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Abstract

INTRODUCTION

With the rapid development of the textile industry,
the types and quantities of dyes are increasing, and the
treatment of printing and dyeing wastewater has become
a focal point to which society must pay great attention
[1,2]. The most widely used class of direct azo dyes in
the printing and dyeing process can seriously affect the
health of those who come into contact with them, such
as inducing allergies, carcinogenicity, teratogenicity
and environmental pollution [3]. Therefore, azo dye
wastewater must be harmlessly treated before discharge
[4]. Printing and dyeing wastewater treatment technology
mainly includes physical, chemical and biological
technologies [5]. In contrast, the physical technology of the
adsorption method is widely used because of its convenient

In order to produce efficient green adsorbent materials, neodymium alginate (SA/Nd) gel spheres were prepared by crosslinking sodium alginate reaction
with rare earth ions using the droplet polymerization method. The prepared materials were characterized and analyzed by SEM-EDS, XRD, TGA, FT-IR, UV-Vis,
BET-BJH and XPS, and the adsorption performance of SA/Nd on azo dyes in water was investigated. The results show that SA/Nd has a pleated structure with
abundant oxygen-containing functional groups. The adsorption of 1200 mg/L of Direct Blue GL (DB 151) and Direct Orange 26 (DO 26) reached 1325 mg/L
and 1175 mg/g, respectively, under the optimal conditions. After seven desorption and recycling of the adsorbent material, the removal rate of the two azo
dyes remained above 80%. SA/Nd mainly realizes efficient adsorption of dyes through electrostatic, hydrogen bonding and complexation, and the above
results can provide a reference for the treatment of printing and dyeing wastewater.

operation, high wastewater treatment efficiency and low
energy consumption [6,7]. Traditional adsorbents for
the treatment of dyeing wastewater, including activated
carbon, zeolite and polymeric materials, are very effective
for the treatment of low-concentration dye wastewater [8].
However, there are still some problems in the application
of adsorbents, such as the high cost, the inability to adsorb
high-concentration target dyes selectively, the difficulty
of desorbing and regenerating for recycling, and the
difficulty of separating the powdered adsorbent from
the aqueous phase after adsorption of the pollutants and
the risk of generating secondary contamination [9-11].
Therefore, the research and development of cost-effective
green adsorbent materials can selectively adsorb high
concentrations, can be regenerated and recycled, and can
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be easily separated [12]. Non-polluting is the key to solving
the problem of its better application [13].

In recent years, biopolymers have been widely used as
adsorbent materials in the field of wastewater treatment
due to their advantages of high efficiency, environmental
protection, non-toxicity and harmlessness [14,15]. Sodium
alginate is a kind of polyanionic polysaccharide sodium salt
(polymerization) extracted from natural brown algae kelp
or sargassum, with the characteristics of hydrophilicity,
gelation, non-toxicity, degradability, etc [16,17]. SA
contains a large number of -COOH and -OH; the bivalent
and above metal cations can be polymerized with it so that
the inter-chain connection is more compact and can form
microspheres with a three-dimensional network structure.
There are significant gaps in the hydrogel structure,
called "egg-box structure"[18]. According to the relevant
literature, SA materials have shown excellent performance
in the adsorption and removal of different types of organic
and inorganic pollutants, such as the removal of heavy
metal ions Hg(11), Cu(IL), Cr(II), Pb(1I), etc [19]., and organic
dyes methylene blue, methyl orange, etc. [20-22], from
wastewater. Therefore, the ideal composites with better
adsorption and separation properties can be prepared
using SA as the matrix [23]. The unique electronic structure,
ionic radius and physicochemical properties of rare earth
element atoms can be combined with organic or inorganic
functional groups through coordination bonds to form
rare earth composite adsorbents with better stability and
adsorption performance [24]; meanwhile, the adsorbents
containing rare earth ions have the characteristics of high
selectivity, good adsorption effect, easy regeneration, etc.
[19-25], and have a wide range of prospects for application
in the treatment of printing and dyeing wastewater [26,27].
Therefore, the study of rare earth composite adsorbent has
specific practical significance in the treatment of printing
and dyeing wastewater [28].

Based on the above analysis, in this study, the polymer
gel sphere adsorbent material (SA/Nd) containing rich
functional groups was prepared by using sodium alginate
as the raw material, utilizing its gel property, and adopting
rare earth neodymium ionic solution as the cross-linking
agenttoreactwith SA.Itwasused tosimulate theadsorption
of the wastewater of dye Direct Blue 151 and Direct
Orange 26 directly to assess the adsorption performance
of the gel sphere adsorbent material. The preparation
and adsorption conditions of the adsorbent material were
investigated in detail. The adsorption kinetics, isothermal
adsorption, adsorption thermodynamics and adsorption
mechanism were investigated, with the expectation of
providing a feasible way for the preparation of polymer
composite adsorbents under rare earth with simple

preparation method, a new type of environmentally
friendly and high-efficiency adsorption.

