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A new modified approach was used to synthesize hydroxyapatite-carbon nanocomposite (HAP-C)

by utilizing cement kiln dust (CKD), which is an industrial waste product, as a source of calcium.
Calcium from CKD was first chelated using citric acid, and the chelate was transformed into calcium
carbonate and carbon by calcination at 450 °C for 1 h, then reacted with ortho-phosphoric acid using
a precipitation method, thus serving as a precursor for the formation of HAP-C. Then, HAP-C was
calcined at various temperatures for 2 h after it reached the desired temperature at a heating rate

of 10 °C/min. By characterizing the adsorbent, the composite was mesoporous, with a negatively
charged surface at the operating pH, and an average diameter and length of 10+3.6 nm and 8+2.9 nm,
respectively. Quantile regression analysis showed that the removal varies directly with time and
dose, and inversely with initial concentration. Removal efficiency reached about 95% and about 80%
at 10 ppm initial concentration, 10 min contact time, and a dose of 3.8 g/L, at pH 7 for RB and pH 4
for LV, respectively. Adsorption isotherms followed Sips model as inferred from linear and non-linear
regression analysis. Adopting this novel approach in synthesizing HAP-C using a single precursor

and a waste raw material reduces the environmental impact and incurred costs associated with the
conventional synthesis route, while following the principles of circular economy in converting wastes
to value-added products.
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Due to its wide applications as a binding material in various fields of construction, cement is one of the frequently
used man-made products. In the due process of its production, a significantly huge amount of cement kiln dust
(CKD) by-product is generated. For every ton of cement produced, an estimated average of 54 to 200 Kg of CKD
is formed!. The world annual production of cement in 2020 was 4.1 billion tons, which would thus produce
221.4 to 820 million tons of CKD worldwide!. The production of CKD is mainly attributed to the need of
producing a low alkali product (i.e., cement) from raw materials with high alkali content®. The presence of high
alkali contents in the CKD renders it unsuitable for recycling. The high temperature in the kiln can volatilize
alkalis, which would ultimately condense in the cyclone preheaters and cause clogging of the cyclones leading to
frequent disruption of the process!~. Hence, CKD usually ends up in open landfills, resulting in many adverse
health problems to humans along with other environmental issues. There are two main reasons for the health
hazards associated with CKD; its high alkali content and extremely small particle size which is considered to
be within the respirable range*”. Among these hazards are lung cancer, stomach cancer, colon cancer, silicosis,
bronchitis, bronchial asthma, and pulmonary inflammation*°. Considering these hazards and the difficulty of
CKD recycling, there is an urgent need for finding adequate disposal/reuse procedures.
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To reduce the hazardous effect of CKD on humans and the environment, many attempts have been made
to utilize CKD in other purposeful applications. In one of these attempts, CKD has been utilized as a source
of mineral nutrients such as Mg, S, and K in the agricultural field®. However, this approach is not encouraged
due to the possible presence of toxic substances within the CKD, like free chlorides. CKD has also been applied
in soil stabilization, where it was added to the soil in different proportions to fill the voids and enhance the
soil mechanics®. Raw CKD has also been used either separately or added with other wastes, like fly ash and
polystyrene, as a replacement of cement in concrete’. The production of ceramic tiles and cement based bricks
using CKD was also investigated”. The use of CKD was also extended to include water and wastewater treatment,
particularly in adjusting the pH of acidic water due to its high CaO content, as well as in the removal of different
types of heavy metals”®. The use of CKD in sequestering CO, has also been reported in literature®. Even though
these attempts were beneficial in mitigating the negative impact of CKD, they were insufficient given the
tremendous amount of CKD produced daily.

To the best of our knowledge, this is the first report to utilize CKD waste for the synthesis of HAP or HAP-C
as a value-added product. The synthesis of the nanocomposite is conducted in a novel approach, in which a
single calcium chelate precursor incorporating both carbon and calcium is utilized. In previous literature, two
precursors were used: one for carbon and one for calcium. The main advantage of the proposed approach is
reducing the number of steps required for synthesizing the composite since its carbon constituent is obtained
in-situ by thermal degradation of the calcium chelate precursor, while the degradation products (CaCO, + C) are
utilized for HAP-C synthesis. Adopting this approach would consequently reduce the cost and environmental
impact of the conventional synthesis process of such composites which uses two precursors and an external
source for carbon and does not rely on wastes as a raw material. Compared to other processes for industrial
waste derived adsorbents, this process is more environmentally friendly and involves less complicated steps.
For instance, in the work by Ibrahim and co-workers, zeolite was produced from sulfuric acid residue via
several complicated steps to separate quartz from kaolinite and obtain the required silica/alumina ratio which
was not inherently present in the original waste!?. They also utilized precursor chemicals in addition to the
waste which consequently increases the cost of the final product. Furthermore, in the due process of producing
their adsorbent they used harsh chemicals such as sodium hydroxide. The proposed synthesis approach and its
application in water treatment follows the UN sustainable development goals (SDGs # 6 and 12), making it more
advantageous than other processes.

In this work, we aim at developing an adsorption process for the removal of the dye rhodamine B (RB) and
the drug levofloxacin (LV) efficiently from water using a composite adsorbent synthesized from CKD. The work
is divided into two parts; the first part is dedicated to the exploitation of CKD as a precursor to synthesize a
nanocomposite consisting of hydroxyapatite and carbon (HAP-C), in the due process HAP-C is characterized
by Fourier Transform Infra-Red Spectroscopy (FTIR), Brunauer-Emmett-Teller (BET), X-Ray diffraction
(XRD), Transmission Emission Microscopy (TEM), Thermogravimetric analysis (TGA), and zeta potential
measurements. The second part is aimed at evaluating the performance of the synthesized nanocomposite in the
single and binary removal of the contaminants in question. The operating parameters influencing the adsorption
are determined by non-parametric quantile regression. Adsorbent performance is also evaluated by conducting
adsorption isotherm, kinetics, and thermodynamic studies, while the adsorption mechanism is explained in
view of these studies.

