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Abstract

In the current study, a porous composite material, hydroxyapatite/chitosan/micro-
crystalline-cellulose (CaHAp—CS-MCC), was successfully prepared and used for
the adsorption of Eriochrome Black T (EBT) from water. X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy
(SEM), differential thermal analysis (DTA), thermogravimetric analysis (TGA), spe-
cific surface area (SSA), and atomic force microscope (AFM) were used to evalu-
ate the physicochemical properties of the prepared adsorbents. CaHAp—CS-MCC
exhibited a decrease in crystallinity and reduction in crystallite size. CaHAp—CS—
MCC surface exhibited cracks and pores. AFM displayed changes in surface micro-
texture of CaHAp, formation of new surface structures, and variations in particle
size and distribution. Upon grafting CaHAp with CS and MCC, its specific surface
area decreased from 139.224 to 11.775 m?/g. BET suggested that filling CaHAp
pores by CS and MCC contributed to the reduction in surface area. The pore vol-
ume values decreased from 2.56x 107! (CaHAp) to 3.91 x 102 cm*/g (CaHAp—CS—
MCC). Adsorption equilibrium was reached at about 40 min. The adsorption capaci-
ties values of CaHAp—CS—-MCC and CaHAp were equal to 248 mg/g and 92 mg/g,
respectively. The pseudo-second order and the Langmuir equations fitted well the
adsorption phenomenon. The calculated thermodynamic parameters showed an exo-
thermic and non-spontaneous system.
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Introduction

Dyes are widely used in industries including paper and textiles. As a result, the
world produces more than one million tons of dyes annually. This contributes to
the serious environmental problem of dye pollution [1, 2]. Even minimal traces
of dyes in water sources not only cause visual displeasure but also pose potential
health risks [3, 4]. The complexity of dye molecules, which show exceptional
resistance to deterioration when exposed to light, temperature, and chemicals,
makes these challenges much tougher. Consequently, the complete removal of
dyes through the common conventional methods becomes a daunting task [5].
The lack of effective dye treatment prior to their discharge into the environment
can result in the generation of toxic and carcinogenic byproducts, highlighting the
urgent need for control and containment [4—6].

In response to these pressing concerns, adsorption has emerged as a highly
promising solution for environmental remediation. Adsorption, which is a pro-
cess involving the adherence of molecules to solid surfaces, could offer an effi-
cient and straightforward method to improve the water quality [7-9]. In particu-
lar, hydroxyapatite (CaHAp) has been used as an effective adsorbent due to its
environmental friendliness, non-toxicity, non-inflammatory, non-immunogenic-
ity, low cost, and crystallinity [10-14]. To improve its function as an adsorbent,
the surface of CaHAp can be modified by certain organic and inorganic sub-
stance [15]. According to literature, a number of composites based on CaHAp
have been effectively used to eliminate dangerous dyes from water. For instance,
hydroxyapatite—chitosan—montmorillonite was used to eliminate Indigo Carmine
[16]. In other study, a composite based on hydroxyapatite biocrystal and poly
(aniline-o-phenylenediamine) copolymer was employed to adsorb orange G and
thymol blue [17]. Also, graphene oxide-doped nano-hydroxyapatite was used to
remove Congo Red and Trypan Blue [18]. In earlier research, we looked at how
sodium alginate [19], A-carrageenan [20], and sodium silicate [21] can modify
hydroxyapatite using the co-precipitation method. High adsorption capabilities
toward cationic dye molecules were shown by the produced hybrid composites.

Eriochrome Black T, containing a mono azo group (N=N), is a largely used
dye in textile and carpet manufacturing industries [22]. It is a toxic and poten-
tial environmental and public health concern [23]. It has been shown that direct
contact of Eriochrome with skin leads to alterations in metabolic and antioxidant
enzymes activities [24].

Biopolymers including chitosan and cellulose are getting more attention
because they are non-toxic, renewable, and biocompatible [16]. The presence of
amino and hydroxyl groups in their structures makes these materials very reac-
tive. Consequently, their blend with inorganic particles may offer good proper-
ties. Hydroxyapatite surface exhibits poor adsorption properties toward ani-
onic pollutants. Considering the biocompatibility, hydrophilicity, and porosity
of hydroxyapatite, chitosan, and microcrystalline cellulose, the current work is
devoted to prepare a porous composite that combine the properties of hydroxyapa-
tite, chitosan, and microcrystalline cellulose and evaluate the effectiveness of the
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resulting composite to eliminate Eriochrome Black T from water. XRD, FT-IR,
SEM, TGA, DTA, SSA, and AFM techniques were used to analyze the prepared
materials. In order to better understand how various parameters can affect the
adsorption process, different experimental parameters were investigated which
include pH, contact time, initial concentration, and temperature. Pseudo-first
order, pseudo-second order, Elovich, and intraparticle diffusion were used to ana-
lyze the kinetic data. However, the isotherms were investigated using Langmuir,
Freundlich and Temkin equations.

Experimental
Materials and methods

Ca(NO;),.4H,0, (>99%) and (NH,),HPO, (>99%) were purchased from Sigma-
Aldrich. Chitosan (DD =72.5%) and microcrystalline cellulose were used as biopol-
ymers to modify hydroxyapatite. Eriochrome Black T (an anionic dye) was used as
adsorbate. Their physicochemical characteristics are summarized in Table 1. Sodium
hydroxide (NaOH), hydrochloric acid (HCI, 0.1 M), acetic acid (CH;COOH), and
ammonia solution (NH,OH) were used to adjust the pH of solution.

