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ABSTRACT

Using batch adsorption methods, this work examines the adsorption behavior of resorcinol onto two artificial cal-
cium phosphate compounds, tricalcium phosphate apatite (PTCa) and octocalcium phosphate apatite (OCPa). The
study is to assess these materials’ adsorption capacities and investigate the impacts of important parameters like
pH, temperature, starting concentration, and adsorbent dosage. When both the Freundlich and Langmuir isotherm
models were used, the Langmuir model fit the data better, suggesting monolayer adsorption. PTCa and OCPa were
shown to have maximal adsorption capabilities of 13.27 mg/g and 5.05 mg/g, respectively. According to kinetic
studies, the adsorption process exhibits pseudo-second-order kinetics, which points to chemisorption. The adsorp-
tion is exothermic and spontaneous, driven by physical interactions including van der Waals forces and hydrogen
bonds, according to thermodynamic considerations. The study comes to the conclusion that PTCa and OCPa, with
their high adsorption capacities and advantageous thermodynamic and kinetic properties, are attractive materials
for the elimination of resorcinol from aqueous solutions.
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INTRODUCTION

Pollutant species are released into the envi-
ronment as a result of numerous human activ-
ities. Treatments aiming at eliminating these
contaminants are frequently required, whether to
address an already contaminated resource or to
control emissions at the source. A typical meth-
od for treating gaseous or aqueous effluents is
adsorption (Sylvie et al., 2007). The problem of
aqueous effluents tainted by organic micropol-
lutants, especially resorcinol, will be our main
focus in this context. At high quantities, phenol
and its compounds give drinking water a disa-
greeable taste and odor. Industrial effluents fre-
quently contain phenol and its compounds (Sun
et al., 2019; Yan et al., 2021). Industries include
petrochemicals, plastics, leather, pesticides, and
resins are the main sources of their emission (He-
jazi et al., 2019). Because phenolic chemicals,
like resorcinol, are persistent and hazardous in

aquatic settings (Anku et al., 2017; Hanafi and
Sapawe, 2020; Iftikhar et al., 2021), their grow-
ing industrial use in manufacturing processes
presents a serious environmental risk (Suresh et
al., 2012; Weber et al., 2015). Resorcinol is a di-
hydroxybenzene isomer that is frequently present
in a variety of industrial effluents, such as dyes,
plastics, and medicines (Mousa, 2009; Subra-
manyam and Mishra, 2013). When not adequate-
ly controlled, it can be a hazardous contaminant
(Adam, 2016). Resorcinol’s resistance to natu-
ral degradation prompts worries about possible
health hazards, including harm to aquatic life and
endocrine disruption, when it is found in water
bodies (Jarvik, 2011; Nawaz and Sengupta, 2019;
Schrér and Moers, 2018). As a result, creating
sustainable and efficient techniques to remove it
from wastewater has emerged as a key area of en-
vironmental study.

These days, the process of adsorption has de-
veloped into a useful instrument for the separation
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and purification of unwanted materials. It is used
in many different sectors, including petrochem-
ical, chemical, and pharmaceutical ones, and
it plays a major role in tackling environmental
problems, especially in the water treatment sector
(Aksu, 2005). Adsorption has become more well-
known among the different methods for elimi-
nating organic pollutants from water because of
its ease of use, effectiveness, and affordability
(Thakur & Kandasubramanian, 2019). The suc-
cess of adsorption, a flexible process that includes
the buildup of solute molecules on the surface of
a solid adsorbent, is mostly determined by the
properties of the adsorbent material. The calcium
phosphate compound hydroxyapatite (HAP) (El
Rhilassi et al., 2012) has demonstrated potential
as an adsorbent because of its large surface area,
biocompatibility, and potent affinity for organ-
ic contaminants, such as phenolic chemicals (El
Bakri et al., 2024; El Bakri et al., 2024). Phos-
phate-based materials are good candidates for
additional research because prior studies have
shown how effective they are at removing differ-
ent organic contaminants from aqueous solutions
(El Boujaady et al., 2011, 2014, 2017).