MATERIALS AND METHODS
Materials

Sodium alginate (SA, A.R) was purchased from
China National Pharmaceutical Group Chemical
Reagent Co. Neodymium (III) nitrate hexahydrate
(Nd(NO3)3-6H20, A.R.) was purchased from Aladdin
Biochemical Technology Co. Direct Blue 151 (DB 151,
Direct dye, C34H25N5Na2010S2, Mr = 773.69 g/mol,
Amax = 562 nm) and Direct Orange 26 (DO 26, Direct
dye, C33H22N6Na209S2, Mr = 756.67 g/mol, Amax = 495
nm) were purchased from Shanghai Ltd. The structural
formulae of the two direct dyes are shown in Figure 1.

Preparation of Sa/Nd Gel Sphere Adsorbent Material

Through detailed investigation, the optimized
preparation scheme of SA/Nd gel spheres adsorbent
material was as follows (Figure 2): 2 g of SA powder
was added into 100 ml of deionized water and stirred
continuously for 30 min at 298 K to obtain 0.2 g/L of SA
solution, after static defoaming, the obtained SA solution
was dropped uniformly into 100 mL of Nd-ion solution
through a syringe at 298 K, and the light yellow gel spheres
were found to be generated in the solution with uniform
sizes. After curing and cross-linking for 2h, the gel spheres
were removed from the solution, washed repeatedly with
deionized water until neutral, and filtered and dried to
obtain the product SA/Nd gel spheres adsorbent material.

Figure 1 The chemical structures of DB 151 and DO 26

SA particles (2g)
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Characterization

Scanning electron microscopy and energy dispersive
spectroscopy characterized the surface morphology
and elemental distribution of SA and SA/Nd gel sphere
adsorbent materials (SEM-EDS, Hitachi SU8010, Japan).
X-ray diffraction (XRD) analysis was performed using a
Bruker D8 Advance powder diffractometer to examine
the physical phase structure of the samples using Cu-
Ka radiation with a 20 range of 5-80°. Fourier transform
infrared (FTIR) measurements were performed with
a Bruker Tensor II FTIR spectrometer (KBr tableting
method, Bruker, Germany), scanning measurements with
aresolution of 4 cm-1 over a wave number range of 4000-
400 cm’’. The zeta potential was obtained using a Nano-
zs Zeta Analyzer (Malvern Panalytical Inc., UK). Specific
surface area and pore size of SA/Nd gel spheres were
analyzed by Micromeritics ASAP 2460 (Mack Instrument
Company, USA) Pore Structure Specific Surface Area
Analyzer, Specific surface area was calculated by the
Brunauer-Emmett-Teller equation, and the Barrett Joyner
Halenda model analyzed pore size. The Thermo Scientific
K-Alpha model X-ray photoelectron spectrometer (Thermo
Fisher Scientific Inc., USA) was used to characterize the
materials and analyze the elemental composition of
the sample surface and its chemical state. The thermal
stability of SA and SA/Nd materials was examined using
a STA499-F3 thermogravimetric analyzer (TGA, netzsch
Inc., Germany). Ultraviolet-visible spectroscopy (UV-Vis
DRS) analyses were performed by a Shimadzu UV-3600
UV-Vis diffuse reflectance spectrometer (BaSO4 tableting
method, Hitachi, Japan).

Adsorption Experiment

To prepare simulated dye wastewater, accurately weigh
a certain mass of DB 151 and DO 26 dyes and configure
them into 1.4g/L and 1.25g/L reserve liquid, respectively.

0.03g dried SA/Nd gel balls were added into a series of
50 mL conical bottles, and then 25mL direct dye solution
with a certain concentration was added respectively. The
samples were oscillated in a 298k constant temperature
water bath for 120 min, and then filtered with a water filter
membrane with a pore size of 0.45um. The absorbance A
of the solution after gel ball removal was measured at the
maximum wavelength Amax of each dye by absorbance
spectrophotometry, and the equilibrium adsorption
capacity Qe(mg/g) and removal rate n(%) of the SA/Nd
gel ball adsorption material for the two direct dyes were
calculated by formulas (1) and (2), respectively.

(Cg - CaV
Q =&t ()
I’C_:l - Ca:l (2)

=g 100%

where CO and Ce respectively represent the initial
concentration of dye in solution and the concentration
when adsorption reaches equilibrium, mg/L; V represents
the volume of the dye solution, L; m represents the mass of
SA/Nd adsorption material, g.

In the experiment, the adsorption experiment of each
adsorption material was repeated at least three times
in parallel to ensure the accuracy of the adsorption
experiment. The average value of each group was taken as
the final result, and the relative standard deviation (RSD)
was controlled below 0.3%.

