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Abstract: Three samples of calcite (calcite crystal (CA), calcite of limestone (L.CA), and metamor-
phosed calcite (marble) (M.CA)) were assessed as adsorbents of Zn (II) to consider the impact of
the different geological conditions. The three samples exhibit remarkable changes in their Zn (II)
retention capacities (Qsst = 384.6 mg/g (CA), 274.5 mg/g (L.CA), and 512.6 mg/g (M.CA)). The
retention systems of the three calcite samples were described on the basis of the suggested statistical
physics-based equilibrium studies as well as the traditional kinetic and isotherm models. However,
the M.CA samples exhibited the best retention capacity, the steric properties reflecting a higher
active site density of CA (N (zn) = 113.46 mg/g) than both M.CA (Ny; (z) = 82.8 mg/g) and L.CA
(Nm (zn) =52.4 mg/g) at 323 K. This was assigned to the controlling effect of the sequestered numbers
of Zn (I) per site on the surfaces of the calcite phase (1 (z,) = 3.39 (CA), 5.24 (L.CA), and 6.19 (M.CA))
in addition to the higher surface area and ion exchange of the metamorphosed and deformed M.CA.
The previous 1 (7, values suggested the retention of Zn (II) by a multi-ionic mechanism in a vertical
orientation. The Gaussian energies (8 to 16 KJ/mol) and retention energies (<40 KJ/mol) of Zn (II) by
CA and L.CA suggested complex physical and weak chemical mechanisms involving ion exchange,
hydrogen bonding, dipole bonding forces, electrostatic attractions, and van der Waals forces. The
thermodynamic properties were illustrated on the basis of the internal energy, free enthalpy, and
entropy functions, which validate the endothermic and spontaneous nature of the Zn (II) retention
system by the three calcite samples.

Keywords: calcite; geological conditions; Zn (II) ions; retention; steric; energetic

1. Introduction

The water shortage, in addition to the increase in the concentrations of the common
pollutants in the available water supplies, attracted the attention of interested researchers
to develop effective management and remediation techniques [1,2]. The dissolved heavy
metals in water were categorized as highly dangerous and toxic species of inorganic
chemistry in the water supplies, which causes a serious threat to living organisms and
humans [3]. Moreover, such metal ions exhibit bioaccumulation and non-biodegradability
properties, which increase their toxicity effects [4-6]. The discharging of such toxic ions is
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related to the industrial wastewater of mining, electroplating, battery manufacturing, and
several industrial activities [7-9]. The presence of such metals at 50 ug/L concentration
exhibits carcinogenic effects on the lungs, liver, or kidney for each 1 L of drinking water
per day. In addition, the exposure of the human skin to the metal ions in regular rats at
0.0012 mg/kg/day is of significant damaging impact [10-12]. Among the recorded heavy
metal ions, Zn (II) exhibits significant acute and chronic toxicity, and its existence in water
causes significant health issues, including neurological signs, stomach-ache, vomiting,
dizziness, diarrhea, loss of appetite, depression, profound neurological illnesses, and
lethargy [10,13]. Therefore, the permissible concentration of Zn in drinking water was
set to be no more than 3 mg/L (WHO, 2017) and lower than 1 mg/L, according to the
recommended criteria of China Standards [10,14].

The adsorption of metal ions as Zn (II) by different natural and synthetic materials
was evaluated in numerous studies as an effective, simple, and low-cost remediation tech-
nique [15,16]. However, it is still an attractive and hot research point, considering the
qualification and nature of the used adsorbents as well as their reactivity and recyclability,
in addition to other considerations, such as the kinetic rates, the preparation cost, the
adsorption efficiency, the equilibrium behaviors, and the illustration of the mechanism
either by the theoretical or the experimental studies [3,17,18]. The adsorption remediation
techniques based on natural minerals and rocks are still the most effective technique based
on the availability, escalation, environmental, and cost considerations [19-21]. However,
the same minerals exhibit the same mineralogical properties in different geological environ-
ments; thus, it was reported that the geological conditions are of significant impacts on the
crystallinity and physicochemical properties [22,23].

Calcite is one of the widely distributed minerals that exhibit an anhydrous crystalline
structure of calcium carbonate (CaCOs3) composition [23,24]. It is a secondary mineral that
is present in all types of rocks, and its precipitation is related to a wide range of aque-
ous solutions, such as hydrothermal solutions, marine water, and surface water [24-26].
It is a known industrial mineral that is used widely in the chemical, paper, glass, and
pharmaceutical industries as well as water treatment processes [24,27]. Naturally, calcite
can exist as a free mineral (calcite), a dominant component of rocks (limestone, marble,
and carbonatites), and as the skeleton of numerous organisms (corals, coccolithophores,
foraminifers, and pearl oysters) [24,28]. Calcite is the stable polymorph of calcium car-
bonate in the natural environment, and it shows remarkable variation in color, chemical
composition, microstructural deformation, and crystallinity degree [25,26]. The varied
forms of calcite reflect different geological conditions and tectonic effects, including the
formation pressure and temperature, in addition to the post-formation effects, such as the
weathering, compaction, dissolution, recrystallization, and the other digenesis conditions
that strongly affect the morphology and crystal system of calcite mineral [25,28].

