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Abstract

The fine fraction of the Tagaran natural clay (TC) from the Kurdistan region of Irag-Sulaimani was characterized and used to
remove Cd ions from industrial swage. Using XRF, XRD, SEM, and FTIR, the dominant clay mineral of the Tagaran clay mineral
was identified as saponite, with minor amounts of chlorite. The clay was examined for its efficiency to adsorb and remove (Cd*")
in the presence of other heavy metal contaminants from Sulaimani industrial zone sewage by a batch method. The effect of initial
pH, equilibrium time, temperature, clay dosage, and Cd”>* concentration was studied. Results were evaluated using Langmuir,
Freundlich, Temkin, and Redlich-Peterson isotherms. The kinetics could be best fitted to pseudo-second-order reaction kinetic
model. In addition, the activation energy and the amount of calculated and experimentally determined heavy metal loads were
consistent. The thermodynamic studies showed spontaneous endothermic adsorption. The trioctahedral smectite (saponite)
showed a good efficiency for the adsorption of Cd** from the real sample (up to 100%) which at least partly can be explained
by cation exchange. Tagaran clay is a candidate material for the production of an adsorber material for removing Cd** from
aqueous solutions.
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Introduction

Cadmium is one of the heavy metals widely utilized in the
industry although it is known to be toxic. Cadmium is used for
the production of Ni-Cd batteries, printing inks, electroplating,
and pigments for paints, plastics, rubber, lacquers, and special
alloys. Natural cadmium ores occur in association with Zinc ore
(Hwang and Wang 2001) (Vig et al. 2003) (Chamsaz et al.
2013). Cadmium accumulates in the human's body, especially
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in the kidneys and liver (Roushani et al. 2017). The effluents of
the industry generally contain inorganic pollutants that cause
contamination of the aquatic environment and leads to deleteri-
ous effects such as chemical, physical, or biological threats.
Subsequently, the removal of these contaminations is required
by reducing their concentrations to acceptable levels (Bel et al.
2017). Various processes were developed for removing heavy
metal ions: separation using membranes (Abu and Moussab
2004), coagulation (Charerntanyarak 1999), ion exchange, pre-
cipitation, adsorption, filtration, and electrodialysis (Anna and
Hoek 2010). These methods all possess specific ad- and disad-
vantages. Serious disadvantages are incomplete metal removal,
complex instrumentation, toxic byproducts, and high cost
(Malkoc and Nuhoglu 2007). Among these methods, adsorption
remains the best method for removing heavy metals especially if
the adsorbent is efficient, cheap, and can be recycled (Lasheen
etal. 2017). Activated carbon is a famous adsorbent used for the
removal of both organic and inorganic pollutants but it is costly
and sometimes difficult to be reused. More abundant adsorbents
have attracted many researchers (Tor and Cengeloglu 2006)
such as chitosan (Ngah et al. 2011), wheat shell (Basci et al.
2004), cacao shell (Meunier et al. 2003), natural zeolite (Erdem
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et al. 2004), natural clay (Veli and Aly 2007), acid-activated clay
(Aziz et al. 2011), and modified clay (Lin and Juang 2002)
(Gopal and Sen 2008).

The adsorption capacity of a certain adsorber often depends
on the pH. This can be either because of the pH-dependent
speciation of the contaminant or because of pH-dependent
surface charges of the adsorber. Dissolved Cd occurs as sol-
vated cation below pH 7. No different species have to be
distinguished. Above pH 7, however, Cd (as other heavy
metals) tends to precipitate as hydroxide. The most interesting
pH region to be studied is, therefore, below pH 7 (Cay et al.
2004) (Kumar and Bandyopadhyay 2006) (Sun et al. 2019).

Several researchers have developed methods for cadmium
removal from aqueous solutions by using clay minerals like
chitosan saturated montmorillonites (Hu et al. 2017), mont-
morillonites, kaolinite (Gupta and Bhattacharyya 2006), illite
(Ozdes et al. 2011), and vermiculite (Abate and Masini 2005).
The g, values derived from the Langmuir isotherm models of
these studies ranged from 7 to 50 mg/g.

The smectite clay minerals are belonging to phyllosilicates
group which its structure is a stacking of negatively charged
2:1 layer, which is balanced by hydrated exchangeable cations
fixed in interlayer positions like (Ca**, Mg?*, and Na®).
Saponite is the most important trioctahedral smectites, which
the trivalent cations replacing Si** cations in the tetrahedral
sites processes the negative layer charge, and the vacancies in
octahedral positions interpreted as the layer charge, and the
basal spacing expansion of Saponite will approve the ability of
cations accommodation in interlayer within the structural
channels and at the external surface of lamellar particles
(Pardo et al. 2018).