Regeneration of Adsorbents

In order to evaluate the reuse performance of the
adsorption material, experiments were carried out under
the set adsorption conditions. In each experiment, SA/ER
with a certain mass that has reached adsorption saturation
was placed in a series of conical bottles, and 25 mL
0.1mol/L hydrochloric acid solution was added to each for
regeneration experiment at a suitable temperature. After
being oscillated in a water bath at 298K for 60min, the dye
is completely desorbed from the adsorbent, extracted and
filtered, and washed with deionized water to neutral, dried
in the oven at 80°C, and the regenerated gel ball is obtained.
These regenerated gel spheres will be re-tested according
to the previously set adsorption experimental procedure,
and the adsorption capacity (Qe) will be calculated to
determine their recycling capacity.

RESULTS AND DISCUSSION
Characterization Analysis of Adsorbed Materials

The SEM maps of SA and SA/Nd are shown in Figure
3. From the small upper right panel in Figure 3(a), it can
be seen that SA is a white powdery solid, and the SEM
image of SA is found to be an irregular solid phase, which
consists of some lumps, rods, and irregular particles
after magnification at 130x; Figure 3(d) shows the wet
gel spheres after cross-linking of SA with Nd ions, which
are transparent color particles with smooth surfaces, and
after oven drying the gel spheres become smaller in size
and appear as uniformly sized yellowish spheres (Figure
3(e)), and magnification at 65 x (Figure 3(b)) and 500
x (Figure 3(c)) reveals that the surface of the SA/Nd gel
spheres made from SA as a matrix exhibits a large number
of grooves of varying depths and fancy folded structures,
and this surface morphology is very favorable for the
adsorption of pollutants.

To further determine the element composition and
distribution of the material, EDS analysis of SA and SA/
Nd was performed, and the results are shown in Table 1.

Chem Eng Process Tech 10(1): 1100 (2025)
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Figure 3 SEM images of SA (a), SA/Nd (b, c); Photograph of wet gel spheres (d) dried gel spheres (e) and distribution of each element of SA/Nd

(Na(f), C(g), N(h), Nd(1))

Table 1: EDS analysis of SA, SA/Nd and SA/Nd gel spheres after adsorption of DB 151 and DO 26 dyes

Element content / (wt%)
Sample

© 0 N 8 Nd
SA 15.28 52.48 32.23 0.00 0.00 0.00
SA/Nd 27.54 64.23 1.02 4.53 0.00 2.68

After adsorption of
DB-151 53.55 27.09 2.62 14.15 1.65 0.95
After ag(s)?gznon of 4917 24.95 2.52 20.50 1.78 1.08

Compared with the composition of SA, N and Nd appeared
in SA/Nd, and their contents were 4.53% and 2.68%,
respectively. The content of the O element increased by
12.26%. The content of Na decreased by 31.21%, indicating
that the SA/Nd gel spheres were successfully prepared by
the ion exchange reaction between Nd(III) ion and Na(I)
in SA and then by cross-linking polymerization reaction.
From the surface scan analysis of SA/Nd gel spheres in
Figure 3(f-i), it can be seen that elements C, Na, N and
Nd are evenly distributed in the composite material,
indicating that a uniform polymer is formed with SA, which
is consistent with the results of elemental analysis by EDS.

XRD analyzed the SA and SA/Nd gel spheres, the results
are shown in Figure 4(a). Compared with PDF#28-0491,
the characteristic diffraction peaks at 26 values of 14.12°,
21.62° and 38.38° are attributed to SA, which proves the
amorphous structure of SA. In the XRD pattern of SA/
Nd, the diffraction peaks of SA disappear, indicating that
Nd(III) has undergone cross-linking polymerization with
SA molecular chains to form new substances, resulting in
changes in the crystal phase structure of SA.

FT-IR measurements of SA and SA/Nd gel spheres were
performed in the range of 500 cm* to 4000 cm, and the
results are shown in Figure 4(b). In the FT-IR spectrum of
SA, the absorption peak at 3415 cm™ belongs to the -OH
stretching vibration peak, the asymmetric and symmetrical
stretching vibration absorption peaks of -COOH and the
C-0-C stretching vibration peaks appear at 1612 cm’,
1417 cm and 1029 cm, respectively. Compared with
the FT-IR spectrum of SA, the stretching vibration peak
of -OH in the SA/Nd spectrum moved to 3330cm-1 in the
direction of low wave number, because the GG segment
of the molecular chain formed a coordination structure
with Nd(III) after SA formed gel. The formed network
structure will limit the -OH stretching vibration on the
macromolecule's six-membered ring, resulting in the shift
of its peak position. The asymmetric absorption peak of
-COOH moved to the low wave number of 1603 cm™, and
the symmetric absorption peak moved to the high wave
number of 1434 cm’, while the characteristic peak area
and intensity changed significantly, which was caused by
the ion exchange between Nd(III) and Na(I) ions in the