Structurally, calcite mineral exhibits a heterodesmic structure in which the formation
atoms are bonded together with mixed covalent, ionic, and /or weak long-range interac-
tions (such as hydrogen bonds and van der Waals ones) [29,30]. Calcite crystallizes like
a composite structure, containing alternative layers of negatively charged carbonate ions
held together by layers of calcium cations in which each Ca?" ion exhibits octahedron
coordination with six oxygen atoms from six different CO, [29,30]. Regarding the chemical
reactivity of the calcite surface, the interaction between the dissolved ions along the calcite—
water interfaces, including sorption and redox processes, occurs under non-equilibrium
conditions [20,26,28]. Metal ions, such as Mg (II), Mn (II), and Fe (II), can be introduced into
calcite, causing significant defects in the crystal structure, which have a great influence on
the crystal structure, chemical reactivity, optical properties, mechanical properties, and elec-
tronic properties [20,27]. Therefore, the surface properties of calcite as adsorbent materials
are still attractive research points both for environmental applications or reaction mech-
anisms and have not yet been covered by satisfactory studies. Therefore, the introduced
study involved, for the first time, a deep investigation of the surface reactivity of different
forms of calcite minerals that were formed at different geological conditions. This involves
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highlighting the impact of the geological conditions on the properties of the calcite mineral
as an adsorbent for Zn (II) ions by considering the theoretical assumptions of the advanced
equilibrium models based on the statistical physics theory, which has not been investigated
before. This involved investigation of the active sites” density, saturation capacity, number
of adsorbed metals per site, adsorption energy, enthalpy, internal energy, and entropy.

2. Experimental Procedures
2.1. Materials and Characterization

Three natural calcite forms (calcite crystal (CA), calcite of limestone (L.CA), and
metamorphosed calcite (marble) (M.CA)) were delivered from the Eastern desert rock
units in Egypt. Zinc nitrate (ZnNOs) (Sigma-Aldrich, Cairo, Egypt) of analytical grade
was applied in the preparation of the stock solutions (1000 mg/L) to be applied during
the adsorption studies. According to the observed XRD patterns, the three evaluated
samples are highly crystalline and pure calcite without remarkable detection of impurities
(Figure 1). However, there were observable differences in the crystal structure properties.
The estimated microstrain percentages in the calcite crystals were 0.162% (CA), 0.163%
(L.CA), and 0.235% (M.CA). This reflected the considerable deformation effect of the
metamorphism process on the crystal lattice of calcite minerals. In addition, this was
reflected in the estimated average crystallite size as the crystallite sizes of 9.32 nm, 9.31 nm,
and 6.34 nm for CA, L.CA, and M.CA, respectively.
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Figure 1. XRD patterns of the different evaluated calcite samples (A: CA, B: L.CA, and C: M.CA).

2.2. Batch Adsorption Studies

The retention tests of Zn (II) by the studied calcite samples were designed in batch
form by considering main experimental factors, such as pH (2-7), the Zn (II) concentration
(25 mg/L to 450 mg/L), and the adsorption duration (30 min to 900 min). The other
experimental parameters were considered at certain values during the tests (0.2 g/L calcite
dosage and 100 mL solution volume). The adsorption temperature during the equilibrium
tests was evaluated at three values from 30 °C to 50 °C. The tests were completed in
triplicate forms, and the measured values were inserted in their average values with
standard deviations less than 3.4% (CA), 4.2% (L.CA), and 3.8% (M.CA). By the end of the
tests or the equilibration period, the treated samples were separated from the calcite solids
by filtration using Whitman filter paper (40 um). After the filtration step, diluted nitric acid
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was added carefully to the treated solutions to prevent the dissolved residual Zn (II) ions
from precipitation on the walls of the utilized tubes. The residual concentrations of Zn
(II) after completion of all the tests were measured by inductively coupled plasma mass
spectrometry (Perkin Elmer) (ICP) in the existence of certified reference standard solution
according to Merck Company (Germany) and the National Standard and Technology
Institute (NIST). The measured concentrations were applied during the calculation of the
Zn (II) retention capacities of the calcite samples according to Equation (1). The Q,, C,,
Ce, V, and m symbols donate the calculated retention capacity in mg/g, initial Zn (II)
concentrations (mg/L), the remaining Zn (II) concentration (mg/L), the volume of Zn
(II)-polluted solution (mL), and calcite dosage (mg), respectively.

(Co - Cg)V
m

Q. (mg/g) — 1)

2.3. Theoretical Traditional and Advanced Equilibrium Studies

The retention systems of Zn (II) by the calcite samples were evaluated according to
the theoretical assumptions of different kinetic, classic isotherm, and advanced equilibrium
models, which were designed on the basis of the fundamentals of the statistical physics
theory (Table S1). The inspection of the kinetic and classic equilibrium properties was
accomplished according to the non-linear fitting degrees of the Zn (II) retention results,
with the descriptive equations of the models considering the determined determination
coefficient (R?) (Equation (2)) and Chi-squared (x?) (Equation (3)). Regarding the non-linear
fitting degrees of the Zn (II), retention results with the different illustrative equations of
the assessed advanced equilibrium models were considered, according to the obtained
values of the determination coefficient (R?) and the recognized root mean square error
(RMSE) (Equation (4)). The n, p, Qi,, and Qiexp symbols in Equation (4) signify the Zn
(II) retention results, retention parameters, theoretical Zn (II) retention capacity, and the
experimentally determined Zn (II) retention capacity, respectively.

