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Abstract

The objective of this study consists to investigate an efficient, and green pathway of multi-metals Cd (II), Cr (VI), and As
(IIT) recovery from aqueous solutions by adsorption process using natural sedimentary rock (NSR) in the batch mode. This
adsorbent was characterized before and after the adsorption process by several techniques i.e., X-ray diffraction (XRD), X-ray
fluorescence (XRF), Fourier transform infrared (FTIR), Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS),
Scanning Electron Microscopy with Energy-Dispersive X-ray spectroscopy (SEM/EDX), Atomic Force Microscopy (AFM),
and Cation Exchange Capacity (CEC). The competitive removal process was undertaken to evaluate the effect of adsorbent
mass, contact time, initial concentration, solution pH, and temperature. The kinetic data were analyzed using the linear and
nonlinear forms of pseudo-first-order and pseudo-second-order kinetic models. According to the modeling of the experi-
mental results, the adsorption kinetics was adapted to the linear pseudo-second-order model. The adsorption isotherm was
evaluated by the linear and nonlinear forms of Langmuir and Freundlich isotherm models. The experimental isotherm data
were better fitted with the linear Langmuir model rather than the Freundlich isotherm model. The maximum experimental
adsorption capacities (Q,,,,) predicted by the Langmuir model were 16.75 mg g~ ! for Cr (VI), 21.45 mg g~! for As (III), and
12.63 mg g~! for Cd (II). The values of thermodynamic parameters revealed that the multi-metals removal of Cd (II), Cr
(VD), and As (IIT) onto NSR was exothermic, favorable, and spontaneous in nature. Based on the results, this untreated rock
can be used as an inexpensive adsorbent to treat water contaminated by heavy metals in the multi-metals system.
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1 Introduction high risk to the environment and human health due to their

resistance to biodegradability, their accumulation, and use

Water is an essential element in human life and its activity,
such as domestic, industrial, and agricultural activities, mak-
ing it a receiving element exposed to all types of pollution.
Heavy metals including Cadmium (Cd), Chromium (Cr),
and Arsenic (As) are among the pollutants that make up a
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in several sectors. Many studies in the literature reviewed to
toxic effects of these metals on living organisms [1, 2]. For
this reason, it is particularly important to control the water
quality and the water content of heavy metals. Numerous
techniques were used to treat water contaminated with heavy
metals, but the adsorption by natural adsorbents is the most
efficient and low-cost process to trap these metals.

Natural mineral rocks have recently received consider-
able attention as less expensive, non-toxic, and abundant
alternative materials with multifunctional properties. Sev-
eral literature studies have suggested the effectiveness of
natural rocks as adsorbents for heavy metals removal [3,
4]. These rocks have numerous physicochemical properties
which usually give them a high adsorption capacity thanks
to the large specific surface area, and a high cation exchange
capacity. Wawan Budianta investigated the removal of Cu
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(II), Pb (1), Zn (II), and Cd (II) from aqueous solution using
four clay samples collected from Java, Indonesia [5]. The
SLM and Gk clay were mainly composed of kaolinite, but
the BYL and PCT clay were dominated by montmorillon-
ite. The maximum removal quantities of heavy metals were
obtained using BYL and PCT. The recovery of Cu (II), Pb
(II), and Cd (IT) using natural illitic clay collected from Mar-
rakech region in Morocco from an aqueous solution [6]. The
essential compound of natural clay was illite as a principal
phase with quartz. The removal capacities attached from
the natural clay were 5.25 mg g~ for Cd (II), 13.41 mg g™*
for Cu (II), and 15.90 mg g_1 for Pb (II) ions. The adsorp-
tion mechanism of Cu (II), Pb (II), and Cd (II) indicates
that the silanol (Si—O) and aluminol (Al-Al-OH) groups
were the principal groups involved in the removal of Cu
(I), Pb (II), and Cd (II). The removal of Cd (II) and Co
(IT) by chemically modified Malangali kaolin was investi-
gated [7]. The pore volume and the pore size of chemically
modified Malangali kaolin were 0.81 cc g~! and 3.60 nm,
respectively. The maximum recovery capacity of Cd (II) was
1.067 mg g~! and 1.043 mg g~! for Co (II). This adsorp-
tion efficiency of Cd (II) and Co (II) was maybe due to the
functional groups on the surface of chemically modified
Malangali kaolin including the groups —OH, O-Si-O, and
Al-O-Al that facilitates the binding of heavy metal ions
from aqueous solutions.

