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ABSTRACT

The goal of this paper is to investigate the removal of iron and copper from aqueous solu-
tions using adsorption. Zeolitic tuff and kaolin were used as adsorbents and were collected
from different areas in Jordan. Batch adsorption experiments using synthetic Fe’* and Cu**
solutions were employed to study the effects of adsorbent dose, initial concentration, parti-
cle size, pH, and temperature on metal uptake. Zeolitic tuff had higher Fe** and Cu?*
adsorption capacities (20.70 and 20.83 mg/g, respectively) compared with kaolin (14.68 and
9.81 mg/g, respectively). The optimum pH values for Fe** and Cu®*' removal on kaolin
were found to be 4 and 6, respectively. For the initial metal concentration of 100 ppm, 100%
of Fe’* and 62% of Cu”* were adsorbed. As the temperature increased from 25 to 55°C, the
adsorption capacity of Fe>* on kaolin increased, thereby indicating the endothermic nature
of the process. At the highest investigated temperature of 55°C, the Fe** removal using kao-
lin was 95.5%. The kinetic data obtained for Cu®* removal confirmed the pseudo-second-
order model. Fe** removal using zeolitic tuff was not affected by the particle size, while
Cu®* removal increased as the particle size decreased. This study suggests that zeolitic tuff
and kaolin can be used as low-cost adsorbents for Fe®* and Cu** removal with high effi-
ciency. Kaolin was modified by pillaring with Al;; polyoxycation and acid activation. The
mineralogy of the kaolin, analyzed using X-ray diffraction, confirmed that its structure was
not changed significantly due to Al-pillared activation. Both pillaring and acid activation
decreased the adsorption capacity.
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1. Introduction

Heavy metals in the environment are detrimental
to a variety of living species including humans due to
their hazardous and toxic nature, their accumulation
in living tissues, and consequent biomagnifications in

*Corresponding author.

the food chain [1,2]. The contamination of aqueous
systems by toxic heavy metals has been recognized as
a worldwide environmental problem [3].

Iron and copper are heavy metals that are concern-
ing for the environment. Although iron is an essential
element in human nutrition, its presence at high levels
in aqueous streams renders water unusable. Iron ions
dissolve from rocks and soils into ground water at
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low levels, but it can be present at high levels either
through contamination from waste effluent of indus-
trial processes (e.g. pipeline corrosion, engine parts,
metal finishing, and galvanized pipe manufacturing)
or from certain geological formations [4]. According to
the US Environmental Protection Agency (US EPA),
the maximum contaminant level (MCL) of iron in
drinking water is 0.3 mg/I [5].

Increased industrial activities (e.g. copper mining
and smelting, brass manufacture, petroleum refineries,
and electroplating) have led to the discharge of
wastewater containing excessive copper into the envi-
ronment, which has caused serious contamination of
aqueous systems. The MCL of copper is 1.3 mg/1 [5].
It has been demonstrated that drinking water with a
copper concentration above the MCL for long periods
can cause many diseases, such as liver and kidney
damage, stomach ailments, and intestinal distress [6].

Several methods have been used for the removal
of iron and copper from aqueous systems (e.g. ion
exchange, precipitation, ultra filtration, reverse osmo-
sis, and adsorption). Among these methods, adsorp-
tion is one of the most efficient and cost-effective
methods, especially at low heavy metals concentra-
tions [7]. Activated carbon has undoubtedly been one
of the most popular and widely used adsorbents in
wastewater treatment applications throughout the
world. In recent years, research into the production of
alternative adsorbents to replace the costly activated
carbon has intensified [8,9].

Natural materials, such as chitosan, zeolites, clay,
and several waste products from industrial operations
(e.g. fly ash, coal, and oxides), are classified as low-
cost adsorbents [10,11]. Among clays, kaolin is one of
the most common and abundant minerals in nature. It
is considered as low-cost natural adsorbent and has
been widely used for the removal of a variety of
heavy metals [12-16]. In addition to clays, natural zeo-
lites have gained significant interest in the field of
heavy metals removal due to their valuable adsorption
properties, such as ion exchange capability [10,17-19].
Therefore, the goal of this paper is to investigate iron
and copper removal from aqueous solutions by batch
adsorption using Jordanian natural kaolin and zeolitic
tuff.

2. Materials and methods
2.1. Adsorbents

In this study, zeolitic tuff and kaolin were used as
adsorbents, they were collected and supplied by Jor-
dan Natural Resources Authority (JNRA). Zeolitic tuff
was collected from Al-Azraq city in east Jordan,
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whereas kaolin was collected from the Batn EI-Goul
area in south Jordan.