Materials and methods

Materials

All chemicals purchased were of analytical grade and were used as received without any further purification. For
the process of synthesis of nano-hydroxyapatite/carbon composite (HAP-C) from CKD, citric acid monohydrate
(MW 210.14 g/mol, purity 99.5%) was purchased from Chem-Lab NV (Belgium) and ortho-phosphoric acid
85% was obtained from Merck Millipore (Switzerland). The CKD of about 74 microns average particle diameter
and 2.5 specific gravity (ASTM-C188-95)% was collected from a local cement industry and its composition was
determined by XRF (Table S1). For the sorption studies, the following chemicals were used; Rhodamine-b dye
(pK,=3.7, MW 479.02 g/mol) from Loba Chemie (India), sodium hydroxide (MW 40 g/mol, purity 99%) and
hydrochlorlc acid (purity 37% by wt) from Piochem labs. Levofloxacin hemihydrate (pK ,=6.8 and pK ,=8.2,
MW 740.7 g/mol, purity 98.0-102%) was obtained from Zhejiang East Asia pharmaceutlcal Co. (China), “While
commercial hydroxyapatite (MW 1004.6 g/mol) was purchased from Nano Tech Egypt for Photo-Electronics.

Separation of calcium
To chelate calcium and separate it from other components of the CKD, citric acid monohydrate was first reacted
with the raw CKD. The procedure adopted by Zhao et al., 2013 was modified, where the CKD was initially
subjected to drying and removal of volatile matter at 105 °C+2 °C for 7 h in an oven, i.e., until the mass of the
sample was stable!!. Then, 1 M citric acid was slowly added to 10 g of CKD in a 250 mL Erlenmeyer flask, to
avoid effervescence caused by evolving hydrogen gas'!. To prevent formation of sludge at the end of the reaction
and enhance mixing of CKD, a solid to liquid ratio of 1:20 w/v was adopted from literature'. The reaction
was conducted at 25 °C+2 for 10 min on a magnetic stirrer with vigorous mixing. The calcium rich solution
formed!!, was separated from unreacted CKD using a vacuum filter, then the solution was heated for 1 h at
105 °C +2. The result was a white calcium chelate that was subjected to five times washing with distilled water
followed by vacuum filtration. Then, the white precipitate was dried in an oven for 2 h at 100 °C + 2. Figure la
illustrates the process of separating calcium from CKD.

The method adopted herein is a modification to the one adopted in previous literature for separating calcium
from wollastonite. For precipitation of calcium, heating is used here while in previous work the calcium rich
solution was reacted with potassium carbonate!!. Unlike the previous method, the solid to liquid ratio was taken
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Fig. 1. Separation of calcium from CKD (A), and synthesis of HAP-C (B).

into consideration. The reason behind this modification is to improve the purity of the eluate since CKD, unlike
wollastonite, is composed of many metals other than calcium, leading to the possibility of precipitation of metal
carbonates other than CaCO, if the procedure was adopted with no modification.

It is worth noting that in the due process of chelating calcium from the CKD, the alkalis also dissolve in the
citric acid, hence, the unreacted CKD becomes free of alkalis. This makes it feasible to use, after simple drying, in
any ceramic products as a raw material, such as glass, tiles, or cement. Reusing the unreacted materials adds more
sustainable aspects to the process and renders it more suitable for scaling-up. However, further pilot experiments
and feasibility studies involving cost-benefit analysis are needed to up-scale the process to the industrial level.

Synthesis of HAP-C nanocomposite
HAP synthesis method by Pham Minh et al., 2013 was adopted with modification to synthesize the HAP-C
nanocomposite instead of HAP!2 Initially, calcium chelate prepared earlier was subjected to thermal
decomposition at 450 °C for 1 h in a muffle furnace (VULCAN 3-550). The product of thermal decomposition
was a mixture of calcium carbonate and carbon. The latter was intentionally left in the mixture to be utilized in
the synthesis of the HAP-C nanocomposite. The synthesis took place as follows. First, calcium carbonate (in the
presence of the carbon) and ortho-phosphoric acid were reacted in stoichiometric ratios to obtain a 1.67 Ca/P
ratio. The reaction took place for 24 h at 80 °C+ 5 on a magnetic stirrer with vigorous stirring. The o-H,PO, was
added to the solution of calcium carbonate dropwise (~1.5 mL/min). Vacuum filtration was used to separate
resultant product from the supernatant, then the product was washed with distilled water for 5 to 6 times,
followed by air drying for 12 h. XRD patterns for CKD and thermally treated calcium chelate are given in Fig. S1
of SI. Figure 1b illustrates the process of synthesis of HAP-C nanocomposite.

The synthesized HAP-C was subjected to various thermal heating scenarios to assess the effect of heat on its
properties and adsorption performance, as summarized in Table 1. Heating HAP-C at 400 °C, 500 °C, and 700 °C
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Adsorbent name | Atmosphere | Temperature, °C
HAP-C - -

HAP-C 400 A Inert 400

HAP-C 500 A Inert 500

HAP-C 700 A Inert 700

HAP 700 Air 700

HAP 900 Air 900

Table 1. Heat treatment conditions for the as-synthesized materials.

under inert conditions produces HAP-C 400 A, HAP-C 500 A, and HAP-C 700 A, respectively. Under thermal
treatments in the presence of air, the HAP-C converts to HAP (HAP 700, and HAP 900).

Characterization

FTIR analysis was conducted using a Thermo-Scientific NICOLET 380 (USA) FTIR device. The scan range
was from 400 to 4000 cm™! with an average recording of 32 scans. The crystallinity of HAP and HAP-C was
analyzed using powder x-ray diffractometer BRUKER D8 system (USA). The 26 scan ranged from 5° to 80° at
an increment rate of 0.03° per second. The surface area, average pore diameter, and average pore volume of the
as-synthesized materials were determined using Micrometrics ASAP 2020 instrument (USA). The adsorption/
desorption isotherms (at —196° C) were generated using nitrogen gas. Then, the specific surface area was
calculated by Brunauer-Emmett-Teller (BET) and Langmuir methods, while the pore volume was estimated
based on Barret-Joyner-Halenda (BJH) model.