The clay minerals charge is regarded as the basis for the
swelling and cation exchange properties. The charge results
from permanent (structural) and variable (pH depending)
charge. The cation exchange capacity (CEC) is a measure of
both (Ismadji et al. 2015).

The aim of the present study was to characterize TC local
clay for the first time and investigate the possible use of this
clay as an efficient heavy metal ion adsorber for wastewater
treatement. Due to the extreme toxicity of cadmium even at
low concentrations and its wide usage, it was selected as a
representative heavy metal ion in this study.

Materials and methods
Adsorbate

Cd(NOs),.4H,0 from Riedel-de HAEN AG was used to pre-
pare a stock solution (500 mg/L) of Cd** from which the
series of dilute solutions were prepared. The initial pH was
adjusted with dilute HCI or NaOH, respectively. The Cd con-
centrations were measured using Inductively Coupled

Plasma-Optical Emissions Spectroscopy (ICP-OES) (Perkin
Elmer Optima 2100 DV) before and after adsorption tests.
ICP-OES measurements required dilution of solutions.

Adsorbent characterization

The clay sample was taken in a depth of 50 cm in the Tagaran
area near Sulaimani city-Kurdistan region of Iraq. The natural
clay was dispersed in water and the < 5 um fraction was
separated by sedimentation. This fraction was termed TC
(Tagaran clay) and used in the present study.

The chemical composition of TC was determined by XRF
(PANalytica Axios, ALMELO, Netherlands). Lithium
metaborate (Spectroflux, Flux No. 100A, Alfa Aesar) was
mixed with the sample and melted into glass bead and ana-
lyzed by wavelength-dispersive XRF. The loss on ignition
(LOI) was determined by heating 1000 mg of the sample
material to 1030 °C for 10 min.

A PANalytical X'Pert PRO MPD 0-0 diffractometer (Cu-
K, radiation, 40 kV, 30 mA) was used to record XRD pat-
terns. The diffractometer was equipped with a variable diver-
gence slit (20-mm irradiated length), primary and secondary
soller, Scientific X'Celerator detector (active length 0.59°),
and a sample changer (sample diameter 28 mm). The samples
were investigated from 2° to 85° 20 with a step size 0f0.0167°
20 and a measuring time of 10 s per step. For specimen
preparation, the top loading technique was used. For the de-
tailed clay mineralogical investigation, texture slides of the <
2 um fraction was prepared. 15 mg per cm? clay was used to
record an XRD scan. 1.5 mL of the suspension was vacuum
filtered through the circular (diameter = 2.4 cm) ceramic tile to
deposit the sample which were 3 mm thick. The specimen was
ethylene glycol (EG) saturated with ethylene glycol vapor at
60 °C overnight. The clay films were measured from 1° to 40°
20 (stepsize 0.03° 20, 5 s per step) after cooling to room
temperature, representing EG conditions. The interpretation
of the XRD pattern, either powder or texture slides, were
based on comparing the measured peak positions (either the
2-theta value or the d value) with suitable references, mostly
from the PDF database.

The morphology and surface characteristics of the clay
were investigated using scanning electron microscopy
(SEM, FESEM: HITACHI S-4160).

Thermogravimetric analysis was performed using
Diamond TG-DTA (SII) thermogravimetric analyzer from
PerkinElmer using a 50 mL/min flow rate of N, inert gas from
room temperature up to 900 °C at a rate of 20 °C/min.

Mid-infrared spectra were recorded for the sample pellet
(1 mg sample/200 mg KBr) with a Thermo Nicolet Nexus
FTIR spectrometer (MIR beam splitter: KBr, detector DTGS
TEC). Measurements were conducted before and after drying
of the pellets at 150 °C in a vacuum oven for 24 h.
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Autosorb-iQc-station 1 instrument from QuantaChrom was
used for the investigation of N, adsorption—desorption iso-
therms. Measurements were performed at 77 K temperature.
The sample was outgassed at 200 °C 1000 h. Brunauer—
Emmett-Teller (BET) theory was applied to N, adsorption
data for the specific surface area (Sggr) investigation. The
specific total pore volume (V) was calculated after the gas
adsorption at a p/p, of 0.99 that was converted to liquid vol-
ume using a value of 0.808 g cm™ for the density of the
adsorbed nitrogen.

The CEC of the Tagaran natural clay (TC) was measured
using copper-trien method (Dohrmann et al. 2012). The Cu-
trien complex solution (A,.x = 578 nm) was added to TC; the
resulting slurry was shaken overnight for equilibration, and
then centrifuged. The exchangable cations were measured
from the difference between initial and remaining Cu-trien
complex. The Cu-trien concentrations were measured by
UV-Vis spectrophotometer at 578 nm.

