewater."

In this study, the adsorption capacity of SPR for Cd>" was
investigated for the first time. The SPR was modified with NaOH
under optimized conditions. Then, the factors that affect the
adsorption performance were evaluated. Finally, the intrinsic
adsorption mechanism was elucidated by structure character-
ization, adsorption kinetics, and isotherms. This study
demonstrates a new strategy for cost-effective Cd>* removal with
SPR, as well as presenting a method for the alkali modification
of SPR to improve the Cd®" adsorption, and revealing the
mechanism of Cd** removal by the alkali-modified SPR. This
provides a new idea for the utilization of SPR and the treatment
of wastewater contaminated with heavy metals.

2. Materials and methods

2.1 Material preparation

The fresh SPR was collected from Jinmei Ltd (Sichuan, China),
which had been separated with starch from sweet potato Xushu
22, and immediately stored at 4 °C. The cadmium chloride
(CdCl,, Tianjin Jinbei Fine Chemical Co., Ltd, China) was dried
at 105 °C for 2 h and dissolved to the target concentration to use
as simulated cadmium-containing wastewater. Sodium
hydroxide (NaOH) was purchased from Chengdu Cologne
Chemical Co., Ltd, China.

2.2 Experimental design

2.2.1 Optimization of the modification conditions. To
improve the adsorption efficiency of the SPR, the SPR was first
boiled in a water bath pot at 100 °C for 30 min, and then treated
with different concentrations (0.5, 1.0, 1.5, and 2.0 M) of NaOH
under different temperatures (20 °C, 30 °C, and 40 °C) for 2 h,
with striation every 30 min. After treatment, the SPR was
washed in multiple rounds until reaching pH 7, and then
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soaked with 300 mL of absolute alcohol for 24 h. After washing
thoroughly to remove the remaining alcohol, the SPR was then
dried in an oven (GXZ-GF101-1-BS-II, Hengzi, China) at 60 °C.
Afterwards, the dried SPR was smashed by a pulverizer (JP-150A-
8, Jiupin, China), and finally three different sizes (100, 150, and
300 pum) of SPR particles were chosen for the following Cd**
adsorption. The modified SPR was named MSPR.

MSPR (0.3 g) was added to a 50 mL centrifuge tube con-
taining 50 mg L ™" Cd*" and mixed for 4 h. After adsorption, the
simulated wastewater was collected and the concentration of
Cd*" in the water was measured by atomic adsorption spec-
trometry (iCE™ 3400 AAS, Thermo Scientific™, USA) to deter-
mine the optimal modification conditions for the next
experiment.

2.2.2 Optimization of the adsorption conditions. The
concentration of Cd*>" in the simulated wastewater was set to
50 mg L' at first. To adapt to the different conditions of
wastewater, the pH of the simulated wastewater was adjusted to
4,5, 6,7,and 8 with 40% NaOH or 50% HC], and the adsorption
temperature was set to 20 °C, 30 °C, 40 °C, 50 °C, and 60 °C in an
incubator (IS-RDS3, Crystal, USA). The concentrations of Cd** in
the simulated wastewater were determined at 30 min intervals
during a 6 h adsorption period to investigate the effect of the
contact time on the adsorption process.

To investigate the effect of the adsorbent amount and Cd>*
initial concentrations on the removal rate, a series of MSPR
amounts (0.1, 0.2, 0.3, 0.4, and 0.5 g) were added to 50 mL of
simulated wastewater (Cd*", 50 mg L"), and the Cd** concen-
trations were set to 10, 30, 50, 70, and 90 mg L~ " and mixed with
0.3 g MSPR for 4 h, respectively.

2.3 Adsorption isotherms and kinetics

An equilibrium adsorption study was performed by placing 0.3 g
of MSPR in 50 mL of simulated wastewater with different initial
Cd>" concentrations (10, 30, 50, 70, and 90 mg L") for 4 h at
25 °C. The amount of adsorbed Cd>* (., mg g~ ") was calculated
using eqn (1).