Kaolin is a white, soft, plastic clay mainly com-
posed of the fine-grained platy mineral kaolinite, and
occurs as extremely small hexagonal-shaped crystals
with micron and submicron sizes [16]. Kaolin deposits
in Jordan are exposed in four main locations in south
Jordan, namely, Batn El-Ghoul (Jabal al Harad), Al-
Mudawwara, Jabal Umm Sahm, and Dubaydib. All
areas have been exploited to a small extent. Mudaw-
wara kaolin has not yet been exploited. Kaolin depos-
its in Batn El-Ghoul are mainly composed of kaolinite
and quartz minerals and small amounts of mica, feld-
spar, gypsum, and pyrite. According to the JNRA, the
kaolin reserves in Batn El-Goul contain an estimated
2,200 Mt. Kaolin from Batn El-Goul contains major
oxides, such as Al,Osz (14.01-25.37%), SiO, (47.79-
68.32%), and Fe,O; (4.05-8.37%) [20].

Zeolites are hydrated framework aluminosilicates
of the alkali and alkaline earth elements and consist of
infinitely three-dimensional frameworks of AlO, and
SiO, tetrahedra, called the primary building units,
which are linked to each other via oxygen atoms. They
have a net negative charge due to the isomorphic
replacement of Si** by AI**, and this negative charge
is balanced by the extra-framework cations (Na*, K*,
Ca®*, and Mg?>") [21,22]. Zeolites are abundant in Jor-
dan in three locations: the northeastern, central, and
southern areas of Jordan. Zeolitic tuffs are located at
Jabal Aritayn (30 km NE of Azraq), Tlol Al-shahba
20km E of Al safawi), Tell-Rmah (35 km NE of Al
Mafraq), and other small deposits in the South Jordan
(Tell Burma, Tell Juhaira, and Wadi El-Hisa) and in
Central Jordan (Makawer, Al-Zara, Wadi Heidan, and
Wadi Al-Walah). According to JNRA, the estimated
zeolitic tuff reserves in various areas in Jordan are as
follows: Tell Rmah 46 Mt, Al-Aritain 170 Mt, Tlol Al-
Shahba 9.2 Mt, North East Areas 472 Mt, and other
areas 1,340 Mt [23]. The pH values of Jordanian kaolin
are in the range 6-8 [20], and those of zeolitic tuff are
in the range 7.54-10.05 [24].

The zeolitic tuff was milled using a ball mill and
then sieved. Kaolin was crushed using a Dodge Jaw
crusher and then milled using a ball mill. Both milled
samples were used as raw materials (without any
modification). The particle sizes of both adsorbents
used in all experiments were in the range of 106—
125 pm, except for the study of particle size effect in
which the range was between 75 and 300 um.

Kaolin samples were collected from two different
sites. The qualities of the samples were different;
therefore, they were called kaolinl and kaolin2. In an
attempt to improve the quality and characteristics of
kaolin as an adsorbent, both aluminum pillaring and
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acid activation were applied. Aluminum-pillared kao-
lin was prepared as reported by Yan et al. [3] where
200 ml of 0.2 M NaOH was added to 100 ml of 0.2 M
AlCl3-6H,O. The prepared solutions were subse-
quently aged for two days at room temperature prior
to examination. This pillared kaolin was designated
Al-kaolin. Acid activation was carried out by adding
50 g of kaolin to 250 ml of sulfuric acid (1 M) for 24 h.
The resulting suspension was then filtered, repeatedly
washed with distilled water to remove any unspent
acid, and dried in an oven for 3 h at 105°C. The acid
treated sample is referred to as acid-kaolin. Table 1
shows the six samples used (three raw samples and
three modified samples). X-ray diffraction (XRD) anal-
ysis was conducted using a computer controlled Hil-
tonbrooks generator with a Philips X'Pert Pro PW
3040/60 diffractometer and an automatic divergence
slit and Cu anode producing X-rays with a
wavelength of 1.54056 A [25].

2.2. Batch adsorption experiments

All chemicals were of analytical grade (from Sigma
Aldrich) and were used without further purification.
Fe** and Cu?* solutions at different concentrations (20,
50, 70, 100, and 200 ppm) were prepared by dissolving
FeCl; and CuSO4-5H,0 in distilled water, respectively.
The synthetic Fe** and Cu®" solutions had pH values
of 2.5+ 0.2 and 5.5 + 0.2, respectively.

Batch adsorption experiments were carried out by
allowing an accurately weighed amount of zeolitic tuff
or kaolin (0.5+0.0005¢g) to reach equilibrium with
50 ml of aqueous heavy metal ions solutions of known
concentrations in 100-ml amber bottles. The bottles
were capped with screw caps fitted with parafilm and
shaken at 250 rpm using a rotary shaker. At the end
of equilibration period, the contents of the bottles
were centrifuged at 2,000 rpm for 6 min. Then, the fil-
trate and supernatant were subsequently analyzed for
residual heavy metal concentration using atomic
absorption spectrometry (AAS NOVA 300 Analytik
Jena AG).