The morphology and sizes of the as-synthesized materials were examined using a high-resolution transmission
electron microscope (HR-TEM, JOEL JEM-2100, Japan). Initially, the samples were dispersed in distilled water
and sonicated for 5 min, then vacuum filtered and dried. Afterward, they were subjected to a beam of electrons at
200 kV to determine the morphologies, average sizes, and lattice planes. The thermal stability of the synthesized
samples was examined by a LABTRON thermal analyzer (UK), where 20 mg sample powder in a ceramic cuvette
was subjected to 1000 °C at a heating rate of 10 °C per min. Then, the thermal profiles of the samples were
generated. The surface charge of the adsorbents was measured using Malvern Zeta-sizer (UK). The procedure
was as follows; 10 mg of the adsorbent were dissolved in 50 mL distilled water and sonicated for 10 min. Then,
the solution was distributed equally over five beakers where the pH was adjusted using either HCI or NaOH.

Thermo Scientific ICP-AES 7000 (USA) was used to determine the concentrations of calcium ions leached
from CKD. Percent extraction of Ca?* was calculated using the following formula,

Cion x V %100
Mcrp X XionckD

% Extraction =

(1)

where C.__is the concentration of calcium as quantified by ICP in mg/L, V is the volume of the solution, M,

is
ion CKD
the mass of the CKD sample, and X, is the mass fraction of calcium ion present in the CKD.

n CKD
Adsorption experiments

Batch adsorption experiments were performed on a rotary shaker at 80 rpm. To study the effect of pH, an
adsorbent dose of 3.8 g/L was applied on 25 ppm RB or LV at a pH range of 3-10 for a time of 3.5 h. Time profiles
were measured at initial concentrations of 10, 15, 25, and 50 ppm using 3.8 g/L adsorbent dose at pH 7 for RB
and pH 4 for LV. The effect of initial concentration was studied in the range of 10-100 ppm at an adsorbent dose
of 3.8 g/L at the same pHs applied in the time profiles and for 3.5 h contact time. The effect of adsorbent dose was
examined in the range of 1-7 g/L on initial concentrations of 10, 15, 25, and 50 ppm for a contact time of 3.5 h.
Regarding the effect of temperature, it was investigated at an initial concentration of 25 ppm and adsorbent dose
of 3.8 g/L after 3.5 h. After adsorption, contaminant solutions were centrifuged two to three times at 12,000 rpm
for 5 min (SIGMA 3-30KS, Germany) to remove the adsorbent and the supernatant was measured on a UV-
spectrophotometer (PG instruments T80+ UV/VIS spectrophotometer, UK) at 554 and 288 nm for RB and LV,
respectively, then the absorbances were converted to their corresponding concentrations using a pre-prepared
calibration curve. Percent removal and equilibrium adsorption capacities were calculated based on Eq. S1
and S2 of SI, respectively!>!%. The time profiles at 10 ppm were fitted to the pseudo-first and pseudo-second
order models (Egs. S3, $4 in SI, respectively) and the relevant kinetic parameters were determined!*!>. Besides,
equilibrium adsorption isotherm models of Langmuir, Freundlich, Sips, and D-R were applied to describe the
adsorption behavior (Egs. S5-S9, SI)!®~1°. The study of the effect of temperature was performed in the range of
30-80 C at an initial concentration of 25 ppm and 3.8 g/L adsorbent dose using pH 7 for RB and pH 4 for LV.
The thermodynamic parameters were obtained using the van’t Hoff equation (Eq. S10 and S11, SI)*. Also, binary
systems of RB and LV were studied at 10 ppm initial concentration for each contaminant at pH 7 and adsorbent
dose of 3.8 g/L after 3.5 h. Amplitudes of LV were determined based on first-order derivative UV-spectroscopy
at 298 nm where concentrations were determined from a calibration curve while for RB, absorbances from
UV spectrum were taken without manipulation at 554 nm and concentration was also determined based on a
calibration curve. The UV-spectrum plots of zero and first order derivatives of RB and LV are given in Fig. S14
of SI. Similarly, the single and binary systems were prepared in tap water at the same conditions and the removal
efficiency was calculated.
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Regeneration study was performed after adsorption of 10 ppm RB or LV on 3.8 g/L adsorbent at pH 7 and 4,
respectively, for 15 min. Desorption was undertaken using ethanol absolute as a desorbing agent for 30 min and
adsorption-desorption was performed for 4 cycles.

Statistical analysis

All measurements were performed in triplicates and the respective means and standard deviations for percent
removal and adsorption capacity were calculated. A two-tailed student’s t-test was performed at a 95% level of
confidence to test the significance of results. Linear regression analysis was also performed on the adsorption
isotherms and kinetic profiles and the coefficient of determination (R?), the chi-square (X?), and RMSE values
were calculated. This linear regression analysis was conducted on Origin-lab software, version 85E. In addition,
non-linear regression analysis using R studio software 2021.09.02 (USA) was conducted for the adsorption
isotherms to identify the best fitting model. To determine the effect of different operating conditions on the
removal efficiency, non-parametric quantile regression was performed using R studio software. Quantile
regression is a non-parametric statistical model designed to understand the relationship between independent
variables and targeted percentiles of a dependent variable. It diverges from the traditional linear regression,
which solely estimates average effects, by offering insights into the conditional median or other quantiles,
making it especially useful when dealing with data that deviate from normality.

The mathematical representation of the quantile regression model is:

Qv (T1X) = XB(T) ()

Where Q, (T|X) denotes the t-th quantile of the dependent variable Y given the predictors X, and p(t) represents
the vector of quantile-specific coefficients.

The coeflicients in quantile regression are estimated by minimizing the sum of the weighted absolute
differences between observed values and the fitted quantiles. These coefficients inform about the expected
change in the t-th quantile of the response variable for a one-unit change in the predictor variable, holding other
variables constant.

In this study, we have 24 observations across one dependent variable (Y) which denotes % removal of LV
and three independent variables (X1, X2, and X3) which denote adsorbent dose, time, and initial concentration,
respectively. The same setting applies for the second data set for RB where (Y) denotes the % removal of RB,
while X1, X2, and X3 refer to adsorbent dose, time, and initial concentration, respectively.

Results and discussion

Synthesis process for HAP and HAP-C nanocomposites

Citric acid readily forms a complex with calcium via chelation?!. The reaction between citric acid, which is a
triprotic acid, and the CKD is given by the following chemical equation,

mMXT 1LY + hHT +—— mMX LY~ hHT 3)

where M is calcium metal, L is the citrate ligand and H* is the hydrogen ion lost from the carboxylic acid
functional group'!. The number of hydrogen ions lost determines the type of chelate formed, Table S2 of SI
illustrates the types of chelates formed and their corresponding stability constants. Based on the values of the
stability constants, it can be deduced that the mono calcium chelate is the most dominant type of chelate formed
since it possesses the highest stability among other chelates.