(Co—C)V

qe = —W (1)

where C, and C, represent the initial and equilibrium concen-
trations (mg L"), respectively, and V and W represent the
volume of the solution (L) and weight of the MSPR (g), respec-
tively. The Langmuir and Freundlich equations were used to
analyze the adsorption mechanism of Cd**.

Different contact times were used to investigate the adsorp-
tion kinetics. First, 50 mL of simulated wastewater (50 mg L™/,
Cd**) was contacted with 0.3 g MSPR in 50 mL centrifuge tubes
at 25 °C. Samples were taken at 30 min intervals to determine
the changes in the Cd*" concentration during a contact time of
6 h. The variation in Cd*" adsorption, ¢, (mg g~ '), was calcu-
lated using eqn (2).

(Co—C)V

qr = T [2)

where C, is the concentration of Cd*>" (mg L") at a given time
(h), and C, is the initial Cd** concentration (mg L™"). Pseudo-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Adsorption model and equations
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“ g is the amount of Cd*" adsorbed per specific amount of adsorbent (mg g~%). ? ¢, and g, are the saturation adsorption amount and equilibrium
adsorption amount, respectively (mg g ). © k;, and kg are the Langmuir and Freundlich equilibrium constants, respectively. ¢ C is the equilibrium
concentration of Cd*" (mg L. ® 1/n is the adsorption index. / g, is the amount of adsorption at time ¢ (mg g~?). € k; is the pseudo-first-order
constant (min~"). " k, is the pseudo-second-order constant (g (mg min ).

first-order and pseudo-second-order equations were employed
to investigate the kinetic processes and mechanisms of
adsorption.

The details of the Langmuir and Freundlich equations
and the pseudo-first/second-order equations are shown in
Table 1.>%*

2.4 Structural characterization

SPR, MSPR, and adsorbed MSPR (AMSPR) were collected and
dried. The adsorption mechanism was further investigated by
analyzing the physical and chemical properties of the three
materials.

To evaluate the Brunauer-Emmet-Teller (BET)-specific
surface area and pore-size distribution, the samples were
degassed by vacuum to remove any impurity gas adsorbed on
the surface. The degassing temperature was set to 120 °C, and
the degassing time was 6 h. Then the samples were weighed and
placed in liquid nitrogen, and the nitrogen adsorption capacity
of the samples was determined at different pressure points set
in advance to obtain the adsorption isotherm using a dedicated
fully automatic specific surface and porosity analyzer BET
system (Nova 4000e, Quantachrome, USA). The BET and Bar-
rett-Joyner-Halenda (BJH) models were used to calculate the
specific surface area and pore-size distribution.

Fourier-transform infrared spectroscopy (FTIR, Nicolet 6700,
Thermo Scientific, USA) was used to investigate the influence of
the functional groups on the adsorption process. First, 1-2 mg
sample and 200 mg of KBr were mixed into a mold to form
transparent flakes using an oil pressure machine. The prepared
flakes were subjected to FTIR analysis and the test conditions
were set at 4000-400 cm ™" wavelength, scanning 32 times, and
resolution of 4 cm™" to determine the transmittance.

To measure and analyze the surface morphology and
chemical composition, SPR, MSPR, and AMSPR were analyzed
as per the following methods. Since SPR is a non-conductive
material, the material was sprayed with platinum (Pt) as
a pretreatment for the scanning electron microscopy (SEM,
Sigma 300, ZEISS, Germany) and energy dispersive X-ray (EDAX,
Gemini 300, ZEISS, Germany) analysis. The samples were
directly pasted to the conductive adhesive, and sprayed by

© 2024 The Author(s). Published by the Royal Society of Chemistry

a sputter coater (SC7620, Quorum, UK) with Pt for 45 s, at
a current of 10 mA. Subsequently, SEM and EDAX was used to
assess the sample morphology and for the energy spectrum
mapping, where the accelerating voltage was 3 kV for the
topography photography, 15 kV for energy spectrum mapping,
using a secondary electron detector (SE2).

2.5 Data analysis

All the treatments were performed in triplicate. Microsoft Excel
16.53, IBM SPSS 22 and origin 2021 software were used to
analyze the data.

