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The removal of Zn(II) ions from aqueous solution was studied using natural and MnO, modified diatomite
samples at different temperatures. The linear Langmuir, Freundlich and Dubinin-Radushkevich (D-R)
adsorption equations were applied to describe the equilibrium isotherms. From the D-R model, the mean
adsorption energy was calculated as >8 kj mol~!, indicating that the adsorption of Zn(Il) onto diatomite
and Mn-diatomite was physically carried out. In addition, the pseudo-first-order, pseudo-second-order
and intraparticle diffusion models were used to determine the kinetic data. The experimental data were

g‘g :’;?;ise well fitted by the pseudo-second-order kinetic model. Thermodynamic parameters such as the enthalpy
Adsorption (AHO), Gibbs’ free energy (AG°) and entropy (AS°) were calculated for natural and MnO, modified
Zinc diatomite. These values showed that the adsorption of Zn(II) ions onto diatomite samples was controlled

Manganese oxides
Kinetic

by a physical mechanism and occurred spontaneously.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Inorganic contamination, especially heavy metal ions are
responsible for water pollution mainly. Most of them have toxic
and carcinogenic characteristics and they threaten human health
and aquatic environment seriously when they enter into water.
Zinc is considered as an essential element for life and acts as a
micronutrient when present in trace amounts. The WHO recom-
mended the maximum acceptable concentration of zinc in drinking
water as 5.0mgL-! [1]. Heavy metal ions which occur in indus-
trial wastewater, Zn(II) ions stand out since they are generated by
industries such as mineral extraction, metal plating and battery
producing [2-4]. Zinc occurs in the list of primary contaminant
elements proposed by the U.S. Environmental Protecting Agency
(EPA), since it has caused serious poisoning events. The main indi-
cations of zinc poisoning are desiccating muscles, imbalance of
electrolytes, stomach ache, vertigo and disharmony [5]. Heavy
metal ions which are dangerous to health can be removed from
wastewater by known physicochemical methods [6]. Widely used
methods to remove inorganic and organic wastes which cause
environmental pollution and harm human health involve chemi-
cal precipitation, membrane filtration, ion exchange, coagulation
and adsorption [7,8]. Adsorption is one of the methods used in
removing heavy metals from aqueous solutions. Natural or mod-
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ified diatomite (chemically or thermally) has already been used for
the adsorption of different elements from water and wastewaters
[9].

Diatomite (SiO,-nH,0) is a soft, light-color slightly sedimen-
tary rock formed from accumulation of siliceous crusts of diatoms,
which are aquatic organism from algae, and have fossil character-
istics [10]. It is used in many industrial areas as filtering-utility
material, filling material, insulation material, adsorbent, abra-
sive material and surface cleaning material, catalyst carrier, light
construction material and silica source in chemical material man-
ufacturing because of its physical and chemical characteristics
[10,11]. Its usage for filtering is highly prevalent because of its
porous structure, low density, high surface area, chemical inertness
and being sterile [12].

Active centers of diatomite having active hydroxyl groups on its
surface responsible for adsorption may be characterized as the fol-
lowing: (i) insulated free silanol groups (-SiOH), (ii) free dual silanol
group (-Si(OH),), (iii) —-Si-O-Si bridges with oxygen atoms on the
surface. Silanol groups are active and have a tendency to react with
many polar organic compounds and various functional groups [13].
Therefore, they are used as adsorbent in heavy metal and dye preva-
lently. Adsorption capacity and filtration rate of diatomite have
been improved by thermal process and various chemical applica-
tions. One of these processes is to change surface characteristics of
diatomite by modifying it with MnO, (Mn-diatomite). Manganese
oxides were impregnated onto diatomite to form the type known
as d-birnessite. Manganese oxides are an important material in ter-
restrial, marine geochemistry and in sediments. The birnessite-type
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(NagzMn14057-9H,0) or (8-MnO, ) is one of the most active and com-
mon forms of mineralised manganese in soil, sediments, and water.
It is a strong adsorbent of mineral ions and acts as a scavenger
in marine and freshwater environments [14]. Adsorption capacity
of Mn-diatomite for metal cations is higher than that of natural
diatomite depending on its high negative surface charge [15].

The aim of the present investigation was to study the sorp-
tion mechanism of Zn(II) ions onto natural and MnO,-modified
diatomite, and to determine the equilibrium and kinetic param-
eters of the process. With this aim in mind, sorption isotherms
have been measured at different temperatures and the Langmuir,
Freundlich and Dubinin-Radushkevich (D-R) model parameters
and the thermodynamic parameters determined. The kinetic
adsorption results have been analyzed using pseudo-first-order,
pseudo-second-order reactions and intra-particle diffusion model,
respectively.