Adsorption enables one or more contam-
inants to build up on a solid material’s surface.
Significant porosity is frequently present in this
material to significantly increase its adsorption
capacity. As the loading (adsorbed fraction) of the
adsorbent rises, the adsorption rate and capacity
fall. The adsorbent is usually changed or regen-
erated after a certain amount of use (Salvador et
al., 2015). For high-value adsorbents (such syn-
thetic zeolites, monoliths, and activated carbon
fabrics) (McQuillan et al., 2018; S. Wang et al.,
2006), developing regeneration methods that are
affordable, efficient, and straightforward to use is
a major problem.

Using batch adsorption techniques, this work
examines the adsorption behavior of resorcinol
onto two synthetic calcium phosphate com-
pounds: octocalcium phosphate apatite (OCPa)
and tricalcium phosphate apatite (PTCa). The
main goal is to examine these materials’ adsorp-
tion capacity as well as the effects of important
variables on the adsorption process, including
pH, temperature, starting concentration, and ad-
sorbent dose. Classical isotherm models, such
as Freundlich and Langmuir were utilized to
examine and comprehend the adsorption mech-
anism. The behavior of monolayer adsorption
and the interaction between resorcinol and the
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adsorbents are clarified by these models. These
models help clarify the behavior of monolayer
adsorption and the interaction between resorcin-
ol and the adsorbents.

The significance of resorcinol as a contami-
nant in various industrial applications necessi-
tates an effective removal strategy. Resorcinol is
known for its toxicity and potential environmental
impact, making the development of efficient ad-
sorbents crucial. Calcium phosphate compounds
have gained attention due to their biocompat-
ibility and high adsorption capacity, which make
them suitable candidates for environmental reme-
diation. This study aims to provide insights into
the effectiveness of OCPa and PTCa in capturing
resorcinol from aqueous solutions, thereby ad-
dressing both environmental and health concerns.

To achieve a comprehensive understanding
of the adsorption process, various experimental
conditions were systematically varied. The pH
of the solution plays a critical role in influenc-
ing the ionization state of resorcinol and the sur-
face charge of the adsorbents, affecting their in-
teraction. Similarly, temperature variations can
alter the kinetic energy of molecules, thereby
impacting the adsorption rate and capacity. By
optimizing these parameters, the study aims to
identify the most favorable conditions for maxi-
mum resorcinol adsorption.

Furthermore, the application of isotherm
models provides a deeper insight into the ad-
sorption mechanisms at play. The Freundlich
isotherm, indicative of heterogeneous adsorp-
tion, suggests that the adsorption sites on the
adsorbents are not uniform. In contrast, on
a surface with a limited number of identical
sites, monolayer adsorption is assumed by the
Langmuir isotherm, providing crucial informa-
tion about the maximum adsorption capacity of
OCPa and PTCa. By comparing these models,
the study will elucidate the nature of the interac-
tions between resorcinol and the synthetic cal-
cium phosphate compounds, allowing for a more
targeted approach in the design of effective ad-
sorbents for similar contaminants.

This work’s objective is to add to the ex-
panding corpus of research on the use of phos-
phate-based materials to remove organic con-
taminants from water. The study aims to lay the
groundwork for creating effective, long-lasting,
and ecologically friendly water treatment solu-
tions by investigating the adsorption capability of
PTCa and OCPa for resorcinol.
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MATERIALS AND METHODS

Adsorbents

PTCa: Using a technique created by Heu-
ghebaert, The solid tricalcium apatitic phosphate
(Cay(HPO,)(PO,),(OH)) has a Ca/P atomic ratio
of 1.5 and a high specific surface area (SSA).
Solution A, which is made by dissolving 23.5 g
of calcium nitrate tetrahydrate in 225 ml of dis-
tilled water with 40 ml of ammonia (pH ~11.2),
and Solution B, which is made by dissolving 13
g of ammonium hydrogen phosphate in 650 ml of
water with 20 ml of ammonia (pH ~9.9), are used
in this co-precipitation process. A white precipi-
tate is produced when Solution A is quickly added
to Solution B at room temperature. After filtering
and washing with an alkaline solution (1.5 liters
of water and 7.5 ml of ammonia), the precipitate
is dried for 24 hours at 80 °C in an oven hours (El
Boujaady et al., 2011, 2014).