Synthesis of CaHAp and CaHAp-CS-MCC

Hydroxyapatite was prepared through a co-precipitation technique [20, 21]. To sum-
marize the process, 250 mL of a solution containing Ca(NO;),-4H,0 was slowly
dripped into a solution of (NH,),HPO,, with a Ca/P ratio of 1.67. This was carried
out while maintaining the mixture in a nitrogen environment to prevent any potential
contamination. In order to ensure that the pH of the reaction mixture stayed above
10, a gradual addition of NH,OH solution was implemented. After the introduction
of Ca(NO;),-4H,0, the mixture underwent additional stirring for a period of 4 h and
was then left to mature for 72 h at room temperature, with continuous magnetic stir-
ring. The resultant precipitate was then filtered, undergoing thorough washing with
distilled water until the pH of the filtrate reached a value close to 7. Finally, it was
subjected to overnight drying at 80 °C.

The following protocol was used to prepare the CaHAp—CS-MCC solution.
Firstly, an amount of 3 g of chitosan powder was mixed evenly with 3 g of micro-
crystalline cellulose. This preparation was designated as A. The solution B: the sus-
pension of hydroxyapatite was prepared by mixing 4 g of CaHAp with 150 mL dis-
tilled water. The solution A was added drop by drop into the solution B. To create a
homogenous mixture, the solution was continually stirred for 2 h at room tempera-
ture. Then, 3 mL of glacial acetic acid was added, and the mixture was allowed to
sit under agitation until it solidified. After that, the solvent was frozen by placing the
mixture solidified in a -30 °C freezer for an overnight. Finally, the sample obtained
was dried and lyophilized in a lyophilizer to produce scaffolding. After immers-
ing the resultant composite in a NaOH (0.2 M) solution for several hours, it was
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cleaned with deionized water to remove any traces of acetic acid. Finally, samples
were dried in an oven set at 60 °C. Figure 1 describes the main synthesis steps of
CaHAp-CS-MCC.

Characterization techniques

At room temperature, X-ray powder diffractograms were produced using a PANa-
lytical X’Pert PRO MPD fitted with a copper anticathode tube. The UATR-unit (dia-
mond) in the 4000-400 cm™' range of a PerkinElmer Spectrum Two ATR-FTIR was
used to analyze the chemical structure of the resulting hybrid compound and cal-
cium phosphate. Information regarding the specific surface area (SSA), pore volume
pore size and particle size measurements was obtained by Brunauer-Emmett—Teller
(BET) method (adsorptive/desorptive gas N,) using an ASAP 2020 (Micromeritics
Instrument Corp, Norcross, GA, USA) instrument.

Using an NT-MDT NTEGRA Probe Nano Laboratory instrument (NT-MDT,
Moscow, Russia), atomic force microscopy (AFM) was used to determine the sur-
face morphology of the samples. The samples’ AFM topographies were captured
in non-contact mode in atmospheric conditions (at 25 °C and less than 60% relative
humidity). The scanning area was 10 umx 10 um with a scan speed of 10-20 pm/s,
resulting in 512X 512 pixel images. The AFM instrument was equipped with a sili-
con NT-MDT NSGO1 cantilever (NT-MDT, Moscow, Russia) measuring 125 um in
length, 30 um in width, and 1.5-2.5 pm in thickness, with a tip curvature radius of

3mL glacial acetic acid

« E 3g Chitosan Stir 10min
S _
Stir 2h - .
3gMCC Solidified mixture
T=25°C
150mL CaHAp
(4g CaHAp )

Freezing
-3°C

Lyophilization

Washing with
deionized water

final product

Fig. 1 Synthesis steps of CaHAp-CS-MCC
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10 nm. The cantilever’s resonant frequency ranged from 87 to 230 kHz, and its force
constant was between 1.45 and 15.1 N/m. SEM analysis was performed in second-
ary electron (SE) and backscattered electrons (BSE) modes with x400-600 K mag-
nification, acceleration voltage 100 kV, working distance 10 mm, and image resolu-
tion of 1,536 x 1,094 px.

Batch adsorption experiments

The adsorption experiments were carried out in a batch mode. 0.012 g of adsor-
bent and 20 mL of EBT were continuously stirred in Erlenmeyer flasks. The mixture
was stirred for different periods of time at 150 rpm in order to calculate how long
it would take to reach equilibrium. To ascertain the maximum adsorption capacity
with respect to temperature change in the 22-60 °C range, a wide range of initial
dye concentrations (from 0 to 400 mg/L) was examined. The pH values were var-
ied from 3 to 10. Following the shaking of the dye solution, the liquid supernatant
was filtered, and an UV-Vis spectrophotometer was used to measure the absorb-
ance at 550 nm, corresponding to the maximum wavelength of absorption of EBT.
The adsorbed amount of dye molecules (mg/g) was determined using the following
formula:

g(m,/g) = (Co—C,)/mxV (1

The initial and residual dye concentrations are denoted by C, and C,, respectively.
V is the volume of the used dye solution, and m is the mass of the used adsorbent.