Chem Eng Process Tech 10(1): 1100 (2025)
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Figure 4 XRD patterns (a) of SA, SA/Nd; FTIR spectra (b) and UV-Vis DRS (c) of SA, SA/Nd and SA/Nd gel spheres after adsorption of DB 151 and

DO 26 dyes; TGA profile (d) of SA, SA/Nd

SA molecular chain [29,30]. Furthermore, a polymer with
-CO-0-Nd-0-CO-coordination structure was formed by
the cross-linking polymerization with -COOH in the SA
molecular chain, resulting in a shift in the characteristic
peak of -COOH, which further proves that SA/Nd is a
network macromolecule formed by the cross-linking of
Nd(IIT). The C-O-C stretching vibration peak moved to
the high-wave position of 1034 cm™, mainly because the
interring oxygen on the GG molecular chain in SA also
participated in the coordination reaction. The above
changes indicate Nd(III) and SA interaction [31].

Figure 4(c) shows the UV-Vis spectra of SA and SA/
Nd gel spheres at wavelengths ranging from 200 nm to
800 nm. Compared with the SA spectrum, the absorption
spectra of SA/Nd showed new absorption peaks near 520
nm and at 580, 677 and 741 nm, indicating that Nd(III)
ions reacted with SA to form a new gel polymer, which was
consistent with the analysis results of SEM and FT-IR.

Figure 4(d) shows the TGA curves of SA and SA/Nd.
The thermogravimetric analysis curve shows that the
total mass of the two materials gradually decreases with
the increase in temperature. The pyrolysis of SA/Nd is

mainly divided into three stages: (1) in the range of 29-
159 °C, part of the free water and surface-bound water
of SA/Nd evaporate, and the mass loss is 6%; (2) In the
range of 159-339°C, partial dehydration of -OH and -COOH
in SA molecules and the breakdown and decomposition
of glucoside bonds occurred, and the mass loss at this
stage was 36%; (3) In the range of 339-790°C, the further
decomposition of intermediate products, the mass loss at
this stage is 11%. The decomposition temperature of SA/
Nd in the three stages of thermal decomposition is higher
than that of SA, and the final mass loss is reduced by 26%.
TGA analysis shows that SA/Nd has better thermal stability
than SA, which is conducive to storage and use and has
potential application value in wastewater treatment.

The chargeability of the surface of the adsorbent
material is an important property of the adsorbent
material, and the zeta potential versus pH curve for SA/
Nd is displayed in Figure 5(a). The isoelectric point
(pHIEP)) of SA/Nd is 5.12, at which point the net charge
of the adsorbent surface is 0. Combined with the effect of
pH on the adsorption performance of SA/Nd (Figure 5(b)),
it was analyzed that both direct dyes existed as anions in
aqueous solution, and when the pH of the system was less

Chem Eng Process Tech 10(1): 1100 (2025)
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Figure 5 Zeta potential of SA/Nd at different pH values (a); effect of pH on the adsorption performance of SA/Nd (b); pore size distribution (c);
adsorption-desorption isotherm (d)

than 5.12, the protonation on the surface of SA/Nd would
be enhanced with the decrease of the pH of the solution.
The Nd(IIT) would increase the positive charge density on
the surface of the adsorbent, which would significantly
increase the electrostatic adsorption capacity between the
two. When the pH of the system is more significant than
5.12, with the increase of the pH of the dye solution, there
is a competition between -OH in the solution and dye anion
adsorption on the surface of SA/Nd, the protonation ability
of the gel sphere surface is weakened. The deprotonation
ability is enhanced so that the negative electronegativity of
the surface of the gel sphere is gradually strengthened with
the dye anion, and electrostatic repulsion will be generated,
which will decrease the adsorption performance of SA/
Nd. However, the -COOH and -OH groups on the surface
of SA/Nd can form hydrogen bonds with -N=N- and -OH
in the direct dye molecules, so that SA/Nd can maintain a
specific adsorption capacity for dye anions under alkaline
conditions (pH < 10.0). The zeta potential values of SA/Nd
were mainly distributed in the range of -6-39 mV, which
indicated that the material remained stable at different pH
values.

Specific surface area analysis of SA/Nd using inert N2
adsorption-desorption technique was carried out, and the
resulting pore size distribution and isothermal curves are

shown in Figure 5 (c-d). According to the figure, it can be
seen that the pore size distribution of SA/Nd is mainly
concentrated in the range of 2~50 nm. The adsorption-
desorption curve of the SA/Nd gel sphere is consistent with
the isotherm of type IV in the classification of [IUPAC, which
is precisely the typical adsorption curve of mesoporous
materials, and the curve appears the H3-type hysteresis
loop. The results of the two figures indicate that SA/Nd
is a kind of adsorbent material with a predominance of
mesopores.