3. Results and discussion
3.1 Effect of the modification conditions on Cd** removal

NaOH can de-polymerize lignin and hydrolyze hemicellulose to
expose cellulose. Breaking the covalent relationship between
the lignocellulose components by NaOH solution can affect the
pore structure of cellulose. In addition, NaOH can also alter the
chemical and mechanical properties of SPR, revealing func-
tional groups like ~-OH.>***

Temperature can affect the hydrolysis of starch and ligno-
cellulose in SPR under NaOH treatment.”® As shown in Fig. 1,
the removal rate of MSPR for Cd>" reached the highest values of
94.78%, 95.82%, and 95.58%, under 20 °C, 30 °C, and 40 °C,
respectively, while the removal rate for the unmodified SPR was
82.67%. The highest removal rate of MSPR was obtained at 30 °©
C, which was 13.51% higher than that of SPR. Similar trends
were also found for different NaOH concentrations and
different adsorbent sizes. The effect of 30 °C modification was
generally better than that of the other two temperatures, and
also superior to the unmodified SPR. Therefore, 30 °C was the
temperature chosen for the further adsorption experiments.

The NaOH concentration normally has a significant effect on
the modification of biomaterials.** Under the optimal temper-
ature of 30 °C, when using a particle size of 300 um, 1.5 M NaOH
was the best modification condition for Cd** removal, and its
removal rate was 94.59% (Fig. 1(a)); whereas when particle sizes
of 150 and 100 pm were used, the removal rates of SPR treated
with 1.5 M and 2.0 M NaOH were quite similar with no
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Fig.1 The effects of temperature and NaOH concentration on the adsorption rates with (a) adsorbent size 300 um, (b) adsorbent size 150 um,

and (c) adsorbent size 100 um.

significant difference (p = 0.41, >0.05 and p = 0.95, >0.05),
showing the higher values of 95.12% and 95.83%, and 95.52%
and 95.48% respectively, than the other conditions (Fig. 1(b)
and (c)). In short, at different particle sizes and 30 °C, 1.5 M and
2.0 M NaOH, especially 1.5 M NaOH, endowed SPR with better
adsorption than the other conditions. Therefore, based on both
the removal rate and cost considerations, 1.5 M was finally
chosen as the modification concentration.

The rate of ion exchange in solution is generally controlled
by the rate of ion diffusion within the adsorbent particle. A
decrease in the average particle size of the adsorbent increases
the surface area. Overall, the removal rate of MSPR at 300 um
particle size was lower than that of the other two particle sizes.
However, the removal rates of the 100 um and 150 um sized
particles under 1.5 M NaOH at 30 °C were similar with no
significant differences (p = 0.144, >0.05). In addition, the
smaller the particle size, the lower the material yield, and the
higher the energy consumption for shredding. Therefore, 150
pum was chosen as the most suitable particle size.

After comprehensively consideration, SPRs modified with
1.5 M NaOH at 30 °C and a particle size of 150 um were selected
as the optimal adsorbent for the next experiments.

3.2 Characterization of the adsorbents

3.2.1 BET specific surface area and pore size. Many studies
have shown that agricultural wastes have a low BET surface
area, which is due to the cellulose, hemicellulose, and lignin in
the lignocellulose-based biosorbents.** Here, SPR, MSPR, and
AMSPR exhibited BET surface areas of 1.170, 0.972, and 0.883
m?® g™, respectively, which were similar to the sizes observed in
other agricultural wastes, such as 0.86 m> g~ " for tea waste,*
0.85 m”> g~ ' for carnauba palm leave, 0.60 m* g~ " for macamba
seed endocarp, and 0.86 m* g~ ' for pine nut shells.* In general,
a higher surface area would result in a higher ion adsorption
capacity.*»* Interestingly, MSPR could effectively remove
95.83% of Cd>", although it had a lower BET surface area than
that of SPR. It was reported that a decrease in surface area can
improve heavy metal immobilization,*® which may be one
reason for the higher removal rate of MSPR than that of SPR. It
was reported that modified rice husks with a low BET surface
area of 1.64 m> g~ ' were able to remove 95.4% of the dye
methylene blue with high efficiency.*” In addition, NaOH
modification can also change the pore volume structure. In our