Adsorption studies

For the batch adsorption experiments, 0.100 g of TC was
added to 100-mL dark polyethylene bottles containing 50
mL of the Cd** solution with variable concentrations. The
suspensions were shaken in a GFL waterbath shaker model
1086. After specific time intervals, the suspensions were cen-
trifuged for 5 min at 5000 rpm. The Cd** concentrations in the
supernatants were analyzed in the supernatant by ICP-OES.
The amount of adsorbed (Cd*") ion, d. (mg/g), was calculated
using Eq. 1:

(Cn - CG)V
go == (1)
where C, and C, represent the initial and equilibrium concen-
trations, respectively, V is the volume of the solution (L), and
m is the mass of the adsorbent (g).

The effect of the contact time was investigated from 0 to
300 min at different temperatures. The influence of the initial
pH of the Cd** solutions was studied at a range of 2.0 to 7.0.
The pH values of the solutions were adjusted using dilute HCI
or NaOH solutions with the aid of a pH meter. Adsorption
isotherms were recorded by varying the initial Cd** concen-
tration from 10 to 250 mg/L and measuring the extent of
adsorption.

Error analysis

In addition to the error bars on the experimental data of the
plots, the prediction of the model that best fit to the experi-
mental data (isotherm and kinetic studies) were examined by
three methods of error analysis for the non-linear curve fit-
tings. First, the correlation index (coefficient of determination)
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(R?) was calculated with the OriginPro software computer
program (Eq. 2).

2
by (qexp - qﬁt)

2
R =1- 5
D (q exp qmean)

(2)

where g is the estimated value of g, for the model under
investigation.

The second error function used was the sum of squared
residuals (SSE) as given by Eq. 3.

2
SSE = Z<qexp - qﬁt) (3)
The smaller values of SSE the better fit of the model under

investigation.
The third error function was chi-squared (X°) as given by

Eq. 4.
2
(qexp - qﬁt)

st

X’ =x (4)

Similar to SSE, small values of X represent a better fit of
the model under study.

Application on real sample

Sulaimani industrial zone sewage was collected in a special
container, digested by acid (5% nitric acid solution) in the
laboratory, then separated from the solid particles by
filtration.

The final solution was analyzed by ICP-OES technique
with respect to dissolved ions particularly taking Cd into ac-
count. The pH of the solution was adjusted according to the
Cd adsorption procedure and used as a real sample in the
present work for adsorption application.

Results and discussion
Characterization of the adsorbent

From the XRD measurements, a 2:1 clay mineral (5.3°),
quartz (26.6°), and calcite (29.2°) were identified. The
doo1 value of 14.9 A (5.3° may correspond to either ver-
miculite, chlorite, or smectite. Ethylene glycol (EG) vapor
saturation (Fig. 1) proved limited expansion of the dggi-
reflection from 14.9 to 16.8 A. Commonly vermiculites
do not expand to more than 16.1 A with EG. The 2:1 clay
mineral, therefore, is probably smectite (Mosser-Ruck
et al. 2005). The dggo reflection showed no intensity at
1.49 A but the significant intensity at 1.54 A. The sample,



Environ Sci Pollut Res (2020) 27:38384-38396

38387
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therefore, is dominated by trioctahedral minerals with few
dioctahedral domains or layers. The smectite is referred to
as Saponite accordingly.

The small intensity (shoulder) which remained at 14.9 A
was attributed to chlorite. Two 7 A peaks were observed. One
was attributed to the dyg, reflection of chlorite and the other
could be explained by either kaolinite or serpentine. In the
pattern of the oriented mount, weak and broad intensity was
found at about 28 A, which changed its position after EG
treatment. This intensity was attributed to the presence of
traces of corrensite.

FTIR spectra recorded from 400 to 4000 cm™' before
and after adsorption are shown in Fig. 2. It can be seen
that the shape of the bands did not change upon adsorption
but the stretching vibration bands after adsorption was
slightly shifted compared with the bands after adsorption.
The band at 3681 cm™ in the FTIR spectrum (Fig. 2) could
be assigned to either a serpentine mineral or trioctahedral
smectite. No kaolinite was found (< 0.5 mass%) by IR. The
second 7 A XRD peak, therefore, was assigned to a ser-
pentine mineral. The band at 3588 cm™' results from OH-
stretching of the serpentine mineral and the trioctahedral
smectite. The bands at 3423and 1627 cm™' were assigned
to stretching and bending of water. The bands at 2925 and
2854 cm™' point towards the presence of some organic
material. The bands at 1434, 877, and 705 cm’' proved
the presence of calcite as dominating carbonate mineral.
Quartz was identified based on the characteristic doublet
at 780 and 800 cm™'. The main band at about 1011 cm™
represents SiO stretching modes of all silicates present in

15.00 20.00 25.00

°20

30.00 35.00 40.00

the sample (Arab et al. 2002) (Pazourkova et al. 2014). The
sample is dominated by a 2:1 clay mineral which based on
almost full expandability and IR data was identified as
trioctahedral smectite, in the following referred to as
saponite.