Table 1

A summary of the used samples

Symbol Sample

V4 Zeolitic tuff

K1 Kaolin 1

K2 Kaolin 2

K3 Aluminum-pillared kaolin 1
K4 Aluminum-pillared kaolin 2
K5 Acid-kaolin 2
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To obtain the optimum conditions for the removal
of iron and copper from aqueous solutions, the effects
of initial concentration, adsorbent dose, contact time,
pH, temperature, and particle size on metal removal
and uptake were studied. Details on the methods used
in studying these effects are provided in the following
subsections.

2.2.1. Effect of initial concentration

The initial Fe** and Cu®" concentrations were 20,
50, 70, 100, and 200 ppm. The effect of heavy metal
initial concentration on its uptake was conducted at
room temperature for 24 h.

2.2.2. Effect of adsorbent dose

To obtain the optimum dose of each adsorbent, dif-
ferent adsorbent masses (from 0.1 to 1 g) were exam-
ined. The adsorbents concentrations were 2, 6, 10, 14,
18, and 20 mg/ml. The adsorption experiments for
both Fe’* and Cu®" were investigated with an initial
concentration of 100 ppm. The solutions were shaken
using a rotary shaker for 30 min at room temperature.

2.2.3. Effect of contact time

The selected time intervals were varied from 10 min
to 24 h (10 and 30 min; 1, 2, 4, 6, and 24 h). Adsorption
experiments were carried out using different initial Fe>*
and Cu”* concentrations at room temperature.

2.2.4. Effect of pH

The solutions pH were adjusted to 1, 2, and 4 for
Fe®* and to 2, 4, and 6 for Cu®*. The pH values of the
solutions were adjusted using 0.1 M HCl and 0.1 M
NaOH and were measured using an Inolab pH 720
pH meter. The pH effect was investigated at room
temperature and a contact time of 24 h for Fe’* and
Cu”* with initial concentrations of 50 and 100 ppm.

2.2.5. Effects of temperature

The effects of temperature on Fe’* and Cu**
removal wusing kaolinl and zeolitic tuff were
investigated at four temperatures (25, 35, 45, and
55°C) for 24 h. Temperatures were adjusted using a
temperature-controlled water bath shaker.

2.2.6. Particle size effects

The size fractions of zeolitic tuff were 75-106, 125—
180, and 250-300 pm. For kaolinl, the particles size
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fractions used were <75, 75-106, and 125-180 um. The
tests were investigated using Fe’* and Cu®" initial
concentrations of 50 and 100 ppm at room
temperature for 24 h.

2.3. Adsorption isotherms

When analyzing adsorption processes, it is impor-
tant to study the adsorption equilibrium relationship.
This is usually done by fitting experimental data to an
isotherm model. In this work, Langmuir and Fre-
undlich isotherms were used to obtain the adsorption
results.

According to Freundlich [26], the linear form of
the Freundlich isotherm model is:

1
In qe:Eln C.+1n K M

where g, is the adsorbent phase concentration after
equilibration (mg/g), C. is the metal ion concentration
in the liquid phase at equilibrium (mg/1), and K and
n are the Freundlich constants related to adsorption
capacity [(mg/g) (L/mg)"] and adsorption intensity,
respectively, of the adsorbent.

The heavy metal ion uptakes were calculated from
the mass balance, i.e. the amount of solute adsorbed onto
the solid according to Kannan and Veemaraj [27] as:

ge = M )
m

where C, is the initial metal ion concentration in the
liquid phase (mg/1), C is the heavy metal concentra-
tion after adsorption has occurred (mg/l), V is the
total volume of the metal ion solution (L), and m is
the mass of adsorbent (g).

The linear form of the Langmuir isotherm model is
[28]:

C. 1 Ce
e 4= 3)
e Gmb  Gm

where g, is the maximum metal ions uptake per unit
mass of adsorbent (mg/g), which is related to adsorp-
tion capacity, and b is the Langmuir constant (L/mol),
which is exponentially proportional to the heat of
adsorption and related to the adsorption intensity.

The percentage of heavy metal removal was
calculated as [28]:

(Co—0)

G )

Removal % =
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2.4. Kinetic modeling (the pseudo-second-order equation)

The study of sorption kinetics in water treatment is
significant because it provides valuable insights into
the reaction pathways and into the mechanisms of the
sorption reactions. Kinetics describe the solute uptake
rate which in turn controls the residence time of sor-
bate uptake at the solid-solution interface [29]. The
pseudo-second-order rate equation according to Ho
and McKay [29] is:

t 1 t
f_ 1t ®)
kgl ge

where ¢; is the amount of adsorbate adsorbed (mg/g)
at time t (h), ge is the equilibrium adsorption capacity
or uptake (mg/g), and k; is the pseudo-second-order
rate constant of adsorption (g/(mg h)).