436 | RSC Adv, 2024, 14, 433-444

study, the pore volume of SPR decreased after treatment with
NaOH, changing from 0.0029 g cm * to 0.0023 g cm °. In
a study of pitch-based activated carbon fibers, Shima et al.
found a reduction in pore volume after modification with NaOH
because the pores were blocked by newly formed functional
oxide groups at the unreacted edges of the basal planes.*®
Similarly, NaOH modification might result in more functional
groups formation in MSPR. After adsorption, the pore volume of
MSPR was reduced to 0.0017 g cm ?, for a reduction of
0.0006 ¢ cm >, which might have resulted from the blocking of
the pores by the adsorption of Cd** onto the MSPR.

The nitrogen adsorption-desorption isotherm is usually
divided into six categories. It can be seen from Fig. 2(a) that the
three materials were similar, with typical capillary condensation
followed by hysteresis loops,* belonging to the IV-type
isotherm. The IV-type isotherm is mainly found in meso-
porous materials. There was an overlap between N, adsorption
and desorption in Fig. 2(a). One of the reasons for this
phenomenon may be that the orifices of SPR, a carbon material,
shrink directly after adsorbing gas, resulting in a hard desorp-
tion of the gas from SPR, and this shrinkage together with the
hard desorption can easily cause the overlap. The nitrogen
adsorption-desorption isotherm indicated that SPR, MSPR, and
AMSPR were mesoporous materials. Mesoporous materials are
promising adsorbents because they have many pores (between
2-50 nm), and the adsorption sites are uniformly distributed on
the internal and external surfaces.* The BJH adsorption results
showed that the pore diameters in SPR, MSPR, and AMSPR were
3.475, 3.107, and 3.479 nm, respectively, all of which were in the
mesoporous range. Both the pore-size determination and
nitrogen adsorption-desorption isotherms showed that the
MSPR is a mesoporous material that can be used as an effective
adsorbent.

3.2.2 FTIR spectroscopy. Agricultural wastes, including
SPR, contain a lot of functional groups, such as -OH (cellulose,
lignin, and hemicellulose), -CH bonds (aliphatic and aldehyde
compounds), C=C (aromatic lignin rings), -CO (carboxylic
acids), and other alcohols, ethers, and phenol.**** The abun-
dant functional groups are advantageous for interactions with
metal ions, such as covalent, complexation, hydrogen bonding,
or other electrostatic interactions in solution.

Compared to unmodified SPR, MSPR displayed a clear peak
in its FTIR spectrum at 2137 cm™ " (Fig. 2(b)), corresponding to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Nitrogen adsorption—desorption isotherms and (b) FTIR spectra of the materials.

triple bond and cumulative double bond regions, such as -
C=C, -C=N, -C=C=(C, and -C=C=O0. These groups may
interact with Cd*" and remove Cd?" from the water. Meanwhile,
all three samples displayed a broad absorption peak at
3427 em™ ', corresponding to the ~OH groups. After modifica-
tion, the peak was stronger than that of the unmodified SPR,
indicating that NaOH modification might increase the amount
and change the role of the functional groups. The -CH
stretching of the methyl and methylene groups always occurred
in the adsorbent at about 2932 cm™*, which was characteristic
of lignin, cellulose, and hemicellulose. The peak at 1654 cm™"
corresponded to the -COOH functional group, while the -CH,
or O-H functional groups appeared at 1430 cm ™. It was obvious
that the -COOH stretching was enhanced significantly after
NaOH modification. The peaks at 1000 cm ™" were assigned to
the stretching vibrations of C-O in lignin, hemicellulose, and
cellulose. Moreover, the peak at 600 cm ™" corresponded to the -
CH of the amine group, with the mechanical vibration strength
of MSPR significantly stronger than that of SPR. In the 500-
800 cm ' range, the functional groups of the starch or other
sugars could have undergone chemical reactions.*” The adsor-
bent had abundant -OH, -COOH, and -CH groups, which
provide more adsorption sites.