The industrial effluents were typically contaminated with
several pollutants that have aggravated the treatment pro-
cess and reduced ecosystem protection. However, most of
the work mentioned in the literature was focused on single-
element systems. In this context, the present work is inter-
ested in the performance of the Cd (II), Cr (VI), and As
(IIT) competitive elimination using raw rock. The rock used
was sampled in the Middle Atlas region of Morocco, and
it was selected mainly based on its different physical and
chemical properties. Therefore, the characterization of the
raw rock before and after the adsorption was investigated to
more understand the mechanisms of the Cd (II), Cr (VI), and
As (IIT) competitive retention. The adsorption process was
influenced by different parameters including the rock mass,
contact time, initial concentration, solution pH, and tempera-
ture. The kinetic, isotherm, and thermodynamic studies were
also investigated. The desorption of Cd (II), Cr (VI), and As
(IIT) was tested by using various acids.

2 Materials and Methods
2.1 Preparation and Characterization of NSR

The natural rock was collected from the Middle Atlas
region of Morocco, it was referred by NSR to Natural
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Fig. 1 Topographic map of collection site of NSR

Sedimentary Rock. The geographic map present in Fig. 1
indicates the location of this adsorbent. NSR was crushed
using (FRITSCH PULVERISETTE 14) and to obtain a
homogeneous and finer powder it was ground by RETSCH
ZM 200 with an average particle diameter of 500 um. The
characterization of NSR was performed before and after
the adsorption process. The chemical and mineralogi-
cal composition is identified by X-ray diffraction (XRD)
using BRUKER-binaryV4. The elemental analysis was
detected by X-ray fluorescence (XRF) using EPSILON 4.
The Fourier transform infrared (FTIR) was used to detect
carbonates and structural groups present in the adsorbents
using SHIMADZU8400S. Scanning electron micros-
copy coupled with energy-dispersive X-ray spectroscopy
(SEM-EDX) was used to bring the detailed high-resolu-
tion images, quantitative compositional information, and
elemental identification of adsorbents. The Atomic Force
Microscopy (AFM) was used to determine changes in par-
ticle morphology before and after the adsorption by Agi-
lent 5500 AFM. Time of flight secondary ions mass spec-
trometry (ToF-SIMS) imaging analysis was performed
to provide information on the molecular and elemental
species present on the surface using the Zeiss model. The
cation exchange capacity (CEC) was investigated to esti-
mate the theoretical cation fixation power using the cobalt
hexamine chloride method, which consists in measuring
by colorimetry the concentration of cobalt hexamine ions
residual in the supernatant after the adsorption by the
rock. The amount of cobalt hexamine is determined by
the difference between the initial and final concentrations.
In this study, the mixture of 100 mg NSR and 25 mL of
cobalt hexamine (5.10 M) were agitated for 2 h then
centrifuged and filtered, and the recovered filtrates were
analyzed by HACH DR 6000 UV/visible spectrophotom-
etry at A=476 nm.
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2.2 Adsorption Experiments

The chemical reagents used in this research were obtained
from LaboChimie company, with the analytical grade, and
were dissolved in double-distilled water. The removal of multi-
metals Cd (I), Cr (VI), and As (IIT) from aqueous solution was
investigated according to several parameters such as contact
time, NSR mass, solution pH, temperature, and the initial con-
centration. The pH of the solution was adjusted by adding HC1
(1 M) or NaOH (1 M). The solutions were filtered using a filter
(0.45 um) before analyzing the concentration of each metal
by inductively coupled plasma mass spectrometry (ICP-MS)
using the PerkinElmer model. The amount of Cd (II), Cr (VD),
and As (III) adsorbed was calculated by the equation:

Qe _ V<C0 Ce) (1)
m

where Q, is the adsorbed amount (mg g‘l); m is the mass of

NSR (g); C, is the initial concentration (mg L"); Vis the

volume of solution (mL); and C, is the equilibrium concen-

tration (mg L),

2.3 Adsorption Desorption Process

The desorption process was carried out by adding of NSR con-
taining Cd (II), Cr (VI), and As (III) in different acids includ-
ing nitric acid (1 M), hydrochloric acid (1 M), and sulfuric acid
(1 M). These mixtures were shaken at 450 rpm for 30 min for
three cycles. After desorption, the concentrations of Cd (II), Cr
(VI), and As (IIT) ions were analyzed using ICP-MS.

3 Results and Discussion
3.1 Characterization of NSR
3.1.1 XRF Analysis

To determine the chemical composition of NSR an analysis
by X-ray fluorescence was performed. Table 1 groups the
chemical composition present in the NSR sample. A high
percentage of silica (SiO,) existed in NSR with other oxides
including Al,Os, Fe,05, CaO, MgO, and K,O attained a per-
centage ranging from 1.42 to 12.65%. The content of these
oxides shows that NSR rich exchangeable elements such as
Fe*, AT, Mg?*, K*, and Na*, which promotes the adsorp-
tion of heavy metals on its surface since of their affinity to
these elements.