3. Results and discussion
3.1. Chemical composition and XRD of adsorbents

The chemical compositions of the raw and modi-
fied adsorbents, made according to the DIN22022 test
that was conducted using ICP-OES, are listed in
Table 2. S5iO, was the most chemically stable compo-
nent and accounted for the highest concentration
(42.8-76.9%) followed by AlL,O; (10.1-14.1%) and
Fe,O5 (3.46-13.3%). The highly water reactive compo-
nents (i.e. Mg, Ca, Na, and K)were present in trace
amounts. On acid activation, the activated kaolin sam-
ple showed a slight decrease in alumina percentage
and an increase in the silica percentage, which indi-
cated a small preferential dissolution of aluminum.
The Si/Al ratio increased from 6.88 for kaolin2 to
7.614 for acid-kaolin2. An increase in alumina and sil-
ica percentage was noticed after Al activation. The Si/
Al ratio decreased from 5.616 to 4.645 for kaolinl and
Al-kaolinl, respectively, and from 6.88 to 6.256 for
kaolin2 and Al-kaolin2, respectively.

The mineralogies of the kaolinl and Al-kaolinl sam-
ples were analyzed using XRD, as shown in Fig. 1. In this
figure, the peaks marked K, Q, M, and F are related to
kaolinite, quartz, mica, and feldspar, respectively. The
XRD analysis indicated a low percentage of kaolinite clay
in the kaolin samples. In addition, both samples were
similar, indicating that the kaolinl structure was not
changed significantly due to Al-pillared activation.

3.2. Effect of adsorbent dose

The effects of the kaolin, Al-activated kaolin, and
acid-activated kaolin concentrations on Cu®" removal
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Table 2
Chemical analysis of the raw and modified adsorbents
Oxide (%) Zeolitic tuff Kaolin1 Kaolin2 Al-K1? AL-K2P Acid-K2°¢
ALO3 13.2 11.20 10.90 14.10 12.10 10.10
CaO 8.89 0.556 0.278 0.325 0.220 0.132
Fe,O3 13.30 5.11 4.28 5.52 4.36 3.46
KO 1.82 3.20 3.59 3.25 3.95 3.63
MgO 11.10 0.983 1.30 1.22 1.34 0.95
Na,O 3.20 0.727 0.774 0.593 0.870 0.774
P,Os5 0.578 0.166 0.112 0.239 0.115 0.049
SO; 0.083 0.128 0.059 0.101 0.076 0.053
SiO, 42.80 62.90 75.00 65.50 75.70 76.90
TiO, 297 0.824 0.463 0.880 0.462 0.495
?Aluminium-pillared kaolinl.
P Aluminium-pillared kaolin1.
€Acid activated kaolin 2.
2000 -
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Fig. 1. XRD patterns of Kaolinl and Al-Kaolinl samples.

from aqueous solutions are shown in Fig. 2. Kaolinl
was the best adsorbent among all of the investigated
kaolin samples. As the kaolinl concentration
increased from 0 to 20 mg/ml, the Cu?* concentration
decreased from 100 to 33.5 ppm with a removal effi-
ciency of 66.5%. However, when kaolin2 was used as
adsorbent, a Cu’* removal of only 34.7% was
achieved at an adsorbent concentration of 20 mg/ml.

This result can be explained by the fact that kaolinl
had the lowest Si/Al ratio compared with the other
kaolin samples. Impurities exist in the crystal struc-
ture of kaolinl, especially mica, which may contribute
to the improved Cu®* removal. Mica is a mineral
from the illite clay mineral group, which has a cation
exchange capacity ranging from 10 to 40 meq/100 g
[301.
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Fig. 2. Effect of kaolin (1 and 2), Al-activated kaolin (1 and
2), and acid-activated kaolin2 concentration on the removal
of Cu?*, contact time = 30 min.

Al activation did not enhance the removal of cop-
per in both kaolin samples, and the efficiency of Cu**
removal was lower than that using the raw kaolin
samples, especially in the case of kaolinl. At an adsor-
bent concentration of 20 mg/ml, the Cu®* removals
were 24.1 and 24.7% using Al-kaolinl and Al-kaolin2,
respectively. Additionally, acid-treated kaolin2 did not
enhance Cu?* removal, even though Cu?* removal
was slightly higher than Al-kaolin2. The results indi-
cated that Al pillaring and acid activation decreased
the cation exchange capacity, which were in agree-
ment with Dekany et al. [31] who found that Al pillar-
ing is not effective at increasing kaolin’s cation
capacity or enhancing its adsorbent characteristics.
The acid activation results were also in good agree-
ment with Suraj et al. [15] who observed a decrease in
the cation exchange capacity for the raw kaolinite due
to acid treatment. The acid strength plays an impor-
tant role. Panda et al. [32] found that as the acid
strength increases to 3-5 M and higher, the effect of
acid activation is clearer.