2
RZ -1— g:((QQE/ exp__QQe, czzl))2 (2)
e, exp e, mean
2
Z Qe epr Qle, cul) (3)
. 2
RMSE \/ i=1 iniclal_ leexp) (4)

3. Results and Discussion
3.1. Effect of pH

The experimental investigation of the impact of the pH of the solution on the actual
affinities of the calcite surfaces to the Zn (II) ions was performed within the range from
pH 2 to pH 7 at the highest value to avoid the expected precipitation of the metal ions
as Zn (OH);. The main affecting variables were studied at 0.2 g/L for the calcite dosage,
240 min for the uptake duration, 100 mg/L for the Zn (II) concentration, 100 mL for the
solution volume, and 303 K for the uptake temperature (Figure 2). The detected Zn (II)
uptake results by the three types of calcite showed observable enhancement in terms of
the adsorbed quantities of Zn (II) as the tested pH increased from pH 2 (14.7 mg/g (CA),
10.6 mg/g (L.CA), and 20.3 mg/g (M.CA)) to pH 7 (202.2 mg/g (CA), 145.2 mg/g (L.CA),
and 215.7 mg/g (M.CA)) (Figure 2). These pH values demonstrated the suitability of
the three calcite forms to be applied in the realistic decontamination of Zn (II) at neutral
conditions, according to the recommended criteria of US EPA for the treatment of the
industrial effluents (pH 6 to 9) [31]. This signified the impact of the pH on the solute
dissociation, surface charges, and adsorption mechanism [32]. The speciation behavior of
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Zn (II) validated the presence of its ions as Zn?* cations up to pH 7, and converted them
into positive hydrolytic form (Zn (OH)") from pH 7 to pH 11 [33]. Therefore, the neutral
to alkaline conditions represented the best conditions to achieve significant electrostatic
attractions with the Zn?* ions, as the deprotonated calcite surfaces were highly saturated
with the negatively charged hydroxyl radicals [32].

Qt (mg/g)

Figure 2. Effect of the solutions pH on the uptake of Zn (II) by the three calcite forms.

3.2. Kinetic Studies
3.2.1. Effect of Contact Time

The uptake properties of the three calcite forms (CA, L.CA, and M.CA), as evaluated
adsorbents of Zn (II) in terms of the adsorption duration, were inspected from 30 min
to 1140 min. The main affecting variables were studied at 0.2 g/L for the calcite dosage,
pH 7,100 mg/L for the Zn (II) concentration, 100 mL for the solution volume, and 303 K
for the uptake temperature (Figure 3A). The obtained curves validated remarkable changes
in the Zn (II) adsorption rates, with the studied duration forming two essential segments
(Figure 3A). Within the initial Zn (II) uptake intervals, the processes showed high uptake
rates with strong changes in the adsorbed Zn (II) quantities, as was signified by the steep
slopes of the curves (Figure 3A). After 420 min, the actual rates declined significantly,
and the calcite samples exhibited nearly fixed capacities, which normally identify the
equilibrium states (Figure 3A). The determined Zn (II) equilibrium capacities of CA, L.CA,
and M.CA were 211.5 mg/g, 203.2 mg/g, and 249.3 mg/g, respectively (Figure 3A). The
saturation of the calcite surfaces with numerous active and free adsorption sites during
the initial interactions between them and the Zn (II) ions resulted in effective adsorption
of these ions at abrupt rates. With escalation of the duration, the Zn (II) ions occupied the
free sites regularly, which reduced the availability and quantities of these sites, causing
a remarkable drop in the adsorption rates. After a certain Zn (II) uptake interval, all the
effective free sites were saturated and occupied with the metal ions, and no additional ions
could be retained on the calcite surfaces, demonstrating their equilibrium states [16].
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Figure 3. The impact of the contact time on the retention capacities of calcite phases for Zn (II) ions
(A), the intra-particle diffusion curves of the Zn (II) retention results by the calcite phases (B), fitting
of the Zn (II) retention results with the pseudo-first-order kinetic model (C), and fitting of the Zn (II)
retention results with the pseudo-second-order kinetic model (D).

3.2.2. Intra-Particle Diffusion Behavior

The Zn (II) retention intra-particle diffusion curves utilizing the calcite phases demon-
strated the presence of three remarkable segments with different slopes (Figure 3B). More-
over, these curves showed no observable intersections with the original points, demonstrat-
ing the cooperation of some parallel mechanisms in addition to the impact of the Zn (II)
diffusion processes towards the calcite surface [34,35]. These properties suggested the pres-
ence of several processes, such as (A) external surface (border) adsorption, (B) intra-particle
diffusion, and (C) saturation and equilibrium stage [36]. The reorganization of the starting
segment within the initial Zn (II) retention duration suggested surficial and/or external
retention of the ions, according to the availability of the free sites on the surface of calcite
(Figure 3B) [19]. The detection of another segment that appeared during the intermediate
intervals marked the occurrence of other types of retention mechanisms related to the
intra-particle diffusion effect and the layered uptake processes (Figure 3B) [32,36]. During
this stage, the dissolved Zn (II) diffused significantly into the interior structures of the
calcite minerals [36,37]. The appearance of the third segment, mainly during the equili-
bration periods, reflected the saturation of all the present binding sites with the retained
Zn (II) ions (Figure 3B) [3,35]. Moreover, this segment declared the retention of Zn (II) by
molecular interaction and/or the interionic attraction reactions, and it resulted mainly in
the formation of thick adsorbed layers of the metal ions [5].
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3.2.3. Kinetic Modeling