2. Materials and method
2.1. Materials

The raw diatomite used in this study was collected as a natural
resource from Caldiran region of Lake Van Basin in East Anatolia
(Turkey). Quantitative chemical analysis of diatomite obtained by
XRF technique revealed that the Caldiran-Van diatomite consists
mainly of SiO; (69.70%), and it has 11.50% Al, 03, 4.40% Fe,03, 0.65%
TiO,, 0.80% Na,0, 1.40% K,0 and 11.55% loss on ignition.

Natural diatomite sample, which was powdered by pounding in
a porcelain mortar, was washed by distilled watered and dried in a
drying oven at 105°C and then, it was put into polyethylene bags
and stored to use in the future.

2.1.1. Surface modification

15 g diatomite was mixed with 6 M NaOH at 80°C for 2 h. The
mixture into which MnCl, was added by keeping its pH between
1 and 2 by using HCI was kept in mixing for 10 h at room temper-
ature. For making manganese hydroxide formation rate increase,
the diatomite was re-mixed with 6 M NaOH at room temperature
for 10h and then, decanted and left subject to air for oxidation.
The sample was washed by distilled watered and dried in a drying
oven at 105 °C and then, it was powdered by pounding in a porce-
lain mortar. It was put into polyethylene bags with “Mn-diatomite”
label and stored to use in the future [15].

All the chemicals employed were analytically pure and experi-
ments were conducted using Zn(II) salt solutions. For this purpose,
a stock solution containing 1000 mgL~1! Zn(II) ions was prepared
by dissolving the appropriate amount of Zn(NO3 ), (Merck) in 1 L of
doubly distilled water.

2.1.2. Sample characterization

During characterization of natural diatomite and modified
diatomite samples, X-ray fluorescence spectrometer (XRF, Philips
2400) was used for chemical analysis. Thermal analysis (TG-DTA)
was carried out using Rigaku 2.22E1 Thermal Analyzer under the
following operational conditions: heating from 10 to 1099°C at a
rate of 20°Cmin~! in atmospheric air. Fourier-transform infrared
(FT-IR) measurement was mounted on a Bio-Rad Win-IR spectrom-
eter ataresolution of 2cm~1 in KBr pellet at room temperature. For
mineralogical analysis, X-ray diffraction (XRD) pattern of diatomite
were recorded with a Philips PW 1830-40 X-ray diffractometer
with a Cu-K, radiation. The chemical composition of the natural
diatomite and modified diatomite were examined using scanning
electron microscopy (model: LEO 440 computer controlled digital).

The surface area of the diatomite was determined, according
to Sears’ method [16], by weighing 1.5 g of diatomite, and acidify-
ing with dilute hydrochloric acid to pH of 3-3.5. Sodium chloride

(30g) was then added with stirring, and the mixture was made
up to a total volume of 150 mL with distilled water. The solution
was titrated with 0.10M sodium hydroxide and the pH mea-
sured throughout the titration process. The volume, V, required to
increase the pH from 4 to 9 was recorded. The surface area (S) was
estimated from the equation [15]:

S(m?g1)=32V-25

where 32 and 25 are Sears empiric constants.

The pH at which the sorbent surface charge takes a zero value
defined as point of zero charge (pHp,c) was determined by poten-
tiometric titrations with 0.1 M HNO3 solution of different masses
of diatomite material (0.15, 0.30, and 0.45 g) suspended in 0.03 M
KNO3 solution [17].

Moreover, thin cross-sectional analysis applied on the diatomite
rock collected from Caldiran-Van region.

2.1.3. Adsorption

Natural and Mn-diatomite samples were grinded in separate
mills. Then, particle size was lowered by the help of 230-mesh sieve.
The adsorption characteristics of Zn(II) ions were examined by mix-
ing 0.1 g of the original diatomite sample and the Mn-diatomite
sample with 10 mL of Zn(NOs), solutions whose initial concentra-
tions (C;) were 5mgL-1,10mgL-! and 15mgL-!, respectively. The
resulting mixtures were shaken in a thermally controlled automatic
shaker at 110 rpm at temperatures of 298 K, 303 K and 313 K for dif-
ferent time periods until equilibrium conditions had been attained.
The concentrations of the ions remaining in the aqueous solutions
after adsorption were measured via a Solaar AA M series v1, 23
model (Thermo Scientific, UK) atomic absorption spectrophotome-
ter.

Measurements of the pH values of the natural and modified
diatomite suspensions were determined by using a WTW pH meter
(Series 720, Germany).