Effect of pH and citric acid concentration on calcium ions extraction yield was studied (Table S3, SI), and
accordingly the optimal concentration of citric acid to obtain Ca* ion was chosen to be 1 M and was applied at
an optimal pH 3 without pH adjustment to avoid contamination with pH adjusting reagents.

Thermal gravimetric analysis was conducted on the calcium chelate complex prior to and after heat
treatment. Figure 2a depicts the decomposition stages of the calcium chelate complex. Stage I represents the
loss of adsorbed water molecules on the surface, which accounts for 1.6% of the weight lost. In stage II, no loss
in weight is observed due to melting of the chelate??. In stage III, the chelate starts to decompose with a loss of
carbon in the form of CO, starting from around 300 °C. The decomposition is completed at 560 °C and accounts
for 39% loss in weight after which no weight loss takes place, i.e., only CaCO, exists. Stage I1I can be represented
by the following chemical equation (unbalanced).

Cax®TL,* Hz_x +— 2CaCO3 + z — tH20 4+ COs (4)

Stage IV is associated with no loss of weight and no decomposition, while stage V begins at 681 °C, where the
calcium carbonate decomposes to calcium oxide and CO.,,.

Figure 2b illustrates the TGA profile of the chelate complex after heat treatment at 450 °C for 1 h. The profile
is similar to its counterpart conducted before heat treatment with the exception of the amount of weight loss.
In stage III, the decomposition starts at a temperature above 400 °C which is higher than its counterpart for the
untreated chelate, while the weight loss is less than its counterpart for the untreated chelate (Fig. 2a) due to prior
heat treatment and calcination. This indicates the presence of carbon in the treated sample. In stage IV, CaCO,
is formed; whereas in stage V, the decomposition of CaCO, to CaO is almost complete yielding a weight loss of
about 40%, which is close to the theoretical weight loss (i.e., 44%) typically obtained for the decomposition of
pure CaCO, to CaO. XRD analysis was also performed to confirm the formation of CaCO, after heat treatment
(Fig. S1, SI).
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Fig. 2. TGA of calcium chelate before heat treatment (a), and after heat treatment (b).

The carbon from citric acid, which chelated the calcium ion, was not completely removed during calcination
and this was done on purpose to exploit this carbon in synthesizing HAP-C. The presence of this carbon
imparted a brownish black color to the CaCO, which naturally appears white in color. This color change is owed
to carbon coating of the CaCO,. A free heat activation protocol was adopted from previous literature to activate
carbon in HAP-C without use of chemical reagents. This approach was deployed to enhance the adsorption
performance of HAP-C nanocomposite via increasing the porosity and activating the hydroxyl groups?*?*. Zhou
et al., 2012, reported that the surface area of the carbon exceeded the 700 m2/g24, however, this is not the case
with HAP-C due to the presence of HAP and the increased heat treatment of HAP which led to increase in
the size of HAP crystals and consequent decrease in surface area?>2°. Meanwhile, the activation protocol still
enhanced the adsorption performance of HAP-C toward removing RB and LV, as shown in Table S4 of SL
Adsorbent HAP-C 700 A showed the highest removal efficiency, and thus is chosen as the optimal adsorbent for
the complete adsorption study.

Characteristics of the as-synthesized materials

FTIR spectra for all synthesized HAP, HAP-C nanocomposites, and the commercial HAP (com-HAP) are
presented in Fig. S2 in SI, while that pertaining to the chosen adsorbent HAP-C 700 A is depicted in Fig. 3a.
All materials show a broad band at 3700 -3200 cm™! which corresponds to the stretching vibration of hydrogen
bonded group. Peaks appearing at 563, 960, and 1030 cm™! can be attributed to the stretching vibration of PO ,*.
The bending vibration of PO 43‘ bonds is represented by the peaks at 605, 871, and 2360 cm™ I however, the latter
can only be observed in com-HAP, HAP 700, HAP-C, and HAP-C 400 A%". Peaks at 1458 and 1380 cm™' can be
ascribed to the bending of the OH group?.

XRD patterns for all HAP and HAP-C compounds (Fig. S3, SI) along with that of HAP-C 700 A (Fig. 3b)
show peaks at 26°, 29°, 32°, 34°, 40°, 46°, and 54° thus confirming the crystalline nature of these materials,
as consistent with previous literature?®?*3, Table S5 illustrates the crystal sizes of the prepared materials, as
estimated by Debye Scherrer equation, along with their BET surface areas. The largest crystal size was recorded
for HAP 700 and HAP 900 (i.e., the pure samples), however they showed low surface area that can be attributed
to their relatively large crystal size?*. The other nanocomposites crystal sizes showed little variation, even though,
their surface areas differed noticeably.

TEM image for HAP-C 700 A (Fig. 3¢) reveals rod structured nanoparticles, which is a typical characteristic
of nanohydroxyapatite’!. As shown in the image, the nano rods are embedded into the body of the carbon
which coats them. The mean sizes for the diameter and length of HAP-C 700 A nanorods are 10+ 3.6 nm and
80.9£28.9 nm, respectively. The mean diameter of HAP-C 700 A is more than three orders of magnitude less
than that of the raw CKD. To investigate the effect of temperature on morphology, the TEM size distribution of
HAP-C 700 A (Fig. S4a,b, SI) is compared to its HAP-400 A counterpart. The particle size distribution for HAP-
400 A (Fig. S4c,d, SI) demonstrates a smaller mean diameter and length of 8.62+2.97 nm and 72+18.5 nm,
respectively for the nanorods possibly due to mild sintering of HAP-C 700 A.

The BET isotherm for HAP-C 700 A presented in Fig. 3d is a type IV isotherm, associated with mesoporous
pore sizes that range between 2 and 50 nm. The same type of isotherm is exhibited by all other as-synthesized
materials (Fig. S5 a,b,c, SI). The shape of the hysteresis loop also indicates the geometry of the pores, which can
be estimated to be cylindrical for HAP-C and HAP-C 400 A, while those of HAP-C 700 A and HAP-C 500 A
almost agree with the wedge-shaped pore geometry (S. Lowell et al., 2004; Xu et al., 2020).