3.1.2 XRD Analysis

The mineralogical composition of NSR was studied using
X-ray diffraction (Fig. 2). It can be concluded that NSR
mainly consists of Clinochlore which was located at 6.22°,
12.49°,27.93°, and 40.27°. Significant phases of Albite were
detected at 8.85°, 36.53°, 39.45°, and 50.11°, with a major
peak of Quartz at 20.85°, 26.62°, 43.18°, 50.11°, 54.85°,
59.93°, and 68.11°. Associated with Calcite and Muscovite
at 29.42° and 42.43°, respectively. From these results, it can
be decided that NSR is heterogeneous, which was confirmed
by the results obtained by XRF.

3.1.3 FTIR Analysis

The study of NSR using FTIR aims to assess the differ-
ent chemical functions existing on the surface of NSR
(Fig. 3). The absorption bands that appear at 3389 cm™' and
1647 cm™! correspond to the stretching and bending vibra-
tion of OH group [6, 7]. The Albite was detected in the
region from 534 to 617 cm™! may be owed to the stretching
and bending vibration of the Si—O-Si [8, 9]. The character-
istic bands of carbonates owing to C =0, C-0, and Q=C=0
were detected at 1451, 1259, and 877 cm™! due to the Calcite
[9-11]. An intense band located at 1047, 982, and 779 cm™!
corresponds to Si—O stretching vibrations of Quartz [12, 13].
While the Clinochlore bands were detected at 652, 573, and
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Fig.2 XRD pattern of NSR. Clinochlore (JCPDS 00-029-0701),
Albite (JCPDS 01-089-6427), Muscovite (JCPDS 00-007-0042),
Quartz (01-070-3755), and Calcite (01-086-0174)

Table 1 Chemical composition
of NSR analyzed by XRF

Component SiO, CaO

Fe,04 AlLO, MgO K,O Na,O Others

Weight (%)

64.27 3.25

11.26 12.65 6.31 1.42 0.38 0.46
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Fig.3 FTIR spectra of NSR

552 cm™! were attributed to the bending vibrations of the
Si—O-Si, Fe-0, and (Fe or Mg or Al)-O-Si, respectively.
The structural study of NSR was compatible with those
found by XRD analysis.

3.1.4 SEM /EDX Analysis

The surface morphology of NSR was examined using SEM
(Fig. 4). The SEM image shows spherical grain aggregates
with a heterogeneous size. The pores were formed in the
interstices between the grains. It was observed also that a
big irregular form of the cavities the surface of these cavities
was rich by several chemical elements composition, which
confirmed the composition heterogeneous. Therefore, the
EDX spectra present a high amount of oxygen, silicon, iron,
aluminum, magnesium, and calcium. Other elements were
presented in trace amounts including sodium and potassium.
According to these results, NSR has a porous surface and
functional groups on the surface.

3.1.5 ToF-SIMS Analysis

The distribution maps from ToF-SIMS provide data about
the surface of the samples. Figure 5 gathers the weight of
all the elements contained in NSR. TOF-SIMS maps were
adapted to the previous results, they show the superficial
image of the most representative ions of NSR. Therefore,
the distribution maps were also observed high content of
oxygen, silicon, iron, aluminum, magnesium, and calcium
but to a smaller extent potassium and sodium on the surface.

@ Springer
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Fig.4 SEM/EDX analysis of NSR

3.1.6 Point of Zero Charge

The point of zero charge (PZC) is the pH at which the
adsorbent surface charge density is equal to zero. It is the
point at which the adsorbent has load potential on its sur-
face, the presence of OH™ ions and H™ in the solution
can change the potential of surface loads of the adsorbent
using NaCl [14]. Generally, there are two types of charge
in the minerals matrix, including the permanent negative
charge from pH-independent isomorphic substitution and
the charge of the hydroxyl groups present on the lateral
faces which have a pH-dependent amphoteric character.
The surface charge of the minerals particles is zero at
the corresponding pH at zero charge (positive and nega-
tive charges are compensated), indicating that there are
no electrostatic interactions between the particles. While
at pH below pHyp,, the surface load is positive, in con-
trast at pH above pHp, the surface takes a negative load.
From Fig. 6 the PZC value of NSR was around 6.6 similar
results were also found in previous studies [15]. These
results showed that the surface of NSR was positively
charged when the pH < 6.6, which limits their ability to
retain cationic ions.
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Fig.5 ToF-SIMS imaging of NSR
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Fig.6 PZC plot of NSR