OCPa:Accordingto Zahidi,OCPaisproduced
by the rapid double breakdown of octocalcium
apatitic phosphate (Ca(HPO,), (PO,), (OH), ),
a calcium salt solution (solution A), and an am-
moniacal orthophosphate solution in a water/
ethanol medium (solution B). By lowering the
dielectric constant, ethanol stabilizes amorphous
calcium phosphates and encourages the produc-
tion of protonated species such as HPO,>" ions.
7.09 g of calcium nitrate tetrahydrate is dis-
solved in 100 mL of distilled water, and then 100
mL of ethanol is added to create Solution A. In
Solution B, 3.96 g of (NH,),HPO, is dissolved in
250 mL of distilled water, and 2.95 mL of etha-
nol and 45 mL of ammonia are added. To create
co-precipitation, solutions A and B are quickly
swirled together at 37 °C. A basic solution (180
mL of degassed deionized water, 30 mL of am-
monia, and 210 mL of ethanol) and an overnight
drying process at 80 °C are then applied after
the precipitate has been filtered using a Buchner
funnel (EI Boujaady et al., 2011).

Utilizing a Panalytical X Pert 3 Powder dif-
fractometer, the X-ray powder diffraction (XRD)
pattern was obtained using copper Ka radiation
(Kal = 1.5405980 A). This technique is essen-
tial for determining the crystalline structure of
the synthetic calcium phosphate compounds, as
it allows for the identification of phase compo-
sitions and the assessment of crystallinity. The
resulting diffraction patterns provide valuable
insights into the structural properties of OCPa

and PTCa, facilitating a deeper understanding of
their interactions with resorcinol during the ad-
sorption process.

To complement the XRD analysis, infrared
spectroscopy (IR) was performed using a BRUKER
spectrometer. For this, anhydrous KBr was mixed
with roughly 2 mg of the product for each 200 mg
of KBr. This method enables the characterization
of functional groups present in the adsorbents and
the adsorbate, shedding light on the chemical in-
teractions that occur at the molecular level during
adsorption. The IR spectra can reveal characteristic
absorption bands associated with phosphate groups
and any changes in the chemical structure of resor-
cinol upon adsorption, thereby enhancing our un-
derstanding of the adsorption mechanism.

Furthermore, the combination of XRD and IR
analyses provides a comprehensive approach to
characterizing the materials involved in this study.
While XRD focuses on the long-range order and
crystalline nature of the compounds, IR spectros-
copy offers insights into the short-range molecular
interactions and the presence of specific functional
groups. Together, these techniques help elucidate
the complex behavior of resorcinol adsorption onto
calcium phosphate apatite, ultimately contributing
to the development of effective adsorbent materials
for environmental and industrial applications.

Adsorption tests

Adsorbate

Resolving pure samples in distilled water is the
first step in creating a stock solution of resorcinol.
The equilibrium isotherms and the effects of ki-
netics, pH, adsorbent dose and starting concentra-
tion on the adsorption of resorcinol onto synthetic
phosphates (OCPa and PTCa) were investigated
using batch adsorption tests. A UV spectrophotom-
eter was used to measure the resorcinol concentra-
tion, employing a method that forms colored com-
plexes using 4-aminoantipyrine (Fiamegos et al.,
2002; Norwitz et al., 1981). The process involved
adjusting the pH of the solution to 9.5, adding re-
agents, and allowing the mixture to reach equilib-
rium before measuring its absorbance at 500 nm
(Tang et al., 2015; T. Wang et al., 2017).

Experimental protocol

OCPa and PTCa, two synthetic phosphates,
were used to adsorb resorcinol in batch mode. The
solid was exposed to a resorcinol solution for every
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experiment. After a minute of constant stirring at a
fixed rate of 500 rpm, the mixture was transferred
to a temperature-controlled water bath that was set
at 25 °C. They then use a fritted glass apparatus to
separate the solid from the colloid. The concentra-
tion of resorcinol is determined by means of a UV
visible spectrophotometer. The following formula
measures how much resorcinol the adsorbent has
absorbed (Lian et al., 2019, 2020, 2021).

0t = co-cv (1)

m
where: Q, — resorcinol content in mg/g of adsor-
bent; C, — The beginning concentration,
while the resorcinol concentration at time
t (in mg/l) is denoted by C; V' — the solu-
tion’s volume (in 1); m — the amount of
adsorbent used (in g).