The estimated textural parameters are given in Table 2 which confirm that the average pore sizes of all materials
exist in the mesoporous range. The BET and Langmuir surface areas show an inversely proportional relationship
with the treatment temperature for all materials, and almost a directly proportional relationship with the pore
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Fig. 3. Characterization of HAP-C 700 A, (a) FTIR, (b) XRD, (c¢) TEM, and (d) Adsorption-desorption
isotherm.

Material BET S.A. (m%/g) | Langmuir S.A. (m?/g) | Pore width (nm) | BJH pore volume (cm®/g)
HAP-C 147.5 2149 12.1 0.48

HAP-C400 A | 136.6 200.7 13.8 0.49

HAP-C500 A | 1199 176.0 17.7 0.56

HAP-C700 A | 107.9 154.3 19.6 0.57

HAP 700 30.7 44.1 19.2 0.27

HAP 900 18.9 27.5 17.8 0.13

SEM-EDX

Atom % C o P Ca

HAP-C 700 A | 38.86 23.18 13.66 22.68

Table 2. Surface properties of as-synthesized materials and EDX analysis of HAP-C 700 A.

volume and pore width for the nanocomposites only. The case for HAP 700 and HAP 900 is different, i.e., the
pore width and pore volume decreased as temperature increased. This behavior can justify the poor adsorption
performance of HAP 700 and HAP 900 since they possess the smallest surface areas and pore volumes amongst
the synthesized adsorbents. The surface area diminishes with increasing heat treatment temperature due to the
increase in the crystal size of HAP (Table S5, SI), in both pure and composite forms?2. The pore width also plays
a crucial role in the adsorption process. As clear from Table 2, the largest pore width is recorded for HAP-C
700 A, which showed the best removal efficiency for both contaminants (Table S4, SI). Regarding the elemental
composition of the HAP-C 700 A, SEM-EDX revealed that it has a Ca/P ratio of about 1.66 which is close to the
reported value (1.67) for hydroxyapatite®?. The analysis confirms the presence of carbon along with the main
constituents of hydroxyapatite.

Adsorption studies in a single-contaminant system
Since HAP-C 700 A showed enhanced adsorption performance over other as-synthesized materials by virtue of
its increased pore width and pore volume, it was selected for further adsorption studies. The adsorbate solutions
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of RB and LV were analyzed before and after adsorption and UV/VIS scans (Fig. S6 of SI) showed lower intensity
peaks after adsorption without the appearance of new peaks indicating that the contaminants were most likely
captured by the adsorbent without producing any detectable by-products.

Effect of pH

Adsorption of each of RB (Fig. 4a) and LV (Fig. 4b) onto HAP-C 700 A was conducted under varying pHs. Percent
removal of RB increased from pH 3 to 7 reaching about 96% then decreased again, while the percent removal
of LV did not noticeably change and ranged between 75% at pH 4 and 66% at pH 10. In case of RB adsorption,
lower percent removal was achieved in acidic pHs (< pH 7) due to the competition of H* ions in solution with
the positively charged RB on the active sites of the adsorbent™. The removal also declined under basic conditions
(>pH 7) since xanthene groups and carboxylic groups on RB monomers interacted electrostatically to form
dimers which ultimately led to an increase of the RB molecular size thus hindering its adsorption and diffusion
into the pores of HAP-C 700 A3*%. In the pH range of 5-7, the highest removal efficiencies were attained.
This can be explained in view of the surface charge of HAP-C 700 A which is negatively-charged (point of zero
charge PZC=3.9) as per its zeta potential (Fig. 4c), and that of RB which is zwitterionic as per its speciation
diagram (pK =3.7, www.chemicalize.com, accessed on March 1st, 2023), hence, they can possibly bind via van
der Waals forces of dispersion or dipole-dipole interaction or possibly through hydrogen bonding. As for LV, the
slightly higher removal efficiency observed at pHs 4 and 5 can be attributed to electrostatic interaction or van
der Waals forces between the slightly negative to neutral HAP-C 700 A and the positively-charged LV at these
specific pHs, as per LV speciation diagram (www.chemicalize.com, accessed on March 1st, 2023), in addition to
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Fig. 4. Effect of pH on the percent removal of (a) RB (with embedded structure for RB) and (b) LV (with
embedded structure for LV) onto HAP-C 700 A at 3.8 g/L dose, 3.5 h contact time, and 25 mg/L initial
concentration, (c) Zeta potential of HAP-C 700 A at different pHs.

Scientific Reports | (2025) 15:6284 | https://doi.org/10.1038/s41598-025-87249-4 nature portfolio


http://www.chemicalize.com
http://www.chemicalize.com
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

—=— 10 ppm —a— 10 ppm

a) —s— 15 ppm b) —e—15 ppm
—a—25 ppm —a—25 ppm

10- —v— 50 ppm 10- —v—50 ppm|

B g
2 £
= o
0 50 100 150 200 250 0 50 100 150 200 250
£ (min) t(min)

Fig. 5. Adsorption uptake profiles for RB (a) and LV (b) onto 3.8 g/L HAP-C 700 A under different initial
concentrations at pH 7 for RB and pH 4 for LV.

Pseudo-first order | Pseudo-second order

k, (min') | R? k, (g/mg.min) | R?
RB 0.0039 0.3908 | 0.409 0.9998
10 ppm
Lv 0.0123 0.8645 | 0.2299 0.9986
RB 0.0063 0.8096 | 0.24433 0.9999
15 ppm
Lv 0.0157 0.5677 | 0.10641 0.9993

Table 3. Kinetic parameters for RB and LV at 10 ppm initial concentration.

possible hydrogen bonding. Since HAP-C 700 A recorded its highest removal for RB and LV at pH 7 and pH 4,
respectively, these pH were chosen as the working pHs for further adsorption studies.