The chemical composition of TC obtained with X-ray fluo-
rescence was compared with the mineralogical composition
(Table 1). Among those minerals identified by XRD and IR,
saponite is that with most significant chemical variation. No
information about the actual saponite composition was avail-
able. Because of the low amount of dioctahedral minerals and
domains, the reference saponite composition published by
webminerals.com was used (about 19% MgO, 11% Al,O3,
11% FeO, and 37.5% Si0O,). Based on the chemical data and
the relative intensities of XRD peaks and IR bands, it is
estimated that the sample consists of about 50% saponite (+
5%), 5-10% chlorite, 5% serpentine (£ 2%), 10% calcite (+
2%), 20% quartz (£ 3%), and 5% feldspar (= 3%). A few
percents of the chlorite and the saponite occur as corrensite.
The chemical and mineralogical composition of Saponite rich
clays was discussed earlier (Muiambo et al. 2010) (Motokawa
etal. 2014).

The SEM technique can be used to visualize individual
particles of clays as well as the relative arrangement of parti-
cles to each other (microstructure). At least the shape and
average size of the aggregates consisting of several primary
particles can be observed in Fig. 3. The sample TC contains
aggregates of various sizes apparently consisting of platy pri-
mary particles (Ding et al. 2017). The largest aggregates found
had a diameter of 520 um but most of the platy particles were
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Fig. 2 FTIR spectra of TC before (TC) and after adsorption (Cd-TC) (dried at 150 °C)

< 5 um (Sutcu 2015). Individual particles that could be pri-
mary particles had a diameter of about 0.5 wm. The large
particle on the lower left side of Fig. 3 showed either a net-
work of cracks or a dense arrangement of primary particles
with diameters between 0.1 and 0.2 um. The particle size is
typical of smectites.

The surface area and pore size distribution was calculated
from N, adsorption isotherm (Fig. 4) at 77 K. The BET surface
area was estimated as 51.4 m%/g. The pore size distribution
curve shows that most of the pores are less than 3 nm and a
total pore volume of 0.0817 cm*/g.

The TG/DTG plots (Fig. 5) show about 6% weight loss
(dehydration) of adsorbed water molecules at 30 to 200 °C.
At the temperature range 200-500 °C, where the interlayer
water molecules are lost and the carbonate are also changes
to CO, and CaO, no significant change has occurred due to the
low carbonate content of the TC sample. A greater weight loss
was observed between 500 and 800 °C due to the dehydrox-
ylation of the clay mineral and decomposition of carbonates.

The CEC obtained by Cu-trien method was 36 mmol/
100 g.

Adsorption studies

Effect of contact time The effect of contact time on the ad-
sorption of Cd** ions on the TC adsorbent was studied at
different temperatures (Fig. 6). The amount of Cd** adsorbed
rapidly increased at the early stage of the adsorption. After less
than 1 h, the rate became slower and equilibrium was reached.
The quick adsorption can possibly be explained by the high
affinity of contaminant to the surface and the large excess of
Cd**. In order to guarantee that equilibrium was attained, 100-
min reaction time was set as a reference.

The maximum load of Cd** on TC varied from 11 to 13 mg
Cd per g clay. This corresponds to about 11.4 mmol Cd** per
100 g clay or 22.8 meq/100 g. The measured CEC of the
sample was about 36 meq/100 g (permanent and variable
charge at pH about 7). The Cd load, therefore, was less than
the CEC, theoretically leaving some remaining adsorption ca-
pacity. The Cd** excess, however, was significant and larger
compared to most real cases. An even larger concentration of
Cd** would have led to a larger portion of Cd** adsorbed to
the clay but such high concentrations are not realistic; hence, it

Table 1 Chemical compositions of TC (values in mass%)
Si0,% TiO,% ALO3% Fe,03% MnO% MgO% CaO% Na,O% K>0% SO;% LOI% Total
434 0.5 9.9 8.6 0.1 14.6 6.8 0.7 0.8 0.1 14.2 99.7
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20.8kV X65.00K S5.80um

Fig. 3 SEM images of TC

can be concluded, that about 50% of the CEC may be relevant
for Cd** removal.

The measured values correspond to the values reported in
the literature, ranging from 7 to 50 mg/g (Abate and Masini
2005) (Gupta and Bhattacharyya 2006) (Ozdes et al. 2011)
(Hu et al. 2017).

Effect of initial pH The most important factor that affects the
removal of heavy metals by adsorption is the pH of the solu-
tion. This effect may be due to the hydrolysis reaction of the
heavy metals and the formation of insoluble aqueous com-
plexes as well as pH depending charges of the surfaces. Low
adsorption capacities were observed at low pHs and they in-
creased with increasing pH from 2 to 6, then reaching a con-
stant value (Fig. 7). Similar results were obtained by Johnson

(Johnson 1990). At pH higher than 7, precipitation of Cd
species such as carbonates or hydroxides occurs (Chandra
et al. 2006) (Rao and Kashifuddin 2016) (Xu et al. 2017)
which affect the adsorption values.