Adsorption Kinetics

To investigate the adsorption mechanism of SA/Nd
gel spheres on dye molecules, the kinetic experimental
data at different temperatures (298 K, 313 K and 328 K)
were fitted by using the pseudo-first-order kinetic model
and pseudo-second-order kinetic model, and the specific
equations of the two models were as follows [32]. The
fitting results are detailed in Figure 6(a-b). In contrast, the
significant fitting parameters and correlation coefficients
(R2) for each kinetic model are listed in Table 2, along with
the results of the error analysis (root-mean-square error
SD) calculated using Origin software.

]'n EQ:_\. - Q‘[} = ]'n Q:_l.l - klil (3)
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Figure 6 Fitted curves of the proposed primary(a) and secondary kinetics(b) and intra-particle diffusion model(c-d) for the SA/Nd adsorption

process

Table 2: Kinetic model fitting parameters of two azo dyes on SA/Nd at different temperatures

T Pseudo-first-order model Pseudo-second-order model
Dyes k k.
0 oo | @ | @ R sp /gyl | (e K SPx107
298 1103 0.0367 331 0.8408 0.50 0.0005 1113 0.9999 7.30
DB 151 313 1045 0.0287 158 0.5511 0.46 0.0011 1046 0.9999 5.17
328 1030 0.0398 94 0.5770 0.44 0.0025 1032 1 2.54
298 945 0.0415 269 0.8663 0.41 0.0007 952 0.9999 6.99
22 313 921 0.0440 107 0.6086 0.44 0.0019 926 0.9999 471
328 915 0.0384 107 0.6267 0.48 0.0022 917 1 3.02
1 Lt ) significantly better than the fitting results of the proposed
g R d;_gi 8.2 first-order adsorption rate equations (R2 = 0.5511).

Where Qe (mg/g) and Qt (mg/g) are the adsorption
amounts at adsorption equilibrium and at adsorption time
t(min), k1(min-1) and k2[g. (mg.min)™ ] are the adsorption
rate constants for the proposed primary and proposed
secondary adsorption models.

Based on the data in Figure 6(a-b) and Table 2, we
found that the adsorption kinetic data of SA/Nd adsorbent
materials on two azo dyes at different temperatures
(298 K, 313 K, 328 K) were by the proposed second-
order adsorption rate equations (R2 = 0.9999), and were

Meanwhile, the equilibrium adsorption amounts
(Qe,2) of SA/Nd to the two azo dyes at different
temperatures calculated by the proposed second-level
adsorption rate equation were very close to the actual
measured equilibrium adsorption amounts (Qe,exp).
The SDs calculated from the data fitted by this proposed
second-level kinetic model were significantly lower than
the proposed first-level values. This indicates that the
adsorption process of the two dyes on SA/Nd at different
temperatures can be accurately described by the proposed

Chem Eng Process Tech 10(1): 1100 (2025)
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two-stage adsorption kinetic equation, and the fitting
results also indicate that the adsorption rates of the two
azo dyes on SA/Nd are more susceptible to the influence of
chemisorption [33].

The theoretical equilibrium adsorption amount (Qe,c)
calculated from the fitting of the second-stage adsorption
model and the measured equilibrium adsorption amount
(Qe,exp) of SA/Nd on the two azo dyes both showed a
decreasing trend with increasing temperature. However,
the overall change was small, which indicated that the
adsorption operation was suitable for room temperature.
In addition, the proposed secondary adsorption rate
constant (k2) increased with increasing temperature,
which indicated that the adsorption of both azo dyes by
SA/Nd was exothermic [34].

Typically, the adsorption process of a material can be
divided into two stages, i.e., adsorption on the adsorbent
surface and slow diffusion through the pores. In this study,
the Weber-Morris intraparticle diffusion model (formulas
(5)) was used to fit the adsorption data of two azo dyes
on SA/Nd materials to explore the mechanism of the
adsorption process in depth. By plotting Qt with t1/2 as
the horizontal coordinate, the resulting fitted curves are
detailed in Figure 6(c-d), while the corresponding fitting
parameters are listed in Table 3.

1
0, =k, t1+C (5)

Where kp is the internal diffusion constant (in mg/
(gminl/2 )), and C denotes a constant related to the
thickness of the boundary layer. By plotting a graph with
t1/2 as the horizontal coordinate and Qt as the vertical
coordinate, the values of kp and C can be determined using
the slope and intercept.

As shown in Figure 6(c-d), the adsorption process of
SA/Nd on the two azo dyes under different temperature
conditions revealed two distinct stages by the fitting curves
of the intra-particle diffusion model. This suggests that the
adsorption process is divided into multiple steps, with
the initial phase mainly consisting of fast or immediate

Table 3: Parameters of SA/Nd intra-particle diffusion model fit

adsorption on the surface of the gel spheres, followed by
a slow diffusion phase inside the pores to complete the
adsorption gradually. It is noteworthy that these curves
do not cross the origin of the coordinates, indicating that
intra-particle diffusion is not the only determining step in
the adsorption process [35].