3.1.7 Physico-Chemical Properties of Adsorbents

Other physicochemical properties of NSR sample like cat-
ion exchange capacity (CEC), porosity and moisture were
studied. The measurement of the cationic exchange capacity
of adsorbents is important since it allows the prediction of
the adsorption mechanism of cationic pollutants. The CEC
result is in agreement complement with the physicochemical
characterizations of the adsorbents previously determined.
A high CEC value of 148 meq 100 g~! was noted for NSR,
which justifies its swelling character. The porosity can be
defined as the percentage of the total volume of materials
that is taken up by pores. Hence, porosity is defined as the
ratio between the volume of voids and the total volume of
a porous medium. In this study, the porosity was affected
by the mercury intrusion porosimeter method recorded on
Quantachrome mercury POREMASTER. NSR was char-
acterized by a large porosity of 90%, which is due to the

@ Springer
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presence of pores in the structures of this adsorbent. Fur-
thermore, Moisture measurement consists of determining the
mass of water removed by drying with a moisture analyzer,
the results of the moisture is low 1.05%, which explains the
non-hygroscopic charter of NSR.

3.2 Optimization of Adsorption Conditions

The variation of competitive adsorption of Cd (II), Cr (VI),
and As (III) with different contact times was shown in
Fig. 7a. The competitive removal of Cd (II), Cr (VI), and
As (IIT) increased with time to obtain equilibrium around
30 min for Cr (VI), and As (III), and 40 min for Cd (II). The
competitive removal of Cd (II), Cr (VI), and As (III) was
rapid at first, which may be explained by the availability
of active sites on the NSR surface and then these sites are
saturated over time by the Cd (II), Cr (VI) and As (III) ions
resulting in low adsorption capacity. Therefore, the differ-
ence in recovery efficiency of the multi-metals Cd (II), Cr
(VI), and As (III) may be due to different ion exchanges
between the metals and the surface load of NSR.

The influence of NSR mass on the performance of com-
petitive removal of Cd (II), Cr (VI), and As (IIT) was investi-
gated. Figure 7b proves that the recovery yield of Cd (II), Cr
(VI), and As (III) increases with the increase in the capacity
of NSR, which is probably attributed to the accessibility of
extra-active sites on the surface of NSR. The optimal mass
of NSR for the maximum competitive removal of Cd (II)
was 0.7 g, while for Cr (VI) was 0.5 g, and around 0.3 g for
As (IIT). Then, when the doses of NSR exceed this optimal
mass the removal of Cd (II), Cr (VI), and As (IIT) becomes
stable, which indicates the saturation of adsorption sites.

Therefore, Fig. 7c presents the effect of pH on the com-
petitive adsorption of Cd (II), Cr (VI), and As (III) using
NSR from the aqueous solution. This effect was evaluated
in the pH range between 1 and 5 because the competi-
tive adsorption process was not performed in the alkaline
medium since the precipitation of Cd (II), Cr (VI), and As
(IIT) metals as hydroxides. It was observed an increase in
the pH of the solution from 2 to 5 with an increase in the
removal of all the metals. From the results, it was evident
that the best Cd (II) adsorption yield was obtained at 2.5
and 3 for Cr (VI) and As (III), respectively. The multi-met-
als adsorption process was elevated in the acid medium, it
can be suggested that the adsorption process was via the
non-electrostatic mechanism since the PZC value of NSR
was higher than the obtained pH, indicating that the NSR
surface was positive. Therefore, the most dominant mecha-
nisms in the adsorption of Cd (II), Cr (VI), and As (III)
using NSR can be designated by several physicochemical
forces including the ion exchange, the complexation, and
the precipitation. Various research in the literature reported
the non-electrostatic mechanisms [16-19].

@ Springer

The effect of the initial concentration on the competi-
tive adsorption yield of Cd (II), Cr (VI), and As (III) using
NSR from the aqueous solution was exposed in Fig. 7d. The
removal efficiency was found to be maximum at the initial
concentration of 60 mg L~! for Cd (1), Cr (VI), and As (III).
It can be resolved that adsorption efficiency increases with
increasing initial concentration until saturation. These results
may be explained by the existence of sufficient adsorption
sites for NSR at lower initial concentrations. However, at
higher concentrations, the Cd (II), Cr (VI), and As (III) ions
were more numerous than the adsorption sites.