The simplicity of the Freundlich (1926) and
conventional Langmuir (1916) Equation 2 mod-
els, which describe monolayer adsorption, is
highly regarded. The continuous interaction be-
tween the adsorbent and the saturation adsorption
capacity (Q_ ) and adsorbate (b) were identified
as important adsorption characteristics applying
the Langmuir equation that has been linearized
(Langmuir., 1916).

1/Qad = 1/(bQw)Ceq + 1/Q  (2)
Y =aX™withm<1 (3)

where: X represents the equilibrium concentra-
tion of the adsorbate in the solution, and
Y represents the amount of material ad-
sorbed per unit mass or surface area of
the adsorbent. The interaction between
the adsorbent and adsorbate is defined by
the parameters a and m. Following a lin-
ear conversion, we obtain:

log(Y) = log(a) + mlog(X) 4)

Determining m and an is aided by the cor-
relation between the logarithms of Y and X. It is
noteworthy that the adsorption mode is usually
described by Freundlich’s law at very low levels
of adsorption. On the other hand, the process is
well described by Langmuir’s law when the re-
covery rate is large.

pH study

Phosphate synthetics (PTCa and OCPa) were
added to a 10-milliliter test tube that contained a
resorcinol solution. For all experimental circum-
stances, the starting resorcinol concentration was
consistently set at 100 mg/L. To alter the pH, 0.1
M HCI and 0.1 M NaOH were used. After two
minutes of stirring, the resultant mixture was put
in a thermostatic bath that was kept at a steady
25 °C. Following a 5-hour contact time, the pH
of the solution was determined and the particle
phase was filtered out using a porous glass. The
difference between chemical and physical ad-
sorption is shown in Figure 1.

RESULTS AND DISCUSSIONS

Effect of the amount of solid

To examine the impact of the amount of solid,
we incorporated variable masses (ranging from
0.05 t0 0.4 g) of PTCa and OCPa into volumes of
10 ml of resorcinol (100 mg/L).

The results regarding the impact of the quan-
tity of phosphate adsorbents on the adsorption of
resorcinol are illustrated in Figure 1. It is noted
that the elimination of resorcinol intensifies as the

Physical Adsorption @ Chemical Adsorption
Properties
Relatively low Process Temperature Higher
Approximately 5 . Approximately 10
kcal/mol [sorptionHcet kcal/mol
Van der Waals forces Bonding Chemical bonds
Rapid, reversible Kinetics Slow, irreversible
Non-specific Specificity Highly specific
Easy Desorption Difficult
Mono- or multilayer Layers Formed Monolayer only

Figure 1. Distinction between physical adsorption and chemical adsorption (Nouacer, 2015)
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quantity of phosphates increases, up to 0.2 g. This
increase in the elimination rate may be attribut-
ed to the growth of the specific surface area and
the increased availability of active sites (Lin et al.,
2009). However, after more than 200 mg of PTCa
and OCPa, there was no notable change in the per-
centage of resorcinol elimination (Figure 2). This
situation may result from the overlap of active
sites at higher quantities of resorcinol, due to the
aggregation of particles. Lin et al. (2009) and El
Asri et al. (2009) observed similar results, which
could be attributed to the fact that resorcinol
was distributed over a wide area of the surface,
leading to a decrease in the adsorption volume.
Therefore, in the context of our future research,
200 mg will be regarded as the ideal quantity of
phosphate adsorbent that we will use.

Resorcinol’s equilibrium adsorption onto
OCPa and PTCa as a function of pH

One crucial factor in the adsorption process is
the solution’s pH (Guo et al., 2013). It is important
for resorcinol adsorption. Generally, the amount
adsorbed increases as the pH decreases. Few stud-
ies have been conducted on the effect of pH on
the adsorption of resorcinol by phosphates. Lin et
al. (2009) demonstrated that the optimal pH for
the adsorption of phenol onto poorly crystallized
hydroxyapatite is in the acidic range. Using either
hydrochloric acid (0.1 M) or sodium hydroxide
(0.1 M), we examined the impact of pH on the ad-
sorption of resorcinol at an initial concentration of
100 mg/L and 200 mg of synthetic phosphate. Fig-
ure 3 shows the results that were achieved.
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Figure 3. The effect of pH on resorcinol’s ability to adhere to the used phosphates
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The amount adsorbed on both supports de-
creases with increasing pH. The maximum ad-
sorption for resorcinol was recorded in an acidic
medium. This can be explained by the fact that in
an acidic medium at pH < pH PZC of the phos-
phates (El Bakri, et al., 2024a; El Bakri, et al.,
2024b), the surface of the phosphates is positively
charged, which favors donor-acceptor interactions
between the positive charge of the phosphate and
the delocalized electrons of the aromatic ring of re-
sorcinol. In a strongly basic medium (pH > 8), the
surface is negatively charged, and resorcinol can be
found in both its ionized and deprotonated forms,
consequently, it changes the ionic strength., and
adsorption is improved. Similar results have been
observed by Lin et al. (2009), Bouyarmane et al.
(2014) and El Asri et al.(2009) in the case of phenol.