Further analysis of the parameter Table 3 revealed
that the intra-particle diffusion coefficient kp of SA/Nd
decreased from the first to the second stage during the
adsorption of the two azo dyes. In contrast, the value of the
diffusion boundary layer C increased. This indicates that
the dye molecules can diffuse faster to the adsorption sites
at the initial adsorption stage due to the thinner diffusion
boundary layer and lower diffusion resistance. However,
as the adsorption proceeded, the available adsorption
sites on the gel spheres were gradually occupied, and the
diffusion boundary layer became thicker, which increased
the resistance to diffusion and led to the slowing down of
the diffusion rate.

Isothermal Adsorption

The isothermal adsorption data for the adsorption of
two azo dyes by SA/Nd at different temperatures (298 K,
313K, 328 K) were fitted by using the Langmuir isothermal
model and Freundlich isothermal model, respectively.
The model equations are shown in Eqgs. (6) and (7),
respectively, and the related fitting parameters are shown
in Table 4, and the adsorption isotherm of SA/Nd is shown
in Figure 7(a).

Ce _ Ce 1

Qe O@m OmkL (6)
InC,

InQ, =—=+InkK; (7

mn

Where Ce represents the solute concentration in the
solution at the adsorption equilibrium (mg/L); Qe is the
actual adsorption amount at the adsorption equilibrium
(mg/g); Qm is the theoretical maximum adsorption
amount at the saturation state (mg/g); and KL stands
for the equilibrium constant of the Langmuir adsorption
isotherm (L/mg). In the Freundlich model, KF is the

Dyes T Intraparticle diffusion model
(K) k (mg/gmin'/?) ‘ c R? k, (mg/gmin'/?) ‘ c R?
0-60 min 60-150 min
DB 151 298 64 584 0.9956 6.44 1028 0.9574
313 56 592 0.9539 7.03 959 0.9992
328 58 527 0.9820 3.57 934 0.9853
0-60 min 30-150 min
298 46 563 0.9875 2.82 911 0.9112
bo26 313 44 544 0.9541 2.59 883 0.9941
328 42 536 0.9500 2.67 824 0.9496
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Table 4: Fitting parameters of isothermal adsorption model for two azo dyes on SA/Nd at different
temperatures
Langmuir model Freundlich model
Dyes T(K) 5 5
Q,(mg/g) K, (L/mg) R 1/n K.(mg/g) R
298 1082 0.0564 0.9989 0.4082 161.33 0.9182
DB 151 313 1056 0.0493 0.9991 0.3436 89.82 0.8872
328 1041 0.0226 0.9992 0.4125 57.92 0.8538
298 434 0.0316 0.9984 0.3401 364.28 0.8165
DO 26 952 476 0.0248 0.9994 0.3636 133.64 0.7875
926 416 0.0172 0.9992 0.3676 68.90 0.8452
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Figure 7 Adsorption isotherms of SA/Nd (a); Effect of the number of cycle regeneration on the adsorption performance (b)

Freundlich adsorption constant in mg/g; n is the index
related to the adsorption strength; according to the value
of n, the difficulty of adsorption can be judged, n is less than
0.5 means that the adsorption is more difficult, while n
between 2 and 10 indicates that the adsorption conditions
are more ideal.

As observed in Figure 7(a), the adsorption isotherms
of SA/Nd on both azo dyes showed an increasing trend
with the increase of the initial concentration of the dyes
at a certain temperature. Meanwhile, when the adsorption
temperature increased, the adsorption capacity of SA/Nd
for both azo dyes showed a decreasing trend, indicating
that this adsorption process releases heat, which is
consistent with the results of the effect of temperature on
adsorption kinetics. According to the fitting data in Table 4,
the correlation coefficient R? obtained from the Langmuir
isothermal model was closer to 1 than that from the
Freundlich isothermal model. The maximum adsorption
quantities at different temperatures (298 K, 313 K, and 328
K) were more consistent with the saturated adsorption
quantities Qm calculated by the Langmuir model, which

indicated that the adsorption of SA/Nd on these two azo
dyes belongs to monolayer adsorption [36]. In addition,
the 1/n value was less than 1, implying that the adsorption
conditions were favorable for adsorption. Meanwhile, the
adsorption equilibrium constants KL calculated by the
Langmuir model and KF obtained by the Freundlich model
decreased with the increase in temperature, indicating
that the adsorption of the two azo dyes by SA/Nd belongs
to the exothermic reaction [37].

Thermodynamics of Adsorption

To further investigate the thermodynamic properties
of the SA/Nd adsorption system, the thermodynamic
parameters of the two azo dyes on SA/Nd were calculated
by applying the Van't Hoff and Gibbs-Helmholtz equations
(Egs. 8-10), and the detailed results are listed in Table 5.