The influence of temperature on the removal of Cd (II),
Cr (VI), and As (ITT) ions by NSR was presented in Fig. 7e.
The results indicate that the competitive recovery capacity
of Cd (II), Cr (VI), and As (III) ions were more favorable
at 25 °C such as was decreased with increasing temperature
for all the metals. This phenomenon suggests that the multi-
metal removal of Cd (II), Cr (VI), and As (III) ions onto
NSR was controlled by an exothermic reaction.

3.3 Adsorption Kinetic Study

The adsorption kinetic study was evaluated to measure the
maximum adsorbed capacity as a function of time and to
evaluate the mechanism of solute attachment to the adsor-
bent surface.

In this study, the linear and the nonlinear models of the
pseudo-first-order (PFO), pseudo-second-order (PSO), and
the linear intra-particle diffusion were used to describe the
adsorption mechanism of Cd (II), Cr (VI), and As (III) ions
by NSR [20, 21].

The nonlinear and linear forms of PFO model were pre-
sented by the following Eqs. 2, and 3 respectively:

Q = (Q,—e™1) )

In(Q, - Q) =1n(Q,) — Kt 3)

The nonlinear and linear pseudo-second-order models
were defined by the ensuing Eqs. 4, and 5 respectively:

K,Qxt
Qt=1+T2Qet 4)
1t . 1
A KQ Q )

The intra-particle diffusion model was proposed by
Weber and Morris in the next equation:

Q =K, +C ©)
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where Q, is the amount of adsorbed in time t (mg g, Qe
is the adsorption capacity at equilibrium (mg g~'), K, is the
pseudo-first-order rate constant (min~!), K, is the pseudo-
second-order rate constant (g mg~! min~!), and K, is the
intra-particle diffusion rate constant (g mg~! min="?).

The linear and non-linear forms of the kinetic models are
shown in Fig. 8, and the parameter values are listed in Table 2.
The linearized PFO and PSO were the most widely used to
describe the kinetics models of the competitive adsorption of
Cd (II), Cr (VI), and As (IIT) ions onto NSR. According to the
correlation coefficient (R2) values, it was observed that the
linear models of PFO and PSO are the most suitable for the
adsorption process [22-24]. Based on the analysis results, the
adsorption of Cd (II), Cr (VI), and As (IIT) onto NSR adsor-
bent was better described by the pseudo-second-order kinetic
model with a high correlation coefficient, and the experimental
adsorption capacity Qe (Q. ;) are closer to those of the calcu-
lated Qe (Q, ) values. This result shows that the adsorption
of Cd (IT), Cr (VI), and As (III) ions on NSR adsorbent is
mainly dominated by chemical adsorption.

The pseudo-first-order and pseudo-second-order kinetic
models give no information on the diffusion of the adsorption
process. In this context, the intra-particle diffusion model was
also used in the experimental kinetic data to fully understand
the diffusion mechanism Fig. 8c. The norms of the external
diffusion constant K, as well as those of (R?) are given in
Table 3. The multilinearity of Cd (II), Cr (VI), and As (III)
adsorption on NSR suggests that the entire adsorption process
can be separated into two phases. the rate constant (K) and the
correlation coefficients (R?) of the first step are higher than that
of the second step, which indicates that the first step is related
to mass transfer to the outside surface of NSR while the second
step is related to intra-particle diffusion.

3.4 Adsorption Isotherms

Adsorption isotherm allows to describe the interaction adsor-
bent-adsorbate, determine the maximum adsorption capacity,
and identify the type of adsorption. Two models were used in
this study Freundlich and Langmuir [25].

Freundlich model is definite by the fact that the adsorbent
surface is heterogenous with non-uniform energy distribution
of adsorption sites on the surface. The nonlinear and linear
forms of this model is expressed by the following Eqs. 7, and
8 respectively:

Q. =Kp+C./" @
1

In(Q,) = ln(KF)+aln(Ce) 8)

where Q, is the quantity of adsorption (mg g™'); Ky is the

Freundlich constant which expresses the adsorption affinity;

@ Springer

C. is the equilibrated concentration of the solute (mg LY
and 1/n is the Freundlich constant that reflects the adsorp-
tion intensity.