Time profiles and kinetics

The uptake profiles for the adsorption of RB and LV at various initial concentrations are shown in Fig. 5a,b,
respectively. It can be inferred that the rate of removal increased with time then slowed down till it reached
equilibrium after respective 10, 10, 120, and 180 min in case of 10, 15, 25, and 50 mg/L of RB and after
respective 10, 30, 30, and 180 min in case of 10, 15, 25, and 50 mg/L of LV where complete saturation was
attained. Also, g, increased from about 2.5 to 8.5 mg/g in case of RB and from about 2.2 to 9.5 mg/g in case of LV
with increasing the initial concentration probably due to the increase in mass transfer®.

When applying pseudo-first and pseudo-second order kinetics on the time profiles at 10 ppm (Table 3, Figs.
S7, S8 of SI), the pseudo-second order model showed a better fit for both RB and LV uptake profiles than
its pseudo-first order counterpart owing to its higher R? values, and hence g, values predicted by this model
are comparable to the experimental ones. This is similar to a previously reported study on the adsorption of
fluoxetine and famotidine drugs on xylan or pectin/activated charcoal magnetic nanocomposites®’.

The pseudo-second order constants for adsorption of RB are almost twice those for LV adsorption, hence the
rate of RB adsorption is double that of LV adsorption.

Equilibrium studies at different process parameters

By increasing the initial concentration of RB (Fig. 6a) and LV (Fig. 6b), the adsorption capacity increases due
to the increase in concentration gradient and the decrease of mass transfer resistance effects*®>°, while percent
removal decreases owing to saturation of adsorbent sites’’. For RB, the adsorption capacity increases from about
2.5 to 9.6 mg/g, while the percentage removal decreases from about 96 to 62% at an initial concentration range
of 10-60 ppm. On the other hand, the adsorption capacity of LV increases from about 2.2 to 12.4 mg/g, and the
percent removal decreases from about 83.8 to 47.8% at an initial concentration range of 10-100 ppm.

The gq,vs. C, plot for RB (Fig. 6¢) is L-shaped manifesting single layer adsorption, while that of LV (Fig. 6d)
is S-shaped demonstrating multi-layer adsorption. This was further confirmed when adsorption isotherms were
fitted to Langmuir, Freundlich, and Sips models using linear regression (Table 4; Fig. 6, Eqs. S1-S9). For RB
adsorption isotherm, Langmuir exhibited the best fitting plot due to its highest R? and lowest x* indicating a
monolayer adsorption. This was further validated by calculating the separation factor (R;). R; values ranged
between 0 and 1, implying favorable adsorption (Table S6, SI). As for LV adsorption isotherm, Sips fit showed a
higher R? value than Langmuir and Freundlich fits, while Freundlich fit showed lower RMSE and y° values than
Langmuir and Sips isotherms which indicates the possibility of multi-layered adsorption. To better understand
the adsorption behavior, non-linear regression analysis (Table 5) was performed for the isotherms using R studio
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Fig. 6. Effect of initial concentration on the percent removal and g, of RB (a) and LV (b) onto HAP-C 700 A,
for 3.5 h contact time, a dose of 3.8 g/L at pH 7 for RB and pH 4 for LV. Adsorption isotherms of RB (¢) and LV

(d) onto HAP-C 700 A at pH 7 and 4, respectively, at a dose of 3.8 g/L at 25+2 °C.

software (Table 5), and it revealed the highest R? values and lowest RMSE values for Sips model in case of both
RB and LV which implies a combined Langmuir and Freundlich adsorption behavior*!). The D-R model was
also used to calculate the binding energies for adsorption. Energy estimated for RB was less than 8 KJ/mol
indicating physisorption?? (Figs. $9, S10 of SI).

Further studies were performed under varying adsorbent doses to investigate the effect of adsorbent amount
on the percent removal and adsorption capacity of RB and LV (Fig. 7a-d). In case of RB, the adsorption
capacity increased with increasing the adsorbent dose at the lower initial concentrations of 10 and 15 ppm
due to increase in the number of active sites on the adsorbent, while decreased at the initial concentrations of
25 and 50 ppm, probably due to overlapping of active sites as a result of particle aggregation®’. For the percent
removal, it increased with increasing the adsorbent dose at the four studied initial concentrations, probably due
to increased surface area of the adsorbent**. In case of LV, a similar behavior was observed where the adsorption
capacity decreased while the percent removal increased with increasing the adsorbent dose at the four studied
initial concentrations, possibly for the same reasons discussed for RB. Similar results have been reported in

literature*>6,

Exploratory data analysis on process variables
To assess the relation between the dependent variable (removal) and the independent variables (dose, time,

and initial concentration), a matrix scatter plot (Fig. S12) was constructed. For RB (Fig. S12a), it is clear from
the shape of the scattering of the points that there exists a relation between the dependent and independent
variables. The relation can be strongly observed in case of the independent variable X1, i.e. the dose, and the
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Isotherm model | Parameter RB LV
q,,(mg/g) 9.651 14.836
K, (L/mg) 0.797 0.0895
Langmuir R? 0.991 0.959
X 0.035 0.220
RMSE 0.087 0.241
1/n 0.2846 0.5006
K{(mg/g)(L/mg)'™ | 4.091 1.936
Freundlich R2 0.884 0.935
e 0.051 0.035
RMSE 0.072 0.066
N 1.331 1.356
K (L/mg)' 0.892 0.162
Sips R? 0.958 0.989
X 0.290 1.047
RMSE 0.232 0.509
q,,(mg/g) 8.309 8.089
B (mg/g)(J/mol)?> | -1.30712E-07 | —~1.02E-06
D-R R? 0.957 0.784
x 0.0412 0.237
RMSE 0.101 0.279

Table 4. Langmuir, Freundlich, Sips, and D-R isotherm parameters for RB and LV adsorption onto HAP-C
700 A at pH 7 and 4, respectively, at 25+ 2 °C. The parameters are estimated by linear regression analysis.

RB

Langmuir | Freundlich | Sips D-R
R? 0.9647 0.9142 0.9673 | 0.9496
RMSE | 0.485 0.754 0.464 | 0.583
Lv

Langmuir | Freundlich | Sips D-R
R? 0.9201 0.9023 0.9235 | 0.7026
RMSE | 1.0198 1.123 0.987 | 2.007

Table 5. Non-linear regression analysis for the adsorption isotherms of RB and LV by R studio software.

dependent variable. For the rest of the independent variables, there exists a relation, however, not as powerful as
with the dose. Nevertheless, the independent variable X3, i.e., the initial concentration, seems to have a stronger
relation to the removal than the X2 independent variable, which is the time. Similar observations can be deduced
for LV (Fig. S12b) removal from the matrix scatter plot, where there is strong relation between the removal
and the dose, and lesser relation between the initial concentration and the removal, however stronger than the
relation between the time and the removal.