Zeolitic tuff and kaolinl were used to study the
effect of adsorbent concentration on Fe** and Cu®*
removal at an initial metal concentration of 100 ppm.
The results were exhibited in Fig. 3. When the effects
of the two adsorbents were compared, Cu?* removal
using zeolitic tuff was faster and higher. At an adsor-
bent concentration of 20 mg/ml, the Cu?* removal effi-
ciency was 91.7% using zeolitic tuff and only 66.5%
using kaolinl. In the case of Fe** removal, when the
adsorbent concentration was lower than 10 mg/ml,
the removal using kaolinl was higher than that using
zeolitic tuff. As the adsorbent concentration was equal
to or greater than 10 mg/ml, the Fe** removal using
zeolitic tuff was higher than that using kaolinl. The
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Fig. 3. Effect of adsorbent concentration on the removal of
Fe®* and Cu?*, contact time = 30 min.

results showed that Fe** and Cu®* removal increased
as the adsorbent concentration increased, which were
in agreement with Yousef et al. [33] who found that
the increase in the adsorbent amount enhances the
removal efficiency because it provides a greater
surface area (or more adsorption sites).

3.3. Adsorption kinetics

Zeolitic tuff and kaolinl with heavy metal concen-
trations of 10 mg/ml were used to study Fe®* and
Cu®* removal kinetics and the variables that affect
their removal. The influence of contact time on Fe’*
and Cu®** uptake at room temperature using zeolitic
tuff and kaolinl is shown in Figs. 4 and 5. It was
found that the adsorbate (i.e. Fe** or Cu®*) concentra-
tion decreased as the contact time between the adsor-
bent (i.e. zeolitic tuff or kaolinl) and adsorbate
increased until the equilibrium concentrations were
reached. Fe’" uptake was very fast; the system was at
equilibrium by the first measurement of the initial
adsorbate concentration.

Cu** kinetic uptake plots (Fig. 5) indicated that
two or more adsorption steps might occur. The first
step was fast and characterized by the rapid attach-
ment of Cu”* to the surface of the adsorbent. The sec-
ond step was slower due to repulsive forces,
especially at 100 and 200 ppm. The third step was the
equilibrium stage. When using zeolitic tuff at low ini-
tial Cu®* concentrations of 20 and 50 ppm, 10 min was
required to reach the equilibrium state, while at
100 ppm, the equilibrium time was 6 h. When using
kaolinl as an adsorbent with initial Cu®* concentra-
tions of 20, 50, and 100 ppm, the equilibrium times
were 10 min, 2h, and 6 h, respectively. To ensure
equilibrium during the study of initial metal
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Fig. 4. Kinetics of Fe** uptake by kaolin1 and zeolitic tuff at various initial Fe** concentrations.
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Fig. 5. Kinetics of Cu®* uptake by kaolinl and zeolitic tuff at various initial Cu®* concentrations.

concentration, pH, particle size, and temperature
effects, the experiments were conducted for 24 h.
Different models (Egs. (1)=(5)) have been used to
test the kinetics of the adsorbents (Fe** and Cu®*)
interactions. The kinetics results were used to deter-
mine if particle diffusion was the rate limiting step for
adsorption. Weber and Morris [34] reported that if
particle diffusion is involved in the sorption process,
then a plot of adsorbate uptake vs. the square root of
time would result in a linear relationship and that par-
ticle diffusion would be the rate controlling step if this
line passes through the origin. In this paper, it was
found that Fe’* and Cu®* uptake results for both
adsorbents were represented by such a linear relation-
ship, but they do not pass through the origin. This
indicates that particle diffusion was involved in the
adsorption process, but it was not the only rate-limit-

ing mechanism, which indicated that some other
mechanisms were involved [35,36].

Linear plots of t/q; vs. t were obtained with high
correlation coefficients (i.e. 0.99-1) for Cu®* removal
using both adsorbents. The linear plots for Cu®*
adsorption are shown in Fig. 6. The parameters k, and
Je2 Were calculated from slopes and intercepts of the
linear plots and were listed in Table 3. A comparison
of Gezexp (€xperimental) values showed a good agree-
ment with those obtained from the slopes of the sec-
ond-order plots. The pseudo-second-order model was
based on the assumption that the rate limiting step
might be chemical adsorption or chemisorption
involving valency forces through sharing or exchange
of electrons between adsorbent and adsorbate [29,37].
The particle diffusion was involved in the adsorption
process and the chemical reaction was the rate
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controlling mechanism during Cu** adsorption on Jor-
danian zeolitic tuff and kaolin1.