The adsorption kinetics were investigated using pseudo-first order [25], pseudo-
second-order [26], Elovich [27], and intraparticle diffusion [28] models. Their linear
forms were given in the following equations:

log(q, — q,) = logq, — K;t )
r__1 .t

g, Kaq: q. )

q, = an(aﬂ) + ant 4

g, = k.1'? Q)

q, is the adsorbed capacity (mg g~!) at equilibrium, g, is the adsorbed capacity
(mg g_l) at time ¢, k; is the rate constant for pseudo-first order (L min~h). k, is the
rate constant for pseudo-second order (g mg~! min™!), & (mg g~! min™') and f (mg
g_1 min_l) are the constants of Elovich, and k; is the rate constant for intraparticle
diffusion.

The isotherms were studied using Langmuir [29], Freundlich [30], and Temkin
[31]. Their linear forms were described as:
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q, is the adsorbed amount of the adsorbate (mg~g_1),ce is the remaining concentra-
tion (mg-L‘l), K, is Langmuir constant (L-mg_l), n is the heterogeneous factor of
Freundlich, k is the capacity of adsorption of Langmuir [mg-g~' (L-mg~")!'""], and
B, and At are Temkin constants.

Zero-point contaminated pH

The adsorption process in a water-based solution depends mainly on the adsorbent
material’s point of zero charge (ZPC) [32, 33]. One of the most important factors in
figuring out the total surface charge of the ions in the solution is the ZPC of an adsor-
bent. The number of positively charged surface sites is equal to the number of nega-
tively charged sites at the point of zero charge (pHpzc), where [MO~]=[MOH?>].
Because it indicates the adsorbent’s acidity or basicity as well as its net surface
charge, the pHpzc of the adsorbent’s surface is very important. This value essentially
indicates the pH of the solution at which acidic or basic functional groups cease to
contribute [34]. This parameter is particularly important for comprehending adsorp-
tion phenomena, particularly when electrostatic forces are involved in the underlying
mechanisms, which is frequently the case in biomass-related applications.

Results and discussion
FT-IR spectroscopy

Figure 2 displays the FT-IR spectra of CS, MCC, CaHAp, and CaHAp—-CS-MCC
samples. The FTIR spectra of the CS sample highlight the chitosan saccharide
structure by the presence of peaks in the 520-560 cm™' spectral domain [35].
These peaks appear due to variations in the CO groups. Also, it is observed that
the CS spectra are dominated by the intense bands centered at 894, 1027, 1065 and
1150 cm™! that are specific to the saccharide structure from CS [36]. Moreover, in
the CS spectra, a vibration band appears at~ 1420 cm™! that belongs to v(amide IIT)
from CS [37]. Usually, at~1557 cm™" and at~1652 cm™! could be noticed peaks
that arise due to the N-H bending (amide II) and C-O stretching (amide I), in CS
[35-38]. The wide peaks observed between 2874 and 3360 cm™~! could be ascribed
to stretching vibration of hydroxyl groups, to the vibrational extension of the -NH,,
and to the internal hydrogen bonds of the polysaccharide groups (v (OH and NH))
from CS structure [37-39].
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Fig.2 FT-IR spectra of CS, MCC, CaHAp and CaHAp-CS-MCC

Furthermore, FTIR spectra of MCC exhibit various bands that are character-
istic of MCC structure. The peaks characteristic of the O—H out of plane bend-
ing in C—OH alcoholic groups from MCC could be easily observed at~664 cm™!
(Fig. 2) [40]. The most intense adsorption bands of MCC are centered at 892,
1052, and 1160 cm™! and are specific for the skeletal vibrations, C-O stretching,
and p-glycosidic linkages between MCC sugar units [40]. The adsorption bands
from 1315 to 1408 cm™' could be assigned to the C—H bending and to symmet-
rical stretching [41]. The peaks seen between 2900 and 2980 cm™! are usually
attributed to the C—H stretching vibrations in the methyl and methylene groups of
MCC structure [39, 40, 42, 43]. In the meantime, O—H stretching vibrations may
be the cause of the peak seen at approximately 3334 cm™' [40]. The presence of
the peak at~3672 cm™' in the FTIR spectra of MCC is commonly associated with
the hydroxyl groups stretching vibrations and indicate their presence within the
MCC structure [39].

The FTIR spectra of the CaHAp sample show a number of different absorp-
tion bands, such as those at 1091, 1021, 962, 599, and 561 cm~!, which are
suggestive of the (PO43_) groups in the hydroxyapatite [35, 44-48]. Nota-
bly, two more bands are also seen in the spectrum, one at 3386 cm™' and the

@ Springer



Polymer Bulletin

other at roughly 1644 cm™!, which both point to the existence of water mole-
cules adsorbed onto the hydroxyapatite surface [35, 44-48]. Subsequent exami-
nation reveals two unique bands at 874, 1336 and 1409 cm™', corresponding to
the (HPO42_) and (CO32_) groups [35, 44-48]. When surface modifications are
applied, minor changes of peak heights and band positions are observed when
the CaHAp—CS-MCC spectrum is compared with the original materials spec-
tra. This behavior suggests that there are interactions between CaHAp-CS-MCC
composite’s constituent parts (CaHAp, CS and MCC), but the distinctive peaks of
CaHAp, CS and MCC can still be seen in the composite spectra. Remarkably, the
strength of vibration bands corresponding to OH ions progressively decreases,
probably because of the reduced degree of crystallinity brought about by these
changes. Additionally, new bands emerge, corresponding to the presence of CS
and MCC on the hydroxyapatite surface. For example, new vibration bands corre-
sponding to (O—H) and (N-H) bonds appear at 3336 cm™! and 3677 cm™!, respec-
tively, while an additional band at 893 cm~! indicates aromatic hydrogen that
has been isolated from MCC. These findings imply that there is little interaction
between HPO groups and the biopolymer. Rather, interactions between the func-
tional groups within each biopolymer and the active Ca—OH sites on the apatitic
surface result in the fixation of the biopolymer.