To assess the relation between the independent variables, interaction plots (Fig. S13a,b) were investigated.
In case of RB removal (Fig. S13a), the interaction plots reveal that there is an interaction between the dose and
time. There also seems to be an interaction between the dose and initial concentration. However, there is no
clear relation between the time and initial concentration. For LV (Fig. S13b), it can be deduced that there is an
interaction between the independent variables, i.e., between initial concentration and time, and between dose
and initial concentration.

Quantile regression for process parameters

In this study, it was not possible to perform linear regression analysis since the distribution of sample mean
is not normal. Given the small sample size and the lack of normal distribution in the dependent variable,
quantile regression using the median as the quantile is deemed an appropriate method to capture the underlying
dynamics. After conducting a non-parametric quantile regression analysis, the following model was obtained
for RB, where the statistical analysis showed that all the interactions were insignificant (i.e., P>0.05) unlike what
was crudely observed in the interaction plots. Therefore, the interactions do not appear in the equation.

Removal (RB) = 44.3 + 36.7X1+ 15.7X2 — 22.7X3 (5)
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Fig. 7. Effect of adsorbent dose on percent removal and adsorption capacity of RB (a,b) and LV (c,d) onto
HAP-C 700 A under different initial concentrations for 3.5 h contact time at pH 7 for RB and pH 4 for LV.
Effect of temperature on: (e) RB and (f) LV percent removal at an initial concentration of 25 ppm, adsorbent
dose of 3.8 g/L, contact time of 3.5 h, and at pH 7 for RB and pH 4 for LV.

The model equation shows that the removal increases with increasing the dose and time, and with decreasing the
initial concentration. The model has a large value of Nagelkerke Pseudo R squared which is 0.949163. This means
that 94.9% of the variation in the values of the removal RB is explained by the model.

In case of LV removal, the following model was obtained.
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Removal (LV) = 23.3 + 56.6X1 + 11.4X2 —11.5X3 (6)

The model shows a large value of Nagelkerke pseudo R? which is 0.991310. This implies that 99.13% of the
variation in the values of the removal of LV is explained by the model.

As was encountered with RB, the interactions were insignificant (i.e., P>0.05). Similarly, LV removal is
directly proportional to dose and time, while inversely proportional to initial concentration. These findings for
LV and RB are consistent with the adsorption profile trends depicted in Fig. 6.

Thermodynamic analysis

Figure 7e and f show the effect of temperature on the percent removal of RB and LV at a fixed time, dose, and
initial concentration. As temperature increases, the percent removal of both contaminants decreases implying
an exothermic reaction. This is confirmed by the negative values of the enthalpy, AH (Table 6) as estimated
from van't Hoff plot (Fig. S11, SI). Furthermore, the values of AH lie between 10 and 40 KJ/mol indicating
physisorption which thus corroborates the findings of the equilibrium D-R model?’. Also, the negative values of
Gibbs free energy, AG (Table 6) indicate a spontaneous reaction, while the negative entropy, AS (Table 6) values
indicate less randomness due to adsorption.

Binary adsorption in distilled and tap water

The removal efficiencies of RB and LV in binary systems in distilled water were compared to their counterparts
in single systems at an initial concentration of 10 ppm and under neutral pH conditions (Fig. 8a). No significant
difference (P>0.05) between the percent removal in single and binary systems for both RB and LV was observed,
inferring non-competitive adsorption. Previous report indicated competitive adsorption in binary systems of RB
and methylene blue dyes captured onto durian rind*®.

Herein it is suggested that RB and LV bind to HAP-C 700 A at different adsorption sites. At pH 7, RB exists
as a zwitterion with positive amine groups and negative carboxylic groups and hence can bind to the negatively
charged HAP-C 700 A via the amine groups. LV at pH 7, on the other hand, has been previously reported to exist
as either an electrophilic neutral molecule or a nucleophilic zwitterion*’. Hence, the negatively charged HAP-C
700 A would more likely bind with the molecular form of LV, being an electrophile, than with its zwitterionic
form. Binding can possibly occur via hydrogen bonding between the OH of LV with the OH groups on HAP-C
700 A, or via n-1t donor-acceptor interaction between HAP-C 700 A and the aromatic ring of LV>".

In tap water (Fig. 8b), the removal efficiency of RB in single- and two-component systems is the same and
is also comparable to that obtained in distilled water, However, in case of LV, the removal decreased in the
binary system relative to the single system possibly due to competition from RB. The single and binary removal
efficiencies of LV were slightly enhanced in tap water relative to distilled water systems. In tap water, the presence
of minerals which form ionic atmospheres around LV can potentially change the charge distribution on LV and
improve its binding to HAP-C 700 A. The adsorbent, thus, holds promise for applicability in real water systems. It
is worth mentioning that tap water in Egypt contains chlorides in the range of 13.93-96.5 ppm, nitrates ranging
from 0.41 to 6.43 ppm, aluminum from 0.018 to 0.392 ppm, and iron from 0.024 to 0.272 ppm all over the four
seasons of the year. Total alkalinity ranges from 111.4 to 147.4 ppm, while total organic carbon varies between
2.34 and 5.26 ppm°'. The sodium content in Egypt’s Cairo tap water averages at about 21.6 + 1.4 ppm, while the
average concentrations of potassium and magnesium are 8.5+0.9 and 14.7 +0.7 ppm, respectively®>.