The Langmuir model supposes that the surface of the
adsorbents is ideally uniform; all sites adsorption has the
same adsorption properties and there are no interactions
between the adsorbed solute and solution; adsorption is
limited to the monolayer. The Langmuir model is indi-
cated by the following nonlinear and linear Egs. 9, and 10
respectively:

Q _ KLCe

¢ 1+K.C, ©)
C_ I + G 10
Qe B KLQmax Qmax ( )

where K is the Langmuir constant and Q,,,, is the maxi-
mum amount of solute adsorption over the solid phase
(mg g™

The isotherm adsorption of Cd (II), Cr (VI), and As (III)
onto NSR was studied according to optimized conditions.
Experimental Cd (II), Cr (VI), and As (III) ions adsorp-
tion data fitted to select isotherm models are presented in
Fig. 9 using the linear and nonlinear equations. The vari-
ous constants of the two models were calculated and rep-
resented in Table 4. The simplest method for determining
isotherm parameters is to transform the equations into the
linear form to facilitate the calculation of the constants by
applying linear regression. The linear model presents well-
defined straight lines with high linear regression coefficients
[26-28]. According to the (R?) value, it could be deduced
that the competitive adsorption of Cd (II), Cr (VI), and As
(IIT) ions onto NSR were best fitted to the Langmuir model,
indicating the adsorption of Cd (II), Cr (VI), and As (III)
fixed on the homogenous surface as a monolayer, and the
maximum monolayer adsorption capacity (Q,,,,) attained
was 16.75 mg g~! for Cr (VI), 21.45 mg g~ for As (III), and
12.63 mg g~ for Cd (II). The R, value was found within the
range 0 <R; <1, revealing that the adsorption of Cd (II), Cr
(VI), and As (IIT) onto NSR is favorable.

3.5 Thermodynamic Study

The study of the influence of temperature on Cd (II), Cr (VI),
and As (IIT) ions adsorption onto NSR, provides information
on the spontaneity of the adsorption process and the deter-
mination of parameters such as the variation of the stand-
ard enthalpy (AH®), the variation of the standard entropy
(AS°®), and the free energy (AG®) [21]. These standard ther-
modynamic characteristics were calculated by the following
equations:
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Table 2 Kinetic constants for

Cd (I1), Cr (VT), and As (III) Metals Qe oxp (Mg g ) Pseudo-first-order Pseudo-second-order
adsorption on NSR using linear Q. car (Mg g‘l) K, (min™") R? Q. (mg g") K, (g mg‘1 min~!) R?
and nonlinear forms (pH=2.5
for Cd (II), and 3 for Cr (VI) Linear
and As (I1I)) Ccddn 12.56 0.441 0.016 0.88 12.16 0.012 0.98
Cr(VI) 16.64 0.530 0.029 0.85 1791 0.006 0.97
As (IlT)  21.23 0.897 0.023 091 21.83 0.014 0.99
Nonlinear
Cddn 12.56 1.257 0.078 045 8.31 0.0143 0.61
Cr (VD) 16.64 2.015 0.081 035 1253 0.0132 0.54
As () 21.23 2.758 0.065 0.38 18.62 0.017 0.68
Table 3 Intra-particle diffusion Metals Phase I Phase 1T
model for Cd (II), Cr (VI), and
As (IIT) adsorption on NSR K, (gmg ! min™"?) C@mgg™ R? K, (gmg~ ! min™?) C(mgg™) R?
(pH=2.5 for Cd (II) and 3 for
Cr (V]) and As (111)) Cd (11) 0.032 11.991 0.92 0.980 6.343 0.78
Cr (VD) 0.019 16.568 0.93 0.662 11.494 0.83
As (IIT) 0.009 21.266 0.95 0.794 15.429 0.87
(a) ® cd( (C) 34 ® cd(l)
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Fig.9 Adsorption isotherm for removal of Cd (II), Cr (VI), and As (III) a, b linear and nonlinear Langmuir and ¢, d linear and nonlinear Freun-
dlich models (pH=2.5 for Cd (II) and 3 for Cr (VI) and As (I1II))
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Table4 Adsorption isotherm Metals Langmuir constants Fruendlich constants
constants for removal of Cd
(II), Cr (VI), and As (III) using Qe o (Mg g™h) R, (Lg™ R? K (mg g™ n R?
nonlinear and linear forms
(pH=2.5 for Cd (II), and 3 for Linear
Cr (V) and As (IID)) Cd (ID) 12.63 0.368 0.95 0.063 27.701 0.72
Cr (VD) 16.75 0.455 0.98 0.047 27.855 0.84
As (1) 21.45 0.764 0.99 0.019 19.048 0.91
Nonlinear
Cd (II) 10.52 0.489 0.67 0.045 23.419 0.55
Cr (VD 14.73 0.741 0.63 0.011 24.235 0.47
As (IIT) 19.82 0.954 0.70 0.001 15.56 0.39
. Q. NSR was an exothermic process. In addition, the free energy
AG” = -RT <lnC_C> D values were negative for all metals, therefore the competitive
elimination of Cd (II), Cr (VI), and As (III) was spontane-
ous and thermodynamically favorable. It was noted that the
K= % (12) values of AG® increase sightly with temperature reflecting
e the negative effect of temperature on Cd (II), Cr (VI), and
As (IIT) competitive adsorption.
InK, = AS” _AH 13) .
R RT 3.6 Regeneration of NSR