AG= RTIK (8)
AG= AH-TAS 9)
K=Q,/C, (10)

Where R represents the gas constant with a value of
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Table 5: Thermodynamic parameters of adsorption of SA/Nd on four kinds of azo dyes
Thermodynamic Parameter
Dyes T(K)
AG(K]/mol) AH(kJ/mol) AS(K]/(mol/K)
298 -49.10
DB 151 313 -50.35 -20.59 0.045
328 -51.66
DO 26 298 -36.74 -27.47 0.041

8.314 J/mol/K and T is the temperature in Kelvin. The
equilibrium constant K can be calculated by applying Eq.
11.

From the data in Table 5, we can learn that at different
temperatures, the Gibbs free energy change (AG) is less
than 0, the enthalpy change (AH) is also less than 0, while
the entropy change (AS) is greater than 0. It is found
that the adsorption process of the two dyes on the gel
spheres is autonomous and exothermic, and it reduces
the ordering of the solid-liquid interface, which suggests
that the adsorption is more favorable under the ambient
temperature condition. By calculating the thermodynamic
parameters of the Van't Hoff equation and Gibbs-Helmholtz
equation, we have a more comprehensive understanding of
the thermodynamic properties of the adsorption process,
which provides strong support for further understanding
of the adsorption mechanism. Based on the literature, we
understand that the adsorption process mainly involves
physical adsorption when the AG value is between -20 and
0 kJ/mol, while the adsorption is mainly chemisorption
when AG is in the range of -80 to -400 k]J/mol. For |AH]|
values in the range of 2-40 k] /mol, the adsorption is mainly
caused by hydrogen bonding; in the range of 2-29 kJ/mol,
the adsorption is mainly by dipole moment forces, and in
the range of 4-10 kJ/mol, the adsorption is mainly by van
der Waals forces [38,39]. The adsorption thermodynamic
parameters in Table 5 show that the |AH| of SA/Nd on
DB 151 and DO 26 dyes are 20.59 and 27.47 kJ/mol,
respectively. These data indicate that hydrogen bonding
and dipole moment force effects are present between
the molecules of SA/Nd on the two azo dyes. The values
of AG ranged from -51.66 to -27.16 k]J/mol, respectively,
suggesting that adsorption material the adsorption of the
two azo dyes involves physical, electrostatic adsorption
hydrogen bonding and chemisorption.

By comparing the adsorption properties of DB 151
and DO 26 by different adsorption materials (Table 6),
it was found that the adsorption properties of SA/Nd
were significantly better than those of other adsorption
materials, and the preparation process of SA/Nd was
simple, the performance was stable, the recycling
performance was good, and the adsorption properties
were biofriendly.

Cycling-regeneration Performance Study

The regenerative capacity and recyclability of
adsorbent materials are important indicators for assessing
their practical application potential. As shown in Figure
7(b), the SA/Nd gel spheres could still remove more than
80% of the two azo dyes after seven adsorption-desorption
cycling experiments. In addition, before and after the
cycling experiments, the structure of the SA/Nd gel spheres
remained intact without breaking or disintegration, which
indicated that the adsorbent material had good mechanical
stability.

Analysis of Adsorption Mechanisms

In order to further investigate the adsorption
mechanism of SA/Nd on the two azo dyes, SA/Nd before
and after the adsorption of the dyes were analyzed by FT-
IR (Figure 4(b)), UV-Vis (Figure 4(c)) and XPS (Figure 8).

Based on the observation in Figure 4(b), it can be
seen that after the adsorption of DB 151 and DO 26 by
SA/Nd, the prominent characteristic peaks in the FT-IR
spectra changed compared with the FT-IR spectra of SA/
Nd. Specifically, the telescopic vibrational absorption peak
of -OH located at 3330 cm™ was changed in position and
intensity to different degrees; the symmetric telescopic
vibrational absorption peaks of -COOH at 1603 cm™ were
shifted to 1614 and 1601 cm-1, respectively, while the
peak absorption intensities increased; The absorption
intensity of the antisymmetric telescopic absorption peak
of -COOH at 1434 cm™ also increased to different degrees,
and the peak shape was slightly broadened; meanwhile,
the absorption intensity of the telescopic vibrational
absorption peak of -C-O also changed. It was analyzed
that the above changes might originate from the multiple
hydrogen bonding interactions formed between -COOH
and -C-O groups on SA/Nd and -N=N-, -OH, and -COOH in
the molecules of the two azo dyes [40].

It can be observed from Figure 4(c), that in the UV-vis
spectra of SA/Nd, after adsorption of the materials DB 151
and DO 26 dyes, the characteristic peaks located at around
287, 347 and 341 nm disappear, while the intensity of the
characteristic peaks at 523, 581, and 742 nm diminish.
This indicates that the dye molecules have bound to the
adsorbent and there is a strong interaction.