The Zn (II) adsorption kinetics by the three calcite phases were assessed by considering
the common theoretical basics of both pseudo-first-order (PFO) (Figure 3C) and pseudo-
second-order (PSO) (Figure 3D) models. The determination of the fitting degrees of the
occurred uptake reactions was considered according to the values of both the correlation
coefficient (R?) and Chi-squared (x?) (Table 1; Figure 3C,D). Considering these fitting
parameters, the retention of Zn (II) by the three calcite phases occurred according to
the kinetic behaviors of the PFO model rather than the kinetic assumption of the PSO
model (Table 1). Therefore, the retention of Zn (II) by calcite might involve essentially
physisorption processes, such as the impact of the electrostatic attractions [38,39]. This
suggestion was supported by the detectable similarity between the actually measured
retention capacities (211.5 mg/g (CA), 203.2 mg/g (L.CA), and 249.3 mg/g (M.CA)) and
the theoretically obtained values (232 mg/g (CA), 223.8 mg/g (L.CA), and 259.6 mg/g
(M.CA)) (Table 1). However, the observed high fitting with the PSO model demonstrated a
considerable role for some chemical or even weak chemical reaction as assistant mechanisms
during the physical retention of Zn (II) by calcite (electron exchange, surface complexation,
and electron sharing) [35,38]. The physical and chemical retention mechanisms might have
occurred on the surface of calcite, involving the formation of physically adsorbed Zn (II)
ions layer above a layer of chemically adsorbed Zn (II) ions [40].

Table 1. The mathematical parameters of the studied kinetic models.

Kinetic Models
Model Parameters Values
K; (1/min) 0.0027
) Qe (cayy (mg/g) 232.06
Pseudo-first-order R2 0.93
X2 5.6
A
C k; (mg/g min) 535 % 107°
Qe (cay (mg/g) 342.5
Pseudo-second-order R? 0.91
X2 7.2
K (1/min) 0.0054
) Qe (ca)y (mg/g) 2238
Pseudo-first-order R2 0.92
XZ 54
L.CA
C k; (mg/g min) 1.61 x 10~
Qe (cary (mg/g) 284.2
Pseudo-second-order R2 0.89
X2 8.3
K; (1/min) 0.0051
, Qe (capy (mg/g) 259.6
Pseudo-first-order R2 0.96
X2 4.2
M.CA
C k; (mg/g min) 1.35 x 107
Qe (cary (mg/g) 329.2
Pseudo-second-order R2 0.94

X2 6.7
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3.3. Equilibrium Studies
3.3.1. Effect of Zn (IT) Concentrations

The retention properties of Zn (II) by the three calcite phases in terms of the assessed
starting concentration (50 mg/L to 450 mg/L) strongly signified the equilibrium behaviors
as well as the actual maximum capacities. The main affecting variables were studied at
0.2 g/L for the calcite dosage, pH 7, 1140 min as contact time, and 100 mL for the solution
volume by considering three values of the uptake temperature (303 K, 313 K, and 323 K)
(Figure 4). The determined Zn (II) retention efficiencies by the three calcite phases in terms
of the evaluated concentrations increased at remarkable rates (Figure 4A-C). The previous
literature illustrates this behavior as a result of the strong increase in the driving forces
of the Zn (Il) ions as well as their diffusion speed with their increasing concentrations
in the system. Therefore, the collision and interaction chances between such dissolved
metals and the active sites on the calcite surfaces increased at significant rates, causing
an enhancement in the actual retention capacities [41]. This could be detected within
an experimental range from 50 mg/L to 200 mg/L for both CA and M.CA and up to
150 mg/L for L.CA (Figure 4A—C). These Zn (II) concentrations could be categorized as the
equilibrium concentrations of the calcite adsorption systems, and all the tests conducted at
concentrations other than these values demonstrated neglected or nearly fixed retention
properties. Attending these stages reflects the complete saturation of the calcite phases
with Zn (II) ions, i.e., their experimental maximum retention capacities. The maximum Zn
(II) retention capacities of CA, L.CA, and M.CA at the best retention temperature (323 K)
were 385 mg/g, 274.2 mg/g, and 511 mg/g, respectively (Figure 4A—C). The observable
enhancement in the Zn (II) retention properties of the three calcite phases validated the
endothermic properties of their adsorption systems.

3.3.2. Giles’s Classification

The obtained Zn (II) retention curves of CA, L.CA, and M.CA in terms of the tested
metal concentrations were classified according to the reported properties of Giles’s clas-
sification for the isotherm curves. The obtained curves during the retention of Zn (II) by
the calcite phases exhibited the properties of L-type isotherm curves [42] (Figure 4A—C).
The reorganization of L-type curves reflected the strong effect of the present intermolecular
attractive forces during the interaction between the Zn (II) ions and the reactive chemical
groups of the calcite mineral (Figure 4A—C) [43]. The isotherm curves that exhibited L-type
properties demonstrated the complete formation of adsorbed Zn (II) flat monolayers on
the three calcite phases [44]. Moreover, this suggested the enrichment of the surfaces of
the three calcite phases with numerous free and reactive chemical groups that exhibited
remarkable affinity to adsorb the dissolved Zn (II) ions, even at low actual concentrations.