Adsorption kinetics

Resorcinol reached its maximal adsorption ca-
pacity within 80 minutes of contact, demonstrating
the rapid establishment of equilibrium (Figure 4).
Even though there are fewer relative adsorption
sites over time, this adsorption can be ascribed to
the early phase’s extensive active site presence.
The adsorption kinetics of resorcinol at a particu-
lar organic concentration (100 mg/l) on synthet-
ic phosphates (PTCa and OCPa) are depicted in
Figure 4. This data suggests that, under the given
test conditions, the resorcinol adsorption system’s
approximate equilibrium period on these synthet-
ic phosphates would be about 80 minutes. To as-
sess the adsorption kinetics, the quasi-first-order

Equation 5 kinetic model, the quasi-second-order
Equation 6, second-order Equation 7, and intra-
particle diffusion Equation 8 models were em-
ployed (Figure 5) (Lagergren et al., 1898) :

log(Qe — Qt) = log(Qe) — K1/2.3t (5)
t/Qt = 1/2 K2 Qe? + t/Qe (6)
1/(Qe — Qt) = 1/Qe + K3t (7

where: ¢ stands for the contact period and Qe
for the equilibrium adsorbate quantity
(mg/g). K, represents the pseudo-first-
order (min), K, represents the pseudo-
second-order (g/mg minute), and K,
represents the second-order (min'' g/mg)
adsorption rate constants. According
to Weber et al. (2015), the graph of Q
against %, the parameter that determines
the rate of intraparticle diffusion, is used
to compute the initial intra-particle trans-
port rate:

qt = Kpt'/? + C (8)

where: ¢ is the time (minute), The intra-particle rate
coefficient is denoted by k, (mg gl min®?),
the quantity of solute absorbed by ¢,
(mg/g) on the sorbent surface at time ¢,
and the thickness of the boundary layer is
represented by a constant, C (mg/g). The
principal adsorption stage was identified
using the intra-particle diffusion model. A
linear regression of Q against t'? travel-
ing through the origin would suggest sole
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Figure 4. Resorcinol’s adsorption kinetics onto synthetic phosphate
(200 mg of solid, initial pH, at 298 K, agitated for 1 minute)
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Figure 5. Resorcinol’s phosphate synthetic adsorption kinetics were studied at 25 °C with 200 mg of solid, a pH
of 6.66, and a stirring time of one minute

control by intraparticle diffusion, in ac-
cordance with the theories of Weber and
Morris. However, as Figure 5 shows, the
regression was not linear and the plot did
not start at the origin, suggesting that the
adsorption process was governed by more
than just intraparticle diffusion.

Figure 5 shows the graphic computation of
the pseudo first order, second order and pseudo
second order adsorption rate constants of resorci-
nol on OCPa and PTCa.

In addition to the second order for the OCPa
support, the pseudo-second order and pseudo-first
order models are the most dependable for both
supports, according to the determination of the
various rate constants (Figure 6), having a good
correlation value of almost (R? = 0.99).

Analysis of adsorption isotherms

Over the course of four hours, to examine the
adsorption characteristics of resorcinol on phos-
phate, 0.200 g of adsorbent was subjected to 10 ml
of different solutions with resorcinol concentra-
tions varying (40-500 mg/l). Figure 6 shows the

connection between the amount of adsorbate and
its concentration in the medium at equilibrium.
varying the solution’s concentrations, It is evident
that the quantity of adsorbed resorcinol increases
significantly before plateauing, indicating a type
of monolayer adsorption. The representation of
the adsorption isotherms using the Freundlich and
Langmuir models is shown in Figure 7. The cor-
relation coefficient values (see Table 1) appear to
indicate the adsorption isotherms on PTCa may be
effectively described by both the Freundlich and
Langmuir models (Figure 7), while the Langmuir
model is most suited for resorcinol adsorption on
octocalcium phosphate. The greatest adsorption
capacity at complete monolayer coverage, indi-
cated by the computed adsorption capacity Q1, is
5.05 mg/g for OCPa and 13.27 mg/g for PTCa.