Therefore, in order to obtain more information regarding the subtle structure of
molecular vibrations of the analyzed samples, the FTIR second derivative spec-
tra’s (Fig. 3) were presented for the following spectral domains: 450-650 cm™!;
850—1200 cm™" and 2800-3100 cm™'. For CS and CaHAp samples, the FTIR sec-
ond derivative spectra for 2800-3100 cm™! spectral domain are not presented due to
their low contribution in this region.

The FTIR second derivative spectrum of CS sample obtained in the 450-650 cm™!
spectral domain highlights the presence of the polysaccharides structure vibrations
such as C-O stretching vibrations in the saccharide ring, skeletal vibrations of the
glucosamine units, and specific vibrations associated with C-N deformation and
stretching of the amine group from CS structure [35, 46]. The range from 500 to
900 cm™! is sensitive for the polysaccharides structure vibrations [46], according

(@)[CanAp-Cs-McC CalAp-Co-MCC] (c)
s

- g "8e CaHAp-CS-MCC
S
gCaHAp «AAMNW/V\/\JV\M\::[‘\/\/M'\AMN
5 §° g
2 8
3
S jvee
D | e e ]
& XY
3 ° B
v [CS MccC

LI - a2gg, 4 1027 f4is0 ] 82 & !

i g g
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Fig.3 FT-IR second derivative spectra of CS, MCC, CaHAp and CaHAp—CS-MCC for 450-650 cm™! a
850-1200 cm™" b and 2800-3100 cm™" ¢ spectral domains
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to the study published by Burkhanova, et al. [47]. On the other hand, between 850
and 1200 cm™ (the fingerprint region), CS sample exhibits vibrational bands that
arise due to the vibration of $-glycosidic bonds (at 894 em™ ), C=C) at 948 cm™,
vibration of CS skeletal v (C=0) at 1027 cm™" and v(C-H) at 1150 cm™" [43].
The MCC common spectral features noticed in the 450-650 cm™! spectral domain
include peaks associated with C—O—C stretching vibrations and glycosidic bonds in
the MCC structure, along with peaks that are characteristics for bending vibrations
of CH, and CH; groups [40—42]. More than that, all the vibration bands observed
between 850 and 1200 cm™' (Fig. 3) for MCC sample are specific structural fea-
tures for the skeletal vibrations, C—O stretching, and S-glycosidic linkages [40—42].
The methyl and methylene groups of the MCC structure exhibited peaks between
2833 and 2980 cm™! that were linked to the C—H stretching vibrations [40—42]. The
FTIR second derivative spectra of the CaHAp sample, which were obtained in the
450-650 cm™! region, highlight the existence of vibrational bands linked to the v,
and , of the (PO,)*~ groups from the CaHAp structure. The bands seen between
850 and 1200 cm™! are specific to the v, and v; of phosphate group from CaHAp.
In the case of the CaHAp—CS-MCC composite sample, the FTIR second deriva-
tive spectra confirm and sustain the results of the FTIR spectroscopy studies regard-
ing the contribution of hydroxyapatite, microcrystalline cellulose and chitosan
vibration bands to the spectrum (for all the studied spectral domains). In conclu-
sion, the FTIR and FTIR second derivative data unequivocally demonstrate that the
CaHAp—CS—-MCC composite was formed.

X-Ray diffraction

Figure 4 exhibits the XRD patterns for MCC, CS, CaHAp and CaHAp-CS-MCC
composite. All diffraction peaks of CaHAp were associated with a pure apatitic
phase of hexagonal symmetry and P65/m space group, and they were in good agree-
ment with the JCPDS n° 09-432 card [49]. The CaHAp—CS-MCC composite pre-
serves the characteristic HAp structure in accordance with JCPDS n° 09-432 card
[49]. On the other hand, characteristic maxima of MCC and CS were observed in
the diffraction pattern of the CaHAp—CS-MCC composite. Five new peaks were
identified at 20=10.95°, 14.48°, 20.73°, 22.84° and 34.06°. The peaks observed
at 20=14.48°, 22.84°, 34.06° were associated with MCC diffraction planes (110),
(002) and (310) in agreement with JCPDS n° 003-0289 card [50]. In addition,
the two peaks identified at 20=10.95° and 20.73° were attributed to CS in agree-
ment with JCPDS n°067-1540 card [51]. Moreover, CaHAp—CS-MCC exhibits
a decrease in intensity and a peaks broadening. The lower intensity of peaks may
point to the decrease in crystallinity as a result of the presence of MCC and CS.
Also, the broadening of XRD peaks is commonly linked to the reduction in crys-
tallite size. This phenomenon occurs due to the presence of deteriorated ligands at
the surface of nanoparticles. When particle size decreases, the proportion of disor-
dered atoms at the particle surface becomes higher compared to those in the center
of the bulk. XRD patterns exhibit peak broadening, and the intensities of all peaks
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Fig. 4 XRD patterns of the
CaHAp—CS-MCC composite,
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decrease [48]. This behavior is a consequence of the nanometric dimensions and
structural disorder inherent to nanoparticles.