3.4. Effects of initial concentration

The influences of the initial Fe>* and Cu** concen-
trations (from 20 to 200 ppm) on their adsorptions were
investigated using kaolinl and zeolitic tuff at room tem-
perature. The results are shown in Fig. 7. The uptake
increased with increasing initial Fe** and Cu®" concen-
tration for both adsorbents. Increasing the initial heavy
metal concentration increases the mass transfer driving
force and, therefore, the rate at which Fe** and Cu®*
molecules pass from the bulk solution to the particle
surface. It was found that the uptake was almost con-
stant at the initial concentrations of 20 and 50 ppm
using both adsorbents for Fe** and Cu®* adsorption.
Using both adsorbents, a rapid and steep increase in
Fe’* uptake was noticed in the initial concentration
range of 100-200 ppm. Using zeolitic tuff, a rapid and
steep increase in Cu®* uptake was also noticed, while
the steepness was lower in the case of kaolinl.

By comparing the remaining Fe** and Cu®* con-
centrations after 24 h of adsorption with the maximum
allowable values (MCL), it was found that zeolitic tuff
can be used to remove Fe’* and Cu®" to concentra-
tions lower than the MCL values when the initial con-
centrations were lower than 70 and 100 ppm,
respectively. When using kaolin1, the Fe** and Cu**
concentrations were lower than the MCL when the ini-
tial adsorbate concentrations were equal to and lower
than 20 ppm.

3.5. Adsorption isotherms

Langmuir and Freundlich isotherms were applied
to the Fe’* and Cu”* adsorption results at room tem-
perature. The Cu** adsorption isotherms using kaolin1

20ppm Kaolinl

0 50ppm

A 100ppm

X200ppm

t/qt, (g.h/mg)

0 4 8 12 16 20 24
time, h
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and zeolitic tuff are shown in Fig. 8. Freundlich and
Langmuir constants for Fe’* and Cu®* adsorption
were calculated and listed in Table 4. For the Fre-
undlich isotherm, the values of Ky and 1/n were
obtained from the intercept and slope, respectively, of
the linear plot of experimental data of In g, vs. In Ce.
The linear form of the Langmuir was obtained by
plotting C. vs. Ce/ge. The result was a straight line
with a slope of 1/(g,) and an intercept of 1/(gmb).
This linear form gives extra weight to higher values of
C. and was useful because quite often this was more
reliable due to poor analytical sensitivity at low adsor-
bate concentrations g. (or high 1/4.).

For Cu®" removal using kaolinl, both adsorption
isotherms were applicable with high correlation coeffi-
cients. Using zeolitic tuff, the correlation coefficient
values indicated that the obtained results with Lang-
muir isotherms were better than those obtained with
Freundlich isotherms. It was found that the Fe’*
adsorption results using zeolitic tuff were well
described by both linearized Freundlich and Langmuir
isotherms, even though the Langmuir isotherm was
better. It is clear from Table 4 that zeolitic tuff had
higher Fe®* and Cu®* removals than kaolinl. The max-
imum adsorption capacities using zeolitic tuff were
20.70 and 20.83 mg/g for Fe’" and Cu®*, respectively.
Meanwhile, the maximum adsorption capacity using
kaolin1 was 9.81 mg/g for Cu**.

3.6. Effect of pH

To ensure that precipitation did not occur, the
adsorption of Fe’* and Cu** was studied over pH
ranges of 1-4 and 1-6, respectively. The adsorption
process was carried out at room temperature until
equilibrium was reached. It was noticed that the Fe**
and Cu”' uptakes for both investigated initial heavy
metals concentrations using kaolinl increased when

Zeolitic tuff
12 < 20ppm
10 0 50ppm
8 4 100ppm

% 200ppm

t/qt, (g.h/mg)

0 4 8 12 16 20 24
time, h

Fig. 6. Test of the pseudo-second-order equation for the adsorption of Cu** using kaolin1 and zeolitic tuff.
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Table 3
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Pseudo-second-order parameters for Cu** adsorption by kaolin1 and zeolitic tuff

Kaolinl Zeolitic tuff
Co® (PPM)  Gerexp’ (mg/g) ko (g/mgmin) g (mg/g) R Jezexp (Mg/g)  k» (g/mgmin)  ge, (mg/g) R*
20 1.9725 58.3742 1.9732 1 2.000 39.0938 1.9992 1
50 4.5576 1.2115 4.5829 0.9997  4.9869 14.3716 4.9850 1
70 5.8407 0.1457 6.1199 0.9993  6.9950 1.9420 7.0028 1
100 6.5024 0.5245 6.5531 0.9993  9.9848 0.5533 10.020 1
Initial Cu*? concentration.
PExperimental value of Cu®* uptake.
20 ! 20
18 ——Kaolin1 18 ——Kaolinl i
w 0| | = Zeolitic tuff w O] | = Zeolitic tuff
W 14 w14
E g
FRY gn
£ 10 £ 10
= E]
=) 8 = 8
36 g6
4 4
2 2
0 : ‘ ‘ 0 ‘ : :
0 50 100 150 200 0 50 100 150 200
Fe(III) initial concentration, ppm Cu(Il) initial concentration, ppm
Fig. 7. Effect of Fe®* and Cu®" initial concentration on uptake using kaolin1 and zeolitic tuff.
25 25
y=0.245x + 1.450 y=0.113x +0.120
2 - R2=0.999 2 R2=0.988
15 2 15
g <
£ =
1 - 381 .
0.5 Fe (III) 0.5 Fe (IIT)
0 T 0 r T :
-4 2 0 2 4 0 5 10 15 20
In(Ce) Ce, ppm
2.5 12
©
= 0.256x + 1.060 | y=0.101x + 0.721
21 T ReL0os 10 R2=0.978
~ 8
o 157 =)
£ & °]
1 - 3 4
05 Cu (D) 5
0 ‘ ‘ 0 \ \ : \ ‘
2 0 2 4 6 0 20 40 60 80 100 120
In (Ce) Ce, ppm