3.3.3. Classic Isotherm Models

The equilibrium properties of the Zn (II) retention processes using CA, L.CA, and
M.CA were assessed by considering the reported assumptions of classic isotherm models,
including Langmuir (Figure 4D-F), Freundlich (Figure 4G-I), and Dubinin-Radushkevich
(D-R) (Figure 4J-L). The fitting degrees were obtained on the basis of the R? (determina-
tion coefficient) and x? (Chi-squared) values of the non-linear fitting processes with the
representative equations of the models (Table 2). The retention processes of Zn (II) by
the three calcite phases followed the isotherm properties of the Langmuir Equation, as
compared with the equilibrium behaviors of the Freundlich model. This behavior validated
the monolayer retention of Zn (II) by the calcite phases in homogenous form based on
active sites on their surfaces [3,19]. The theoretically obtained Q. of Zn (II) values of
CA, L.CA, and M.CA were 506.2 mg/g, 339.7 mg/g, and 727.5 mg/g, respectively, at the
best-studied temperature (323 K) (Table 2).
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Figure 4. The impact of Zn (II) concentration on its retention by the three calcite phases (A-C), fitting of the Zn (II) retention results with Langmuir model (D-F),
fitting of the Zn (II) retention results with Freundlich model (G-I), and fitting of the Zn (II) retention results with D-R model (J-L).
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Table 2. The mathematical parameters of the studied classic isotherm models.

303 K 313K 323 K
Qmax (Mg/g) 352.15 4423 506.24
Langmuir b(L/mg) 0.0138 0.0146 0.0153
model R? 0.84 0.822 0.86
X2 5.7 6.5 48
1/n 0.39 0.39 0.39
Freundlich kp (mg/g) 30.46 38.39 44.45
CA model R? 0.73 0.71 0.75
X2 6.8 7.4 6.2
B (mol?/KJ?) 0.0055 0.0049 0.0042
Qm (mg/g) 278.2 351.7 399.23
D-R model R? 0.97. 0.97 0.97
X2 1.03 1.62 1.62
E (KJ/mol) 9.46 10.1 10.7
Qmax (Mg/g) 323.27 329.07 339.7
Langmuir b(L/mg) 0.01 0.014 0.019
model R? 0.81 0.80 0.83
X2 6.77 6.21 5.7
1/n 0.44 0.24 0.32
Freundlich kp (mg/g) 20.23 65.9 45.6
L.CA model R? 0.67 0.51 0.68
X2 8.78 9.2 8.5
B (mol?/KJ?) 0.0073 0.0062 0.0055
Qm (mg/g) 247.69 265.09 285.46
D-R model R? 0.93 0.92 0.95
X2 3.9 3.55 1.75
E (KJ/mol) 8.27 8.98 9.5
Qmax (Mg/g) 535.3 630.35 727.5
Langmuir b(L/mg) 0.01 0.011 0.012
model R? 0.81 0.81 0.82
X2 7.8 7.5 6.7
1/n 0.47 047 0.47
Freundlich kp (mg/g) 27.98 344 40.4
M.CA model R? 0.71 0.72 0.73
X2 9.2 95 8.8
B (mol?/KJ?) 0.0063 0.0053 0.0045
Qm (mg/g) 396.5 4674 537
D-R model R? 0.96 0.96 0.96
X2 3.01 401 458
E (KJ/mol) 8.16 9.7 10.5

Regarding the assessed D-R model, the parameters of this model strongly signified
the apparent energetic heterogeneity of evaluated adsorption systems that exhibited either
homogenous or heterogeneous surface properties [45]. Moreover, the values of Gaussian
energy (E), as theoretical parameters of this model, strongly signified the nature of the
occurred retention reaction—either physical processes or chemical processes. Detecting the
Gaussian energy at values less than 8 KJ/mol reflects the operation of a strong physical
retention mechanism, within the range of 8 to 16 KJ/mol signifies the operation of weak
chemisorption processes involving ion exchange mechanisms, and higher than 16 KJ/mol
signifies strong chemisorption mechanisms [3,45]. Therefore, the determined E values of
the Zn (II) retention processes by CA (9.46-10.7 kJ /mol), L.CA (8.27-9.5 k] /mol), and M.CA
(8.16-10. 5 kJ/mol) revealed weak chemisorption retention of the Zn (II) ions (Table 2).
Moreover, these values were within the signified range of zeolite ion exchange reactions
(0.6 kJ/mol to 25 kJ /mol) [35]. Such equilibrium results, in addition to the kinetic finding,
suggested cooperation of physical and chemical processes during the retention of Zn (II) by
the three calcite phases.
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3.3.4. Advanced Isotherm Models

The equilibrium models based on the isotherm assumptions of the statistical physics
theory have been evaluated as advanced models that can provide more information about
the retention mechanism of Zn (II) by calcite in terms of the adsorbate /adsorbent interaction.
A monolayer model of one energy site was selected to represent the retention systems
of the three calcite phases on the basis of the recognized fitting degrees (Figure 5A-C).
The fitting processes were completed by considering the Levenberg-Marquardt iterating
algorithm as a function of multivariable nonlinear regression. The mathematical parameters
of the model were obtained in terms of the steric parameters (number of adsorbed Zn (II)
(n), occupied site density (Ny,;), and saturation adsorption capacity of calcite (Qs)) and
energetic parameters (retention energy (AE), internal energy (E;;;), free enthalpy (G), and
entropy (Sz)) (Table 3).