Surface morphology characterization: AFM and SEM features

AFM was employed to analyze the surface of CaHAp. To ensure comprehensive
analysis, measurements were taken at five different locations across various regions
of each sample, providing a representative overview of the surface characteristics.
The findings from AFM analysis were visually depicted through a selection of 2D
and 3D AFM images, as shown in Fig. 5. These images illustrated the surface fea-
tures of CaHAp before and after modification. Upon comparing the AFM images
of CaHAp before and after modification, distinct differences in surface topography
were observed. The images revealed alterations in the surface morphology, suggest-
ing modifications induced by the presence of CS—-MCC. These modifications include
changes in surface micro-texture, formation of new surface structures, or variations
in particle size and distribution.

Fractal dimension (D) represents the degree of complexity or irregularity of a
structure, with higher values indicating greater complexity [52-54]. It is known that
the box-counting dimension of a subset, denoted by D, can be computed according
to the following formula [52]:

291 i 280

255

2912 nm
2800
2700
2551

Fig.5 a AFM of CaHAp, and b AFM of CaHAp-CS-MCC
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where Ny(F) can be defined in any of the following ways: (i) as the minimum num-
ber of closed balls of radius § > 0 needed to cover F; (ii) as the minimum number of
cubes with side length & needed to cover F; (iii) as the count of 5-mesh cubes that
intersect F; (iv) as the minimum number of sets with a diameter no greater than §
needed to cover F; (v) as the maximum number of disjoint balls with radius § and
centers within F.

The basic parameters of the height values distribution for the surface micro-tex-
ture provide quantitative measures and essential insights into the surface morphol-
ogy and roughness characteristics [55-58]. A summary of the basic parameters of
the height values distribution of the surface samples, including fractal dimensions,
with coefficients of correlation (RZ), determined by the cube counting method [52],
based on the linear interpolation type, is shown in Table 2. The correlation coeffi-
cients (R?) for all linear fits were 0.995, indicating a stronger correlation.

The statistical analyses were conducted utilizing the GraphPad InStat version
3.20 software package (GraphPad, San Diego, CA, USA). The normal distribution
of quantitative variables was assessed using the Kolmogorov—Smirnov test.

The independent samples T test was used to compare several areas within the
same sample. When statistical significance was found, the Mann—Whitney U test
was used to compare two groups more thoroughly. P values of 0.05 or less were
used to define statistical significance for differences. The mean values and standard
deviations for the average results were provided.

The (Sa) parameter represents the arithmetic mean height, indicating
the average roughness of the surface. For CaHAp, it is 0.038 pm, while for
CaHAp-CS-MCQC, it is considerably higher at 0.335 pm, suggesting a rougher
surface texture in the latter. (S¢) measures the root mean square height of the
surface. Similar to (Sa), the values for CaHAp—CS-MCC are notably larger than
those for CaHAp, indicating a higher overall surface roughness. Skewness (Ssk)
represents the third statistical moment, providing a measure of the symmetry of
the height distribution. Kurtosis (Sku) represents the fourth statistical moment

Table 2 The basic parameters of the height values distribution of the surface samples

The basic parameters of the height values distribu-  CaHAp CaHAp-CS-MCC

tion of the surface samples Values Values

(Sa) [pm] 0.038+0.003 0.335+£0.011
(Sq) [pm] 0.049+0.004 0.361+0.012
Skew (Ssk) [-] 0.087 +0.002 0.098 +0.004
Kurtosis (Sku) [-] 3.126+0.011 3.456+0.014
Inclination 6 [°] 4.8+0.3 6.3+04
Inclination ¢ [°] 23.2+0.1 25.3+0.2

D [-] 2.18+0.02 2.29+0.01
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and reflects the flatness of the height distribution. Both parameters suggest
slightly different distributions between the two surfaces, with CaHAp—CS-MCC
having a slightly higher skewness and kurtosis compared to CaHAp. Incli-
nation parameters (6 and ¢) indicate the tilt or orientation of surface features.
CaHAp—CS-MCC exhibits slightly higher inclinations in both 6 and ¢ angles
compared to CaHAp. Lastly, the parameter D represents the fractal dimension,
providing insights into the surface complexity [59]. CaHAp—CS-MCC shows a
slightly higher fractal dimension compared to CaHAp, indicating a more complex
surface structure. These topographies can be attributed to the interaction between
CaHAp and CS-MCC in the CaHAp—CS-MCC hybrid compound. These obser-
vations are consistent with the decrease in crystallinity degree and crystallite size
observed in the XRD patterns.