After modification, the absorption peaks all increased to
varying degrees when compared with the raw material, which
could improve the interaction with Cd*>" and ultimately increase
the removal rate. Compared with materials that were not
adsorbed, the vibrational peak of the -OH group was somewhat
attenuated, indicating that Cd®>" had reacted with the —-OH
group. After adsorbing Cd>* from the simulated wastewater, the
peak intensities of MSPR at 3427 and 2932 cm™ ' were shifted
because Cd*>* was exchanged with H in the ~-OH and —~CH,, or -
CH;, and the carbonyl group could also be complexed with
Cd**. In short, the change in the functional group type and
content may be an important reason for the significant
improvement of the MSPR adsorption ability.

3.2.3 SEM and EDAX. The morphology of the adsorbent
was demonstrated using SEM. As shown in Fig. 3(a) and (b), the
SPR had many round starch particles. Sweet potato is a crop rich
in starch, and even after starch extraction, the SPR sample still
contained a large amount of starch. Whereas MSPR did not have

© 2024 The Author(s). Published by the Royal Society of Chemistry

starch granules (Fig. 3(a) and (b)), and the removal rate of SPR
was lower than that of MSPR. This may be due to the fact that
starch was hydrolyzed by NaOH, which changed the
morphology of the starch and produced more available func-
tional groups.®® The surface of the SPR was smooth and had
fewer voids. After modification, the material appeared corru-
gated, wrinkled, and loose, forming an irregular layered shape
and a microporous structure that might help create more
adsorption sites for Cd*>" binding. This stratified structure could
have been formed by cellulose, hemicellulose, and lignin.
Fig. 4(c) shows the apparent morphology of AMSPR and the
energy spectrum of the Cd** distribution in this region. As
shown in Fig. 4(c), Cd** was uniformly distributed on the
surface of AMPSR, verifying the adsorption and immobilization
of Cd*" in MSPR.

The EDAX spectra and elemental compositions of the
materials are shown in Fig. 4. SPR, MSPR, and AMSPR were
mainly composed of C and O elements and a small number of
metal ions. The SPR and MSPR had no characteristic peak
associated with Cd>*, showing no presence of Cd** before
adsorption. Whereas, the EDAX spectra showed a character-
istic peak associated with Cd*>* (around 1.5%) for the AMSPR,
confirming the presence of Cd>". After adsorption, Ca>*
decreased and Cd*" increased on the surface of AMSPR, which
could be due to the exchange of Ca** with Cd** and the
simultaneous occupation by Cd*" of the adsorption site of
Ca>". This was also observed in a study by Liu et al.,** in which
synthetic thiol-functionalized mesoporous calcium silicate
was used to remove Cd**, and Ca*" was exchanged with Cd*",
which made a large contribution to Cd** removal. In another
study, He et al. investigated the mechanism of adsorption of
Cd>" on silica-calcium phosphate hybrid nanoparticles and
found that ion exchange between Cd®>" and Ca®' in the
material improved the adsorption capacity of the material.*®
Our results show that the adsorption patterns presented in
the above-mentioned synthetic materials also existed in
agricultural waste.

3.3 Effects of the adsorption conditions on Cd** removal

3.3.1 Effect of the initial solution pH. It has been shown in
many studies that the pH of a solution is an important factor

RSC Adv, 2024, 14, 433-444 | 437
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Fig. 3 SEMimages of SPR under (a) 500 x magnification and (b) 2000 x magnification. (c) SEM images showing Cd?* distribution on AMSPR. The

red dots represent Cd?* .

affecting the adsorption of heavy metals. This is because the pH
affects not only the degree of protonation of the functional
groups on the surface of the adsorbent but also the chemical
properties and the forms of the heavy metal ions in the
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Fig. 4 EDAX spectra of the materials.
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10

solution.** The adsorption efficiency of the adsorbent can
change significantly when the pH is changed. As shown in
Fig. 5(a), an increase in pH increased the removal rate. Between
pH 4-8, the removal rate of Cd>* by MSPR was above 93.00%,