1504 ® 323K 100 ® 323K
@ 313K @ 313K
1004 @ 303K @ 303K
== [lonolayer model of one energy 504 s Monolayer model of one energy
50 150 200 250 300 350 50 100 150 200 250 300 350
Ce (mg/L) Ce (mg/L)
5004 (C
—
Q 400.
(=)
E
o 3004
(@]
2004
® 323K
@ 313K
1004 @ 303K
s Monolayer model of one energy

0 50 100 150 200 250 300 350
Ce (mg/L)

Figure 5. Fitting of the Zn (II) retention results by CA (A), L.CA (B), and M.CA (C) with advanced
monolayer isotherm model of one energy site.
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Table 3. The mathematical parameters of the studied advanced isotherm model.
Advanced Isotherm Model
Steric and Energetic Parameters
303 K 313 K 323 K
R2 0.998 0.999 0.999
X2 0.09 0.002 0.06
n 4.35 4.31 3.39
CA Ny (mg/g) 61.5 76.17 113.46
Quat (ng/g) 267.5 333.62 384.62
Cy/p (mg/L) 42.43 39.95 38.83
AE (kJ/mol) 10.49 10.99 11.42
R2 0.999 0.999 0.999
X2 0.019 0.016 0.016
n 7.32 7.12 5.247
L.CA Ny, (mg/g) 31.7 35.3 52.4
Quat (Mg/g) 232.0 251.3 2745
Ci/2 (mg/L) 45.15 40.86 36.11
AE (k] /mol) 10.33 10.93 11.61
R? 0.999 0.995 0.998
X2 0.021 0.62 1.76
n 5.07 5.8 6.19
MCA Nuw (mg/g) 73.8 76.78 82.8
Quat (Mg/g) 374.2 4453 512.5
Cy/2 (mg/L) 43.56 38.94 354
AE (kJ/mol) 104 11.1 11.67

Steric Properties
Number of Adsorbed Zn (II) (1 (z)) per Site

The determined values of 1 (z,,) parameters strongly signified the orientation of the
adsorbed Zn (II) ions in addition to the expected retention mechanisms in terms of the
multi-docking or multi-interactions processes. Recognition of the 1 (7, parameter at values
lower than unity (n < 1) reflected the horizontal orientation of the adsorbed Zn (II) ions
by the multi-docking process (one Zn (II) ion adsorbed by more than one active site).
Conversely, the estimation of the n (7, parameter at values greater than unity (n > 1)
signified the vertical orientation of the adsorbed Zn (II) ions by multi-ionic processes (each
site can adsorb more than one Zn (II) ions) [3,46,47]. The obtained values of 1 (7, during
the retention processes by CA (n = 3.39-4.35), L.CA (n = 5.2-7.3), and M.CA (n = 5.07-6.19)
were greater than 1 (Figure 6A-C; Table 3). This validated the suitability of the active
sites on the surfaces of CA, L.CA, and M.CA to adsorb up to five, eight, and seven Zn (II)
ions, respectively. Such changes in the efficiencies of the active sites of the three calcite
phases reflected a significant impact on the surface reactivity of calcite as a function of
the crystallinity degrees or the present impurities. Moreover, these values revealed the
retention of the Zn (II) ions by multi-ionic mechanisms and the orientation of these ions in
a vertical form [41].
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Figure 6. The change in the number of adsorbed Zn (II) ions per active site with temperature (A-C),
the change in occupied active sites density of the calcite phases with temperature (D-F), and the
change in the saturation retention capacities of the three calcite phases with temperature (G-I).

Regarding the impact of temperature of the adsorbed Zn (II) ions by each active site,
the estimated 7 (z7,) values by both CA and L.CA declined at considerable rates with the
tested retention temperature from 303 K to 323 K (Figure 6A,B; Table 3). This might be
assigned to the declination in the aggregation properties of Zn (II) ions and their abrupt
retention at high percentages by the present sites on the surfaces of CA and L.CA, especially
at the high-temperature conditions [41]. Other studies suggested a significant effect of the
temperature in inducing the diffusion of the Zn (II) to be in contact with more active sites
or their substitution within the calcite structure [3]. The metamorphosed calcite (marble
(M.CA)), as per the detected n (7, values, increased at significant rates in terms of the
assessed temperature from 303 k to 323 K (Figure 6C; Table 3). This suggested thermal or
energetic activation of the M.CA surface during the retention of Zn (II) ions, causing an
enhancement in the aggregation behavior of the Zn (II) [2,48]. Moreover, this demonstrated
a slight enhancement impact for the temperature on the substitution of Ca?* on the structure
of metamorphosed calcite by Zn?*, as compared with CA and L.CA.