Thermodynamics

Both the adsorption process and the adsor-
bent’s equilibrium capacity are significantly im-
pacted by temperature. Temperature variations
can affect the adsorbent’s overall effectiveness in
collecting target molecules as well as the pace of
adsorption. In addition to altering the interaction
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Adsorbent : PTCa OCPa
Qexp (mg/g): 2,76 2,61

Intra-particle

diffusion
PTCa OCPa Pseudo-first order
<p (g.mg-1.min0.5) : PTCa OCPa
0,12299 0,11661 Qe cal (mg.g-1):
>(mg.g-1): 295 231
077 0,70 K1 (min-1) :
R2:0,637 0,671 0,02558 0,01428
R2:0,99 0,98

Second order
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Figure 6. Kinetic factors related to resorcinol’s adsorption onto synthetic phosphate
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Figure 7. Resorcinol’s adsorption isotherm on PTCa and OCPa is being modeled

Table 1. Setting parameters to meet the Freundlich and Langmuir models

Model Adsorbent
PTCa OCPa
m 0.6700 0.4797
Freundlich a (I/g) 0.02877 0.06153
R? 0.973 0.689
Q_ (mg/g) 13.27 5.05
Langmuir b (I/g) 0.0064 0.0133
R? 0.982 0.954

between adsorbates and the adsorbent’s active
sites, higher temperatures may increase the mol-
ecules’ kinetic energy and hence the rate of ad-
sorption. On the other hand, high temperatures
can also cause desorption, which lowers the total
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adsorption capacity. Therefore, maximizing ad-
sorbent performance in a variety of applications
requires an understanding of the thermodynamic
behavior of adsorption in response to temperature

(Agarwal and Rani, 2017).
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For this study, we used resorcinol solutions
at a concentration of 100 mg/L. We added 0.2 g
of adsorbent to 10 mL of solution and stirred at a
speed of 500 rpm for one minute. The mixture was
then placed in a thermostatic bath. The temperature
range considered was between 20 and 50 °C. The
evolution of the adsorbed amount as a function of
temperature (Figure 8) shows that the amount of
resorcinol adsorbed decreases on the PTCa and
OCPa supports as the temperature rises from 20
to 50 °C. These observations may be attributed to
the nature of the interactions between the apatite
and resorcinol. Thus, the increase in temperature
destabilizes the physical forces involved between
the phosphates and resorcinol.

In general, a heat exchange that can be either en-
dothermic or exothermic occurs in tandem with the
adsorption process. (Li et al., 2014). The measure-
ment of the adsorption heat is the primary criterion
that allows differentiation between chemisorption
and physisorption. The equations have been used to
calculate the thermodynamic parameters, including
entropy (AS), enthalpy (AH), and Gibbs free energy
(AG) (Demirbas et al., 2006; Rodriguez et al., 2008):

AG = —RT LnKc 9)
AG =AH — TAS (10)
LnKc = AS/R — AH/RT (11)
Kc ={E&-c0 (12)

Ceq

where: AG—Gibbs free energy change (Joules/mol);
AS — entropy change (Joules/mol-K) ; AH
— enthalpy change (Joules/mol); K. — equi-
librium constant ; 7'— temperature absolute

(K) ; R — ideal gas constant ; C; — the ad-
sorbate’s initial concentration; Ceq — the
adsorbate’s equilibrium concentration.

AH and AS, the thermodynamic parameters
of adsorption for the resorcinol onto the apatite
are determined from the plots (Figure 9) of LnK
versus the inverse of the temperature in Kelvin.