Published by the Royal Society of Chemistry
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Fig. 5 Influence of the (a) pH, (b) contact time, (c) temperature, (d) adsorbent amount, and (e) initial Cd®* concentration on the adsorption of

Cd?* by the MSPR.

and the highest removal rate of 98.94% was achieved at pH 8.
The reason for this phenomenon is that the increase in pH
reduces the concentration of H' in the solution, and the H' can
easily combine with the oxygen-containing functional groups
on the surface of MSPR and compete with Cd** for adsorption
sites. Thus, increasing the pH will provide more active sites and
improve the adsorption capacity of MSPR. The adsorption of
Cd** in the pH range of 1-5 with tea waste was studied, and it
was found that the removal rate tended to be stable (50%) at pH
4-5.2 When adsorbing Cd>" with activated carbon, the removal
rates between pH 4-8 were also less than 90.00%, and presented
a sharp increase.* In this study, Cd*" adsorption by MSPR was
stable and highly efficient. Therefore, it can be concluded that
MSPR had a stabilizing effect on Cd** and could be adapted to
different sources of heavy metal-contaminated wastewater,

© 2024 The Author(s). Published by the Royal Society of Chemistry

whose pH values are different in actual situations. Under higher
PH, a hydroxide precipitate (Cd (OH),) would form, which was
not within the range of our adsorption study, and thus
comparisons under the higher pH value were not analyzed here.

3.3.2 Effect of the contact time. Fig. 5(b) shows the effect of
the contact time on the removal rate of Cd*". The removal rate of
Cd*" increased with time. At 0.5 h, the removal rate reached
84.51%, indicating a rapid adsorption and removal. From 0.5 to
4 h (94.80%), the removal rate increased by 11.43%, and the
adsorption capacity decreased significantly. In the initial phase
of adsorption, many adsorption sites and pores are exposed on
the MSPR surface. After contact with the solution, Cd** rapidly
occupies these sites and fills the pores, decreasing the adsorp-
tion rate. Moreover, the removal rate did not change signifi-
cantly or even decreased slightly from 4-6 h (94.62%),

RSC Adv, 2024, 14, 433-444 | 439
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indicating that desorption occurred after the adsorption equi-
librium was reached at 4 h. Therefore, a contact time of 4 h was
selected for the further tests.

3.3.3 Effect of temperature. The temperature of wastewater
varies depending on the sources and seasons. Generally,
temperature affects the thermal motion of molecules, the
diffusion rate of the adsorbate in the adsorbent pores, and the
adsorption rate.”” High temperatures can easily lead to
a desorption of the adsorbate, while low temperatures affect the
diffusion rate and adsorption rate of the adsorbate in the pores.
Fig. 5(c) shows the relationship between the adsorption
temperature and the removal rate. The results indicated that the
removal rate was only slightly improved at temperatures from
20 °C to 60 °C, with an overall stability of approximately 97.00%.
At 60 °C, the removal rate of Cd** by MSPR reached 98.06%,
with an improvement of 15.39% compared with SPR. In the
study of Cd*>* adsorption by a chitosan-silica hybrid aerogel, the
removal rate of Cd** showed a downward trend with the
increase in adsorption temperature.*® In another study of Cd**
removal from duckweed, the adsorption temperature was set at
15-45 °C, and the Cd*' removal rate was less than 70%.%
However, the removal rate of Cd*" varied slowly by MSPR, from
97.44% to 98.06% when the temperature was increased from
20 °C to 60 °C, indicating that temperature had little effect on
the adsorption performance of MSPR. Therefore, MSPR may be
used in wastewater treatment in a wide temperature range.