Furthermore, SEM analysis was utilized to delve deeper into the surface char-
acteristics of CaHAp. The SEM images provided detailed insights into the mor-
phology and structural properties of both CaHAp particles and CaHAp—-CS-MCC.
When observing the SEM image of unmodified CaHAp particles (Fig. 6a), sev-
eral notable features were evident. Firstly, irregularities in size and shape were
observed, indicating variations in particle morphology. Additionally, there was a
distinct tendency for the particles to aggregate, suggesting a propensity for parti-
cle—particle interactions leading to clustering or agglomeration. In contrast, SEM
image of CaHAp—CS—-MCC (Fig. 6b) reveals a different surface landscape. Here,
the surface exhibits various features such as cracks and pores, which were not
as prominently observed in the unmodified CaHAp particles. These features sug-
gest interactions between the hydroxyapatite and the chitosan-based biopolymers
used for modification. The presence of cracks and pores can be attributed to the
grafting of biopolymers onto the surface of CaHAp, indicating a modified surface
structure resulting from the interaction between the two materials. These observa-
tions deepen our understanding of the structural changes and interactions occur-
ring at the surface level of the samples.

r——

_ | CaHAp-CS-MCC

Fig.6 SEM images of CaHAp, and CaHAp-CS-MCC composite
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The decomposition behavior of CaHAp—CS-MCC composite is depicted in Fig. 7.
In the TGA curves, four distinct steps are observed. The first phase, with weight loss
occurring between 25 °C and 177 °C (approximately 5% mass loss), is attributed to
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the desorption of water and acetic acid from the surface. The thermal degradation
of chitosan is linked to the second phase, which is detected between 177 and 360 °C
and exhibits a 40% mass loss. The final weight loss, approximately 30%, is detected
between 360 and 650 °C, and it is believed to result from the breakdown of organic
matter, specifically MCC. These four mass losses correspond to four endothermic
peaks observed in the ATD at 80 °C, 344 °C, 489 °C, and 569 °C. The last three
losses are absent from the DTA plot of CaHAp and are attributed to the breakdown
of chitosan and MCC.

Textural properties

The surface characteristics of CaHAp and CaHAp—-CS-MCC samples acquired
by the BET technique are shown in Table 3. Upon grafting CaHAp with CS and
MCC biopolymers, its specific surface area decreases from 139.224 to 11.775
m%/g compared to unmodified CaHAp. The BET results suggest that the filling
of CaHAp surface pores by CS and MCC contributes to the reduced surface area
of CaHAp—CS-MCC compared to CaHAp. Additionally, the pore volume also
decreases, from 2.56-107! t0 3.91-1072 cm3/g.

Adsorption of Eriochrome Black T onto CaHAp and CaHAp-CS-MCC
Effect of experimental conditions

Figure 8a illustrates the pHy  (point of zero charge) for CaHAp and
CaHAp—CS-MCC. The curves exhibit similar shapes. Initially, as the pH increases
to 6, the adsorbent surface absorbs the added H* ions from the solution. The final
pH values remain relatively stable within the pH range of 6-9, indicating buffering
properties of the samples. On the other hand, when the starting pH is higher than 8,
the end pH falls because the material’s surface sites deprotonate and consume OH™
ions. The pH,,. values of 6.25 and 6.89 were observed on the surface of CaHAp
and CaHAp—CS-MCC composite, respectively. The difference between the initial
and final pH values, along with the buffering lengths of the pH area, were used to
extrapolate the behavior of synthetic CaHAp (with a pHpzc=5.6). This suggests
that the surface charge of the adsorbents is positive below pH=pHpzc, favoring the
adsorption of anionic species, while it becomes negative above pHpzc, facilitating
the adsorption of cationic species.

Managing the adsorption processes involves considering the pH level of the
dye solution, as it directly affects the adsorption capacity. The effectiveness

Table 3 Measurement of surface area, pore volume and pore diameter of grafted hydroxyapatites

Samples Surface area (m?/g) Pore volume (cm®/g) Pore diameter (/ok)
CaHAp 139.224 2.56% 107! 73.5580
CaHAp-CS-MCC 11.775 3.91x1072 133.115
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Fig.8 a Plots of pHpzc of CaHAp and CaHAp—CS-MCC, b Effect of pH on the adsorption of EBT
using CaHAp and CaHAp—CS-MCC, ¢ Evolution of the EBT adsorbed quantity as a function of time,
d Effect of initial concentration on EBT adsorption, and e, f effect of temperature using CaHAp and
CaHAp-CS-MCC

of adsorption relies on the pH of the solution because changes in pH influ-
ence the surface characteristics of the adsorbent and the degree of ionization
of the adsorptive molecule. In this section, experiments were conducted across
pH values ranging from 3 to 11 to explore the adsorption of EBT on CaHAp
and the CaHAp-CS-MCC composite (Fig. 8b) (C,=10 mg/L, time =120 min,
and T=22 °C). At pH=35, the maximum adsorption capacities of CaHAp and
CaHAp—CS-MCC were found to be 14.8 mg/g and 13.1 mg/g, respectively.
Indeed, EBT, being an anionic dye with negatively charged sulfonate groups
(-SO3;7) in aqueous solution, exhibits anionic behavior. The adsorption capac-
ity of EBT for both CaHAp and CaHAp-CS-MCC noticeably increases as the
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solution pH is raised from 3 to 5. This observation can be attributed to changes
in the surface charge of the adsorbent, which enhances the adsorption capacity
in more acidic solutions. The surface charge of the adsorbents becomes more
positive at pH values lower than the pHpzc, facilitating electrostatic attraction
and EBT adsorption. Conversely, electrostatic repulsions between the negatively
charged adsorbent and anionic dye increase in the basic pH range. Since the pH
is above the pHpzc, the surfaces of CaHAp and CaHAp—CS-MCC are negatively
charged, resulting in a decrease in available sites for EBT removal and a higher
likelihood of the dye being repelled. Both CaHAp and CaHAp—CS-MCC exhibit
a preference for lower pH values in EBT adsorption. Therefore, the adsorption of
EBT is highly influenced by pH.