Between pH 2.5 and 7, Cd** is known to be the dominant
species. The lower adsorption capacity at low pH, therefore,
must be related to pH depending changes at the clay surface.
The pH effect on Cd** adsorption can be explained either by
cation exchange competition of Cd** and H* or by increasingly
positive edge charges. The clay, however, is trioctahedral and
hence, variable charge effects are supposed to be restricted to
higher pH values.

Effect of adsorbent dose The adsorbent dose effect on the
adsorption of Cd** was studied by using different doses in
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Fig. 5 TG/DTG plots of TC (heating rate 20 °C/min, 50 mL/min N, gas
flow)

the range from 0.02 to 0.25 g at fixed conditions of pH = 6.0
and 100 mg/L initial Cd** concentration. As the dose of ad-
sorbent increases from 0.02 to 0.25 g, the adsorbed amount of
Cd** per unit weight of TC (q.) decreases (Fig. 8) because the
adsorbed amount of Cd** (mg) is divided by the larger amount
of adsorbent (g) in the nominator of Eq. 1 and this was ex-
pected because all experiments were conducted below satura-
tion. Meanwhile, the removal % increases steadily with in-
creasing the adsorbent dose.

Effect of initial Cd®* concentration An increasing concentra-
tion gradient acts as increasing driving force towards adsorp-
tion and hence, leads to increasing equilibrium adsorption
until saturation achieved. The initial concentration of Cd**
was studied in the range betweenl0 and 250 mg/L. The ad-
sorption was carried out at a fixed pH of 6.0 and 0.1 g TC at
four different temperatures 20, 30, 40, and 50 °C (Fig. 9). The
values of g increased with increasing initial Cd** concentra-
tions under the studied range of concentrations. A slight de-
crease in ¢, is noticed which may result from increased desorp-
tion. Meanwhile, removal % has decreased with increasing C,,.

Adsorption isotherms A good description of the distribution
of the adsorbate between solution and adsorbent at equilibri-
um conditions is important for the determination of the mech-
anism of Cd** adsorption. The surface properties and the

" T I T
IR I B

omT

q. (mg/g)
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s o

9 4 * 20C
= 30C
8 e
40c
7 x 50C
6 r . .
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t (min)
Fig. 6 Effect of contact time on the adsorption of Cd** (C, = 100 mg/L)
on TC at different temperatures
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Fig. 7 Effect of initial pH on the adsorption of Cd** (C, = 100 mg/L,
0.1 g TC) on TC at room temperature

affinity of the adsorbent towards Cd** can be obtained from
the constants of the adsorption isotherms(Malkoc and
Nuhoglu 2007). Langmuir, Freundlich, Temkin, and
Redlich-Peterson isotherms were applied to the experimental
data of this study using non-linear regression analysis.

Langmuir isotherm The Langmuir isotherm model predicts
the formation of monolayer adsorption of the adsorbate on
the adsorbent surface (Eq. 5). (Langmuir 1918).

quLCe
= 5
=11k, (5)

where ¢, and C, are the amount adsorbed and the adsorbate
concentration in solution at equilibrium, respectively. K; is the
Langmuir constant and ¢,, is the maximum amount of the
monolayer adsorbed on the adsorbent, and C, is the initial
adsorbate concentration. The values of K; and ¢,, were
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Fig. 8 Effect of adsorbent dosage on Cd** adsorption (C, = 100 mg/L,
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Fig. 9 Effect of initial concentration of Cd** on q. and removal% by TC
(0.1 g TC, initial pH = 6.0, T = 293 K)

computed from the non-linear regression analysis at different
temperatures (Fig. 10) (Table 2).

Freundlich isotherm The Freundlich isotherm model describes
the adsorption of an adsorbate on a heterogeneous adsorbent
surface considering multilayer adsorption. Equation 6 repre-
sents the linearized Freundlich isotherm (Appel 1973):

1n
9. = KsC, (6)

where K- and n are Freundlich constants representing adsorp-
tion capacity and intensity respectively. Adsorption isotherm
constants. For heterogeneous adsorption, 1/n is approaching
zero, while for chemisorption the slope is in between 0 and 1,
and a value greater thn 1 indicates cooperative adsorption
(Asgari et al. 2014). The Freundlich isotherm was applied to
the experimental data (Fig. 10) from which the isotherm con-
stants were estimated (Table 2).