Regeneration

As shown in Fig. 8¢, after four cycles of adsorption/desorption of RB, HAP-C 700 A was successfully regenerated
as the percent removal remained almost constant over the four cycles. However, the adsorbent was less recyclable
in case of LV as the percent removal decreased by about 20% in the second cycle then remained almost constant
throughout the rest of the cycles. These results are similar to previously reported work that regenerated waste-
derived hydroxyapatite using 0.1 M HCI after adsorption of Congo Red dye®!, sodium alginate templated
hydroxyapatite/calcium silicate composite adsorbents using calcination at 350 C after adsorption of Eriochrome
Blue Black R dye®?, magnetic hydroxyapatite using ethanol after the adsorption of phenol®, and metformin-
embedded biocompatible chitosan/poly(vinyl alcohol) beads using water/ethanol mixture after the adsorption of
levofloxacin®®. The weaker binding of RB could be owed to its zwitterionic nature at pH 7, while LV is positively

RB LV

Temperature

(K) AG (kJ/mol) | AH (kJ/mol) | AS (J/mol K) | AG (kJ/mol) | AH (kJ/mol) | AS (J/mol K)
303 -8.185 —5.589

313 —8.388 -5.254

323 -8.196 -5.234

-18.7115 —33.7598 -8.828 -10.883

333 -7.138 —5.457

343 -7.238 —4.862

353 —6.678 -5.018

Table 6. Thermodynamic parameters for RB and LV adsorption.
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Fig. 8. Comparison of the removal efficiencies of RB and LV in single and binary distilled water systems at pH
7 and initial concentration of 10 ppm at adsorbent dose of 3.8 g/L (a), Comparison of the removal efficiencies
of RB and LV in single and binary tap water systems (b), Regeneration study of HAP-C 700 A after adsorption/
desorption cycles of RB and LV at pH 7 and 4, respectively, at initial concentration of 10 ppm and adsorbent
dose of 3.8 g/L using ethanol absolute as a desorbing agent (c).

charged at pH 4. This is in line with the kinetics findings which showed that RB at pH 7 is adsorbed on HAP-C
700 A faster than LV at pH 4.

Mechanism of adsorption

FTIR spectra of HAP-C 700 A before and after adsorption of RB and LV (Fig. 9) show that the OH broad peak of
the adsorbent before adsorption has shifted from 3466.9 to 3446.4 and 3448.5 cm™! for RB and LV, respectively,
after adsorption indicating the possible contribution of OH groups in adsorption. Possible interactions could be
H-bonding between the OH groups of HAP-C 700 A and the OH groups of RB at pH 7, electrostatic physical
interactions between the negatively charged HAP-C 700 A and amine groups of RB at pH 7, H-bonding between
OH groups of HAP-C 700 A and OH groups of LV at pHs 4 and 7, n-rt donor-acceptor interaction between
the negatively charged HAP-700 A and the aromatic rings of the electrophilic neutral LV at pH 7, electrostatic
physical interactions between the positively charged LV and slightly negative to almost neutral HAP-700 A at
pH 4.

Comparison with literature

Table 7 compares the performance of the HAP-C 700 A against various hydroxyapatite-based adsorbents. The
performance of HAP-C 700 A is higher or comparable to some of these adsorbents, particularly the waste-based
egg shell hydroxyapatite and the composites of hydroxyapatite with chitosan or with humic acid. The maximum
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Fig. 9. FTIR analysis before and after adsorption of RB and LV onto HAP-C 700 A.

Adsorbent Contaminant | q, (mg/g) | T (K) | pH Ref.

Egg shell hydroxyapatite RB 6.5 - 3 s

Humic acid/Nano-hydroxyapatite RB 24.12 313 |6 56
Hydroxyapatite/chitosan composite RB 0.1832 3 7
Nanohydroxyapatite (HA-calcined) LV 124.52 293 7 58
Nanohydroxyapatite (HA-uncalcined) LV 157.09 293 |7 o8
Alginate-coated hydroxyapatite (CaHAp-50%Alg) | RB 289.5 298 |55 o
Nano-hydroxyapatite/alginate beads RB 480 298 |7 3

HAP-C 700 A 55 ?f; 4((1;137)) 298 Z((&,B)) This work

Table 7. Adsorption capacities of various hydroxyapatite-based adsorbents as compared to HAP-C 700 A.

adsorption capacity of HAP-C 700 A is, however, lower than that of nanohydroxyapatite or the composites
of hydroxyapatite with alginate, and this can be attributed to the relatively low surface area of HAP-C 700 A
which is a result of probable sintering. Also, incorporating alginate in some composites could have enhanced
the functionality of the composites. Nevertheless, HAP-C 700 A still holds prominent advantage in being waste-
derived and this would minimize the cost of raw materials in the synthesis process.
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Conclusion

As a value-added product from the industrial refuse CKD, HAP-C nanocomposite was synthesized using a novel
approach. Citric acid was used effectively to chelate and separate the calcium from the CKD. The chelate complex
was then converted into a mixture of calcium carbonate and carbon via heating. The XRD, FTIR, and TEM
analyses confirmed the composite’s synthesis. To investigate the impact of surface area, pore volume, and pore
size on the adsorption process, the textural and surface characteristics of the composite were also examined.
The synthetic composite performance in adsorption was evaluated. With concentrations of 10, 15, and 25 ppm
for RB and 10 and 15 ppm for LV, the adsorbent demonstrated excellent removal efficiencies of 96% and 86%,
respectively. It was experimentally observed and theoretically confirmed by non-parametric quantile regression
that RB and LV removal efficiencies increase with decreasing the initial concentration and with increasing the
time and adsorbent dose. Linear and non-linear regression analyses showed that the adsorption isotherms of
RB and LV followed Sips model which indicates combined Langmuir and Freundlich behavior. Preliminary
assessment of the binary system in distilled and tap water showed that there is little to no competition between
the two contaminants on the active sites, and the composite has a high potential for simultaneous removal of
RB and LV. The interaction was physisorption, and the thermodynamic study showed that both RB and LV
spontaneously adsorb onto HAP-C 700 A. Further evidence for this conclusion came from FTIR tests performed
before and after adsorption, which indicated that OH groups are responsible for the binding, which most likely
involves hydrogen bonds and electrostatic attraction forces. The kinetic study showed that both adsorbates
followed the pseudo-second order model of adsorption, which implies that adsorption occurs via surface
reaction, film, and pore diffusion. The proposed synthesis process is simpler than those reported in literature
for other hydroxyapatite-carbon composites as it involves a reduced number of steps that do not utilize harsh
chemicals owing to the use of only one precursor for both carbon and calcium. The process also utilizes, for the
first time, CKD waste as a raw material and converts it into an added-value product. The unreacted CKD could
be used as an alkali-free ecofriendly material in other industries such as tiles and cement. All these credentials
together would make the process a promising candidate for scaling up.
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