Occupied Active Site Density (Ny (zn))

The Zn (II) occupied active site density (N (zn)) validated the quantities of the present
receptors on the surface and structure of calcite during the performed retention reactions.
The recognized Ny, (zn) values during the retention of Zn (II) by CA were 61.5 mg/g
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(303 K), 76.17 mg/g (313 K), and 113.46 mg/g (323 K) (Figure 6D; Table 3). The esti-
mated values by L.CA were 31.7 mg/g (303 K), 35.3 mg/g (313 K), and 52.4 mg/g (323 K)
(Figure 6E; Table 3), and by M.CA, the estimated values were 73.8 mg/g (303 K), 76.7 mg/g
(313 K), and 82.8 mg/g (323 K) (Figure 6F; Table 3). The presented values declared the
enrichment of both CA and M.CA with higher quantities of active sites, as compared with
L.CA, which might be related to predicting lower reactive silica impurities within the lime-
stone calcite (L.CA). In addition, the higher Ny, (z,) values of CA, compared with M.CA,
at the high-temperature conditions (323 K) might be related to the expected enhancement
effect of temperature on the exchange of Ca* by Zn?* on the structure of pure calcite (CA),
as compared with metamorphosed and recrystallized calcite (M.CA). Regarding the impact
of the retention temperature on the quantities of the active sites, the three calcite phases
exhibited increment in the Ny, (z,) values in terms of the retention temperature from 303 K
to 323 K. This behavior was assigned to the enhancement impact of temperature on the
substitution efficiency of Ca?* by Zn?*, providing additional active receptors in addition to
its effect in inducing the diffusion of the Zn (II) ions to be in contact with internal structures
of calcite grains [1,49].

Adsorption Capacity at the Saturation State the Calcite Phases (Qsat (zn))

The estimated theoretical values of Qs (zn) significantly reflected the maximum Zn
(I) retention capacities of CA, L.CA, and M.CA. The recognized Qsut (zn) values by CA
were 267.5 mg/g (303 K), 333.6 mg/g (313 K), and 384.6 mg/g (323 K) (Figure 6G; Table 3).
The estimated values by L.CA were 232 mg/g (303 K), 251.3 mg/g (313 K), and 274.5 mg/g
(323 K) (Figure 6H; Table 3), and by M.CA, the estimated values were 374.2 mg/g (303 K),
4453 mg/g (313 K), and 512.6 mg/g (323 K) (Figure 61; Table 3). The trends of the previous
results validated enhancement effect for the temperature, reflecting the endothermic prop-
erties of the Zn (II) retention reactions by the calcite minerals at the different geological
conditions. The obtained trends for CA and L.CA were in agreement with the trends of
N (zn) rather than n (z,), i.e., their efficiencies depended mainly on the present active sites.
However, the observed trend of Qst (zn) by M.CA was in agreement with both Ny, (zn) and
1 (zn), i-€., its adsorption Zn (II) retention capacity was controlled by both the present site
and the capacity of each site. This might be illustrated by the higher experimental capacity
of M.CA, as compared with both L.CA and CA. Additionally, the metamorphosed and
deformation properties of M.CA are normally associated with brittle failure and cataclasis
effects, which reduce its crystal size and, in turn, induce its grindability and surface area,
and this was in agreement with the XRD findings [50-52].

Moreover, the obtained adsorption capacities values demonstrated higher adsorption
properties of the investigated calcite samples, as compared with several studied expensive
adsorbents, especially the metamorphosed calcite (M.CA) (Table 4). This signified the
technical value of natural calcite as an effective, available, and low-cost adsorbent material
that can be applied effectively in the remediation of the water resources from metal ions.

Table 4. Comparison of the studied calcite phases and other adsorbents in literature.

Adsorbents Qumax References
ECSDNH 160.19 [53]
Kaolinite nanotubes (KNTs) 204.8 [54]
Biochar-Alginate composite 120 [55]
Amino-Fe;0,@Si0, 169.5 [56]
CoS HNCs 151.51 [57]
nHAP 285 [58]
HAP/pectin 333.3 [59]
CMC-CAP 141.1 [60]

CA 384.6 This study

L.CA 274.5 This study

M.CA 512.6 This study
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Energetic Properties

Retention Energy

The retention energies of Zn (II) by CA, L.CA, and M.CA (AE) can interpret the oper-
ated retention mechanism (physical or chemical). For chemical adsorption, AE > 80 kJ/mol,
while for physical adsorption, AE < 40 kJ/mol. The physical adsorption may have occurred
due to coordination exchange (AE = 40 k] /mol), hydrogen bonding (AE < 30 k] /mol), dipole
forces (AE =2 to 29 k] /mol), van der Waals forces (AE = 4 to 10 k] /mol), or hydrophobic
bonds (AE = 5 kJ /mol). The adsorption energy (AE) can be calculated theoretically from
Equation (5) by considering the values of the other variables, such as the gas constant
(R = 0.008314 kJ/mol.K), absolute temperature (T), solubility values of the adsorbates
(S), and the concentrations of the adsorbates at the half-saturation states of the calcite
phases [50,51].