Fig. 8. Freundlich and Langmuir adsorption isotherm for Cu®* using kaolin1 and zeolitic tuff at room temperature.
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Langmuir and Freundlich adsorption isotherms constants for Fe** and Cu®* adsorption by zeolitic tuff and kaolinl at

room temperature

Langmuir Freundlich

Im (Mg/g) bd/g) R? 1/n Kg ((mg/g) (mg/D") R?
Cu-kaolinl 9.8135 0.1412 0.9781 0.2563 2.8875 0.9827
Cu-zeolitic tuff 20.830 1.8462 0.9990 0.4566 9.6707 0.8367
Fe-zeolitic tuff 20.7039 2.257 0.9983 0.3167 11.1173 0.8493

the pH value increased, as shown in Fig. 9. This
behavior can be referenced to the number of available
H;0" ions, which was high at low pH in the adsorp-
tion medium, and therefore, Fe*™ and Cu?* ions have
to compete with them for the adsorption sites on the
adsorbent surface resulting in a lower uptake of metal
ions [38]. With the increase in pH, the concentration
of H3;0" ions decreased and some of the sites become
available resulting in a higher uptake of Fe’* and
Cu** ions [13,39]. The optimum pH value was 4. Fe**
uptake (10 mg/g) was considerably higher than Cu**
uptake (5.33 mg/g) for the initial metal concentration
of 100 ppm. Moreover, the Fe®* concentration after
adsorption was lower than the MCL when using both
adsorbents, which indicated that, by increasing the pH
value of iron aqueous solutions to 4, the maximum
allowable concentration limit was met using kaolinl
as the adsorbent when starting with initial iron con-
centrations of 100 ppm or lower.

3.7. Effect of temperature

The effect of temperature on Fe’* removal using
kaolinl was investigated at 25, 35, 45, and 55°C. Fre-
undlich and Langmuir isotherms at the studied tem-
peratures are shown in Fig. 10. The Freundlich and

Langmuir adsorption isotherm parameters were
12
—o—5|
10 Oppm
o0
h —=—
£s 100ppm
o
|
g 6
=
E 4
z
2
0
0 1 2 3 4 5

pH

calculated and listed in Table 5. The Langmuir and
Freundlich constants (§max and Kg), which were
related to the adsorption capacity, increased with
increasing temperature. At the highest investigated
temperature of 55°C, the obtained value for g,.x was
19.96 mg/g. Hence, under the investigated conditions,
the process of Fe’* adsorption on kaolinl was
endothermic.

3.8. Effect of particle size

Batch adsorption experiments were carried out
using different zeolitic tuff particle sizes (75-106 pm,
125-180 um, and 250-300 um). The initial solutions
concentrations were 50 and 100 ppm. The results for
Fe>* and Cu®* removal are shown in Fig. 11. The
removal of Fe’* using zeolitic tuff was not affected by
the particle size because the percentage removal was
almost 100% for all particle sizes, while for Cu?t, it
was noticed that the percent of Cu®* removal after
24 h increased as the particle size decreased for both
investigated initial concentrations. For example, at an
initial solution concentration of 100 ppm and using
the smallest studied particle size (75-106 pm), the
Cu** removal percentage was 97.6%, while when
using the largest studied particle size (ie. 250-
300 um), only 65.6% of Cu?** was removed. Similar

results were reported by Ali and El-Bishtawi [40].
7
6 ——50ppm
é.ﬁ 5 —8-100ppm
g4
K]
g3
g
e
O
1
0
0 1 2 3 45 6 7

Fig. 9. Effect of pH on Fe®* and Cu®* uptake using kaolinl at room temperature.
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Fig. 10. Freundlich and Langmuir adsorption isotherm for Fe3* uptake using kaolinl at different temperatures (25, 35, 45,
and 55°C).