4 Exp. data = 20°C e 30°C A 40°C v 50°C
Langmuir 20°C 30°C =—40°C ——50°C
2 Freundlich = = =20°C = = =30°C = = =40°C - = =50°C
0 50 100 150 200 250
Ce (mglL)

Fig. 10 Langmuir and Freundlich isotherm models for the adsorption of
Cd** on TC at different temperatures (0.1 g TC, initial pH = 6.0)

Temkin isotherm According to this isotherm, the heat of ad-
sorption decreases linearly with coverage due to adsorbent—
adsorbate interactions with a uniform distribution of the ad-
sorbate. The Temkin isotherm is represented by Eq. 7:

q, = BInA + BinC, (7)

where B = RT/b is related to the heat of adsorption, R is the
universal gas constant (J mol ! K, T'is the temperature K,
and b is the variation of adsorption energy (J/mol). The
Temkin isotherm model was applied to evaluate the
adsorbent—adsorbate interactions (Fig. 11) (Table 2).

Redlich—Peterson isotherm Redlich—Peterson (R-P) isotherm
is a three-parameter isotherm that rectifies the inaccuracy of
the two-parameter isotherms (Langmuir and Freundlich) and
it is a combination between them. The isotherm is given by
Eq. 8.

KgpC,

_ e 8
1+ amvcia (®)

9.

where Kpp (I/mg) and agp (I/mg) are the R—P constants and /3
is an exponent that varies from 0 to 1. From the non-linear
regression of Redlich—Peterson isotherms (Fig. 11), the iso-
therm parameters were estimated (Table 2).

The Redlich parameter (3) was found to be less than 1 and
the studied error functions of the isotherms reveal that the
Freundlich model approximation better fits the experimental
data than Langmuir model (Areco and Afonso 2010).

It is not easy to compare the adsorption of different heavy
metal ions on natural clay from different sources. Many fac-
tors may affect the adsorption capacity during the adsorption
such as pH, clay source, and clay particle size. Adsorption of
some heavy metal ions on natural clay are explored in Table 3.

Kinetic studies

The study of adsorption kinetic is important to explore the
adsorbate—adsorbent interaction. Three most common kinetic
models were applied to the experimental data: Lagergren
pseudo-first order (Baek et al. 2010), Ho's pseudo-second or-
der (Ho 2006), and Weber's intra-particle diffusion (Alkan
et al. 2008).

The Lagergren pseudo-first-order kinetics is given by Eq. 9
(Fig. 12a):

4 =q,(1—e ™) (9)

where k; is the pseudo-first-order rate constant (min™) of ad-
sorption, g, and ¢, are the amounts of the metal ion (mg/g)
adsorbed at equilibrium and at time ¢.
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Table 2 Adsorption isotherm

parameters of Cd>* on TC at Isotherm models Isotherm parameters T (K)
different temperatures
293 303 313 323

Langmuir qm (Mg/g) 18.21 18.32 18.35 18.78
Ky (L/mg) 0.0223 0.0302 0.0356 0.0422
s 0.926 0.907 0.910 0913
SSE 8.8 11.1 11.1 11.7
X L5 1.9 1.8 1.9

Freundlich N 2.8 33 35 3.6
Kg 243 321 3.63 4.02
” 0.987 0.987 0.989 0.996
SSE 1.6 1.6 1.3 0.6
X 0.3 0.3 0.2 0.1

Temkin B (J/mol) 2.77 2.61 2.61 2.72
Kt 091 1.63 2.01 2.20
” 0.910 0.925 0.942 0.962
SSE 10.7 8.9 7.1 52
X 1.8 L5 12 0.9

Redlich-Peterson Kgp (1/mg) 42.6 38.6 315 21.3
Qe 17.2 11.7 8.3 49
B 0.65 0.70 0.72 0.74
R’ 0.986 0.986 0.989 0.997
SSE 1.6 1.6 1.3 0.4
X 0.32 0.33 0.27 0.08

A second-order dependency of the adsorption rate on the
adsorption sites is given by Eq. 10. Integration of Eq. 10 with
applied limits of ¢, between 0 and ¢, when ¢ is passed from 0 to
t results in Eq. 11.

dq
it = kz(‘le - qt)z (10)
kzqgt
=—f 11
4 1+ kzqgt ( )

where k; is the pseudo-second-order rate constant (g/mg min).
Pseudo-second-order kinetic plots for the adsorption of Cd**
on TC was studied at different temperatures (Fig. 12a) and the
corresponding kinetic parameters were estimated from non-
linear regression fittings (Table 4). The studied error analysis
functions revealed better fitting of the pseudo-second-order
kinetics to the experimental data. The correlation coefficients
of pseudo-second-order kinetics are closer to unity than those
of pseudo-first-order kinetics, and Ag, SSE, and X2 values for
the pseudo-second-order kinetic model are much smaller than
those for the pseudo-first-order model.

The diffusion-controlled adsorption system was investigat-
ed by using the intra-particle diffusion model, described by
Eq. 12.