The evolution of the adsorbed amount of EBT with the reaction time is
assessed in Fig. 8¢ (Cy=10 mg/L, pH=35, and T=22 °C). The adsorption of EBT
onto CaHAp and CaHAp-CS-MCC composite materials was studied at different
time intervals (0 and 240 min). The adsorption process exhibits an initial rapid
phase, predominantly within the first 120 min, followed by a gradual slowdown.
This phenomenon can be explained by the sorption sites on the sample surfaces
being depleted. The slight decrease in adsorption rate beyond 120 min is due to
EBT molecules occupying most of the adsorption sites within the adsorbents’
pores.

The variation of the initial EBT concentration is investigated in Fig. 8d
while maintaining constant values for pH, temperature, and contact time
(time=120 min, pH=35)). Results show that when the initial concentration of
EBT rose from 10 mg/L to 400 mg/L, CaHAp’s adsorption ability improved con-
siderably. For CaHAp and CaHAp-CS—MCC, the highest adsorption capabilities
are 92 mg/g and 248 mg/g, respectively. As the adsorption process proceeds, EBT
molecules bonded to the material’s surface layer through interaction with surface-
active sites. The higher adsorption capacity observed for the prepared porous
composite was attributed to the increased availability of surface area in the adsor-
bents, enabling them to compete effectively with dye ions at higher initial dye
concentrations. At a specific concentration threshold, the saturation of adsorption
sites was noted, suggesting that the adsorbent’s surface had the same active cent-
ers. As the initial adsorbate concentration increased, these active centers became
saturated over time, making it increasingly difficult for additional surface sites to
be occupied due to repulsive forces between the EBT molecules on the surface of
CaHAp and CaHAp-MCC and the solution phase.

Finally, the removal of EBT using CaHAp and CaHAp—CS-MCC as adsor-
bents at three distinct temperature ranges, 20 °C, 40 °C, and 60 °C, is described in
Figs. 8 e, f. Results indicate that as the solution temperature increased from 22 to
60 °C, the removal of EBT dye decreased. These results suggest that the adsorp-
tion of EBT dye onto CaHAp—CS—MCC is an exothermic process. The decrease
in EBT dye removal with increasing temperature can be attributed to the weaken-
ing of attractive forces between the EBT dye molecules and the active sites of
CaHAp-CS-MCC. The concept of physisorption is further supported by the fact
that interactions between adjacent molecules weaken as temperature increases in
the adsorbed phase.
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sion

Table 4 Constant parameters of
kinetic equations related to EBT
adsorption on the surface of
CaHAp and CaHAp-CS-MCC

Adsorption kinetics

Kinetic models Kinetic CaHAp CaHAp-CS-MCC
parameters
Pseudo-first order q, 5.115 6.65
k; 0.012 0.0118
R 0.97 0.93
Pseudo-second order ¢, 14.31 15.72
k, 0.020 0.042
R 0.99 0.99
Elovich o 14.83 310.62
B 0.496 0.664
R 0.90 0.92
Intraparticle diffusion & 0.76 0.72
c 5.050 7.18
R 0.70 0.69

The adsorption of EBT onto the surfaces of CaHAp and CaHAp—CS-MCC was
explored using various kinetic models, including Elovich, pseudo-first-order,
pseudo-second-order, and intraparticle diffusion models (Fig. 9; Table 4). Based
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on the examination of linear regression correlation coefficients (R* values and
adsorption capabilities, ¢,), the best model was chosen. As shown in Table 4, the
pseudo-second-order model among the models under investigation showed signifi-
cantly higher R* values, almost reaching unity. Furthermore, the closely matched
calculated ge values provided further support for the applicability of this adsorp-
tion model. This finding suggests that the adsorption of EBT onto CaHAp and
CaHAp—CS-MCC is chemical [60]. According to the plots of the intraparticle dif-
fusion, the plots are noticeably diverged from the origin. This demonstrates that dif-
fusion step and more than kinetic processes may possibly governor the adsorption
phenomenon of EBT molecules [26].

Adsorption isotherms

The relationship between the equilibrium concentration of the adsorbate material
and the amount adsorbed at a constant temperature is captured by the adsorption
isotherms. Its significance extends beyond academia to real-world applications,
serving as a crucial tool for understanding the intricate interactions between adsorb-
ate and adsorbent within diverse systems. Derived parameters from various mod-
els offer valuable insights into the adsorbent’s affinities, surface properties, and the
underlying mechanisms of adsorption. Within our study, we employed the theoreti-
cal isotherms such as the Freundlich, Temkin, and Langmuir models. The corre-
sponding plots and the computed parameters are depicted in Figs. 10 and 11 and
Table 5, respectively. The regression coefficients observed for Langmuir are higher

(a) (b)
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Fig. 10 Plots of the isotherms of EBT for CaHAp: a Langmuir, b Freundlich, and ¢ Temkin
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Fig. 11 Plots of the isotherms of EBT for CaHAp—CS-MCC: a Langmuir, b Freundlich, and ¢ Temkin

Table 5 Constant adsorption of Langmuir, Freundlich, and Temkin models of EBT on CaHAp and