Table 5
Langmuir and Freundlich adsorption isotherm parameters for Fe** adsorption by kaolinl at different temperatures
Langmuir Freundlich
Im (Ng/g) b/g) R? 1/n Kr ((mg/g) (mg/D") R?
25°C 14.6843 0.3407 0.9951 0.3145 4.3422 0.9795
35°C 16.8919 0.3191 0.9861 0.3355 4.6730 0.9689
45°C 19.7630 0.2697 0.9129 0.3405 5.2836 0.9765
55°C 19.9601 0.4387 0.9505 0.3687 5.9954 0.9939
3.9. Fe’* and Cu®* removal vs. different conditions indicating that the ion exchange capacity of zeolitic

tuff was higher than that of kaolinl. Additionally, it is
important to note that the kaolinl adsorption capacity
for Fe** removal was much better than that for Cu**
removal, which could be due to the difference in the
ionic radius of Fe** (63x107"?m) and Cu®**
(87 x 107" m), i.e. the diffusion of Fe>* ions is faster
than that of Cu®* ions. In addition, an enhancement in
Fe>* removal using kaolinl was achieved as the

A comparison was made between the Fe’* and
Cu”* removal percentages using zeolitic tuff and kao-
lin1, as shown in Fig. 12. The adsorption experiments
were conducted at room temperature and 55°C with
initial heavy metal concentrations of 100 ppm and
contact times of 24 h. Zeolitic tuff was better than kao-
lin1l as an adsorbent for both Fe** and Cu®" removal,

100 100
£ 80 X 80
E E
g o 2 60
Z &
= 40 = 40
5 3
= 20 20

75-106 125-180 250-300 75-106 125-180 250-300
Zeolitic tuff particle size, pm Zeolitic tuff particle size, pm
2 50ppm O 100ppm

Fig. 11. Effect of particle size on Fe’* and Cu** removal using zeolitic tuff at room temperature.
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C1:Zeolitic tuff-Fe (pH=2.5, room Temp.)
C2:Kaolinl-Fe (pH=2.5,room Temp.)
C3:Kaolin1-Fe (pH=4,room Temp.)

C4:Kaolinl-Fe (pH=2.5, T=55-C)
C5:Zeolitic tuff-Cu (pH=5.5, room Temp.)
C6:Kaolin1-Cu (pH=5.5, room Temp.)

Fig. 12. Comparison between Fe** and Cu®* removal percentage using zeolitic tuff (Z) and Kaolinl (K) at different

conditions, initial heavy metal concentration = 100 ppm.

temperature and pH (until pH 4) increased. The effect
of the pH increase on Fe®* removal was considerably
higher than the temperature increase. The Fe’
removal increased from 84% to almost 100% when the
pH of the solution was adjusted to 4, while only
95.5% removal was achieved when the temperature
was increased to 55°C.

4. Conclusions

Fe®* and Cu** removals using adsorption onto Jor-
danian zeolitic tuff and kaolin (two different qualities
1 and 2) were successfully investigated. The Jordanian
zeolitic tuff and kaolinl are good, low-cost, and highly
efficient adsorbents that can be used as alternatives to
activated carbon, especially at low initial heavy metal
concentrations. Kaolinl was the best of the investi-
gated kaolin samples for Cu** removal. Modifications
of kaolin by pillaring and acid activation did not
enhance Cu®* removal. Zeolitic tuff had higher Fe®*
and Cu®* adsorption capacities (20.70 and 20.83 mg/g,
respectively) than kaolinl (14.68 and 9.81 mg/g,
respectively). Among the examined parameters (i.e.
initial concentration, adsorbent dose, contact time, pH,
temperature, and particle size), temperature and pH
were the most important parameters that affect the
Fe’>* and Cu®* removals from aqueous solutions. The
removal of the adsorbates (Fe** and Cu”*) increased
as the adsorbent concentrations increased. At constant
adsorbent concentrations, the heavy metal uptake
increased as the initial concentration of Fe** and Cu**
increased from 20 to 200 ppm. The batch adsorption
technique for Fe®* removal from aqueous solutions

could be used efficiently at pH <4. As the pH of the
iron synthetic solution (100 ppm, pH 2.5) increased to
4, Fe** removal using kaolinl was enhanced by 16%,
while as the temperature increased to 55°C, an
enhancement of only 11.5%was achieved. By increas-
ing the pH value of the iron aqueous solutions to 4,
the maximum allowable concentration limit could be
met using kaolinl as the adsorbent when starting with
initial iron concentrations of 100 ppm and lower. The
kinetics of Cu”* adsorption onto zeolitic tuff and kao-
linl were observed, and a pseudo-second-order model
was confirmed. This result indicated that chemical
reaction may be the rate controlling mechanism. Addi-
tionally, particle diffusion was involved in the adsorp-
tion process. Fe’* and Cu®* adsorption results were
well described by the linearized Langmuir and Fre-
undlich isotherms. The increase in the Langmuir and
Freundlich constants g, and Kg with increasing tem-
perature from 25 to 55°C during adsorption of Fe**
using kaolinl suggested an endothermic process.
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