4= ket 4 C (12)
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where k; is the intra-particle diffusion rate constant (mg/g
min'?) and C is related to the boundary layer thickness, i.e.,
the larger the intercept, the greater is the boundary effect. The
plots of ¢, vs {* at various temperatures (Fig. 12b) show
multi-linear curves and none of these linear parts is passing
through the origin. This suggests that intra-particle diffusion is
not the rate determining step and not the only mechanism
governing the rate of the adsorption. From the plots, first,

de (Mg/g)

Exp.data = 20°C e 30°C 4 40°C v 50°C
4 Temkin ==--20°C ---30°C ---40°C ---50°C
5 R-P —20°C ——30°C —40°C ——50°C
0 50 100 150 200 250
Ce (mg/L)

Fig. 11 Temkin and Redlich—Peterson isotherms for the adsorption of
Cd** on TC at different temperatures (0.1 g TC, initial pH = 6.0)
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Table 3 Adsorption capacities

different heavy metal ions on Adsorbent Heavy metal ion Adsorption capacity Reference
natural clay
Natural clay Cu** 44.84 (Jiang et al. 2010)
Natural sepiolite cr 37.00 (Marjanovi¢ et al. 2013)
Kaolinite Pb** 11.5 (Sen Gupta and Bhattacharyya 2008)
Natural clay Mn?* 11.36 (Ondo 2010)
Natural clay Hg** 9.7 (Eloussaief et al. 2013)

relatively fast surface sorption of Cd** ion on the external
surface to saturation, then followed by a slower step of intra-
particle diffusion which was apparently the rate limiting
(Alkan et al. 2008). Finally, the third region may be attributed
to the final equilibrium stage. The results indicate that the
interlayer surfaces are readily accessible sites for exchange
with the incoming cadmium. The dominating adsorption
mechanism, therefore, is cation exchange at permanent
charged surface sites. In addition, adsorption at edge sites
may also be important but that could not be proved.

The effect of temperature on the equilibrium adsorption
capacity and the rate of adsorption was illustrated using
Arrhenius (Eq. 13) and Eyring (Eq. 14) equations.

E,
CteA 1
Inky = A — 22 (13)
kah AS" AH
I =1 . 14
"ksT " R RT (14)

where E, is the activation energy (J/mol), &, is the pseudo-
second-order rate constant for adsorption (g/mol s), A is the
temperature-independent Arrhenius constant (g/mol s), R is
the gas constant (8.314 J/K mol), AS” is the entropy of acti-
vation (J/mol), and AH “is the enthalpy of activation (kJ/mol).
Arrhenius and Eyring's plots are shown in Fig. 13 and the
activation parameters are listed in Table 4. Low activation

a
vY _V_ X - -y —— vy~ Ty
12 4 ‘...‘-—'1"’—3——0 °
A __ -~ 7
P k- —— - — -u
— 4 =
g su
[
E
T 10
Exp.data ® 20°C @ 30°C A 40°C v 50°C
1st order 20°C 30°C  ——40°C 50°C
2nd order =— =20°C — =-30°C - =40°C -~ =50°C
8 T T T T T T
0 50 100 150 200 250 300
t (min)

energies (E, <40 kJ/mol) indicate a physical adsorption mech-
anism, while higher £, (40—800 kJ/mol) points to a chemically
controlled mechanism. The £, in this study is 16.8 kJ/mol
which suggests a physisorption mechanism.

The negative value of AS™ indicates the association of
Cd** ions in the excited state before the release of the leaving
ion or group.

Thermodynamic studies

Gibb's free energy change (AG®) was determined at different
temperatures by Eq. (15) (Frantz et al. 2017).

AG®° = —RTIn(pywKp) (15)
Van't Hoff's plot was used to estimate the enthalpy change
(AH’) and entropy change (AS°) (Table 5) according to Eq.

16:
AS°

AH®
In(pwKp) = === %7

(16)

The values of AG? at all temperatures were negative and
decreasing with increasing temperature which indicates the
spontaneous nature of the adsorption of Cd** on TC and better
adsorption occurs at higher temperatures (Ahmed et al. 2017).

b

14 A

4 T T T T 1
0 4 8 10 12 16 20

Fig. 12 Non-linear regression plots of pseudo-first-order and pseudo-second-order kinetics of the adsorption of Cd** on TC (a) and intra-particle
diffusion plots for the adsorption of Cd**on TC (b) (C, = 100 mg/L, pH = 6.0)
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Table 4 Kinetic model
parameters for the adsorption of
Cd** on TC