3.3.4 Effect of the adsorbent amount. The amount of
adsorbent is also one of important factors that affect the
adsorption. Fig. 5(d) shows that the removal rate increased with
the increase in adsorbent amount, and this was observed with
greater intensity when 0.1 and 0.2 g were used, going from
79.24% to 90.98%, respectively, and then stabilizing at about
95.00% at 0.3-05 g. The opposite trend was observed in the
adsorption capacity, which decreased with the increasing
amount of adsorbent, from 19.81 to 4.81 mg g~ '. The highest
adsorption capacity of MSPR (19.81 mg g~ ') was 3.32 times that
of SPR (5.97 mg g~ '), which was comparable to the value of
around 1.5% determined by spectroscopic scanning. The
adsorption capacity of MSRP (19.81 mg g~ ') for Cd*>" was higher
than that of many other agricultural wastes, such as okra waste
(14.80 mg g~ 1),* cinnamon woodchips biochar (5.31 mg g™ *),*°
green longan hull (4.19 mg g~ '), and brewed tea waste (2.47 mg
27 1),5%%2 which to some extent showed its advantages over many
other agricultural wastes for Cd*" adsorption. From 0.3-0.5 g,
the removal rate stabilized. A higher adsorbent amount
provided more adsorption sites and pore volume and increased
the probability of interaction with Cd** providing the number of
Cd*" ions was greater than the number of adsorption sites.
When the required adsorption sites for Cd** were much smaller
than that provided by the MSPR, the probability of binding Cd**
to the adsorption site on the MSPR was relatively low, although
the removal rate increased, and the final adsorption capacity
was reduced. Therefore, 0.3 g was determined as the best suit-
able amount for the dosage for the further research.

3.3.5 Effect of the initial Cd** concentration. The effects of
different initial Cd®>" concentrations on the removal efficiency
are shown in Fig. 5(e), including effects on the adsorption
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capacity and removal rate. A linear upward trend and a 1.26-fold
improvement in the final adsorption capacity of 13.51 mg g~ *
compared with SPR were observed when the initial Cd**
concentration was 90 mg L™ ". This may be attributed to the fact
that at lower Cd** concentrations, there is a larger amount of
available adsorption sites for few Cd**, resulting in a lower
adsorption capacity. However, with increasing the Cd**
concentration, the ions occupied the entire adsorption sites and
the final adsorption capacity increased. However, with
increasing the Cd*" concentration, the removal rate showed
a downward trend, and Cd®>" may remain in the solution because
of the limited number of active sites on the adsorbent. In spite of
this, the removal rates of MSPR were higher than 90% when the
Cd>" concentrations were 10-90 mg L™'. Similarly, with the
increase in the initial Cd**concentration, a downward trend in
the removal rate was also found in terms of the Cd>" adsorption
with an activated carbon/zirconium oxide composite, while the
removal rate was lower than 80%," which was definitely lower
than that of MSPR. This indicated that MSPR could better adapt
to different concentrations of Cd**-containing effluents.

In short, the removal rates of MSPR under different pH,
temperature, and initial concentration of treatment conditions
were always more than 90%. Besides, the removal of Cd** by
MSPR was a fast process, and 90% of the Cd>" in water could be
removed with 1 h.

3.4 Adsorption isotherms and kinetics

3.4.1 Isotherms. Adsorption is divided into chemical and
physical adsorption, depending on the strength of the interac-
tion between the adsorbate and the adsorbent. Weak electro-
static interactions are classified as physical adsorption, while
chemical bond formation is classified as chemical adsorption.
In chemical adsorption, a single layer of the adsorbate forms on
the adsorbent, whereas in physical adsorption, multiple layers
of adsorbate form. The representatives of the two models are
the Langmuir and Freundlich models. Both are empirical
equations.

Fig. 6(a) and Table 2 show the fitting results of the Langmuir
and Freundlich models, respectively.