The exothermic nature of resorcinol’s ad-
sorption onto PTC and OCPa is confirmed by
the negative values of AH shown in Table 2. This
suggests stronger connections between the resor-
cinol molecules and the adsorbent surfaces since
it shows that the adsorption releases energy. Ad-
ditionally, the system experiences a reduction in
randomness during adsorption, as indicated by
the negative values of entropy (AS). In particular,
structured interactions between adsorbates and the
adsorbent surface are characterized by the resor-
cinol molecules at the solid-liquid interface being
more ordered when adsorbed onto the PTCa and
OCPa supports. Additionally, Table 3’s negative
values of Gibbs free energy (AG) at each tem-
perature suggest that the resorcinol adsorption
process onto the apatite is spontaneous and ther-
modynamically beneficial. This further supports
the effective binding of resorcinol to the apatite
surface by indicating that, under the specified
experimental conditions, the adsorption takes
place without the requirement for external en-
ergy input. The exothermic and spontaneous na-
ture of the adsorption process is supported by
the combined thermodynamic parameters, such
as AH, AS, and AG, which offer important in-
sights into its nature.
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Figure 8. Temperature’s impact on resorcinol adsorption onto phosphates
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Figure 9. Entropy and enthalpy of resorcinol adsorption onto the studied phosphates

Table 2. Resorcinol adsorption’s thermodynamic properties on the phosphates under study

Thermodynamic parameters Adsorbents
PTCa OCPa
AH (KJ/mol) 7477 -8.623
AS (J/mol K) -23.239 -28.048
R? 0.870 0.980
Table 3. Resorcinol’s Gibbs free energy of adsorption onto the phosphates under study
Adsorbents T (K) K, AG (KJ/mol)
293 1.28 -0.61
298 1.23 -0.52
PTCa 308 1.21 -0.49
318 1.06 -0.15
323 0.94 0.17
293 1.18 -0.41
298 1.09 -0.22
OCPa 308 1.02 -0.04
318 0.91 0.25
323 0.83 0.50

According to Table 3, the measured values of
AG, which range from 0 to -20 kJ/mol, strongly im-
ply that physisorption is the dominating mechanism
in this instance, since the change in Gibbs free ener-
gy (AG) for chemisorption normally falls between
-80 and -400 kJ/mol. Less negative AG values are
generally linked to physisorption, which is defined
by weaker van der Waals forces as compared to the
stronger covalent or ionic interactions in chemi-
sorption. The very small value of AG in this inves-
tigation aligns with the features of physisorption,
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in which the adsorbent-adsorbate interaction is
more physical than chemical. This observation is
in line with preceding studies by Mahmoodi et al.
(2011), who emphasized that processes controlled
by physical adsorption mechanisms are indicated
by such AG values. The predominance of physi-
sorption implies that resorcinol and the surfaces
of PTCa and OCPa, the adsorbents, have mostly
weak and reversible contacts, which may permit
desorption under some circumstances. As a result,
this research confirms that physisorption is crucial
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to the adsorption of resorcinol onto these supports
and emphasizes the significance of taking the ther-
modynamic data into account when figuring out the
nature of the adsorption process.

Furthermore, The Gibbs free energy of ad-
sorption for a variety of interactions was calcu-
lated by Yon Oepen (1991). For Van der Waals
forces, the Gibbs free energy AG is between 4 and
10 kJ/mol, for hydrogen bonding, it is between
2 and 40 kJ/mol, and for chemical bonding, it is
less than 60 kJ/mol (Agarwal and Rani, 2017).
The adsorption processes of resorcinol onto the
investigated phosphates are probably due to hy-
drogen bonding and dipolar interactions between
resorcinol and water molecules, according to the
values observed (Table 2).

Characterization of adsorbents after
adsorption

Study by infrared (IR) absorption spectroscopy

The FT-IR absorption spectrum of PTCa-Resor-
cinol is shown in Figure 10. Following adsorption,
the band at 876.7 cm™ that corresponds to HPO4*
ions emerge at 874.7 cm™. This shift can be attrib-
uted to the chemical interaction of resorcinol with
the HPO+* ions of PTCa. The OH- bands observed
at 631.23 and 3368.77 cm™ after adsorption have

shifted, indicating the chemical interaction of res-
orcinol with the O-H groups of PTCa. Similarly,
the transmittances at wavenumbers 560.87, 600.50,
962.28, and 1023.35 cm™ related to PO4>~ ions have
been shifted to 560.73, 600.39, 962.21, and 1023.26
cm, respectively, after the adsorption of resorcinol.
In this case, a chemical interaction of resorcinol with
the PO4*~ groups of PTCa is assumed. Thus, it may
be said that the interaction between PTCa and resor-
cinol involves the OH-, HPO+*", and PO+*" groups.
The infrared absorption spectra of dried OCPa after
resorcinol adsorption are shown in Figure 11.