Kinetic models Parameters T (K)
293 303 313 323
Qe(exp) (ME/L) 11.5 11.83 12.53 12.82
Pseudo first-order k; (min™) 0.178 0.205 0.269 0.298
Qe(cale) (ME/) 11.0 11.5 526 11.8 1.67 12.6
Aq% 42 32 5.6 2.0
R 0.990 0.945 0.870 0.717
0.976 0.972 0.969
SSE 1.2 3 0.4 22
X 0.1 0.3 0.4 0.2
Pseudo second-order k> (g/mg min) 0.0289 0.0068 0.0226 0.0558
0.0333 0.0455 0.0531
Qe(calc.) 11.50 11.90 12.61 12.95
11.92 12.24 12.93
Aq% 0.0 -0.8 2.3 -09
R? 0.996 0.999 0.996 0.999 0.992 0.999 0.998
SSE 0.46 0.45 1.09 0.34
X 0.05 0.05 0.11 0.03
Intra-particle diffusion  ky; (mg/g min®?) 1.621 0.888 0.768
kp, (mg/g min’?) 0.637 0.039 0315
kp3 (mg/g min®) 0.305 0.161 0
Arrhenius equation E, (kJ/mol) 16.80
Eyring equation AH* (kJ/mol) 14.2
AS* (J/mol) -2259

The positive value of AH” indicates the endothermic nature of
adsorption and the positive value of AS° reflects the increased
randomness at the solid/solution interface during the adsorp-
tion process.

A predominant cation exchange mechanism is sug-
gested for the uptake of Cd** ions in the early stages of
the adsorption. At low pHs, H* ions compete with Cd**
ions for the permanent charges and lower adsorption

. : : : 323
rrnenius
: - -32.4
304 m Eyring
L -32.5
3.1 A
L -32.6
o 3.2 -\E
£ L 327 &
£
3.3 T
L -32.8
3.4
L -32.9
3.5
L -33.0
3.6 . . y T
0.0031 0.0032 0.0033 0.0034
1

Fig. 13 Arrhenius and Eyring plots for the adsorption of Cd** on TC
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capacity was recorded. The uptake of Cd** becomes
slower after that and the mechanism may be inner-sphere
surface complex formation of the cations at the clay edges
that migrated from basal planes exchange sites (Dal Bosco
et al. 2006).

Applications on real samples

Sulaimani industrial zone sewage was taken as the real
sample which contains noticeable heavy metals (9.4,
26.0, 229.9, 260.0) pg/L for (Cd, Cr, Fe, Zn) respectively.
The pH was adjusted to 6-6.2 with dilute HCI and/or
NaOH solution and adsorption experiments were

Table 5 Thermodynamic parameters for Cd**adsorption on TC
Temp. (K) Thermodynamic parameters
AG® (kJ/mol) AH° (kJ/mol) AS° (J/mol K)
293 -9.72 1.46 38.12
303 - 10.08
313 -10.45
323 -10.87
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conducted using the TC clay described in the present study.
The resulting concentrations after adsorption were (0.01.,
25.43, 229.80, 172.90) pg/L for (Cd, Cr, Fe, Zn) respec-
tively. This result shows that the Cd ion was completely
removed (adsorbed) by TC. Other elements as Cr and Fe
ions were not reduced, probably because their maximum
adsorption occurs at pH = (2 and < 4) (Malkoc and
Nuhoglu 2007) (Bhattacharyya and Gupta 2008). Zn, in
contrast, was partially removed from the solution which
could have been expected because Zn ions have a good
adsorption potential at pH = 6.5 (Purna Chandra Rao
et al. 2006). Zn and Cd, hence, were competing for the
adsorption sites resulting in 100% removal of Cd and about
30% removal of Zn.

Conclusions

In the present work, the natural clay of Tagaran from
Sulaimani/Iraq was characterized by XRF, XRD, FTIR, and
SEM. Its major constituent is saponite. After physical cleaning
and fractionation, the natural clay was studied for its efficien-
cy for the adsorption of Cd**, a very toxic heavy metal ion.
The initial pH of the solution showed a significant effect on
the adsorption and best efficiencies were obtained at moderate
and higher pHs.

Both Langmuir and Freundlich isotherm models fit well
to the adsorption data. The kinetic data were better ex-
plained by pseudo-second-order kinetics and the rate-
determining step is governed by more than one mechanism
as confirmed by the intra-particle diffusion kinetics. The
activation energy (16.8 kJ/mol) for the adsorption of Cd**
on TC falls in the range of a physisorption process. The
spontaneity of the adsorption was confirmed by the nega-
tive values of AG® at the studied temperatures and the
affinity of the adsorbent to the adsorbate was confirmed
by the positive values of AS°. The natural clay from
Tagaran is a local candidate adsorber material for the re-
moval of Cd from industrial wastewater. The local natural
clay (TC) was successfully applied for the removal of cad-
mium from Sulaimani industrial zone sewage despite the
presence of other heavy metals. Further studies dealing
with the application of recycling, and mechanical stability
of the adsorber, however, have to be performed.
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