where R is the perfect gas constant (8.314 J mol™' K™!), T
is the temperature in Kelvin (K) and K is the distribution
coefficient of the solute in the adsorbent and the solution.
The thermodynamic parameters for the adsorption of
Cd (II), Cr (VI), and As (IIT) onto NSR were summarized
in Table 5. The negative values of AS° indicate a random
increase at the adsorbents/solution interface during the com-
petitive adsorption of Cd (II), Cr (VI), and As (III) onto
NSR. Therefore, the negative values of AH® suggest that
the interaction between Cd (II), Cr (VI), and As (III), and

In addition, the adsorption efficiency and the regeneration
of adsorbents, and their resistance to acid or base conditions
have also been demonstrated as significant parameters for an
ideal adsorbent. The competitive adsorption/desorption of
Cd (II), Cr (VI), and As (III) and the regeneration of NSR
by several acids for three cycles was presented in Fig. 10.
The desorption of Cd (II) using nitric acid, sulfuric acid,
and hydrochloric acid was achieved at 13%, 21%, and 40%,
respectively. While, the percentage desorption of Cr (VI)
was approximately 24% for nitric acid, 35% for sulfuric acid,

Table 5 Thermodynamic

. Metals Temperature AS° (KJ mol™'K™1) AH° (KJ .mol™) AG° (KJ mol™)
parameters for the adsorption (K)
of Cd (1), Cr (VI), and As (III)
(pH=2.5 for Cd (II), and 3 for Cd (ID) 298 - 0.116 —38.469 —3.841
Cr (VI), and As (II1)) 300 — 3609
302 —3.376
304 —3.144
306 —-2911
Cr (VI) 298 —0.120 —40.501 —4.650
300 —4.410
302 -4.16
304 —-3.928
306 —3.688
As (I1I) 298 - 0.296 —94.272 —5.944
300 —5.352
302 —4.759
304 —4.166
306 -3.573
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Fig. 10 The regeneration of NSR a Cd (II), b Cr (VI), and ¢ As (III)
(pH=2.5 for Cd (II), and 3 for Cr (VI) and As (III))

@ Springer

and 56% for hydrochloric acid. Then, the desorption of As
(IIT) was 30% for nitric acid, 22% for sulfuric acid, and 66%
for hydrochloric acid. It was evident that hydrochloric acid
was the most effective in the desorption of Cd (II), Cr (VI),
and As (III) from the aqueous solution. The regeneration
efficiency of NSR was probably due to the acidity force of
hydrochloric acid, which can be easily broken the chemical
bond between Cd (II), Cr (VI), and As (III), and the func-
tional grouping of the NSR surface. According to the results,
the competitive adsorption capacity has not much changed,
this explains that NSR has an excellent regeneration capa-
bility, and it can be limited to the moderate strength of the
competitive adsorption process or the excellent surface allo-
cation to Cd (II), Cr (VI), and As (III).

3.7 Mechanism of Multi-metals Adsorption on NSR

To understand and demonstrate the competitive removal
mechanism of Cd (II), Cr (VI), and As (III) ions onto NSR,
the XRD, FTIR, AFM, and SEM before and after adsorp-
tion were investigated and compared to explore the possi-
ble interaction sites between the adsorbent and adsorbate
molecule.

The XRD spectrums of NSR after contacting with Cd
D), Cr (VI), and As (III) ions were recorded and compared
with NSR before adsorption (Fig. 11a). The patterns des-
ignate that there are no new characteristic peaks appeared.
Consequently, the interlamellar distance of the founded
phases remains unchanged before and after the recovery of
Cd (II), Cr (VI), and As (IIT) onto NSR. These observa-
tions suggest that Cd (II), Cr (VI), and As (III) removal was
affected by the bond between metal ions and the positively
charged surface of NSR. This result explains the difficulty
of exchanging intercalated ions in NSR layers and Cd (II),
Cr (VD), and As (III).

The FTIR spectra in Fig. 11b demonstrates functional
groups on the surface of NSR before and after the com-
petitive removal of Cd (IT), Cr (VI), and As (II). It was
observed that the FTIR spectra before and after the recovery
of metal ions onto NSR were almost similar with a signifi-
cant difference in absorbance, indicating that all functional
groups participated in the adsorption process. The difference
in absorbances was attributed to the change in Cd (II), Cr
(VI), and As (III) associated with anionic functional group-
ings, suggesting that these groupings were the predominant
contributors to Cd (II), Cr (VI), and As (III) removal.