CaHAp-CS-MCC

Isotherms Parameters CaHAp CaHAp-CS-MCC
22°C 35°C 60 °C 22°C 35°C 60 °C
Langmuir Dnax 107.52 96.15 86.20 270.27 243.90 227.27
k. 0.152 0.094 0.053 0.060 0.037 0.020
R’ 0.99 0.98 0.98 0.99 0.99 0.99
Freundlich Ky 46.77 12.88 1.54 1621.81 338.84 70.79
n 1.89 1.66 1.485 2.083 1.69 1.45
R? 0.97 0.98 0.98 0.93 0.94 0.95
Temkin Ap 0.374 0.285 0.215 1.006 0.688 0.53
B 129.90 154.91 136.58 49.92 58.13 71.61
R’ 0.96 0.93 0.89 0.96 0.95 0.94

than 0.98 which are more important compared to Freundlich (0.93 <R*<0.98) and
Temkin (0.89 <R?<0.96). This trend indicates that the adsorption phenomenon of
EBT, using CaHAp and CaHAp—CS-MCC, complies well with Langmuir model.
This postulates the existence of uniform adsorption sites favorable to monolayer for-
mation by anion species [30]. The favorability of the adsorption phenomenon could
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Table6 CaHAp and CaHAp—CS-MCC thermodynamic characteristics data of EBT adsorption

Adsorbents T(K) AG° (KJ-mol™) AH° (KJ-mol™") AS° JK~"mol ™)
CaHAp 295 11.87 —9.07 —-40.239

308 12.79

333 13.40
CaHAp-CS-MCC 295 6.30 —-6.75 —-21.366

308 6.79

333 7.115

99

be, moreover, considered regarding the parameter “n” calculated from Freundlich

equation. The calculated values show 0 <n suggesting a favorable phenomenon [31].
The thermodynamic parameters such as the enthalpy (AH®), Gibbs energy (AG®),

and the entropy (AS®) values were determined using the following equations [61]:

AG° = —RT LnKd (10)
qe
Kd =+
o (11)
AS°  AH®
LnKd = -
n T (12)

where Ce is the equilibrium concentration (mg/L), ge is the adsorbed amount of dye

(mg/g) at equilibrium, R is the gas constant (J/K/mol), and T is the temperature (K).
Plots of In K, versus 1/T (Fig. 12) were used to calculate the changes in free

energy (AG°), enthalpy (AH®), and entropy (AS°). Table 6 summarizes the calculated
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thermodynamic parameters. Notably, the Gibbs free energy values were determined
to be positive. These positive AG® values show that the adsorption system is non-
spontaneous. The adsorption of EBT was identified as exothermic, as evidenced by
the negative AH® values observed at different temperatures, suggesting the predomi-
nance of physical adsorption in this process. Additionally, the entropy values, which
reflect the disorderliness of a system, was observed to be negative. The decrease in
entropy arises from the reduced randomness resulting from the interaction between
the adsorbent and adsorbate. In a solid-liquid interface, the negative AS® values
indicate a decrease in the degrees of freedom for the adsorbed EBT dye molecules,
suggesting an increase in EBT dye concentration on the CaHAp—CS-MCC surface.
ease in disorder and randomness at the solid-liquid interface during the adsorption
process.

Adsorption mechanism

The adsorption mechanism of EBT using CaHAp—CS-MCC can be interpreted by
the electrostatic interactions between the negatively charged molecules of EBT and
positively charged surface of the composite due to the presence of reactive amino
groups of chitosan. In addition, hydrogen bonds can also occur between hydroxyl
groups of either chitosan or cellulose and (-P-OH) group of CaHAp. However, the
adsorption of EBT using CaHAp can be conducted due to the electrostatic interac-
tions between Ca>* of CaHAp and the sulfonate groups of EBT.

Conclusion

In this study, CaHAp—CS-MCC was successfully prepared, characterized, and
employed as an efficient adsorbent of EBT dye from water. XRD results indicated
that the crystallinity and the crystallite size were reduced after the addition of chi-
tosan and cellulose to CaHAp. The morphological characteristics of the prepared
composite were changed showing cracks and pores. The AFM revealed changes
in surface micro-texture of CaHAp and variations in particle size and distribu-
tion. The specific surface area decreased from 139.224 (CaHAp) to 11.775 m?%g
(CaHAp-CS-MCC). The pore volume decreased from 2.56x 10" (CaHAp) to
3911072 cm’g (CaHAp—CS-MCC). The adsorption of Eriochrome, using
CaHAp and CaHAp-CS-MCC, depended on several experimental parameters
including pH, time, temperature, and initial dye concentration. Notably, the kinet-
ics of EBT adsorption exhibited a rapid adsorption process, achieving equilibrium
in 40 min. Remarkably, the adsorption data complied well with the pseudo-second
order and Langmuir equations. Thermodynamic analysis exhibited the non-spon-
taneity of the EBT adsorption process and an exothermic nature across 22 °C to
60 °C temperature range. Given its affordability and biocompatibility, the utilization
of CaHAp—CS—-MCC for EBT adsorption presents a promising and environmentally
responsible approach to pollution control. These attributes underscore the potential
for adopting a more sustainable stance in addressing water pollution challenges. In
order to lessen negative effects on the environment and public health, it is critical
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to address these concerns efficiently. Therefore, prioritizing the implementation of
environmentally friendly technologies for managing solid waste and wastewater is
essential to ensure a cleaner and more sustainable future.
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