Figure 10 shows that following the adsorp-
tion of resorcinol on OCPa, the band assigned to
HPO+* ions at 877.24 cm™ occurs at about 874.65
cm™'. It is also noted that the bands attributable to
PO+ ions (560.66, 600.44, 961.80, 1023.22, and
1336.62 cm™) have shifted to (560.28, 600.23,
961.90, 1023.22, and 1338.45 cm™), respectively.

Therefore, we can say that the interaction be-
tween octocalcium phosphate and resorcinol in-
volves both the HPO4>~ and PO4*" groups.

Study by X-ray diffraction

The X-ray diffraction patterns of apatite trical-
cium phosphate (PTCa) and apatite octocalcium
phosphate (OCPa) both prior to and following ad-
sorption with resorcinol are shown in Figure 12.
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Figure 10. FT-IR absorption spectra of PTCa before and after adsorption of Resorcinol

267



Ecological Engineering & Environmental Technology 2025, 26(1), 257-271

= _w“‘lmm'rwwﬁ—www,—--huv.,,,,.,, e s .
- N v = . v
= | M (
OCPa before \ f v ‘f
= adsorption i U
B \| ,|
1. |
. |
. Lol Ll
= g g g2 5 23
7000 6000 5000 aco0 3000 2000 1000
Vwavenumber em-1
AN o s s e
T A
_ | OCPa after adsorption of
= Resorcinol
% = 4
= 1 A |1 2N
S BE= 2 =22 Ssgasy
= g BE & 25 EBxzzgs

7000 8000 5000

4000 3000 2000

WWavenumber cm-1

Figure 11. FT-IR absorption spectra of OCPa before and after adsorption of Resorcinol
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Figure 12. X-ray diffraction of synthesized phosphates prior to and following resorcinol adsorption

No modifications were detected following the
interaction of the substrates (PTCa and OCPa)
with resorcinol. However, the intensity of the
diffraction peaks after adsorption is apparently
lower than that of the initial phosphate (PTCa and
OCPa) peaks, indicating a decrease in crystallinity
following resorcinol adsorption. These reductions
in crystallinity may be attributed to the incorpo-
ration of phenols into the micropores and macro-
pores of the studied phosphates.
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CONCLUSIONS

The adsorption behavior of resorcinol onto
artificial calcium phosphate compounds more
especially, PTCa and OCPa was the main focus
of this investigation. The results show that both
materials have notable resorcinol adsorption ca-
pabilities, and that variables like pH, temperature,
adsorbent dosage, and the adsorption process is
affected by the initial resorcinol concentration.



Ecological Engineering & Environmental Technology 2025, 26(1), 257-271

Both the Freundlich and Langmuir models
provided a good description of the resorcinol
adsorption isotherms. However, the Langmuir
model fit the data better, indicating that mon-
olayer adsorption takes place on the adsorbents’
surface. PTCa has a greater capacity for remov-
ing resorcinol, as evidenced by the highest ad-
sorption capacities of 13.27 mg/g for PTCa and
5.05 mg/g for OCPa.

Kinetic investigations revealed that the ad-
sorption of resorcinol onto PTCa and OCPa fol-
lowed pseudo-second-order kinetics, indicating
that chemisorption plays a significant role in the
process. Additionally, thermodynamic simula-
tions showed that the adsorption process is ex-
othermic and spontaneous, with negative values
for Gibbs free energy (AG) and enthalpy (AH).
These results suggest that the physical factors
governing adsorption, such as hydrogen bonds
and van der Waals interactions, predominate, par-
ticularly at lower temperatures.

Based on the results of the investigation, PTCa
and OCPa may be effective adsorbents for remov-
ing resorcinol from aqueous solutions. They are
promising materials for use in water treatment
technologies because of their high adsorption
capabilities, advantageous kinetic and thermo-
dynamic properties, and adaptability to different
environmental situations. To further prove these
adsorbents’ practicality in environmental reme-
diation initiatives, future studies should examine
their regeneration and reuse as well as their utili-
zation in actual wastewater systems.
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