The textural and morphological properties of the NSR
surface were studied using the SEM (Fig. 11c, d). The SEM
photographs of NSR after removal of Cd (II), Cr (VI), and
As (IIT) detect more dense agglomerates than NSR before
the adsorption process. It was also noted that the particle
size was larger which shows that a great amount of Cd (II),
Cr (VI), and As (III) was attached to the surface of NSR.
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Fig. 11 Characterization of NSR before and after the adsorption a XRD, b FTIR, ¢, d SEM, and e, f AFM (pH=2.5 for Cd (II), and 3 for Cr
(VI) and As (III))

To confirm the NSR binding sites, AFM measurements of ~ of the different particles inside NSR show the distribution of
the NSR surface before and after the competitive removal of  the surface roughness height before the adsorption process.
Cd (II), Cr (VI), and As (IIT) were performed (Fig. 11e, f). On the other hand, after the recovery of Cd (II), Cr (VI), and
The many smaller branches at the NSR surface and the size ~ As (III) most of the sites responsible for the adsorption of
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Fig. 11 (continued)

Cd (II), Cr (VI), and As (IIT) were located on the extremities
of the branches on the surface of the NSR. It suggests that
the ions exchanges between sorption sites and functional
groups and Cd (II), Cr (VI), and As (III) ions were the main
mechanism responsible for the sorption process of the NSR.

3.8 Comparative Study
This study aims to analyze the difference in removal capac-

ities of heavy metals using NSR and other adsorbents.
Table 6 lists the maximum adsorption capacities and the

3

1710

removal yields of heavy metals by several adsorbents. In this
study, the removal capacity of As (III) was higher than Cr
(VD) and Cd (II). It was observed that the NSR adsorption
amount was relatively higher than numerous studies pub-
lished in recent years [29-31]. The differences in the adsorp-
tion capacities of heavy metals by natural adsorbents can be
attributed essentially to differences in the physicochemical
parameters of each adsorbent, including cationic exchange
capacities, the specific surface area, and their rich grouping
of functional surfaces and their structures. Therefore, NSR
without any treatment shows the excellent recovery of heavy

Table 6 Cqmparison Of. Adsorbent Pollutant Removal rate Quax (Mg g‘l) References
the competitive adsorption (%)
capacities of several adsorbents
Natural clay southern Tunisia Pb (II) 99 16.43 [32]
Cd (I1) 98 13
Zn (II) 95 9
Cu (1) 98 11.45
Calcined natural clay Pb (II) 98 23.91 [33]
Cd (11) 99 16.7
Cr (VD) 99 11.2
Shanghai Silty clay Cd (I1) 99 8.90 [34]
Pb (I) 99 26.46
As (V) 95 2.83
Cr (VD) 97 1.85
Tanzanian Malangali kaolin Cd (1) 97 1.067 [7]
Co (1) 95 1.043
Silty clay Ni (IT) 96 3.60 [35]
Cd (11) 93 5.48
NSR Cd (11) 95 12.63 This work
Cr (VD 98 16.75
As (IIT) 99 21.45
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metals, suggesting that it is suitable for practical engineering
applications.

4 Conclusion

In the present study, Moroccan Middle Atlas rock was char-
acterized and tested without physical and/or chemical treat-
ments for the removal of multi-metals Cd (II), Cr (VI), and
As (IIT) from aqueous solution. The competitive adsorption
of Cd (II), Cr (VI), and As (IIT) onto NSR was investigated
by the batch experimental method using the optimal condi-
tions. The best fit of the kinetic data was obtained by the
linear pseudo-second-order kinetic model, indicating that
the adsorption mechanism was controlled by chemisorption.
For the isotherm data, the linear Langmuir model was more
appropriate for the adsorption process than the Freundlich
model, indicating the homogeneities of the active sites on
the surface of NSR, and the maximum monolayer adsorp-
tion capacities of Cd (II), Cr (VI), and As (III) were found
tobe 12.63mg g~!, 16.75 mg ¢!, and 21.45 mg g~!, respec-
tively. Thermodynamic values showed that the adsorption
process was exothermic, favorable, and spontaneous in
nature. The competitive removal of Cd (II), Cr (VI), and
As (IIT) on NSR was confirmed by various characteriza-
tion techniques including XRD, FTIR, and SEM analysis.
According to the obtained results in this study, this natural
rock can be considered as an eco-friendly and low-cost alter-
native adsorbent to effectively remove Cd (II), Cr (VI), and
As (IIT) ions compared to other raw adsorbents reported in
the literature, suggesting a possible application in industrial
wastewater treatment.
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