S
AE =RT ln<C> ®)

The calculated AE values of the occurred Zn (II) retention reactions by CA were
10.49 kJ/mol (303 K), 10.99 k] /mol (313 K), and 11.42 kJ/mol (323 K) (Table 3). The esti-
mated values for the retention processes by L.CA were 10.33 k] /mol (303 K), 10.93 k] /mol
(313 K), and 11.6 kJ /mol (323 K), while the recognized values by M.CA were 10.4 k] /mol
(303 K), 11.1 kJ/mol (313 K), and 11.67 k] /mol (323 K) (Table 3). These values indicated
the dominance of the physical processes during the retention of Zn (II) by the three calcite
phases (dipole bond forces, van der Waals forces, and hydrogen bonding). Furthermore,
the positive signs of AE values for the occurred retention reactions by CA, L.CA, and M.CA
validated the endothermic behaviors of these processes.

Thermodynamic Functions

Entropy

The entropy (S,) properties of the occurred Zn (II) retention reactions by CA, L.CA,
and M.CA displayed the disorder and order properties of their surfaces at the different
concentrations of the adsorbates and different retention temperature. The values of S, can
be calculated according to Equation (6) using the previously obtained values of Nm (zy,
and 7 (zn), and Cy /; (concentration at half-saturation) parameters [51].

n n In( &

S slin(1+ (E)) () (ctz) o
Kp Ci/2 G/ 14 (%)
1/2

The calculated values of S, for the retention of Zn (II) by CA, L.CA, and M.CA de-
creased at considerable rates in the presence of high concentrations of them in the solutions
(Figure 7A—C). Therefore, the disorder properties of the three calcite phases decreased
significantly with the assessed high Zn (II) concentrations. In addition, this signified
the expected dock of Zn (II) on the free retention sites of the calcite phases at the low
tested concentrations [50,51]. The equilibrium Zn (II) concentrations that corresponded
to the maxima values of S, by CA were 50.12 mg/L (303 K), 43.6 mg/L (313 K), and
37.9 mg/L (323 K), while the estimated values of L.CA were 54.6 mg/L (303 K), 47.3 mg/L
(313 K), and 41.8 mg/L (323 K) (Figure 7A,B). The estimated values for M.CA were
38.7 mg/L (303 K), 35.8 mg/L (313 K), and 31.7 mg/L (323 K) (Figure 7C). The previously
mentioned Zn (II) concentrations were close to their concentrations at the half-saturation
states of CA as well as L.CA and M.CA. Therefore, no additional Zn (II) could be docked
on the active sites of the used calcite phases. Moreover, the steady declines in the S, values
revealed a remarkable decrease in both freedom degrees and diffusion properties of these
ions in addition to the strong depletion in the free adsorption sites [52].
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Figure 7. The change in the entropy properties of the Zn (II) retention processes by the calcite samples
(A-C), the change in the internal energy properties of the Zn (II) retention processes by the calcite
samples (D-F), and the change in the free enthalpy properties of the Zn (II) retention processes by
the calcite samples (G-I).

Internal Energy and Free Enthalpy

The internal energy (E;;;) and free enthalpy (G) properties of Zn (II) retention pro-
cesses by CA, L.CA, and M.CA were evaluated on the basis of the calculated values from
Equations (7) and (8), respectively, using the previously obtained values of Ny, (z,) and
1 (zn) and Cy/, (concentration at half-saturation) parameters in addition to the value of
translation partition (Z,) [48].

b (GO (Y]
ol 1+ () 1+ ()
In( &
mnle-i-((fé/?)n (8)

The recognized E;,; values of Zn (II) retention reaction by CA, L.CA, and M.CA
exhibited negative signs and increased regularly with the temperature from 303 K to 323 K
(Figure 7D-F). On the basis of these results and behaviors, the CA as well as L.CA and
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M.CA retention systems of Zn (II) were characterized by spontaneous and endothermic
behaviors (Figure 7D-F). The recognized free enthalpy values (G) demonstrated the same
behaviors and findings (Figure 7G-I). The negative signs of G values, as well as the observed
increase in these values with the adsorption temperature, confirmed the spontaneous and
endothermic properties of the studied retention systems of Zn (II) by the three calcite
phases (Figure 7G-I).

4. Conclusions

The retention properties of pure calcite crystal (CA), calcite of limestone (L.CA), and
metamorphosed calcite (marble) (M.CA)) were evaluated as adsorbents for Zn (II). The
metamorphosed sample (M.CA) exhibited a higher retention capacity (512.6 mg/g) than
both CA (384.6 mg/g) and L.CA (274.5 mg/g). However, the CA sample exhibited the best
active site density (N, (Zn) = 113.46 mg/g); as compared with L.CA (N;, (Zn) =52.4 mg/g)
and M.CA (Ny; (Zn) = 82.8 mg/g), it exhibited a lower number of adsorbed Zn (II) per site
(1 (zn) = 3.39) than M.CA (1 (z5,) = 6.19). This, in addition to the deformation properties
of M.CA, explains its higher retention capacity than that of CA, and the presence of silica
impurities explains the low adsorption capacity of L.CA. The three samples exhibited
Gaussian energies (8 to 16 KJ/mol) and retention energies (<40 KJ/mol) values within the
same range, suggesting complex physical and weak chemical mechanisms involving ion
exchange processes. The retention of Zn (II) by CA as well as M.CA and L.CA exhibited
endothermic and spontaneous properties.

Recommendation: The adsorption properties of calcite in multi-ions adsorption system,
by considering the competitive effects of the present ions on the surface of calcite and the
operated mechanism, will be evaluated in further detail studies.

Supplementary Materials: The following supporting information can be downloaded at: https:
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isotherm, and advanced isotherm models.
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