As shown in Table 2, the R® of the Langmuir isotherm
(0.9914) was larger than that of the Freundlich isotherm
(0.9847), which was a better fit for this adsorption curve. The
Langmuir adsorption equation is defined as a single-layer
adsorption isotherm in which the chemisorption and adsorp-
tion vacancies reach equilibrium on a surface with a uniform
energy distribution. This fitting results showed that the
adsorption process of Cd*" by MSPR was single-layer surface
adsorption; all the adsorption sites were the same, and there
was no interaction between the Cd>" ions, which was a charac-
teristic of chemical adsorption. Also, k; is the equilibrium
constant of adsorption, and a larger value represents a stronger
adsorption capacity. In a study on the removal of Cd** from
contaminated wastewater with poplar sawdust, the highest k;,
was 0.017.%® In another study, the k;, of an activated carbon/
zirconium oxide composite was 0.059.*” The k;, obtained in
this study was 0.348, which was greater than that of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Langmuir and Freundlich equilibrium isotherm modeling for Cd®* adsorption by MSPR and (b) pseudo-first/second-order kinetic plot

of the MSPR.

Table 2 Langmuir, Freundlich, pseudo-first-order, and pseudo-
second-order parameters for the adsorption of Cd?* onto MSPR

Modified sweet

Model Parameter potato residue
Langmuir gm (mg g™ 17.53

ki (mg LY 0.35

R 0.9914
Freundlich n 2.07

ke 4.83

R 0.9847
Pseudo-first order gm (mg g™ 7.82

k (mg L) 44945

R 0.8382
Pseudo-second order dm 8.01

k, 7393.47

R 0.9957

common materials used to adsorb Cd*', indicating that the
potential ability of MSPR to adsorb Cd>* was stronger.

3.4.2 Kinetics. There are several models for adsorption
kinetics, such as the pseudo-first order, pseudo-second order,
mixed order, and Ritchie's equations. The pseudo-first-order
and pseudo-second-order models, which also are empirical
models, are the most commonly used in the study of the
adsorptive removal of pollutants from an aqueous phase.

The pseudo-first-order and pseudo-second-order fitting
results are shown in Fig. 6(b) and Table 2. In terms of the curve
fitting and R?, the kinetics of Cd** adsorption by MSPR was
better fitted with the pseudo-second-order model (R* values of
0.996) than the pseudo-first-order model (R* values of 0.838)
(Table 2). The pseudo-second-order rate expression is used to
describe chemisorption involving valency forces through the
sharing or exchange of electrons between the adsorbent and the
adsorbate as covalent forces and ion exchange, which are
assumed to occur via chemisorption. In the study of the
adsorption of Cd>" by iron/manganese binary metal oxide-
biochar nanocomposites, the R> of the pseudo-second-order
fitting equation was found to be greater than the first, which
indicated it belonged to chemical adsorption, less than physical
adsorption.* The higher R* of the pseudo-second-order model
indicated that MSPR in contact with Cd*" is a chemical

© 2024 The Author(s). Published by the Royal Society of Chemistry

adsorption process, and the adsorption rate is determined by
the concentration of Cd*>" and the amount of adsorbent.

Based on the results of both the adsorption isotherms and
kinetics, we could deduce that the adsorption of Cd** by MSPR
was a process dominated by chemical adsorption.

4. Conclusion

Our research suggested a possibility of using MSPR as an
economical adsorbent for Cd** removal from wastewater. The
optimum modification conditions were determined as follows:
a concentration of 1.5 M NaOH, a reaction temperature of 30 °C,
and a particle size of 150 um. The removal rate of Cd*" increased
with the contact time and the amount of adsorbent added. MSPR
could adapt well to a wide pH range and adsorption tempera-
tures, with a highest removal rate of 98.94% and an adsorption
capacity of up to 19.81 mg g '. The MSPR had rich functional
groups, a loose surface, and a mesoporous structure, as deter-
mined by BET, FTIR, and SEM analyses. The EDAX results
showed that AMSPR exhibited distinct Cd**-related peaks. The
adsorption kinetics and isotherms analyses showed good agree-
ment with the Langmuir model and pseudo-second-order model,
indicating that the process of adsorption of Cd*" by MSPR could
be characterized by chemical adsorption in single molecular
layers. This study demonstrates that MSPR can effectively adsorb
Cd*". Using MSPR, an abundant agricultural waste, to remove
Cd>" from wastewater is beneficial to reduce the cost of waste-
water treatment and relieve environmental pollution brought
about by waste discharge from sweet potato processing.
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