Chem Eng Process Tech 10(1): 1100 (2025)
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Table 6: Comparison of adsorption properties of different adsorption materials for DB 151 and DO 26
Dye name Adsorbents Maximum adsorption capacity(mg/g) Reference
Camellia sinensis waste 90.9 (Rehman et al. 2017)
AS-CTAB 394 (Kasperiski et al. 2018)
DB 151 ; -
zeolite 75 (Khammarnia et al. 2017)
SA/Nd 1325 This study
H,S0,- halloysites adsorbent 384.4 (Kusmierek et al. 2020)
PVA-alginate immobilised 10.03 (Safaetal. 2011)
DO 26 anion exchange resin Amberlyst A21 285.6 (Wawrzkiewicz and Kucharczyk 2023)
Spill-Sorb "Fison" peat 17.7 (Kusmierek et al. 2023)
SA/Nd 1175 This study
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Figure 8 XPS plots of each element before and after dye adsorption on SA/Nd material

By comparing the XPS spectra of the SA/Nd materials
before and after adsorption of the DB 151 and DO 26 dyes,
the apparent intensity changes of the C, O, N, and Nd peaks
indicate the interaction between the adsorbed materials
and the dye molecules. Specifically, the XPS spectrum of
C1s (Figure 8(b)), shows that the peaks of the C1s orbit
can be divided into three categories: C-C, C-H(aromatic),
C=0, C-0-C(carbonyl and ether), and -COOH(carboxyl).
After dye adsorption, the binding energy of these three
peaks increases, and the corresponding core orbital peak
area also increases correspondingly, mainly because SA/
Nd surface contains -COOH groups, while DB 151 and DO
26 contain azo structure. During the process of SA/Nd
adsorbing dyes, the two are prone to interaction. At the

same time, the -COOH group also forms strong hydrogen
bonding with the -N =N-, -NH-, -NH2 groups in the direct
dye molecules, which leads to the increase of binding
energy and the expansion of the core orbital peak area. In
addition, the XPS spectra of O1s (Figure 8(c)), showed that
the binding energy of the O1s peak changed, and the peak
area became more extensive after the adsorption of the
dyes. This may be because both azo dyes are anionic dyes,
and when SA/Nd with a large number of positive charges
adsorbs the dyes, strong electrostatic adsorption occurs,
which increases the electron density in the outer layer of
the gel sphere, enhances the shielding effect, and changes
the binding energy of the inner electrons. The XPS spectra
of N1s (Figure 8(d)), showed the appearance of N1s core

Chem Eng Process Tech 10(1): 1100 (2025)
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orbital peaks in the SA/Nd spectra after adsorption of the
dye, and the intensity of the C-H peaks was also changed.
The XPS spectra of Nd3d (Figure 8(e)), showed an increase
in the binding energies of both Nd 3d5/2 and Nd 3d3/2,
which suggests that the increase in binding energy may
be due to the bonding of -OH bonded to the surface of Nd
(i.e., Nd -OH) bonded to the surface of Nd formed hydrogen
bonds with the more electronegative atoms such as N, O
and S in the direct dye molecule, or Nd-OH underwent
an ion-exchange reaction with the dye anion, which is
one of the reasons why the adsorption and removal rate
of SA/Nd could still maintain high values under alkaline
conditions [41-47]. The intense interaction between the
SA/Nd gel spheres and the two azo dye molecules can be
fully demonstrated by analyzing the changes of binding
energies and core orbital peak areas of each element.

Comprehensively analyzing the effect of pH on the
adsorption process and the test results of FTIR, UV-Vis
and XPS, it can be inferred that the adsorption of SA/Nd
to the two azo dye molecules mainly relies on electrostatic
adsorption, ion exchange, hydrogen bonding and
complexation. These mechanisms of action can promote
the adsorption between SA/Nd and anionic dyes to a large
extent. As shown in Figure 9, SA/Nd exhibits a very high
removal efficiency of anionic dyes thanks to the interplay
of these physical and chemical adsorption mechanisms.

® bRist
& pow
Wi

e intersetion

Hehomding internetion
iDipole-dipole H-bonding)

Hehonding inferaceion
{H-bonding between -0H and PhHY

Figure 9 Schematic representation of possible interactions between
SA/Nd and dye molecules

CONCLUSION

The SA/Nd synthesized by droplet polymerization can
beappliedtotheefficient purification ofazo dye wastewater
with large adsorption capacity, fast adsorption rate, short
equilibrium time, and suitable for a wide pH range. The
adsorption process conformed to the proposed second-
order kinetic model, with intra-particle diffusion as the
main control step, and the isothermal adsorption satisfied

the Langmuir model, and the adsorption process was a
spontaneous and exothermic reaction. hydrogen bonding,
electrostatic adsorption, and surface complexation were
the main interactions between the SA/Nd and the dye
molecules, which resulted in a significant adsorption effect
on the two azo dyes.

Data availability: Data will be made available on
request.
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