2.2. Equilibrium adsorption studies

Initial experiments showed that the time period necessary for
equilibrium to be attained in the Zn(II) ion/diatomite systems was
120 min, since after this time the amount of metal ions adsorbed
did not change significantly with time. Optimum conditions for
the adsorption process were ascertained by studying the various
parameters influencing the same. Thus, it was established that the
adsorption capacity changed according to the initial concentra-
tion of the Zn(Il) ion solution employed and the temperature. In
such equilibrium studies, it is essential to determine the adsorp-
tion capacity of adsorbent and, especially, define the adsorption
isotherm constants that are important in clarifying the surface char-
acteristics of the adsorbent. In the present work, these studies were
undertaken using the batch adsorption technique. The quantity of
Zn(II) ions adsorbed per unit amount of adsorbent (ge) was calcu-
lated from the relationship:

_ G —mCe)V (1)
where G is the initial concentration of the Zn(II) ion solution, Ce
is the concentration of Zn(Il) ions present at equilibrium (mgL-1),
V is the volume of the solution (L) and m is the mass of adsorbent

employed (mg).

e

2.3. Kinetic adsorption studies

For such studies, 0.1 g of natural or modified diatomite was
shaken with 10 mL of a Zn(II) ion solution of a known initial con-
centration. Samples were taken from the solution at known time
intervals over a total period of 120 min, viz. the time necessary
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to achieve equilibrium, and analyzed by atomic absorption spec-
trophotometry. Adsorption experiments were conducted by using
three different initial concentrations of Zn(NOs ), solution, viz. 5, 10
and 15mgL-1, respectively. The amounts of Zn(II) ions adsorbed at
various time periods (q;) were calculated via Eq. (2):

_ (G -G
£ m

(2)

where C; is the concentration of Zn(II) ions present in the aqueous
solution after t min. All other quantities in this equation have the
same meanings as in Eq. (1).

2.4. Equilibrium adsorption isotherm models

In this study, the Langmuir, Freundlich and
Dubinin-Radushkevich (D-R) isotherms were applied to describe
the equilibrium between adsorbed Zn(II) ions and those remaining
in the aqueous solution. The Langmuir isotherm equation is valid
for monolayer sorption onto surface containing a finite number of
identical sorption sites, and may be described in a linear form by
the relationship [9]:

1 1 1 1

— = X — + — 3
qe KiVm G Vp (3)

where g, (mgg~1) and Ce (mgL-1) are the amounts adsorbed and
remaining in solution at equilibrium, respectively, V;; is the mono-
layer capacity and K is the equilibrium constant which can be
determined via the linearized Langmuir isotherm.

Another important parameter, R;, known as the separation fac-
tor, could be obtained from the relation:

1

Rl=——
LT T KiGrer

(4)
where Cof is any equilibrium liquid phase concentration of the
solute. It has been established that (i) 0<R; <1 for favourable
adsorption, (ii) R, >1 for unfavourable adsorption, (iii) R, =1 for
linear adsorption, and (iv) R, =0 for irreversible adsorption [18].

The Freundlich equation is a purely empirical relationship based
on sorption onto a heterogeneous surface. This model, which has
proved to be satisfactory for low concentrations and often rep-
resents an initial surface adsorption followed by a condensation
effect, resulting from extremely strong solute-solute interaction
[9]. Its linear form is commonly represented as:

log ge = log K¢ + % log Ce (5)

Although this equation was initially derived for adsorption from
solution, it can also be used for adsorption from the gaseous or
vapour phase, employing pressures rather than concentrations.
In this equation, K¢ [(mgg~1)(mgL-1)"] and n are the Freundlich
constants related to adsorption capacity and adsorption intensity,
respectively [2].

The Langmuir and Freundlich isotherms are deficient to clarify
the physical and chemical characteristics of adsorption. The D-R
isotherm is more general than the Langmuir isotherm, because
it does not assume a homogeneous surface or constant sorption
potential. The D-R equation is [19]:

In ge=InVy,—-K, (6)

where, g, is the removed heavy metal amount per unit clay
(mgg~1), V/, is D-R adsorption capacity (mgg~'), K is the constant
related to adsorption energy (mol2 kJ~2), ¢ is Polanyi potential. The
Polanyi potential (k] mol~1) ¢ is written as

e=RT' In (1+Cl) (7)

e

In this equation, R is gas constant (k] K-! mol~') and T’ is tempera-
ture (K).

The sorption energy E (k] mol~1) gives information about phys-
ical chemical characteristics of adsorption. The magnitude of E is
between 8 and 16 k] mol~1, the sorption process follows chemical
ion-exchange, while for the values of E<8k]mol~!, the sorption
process is of a physical nature [2]. The mean free energy of the
adsorption E is

E=(-2K)"°° (8)

2.5. Kinetic models

For the interpretation of the kinetic batch experimental data
three different kinetic models were used: (1) the pseudo-first order
kinetic model (Eq. (9)) [20-22], (2) the pseudo-second order kinetic
model (Eq.(11))[21,23,24] and (3) the intraparticle diffusion model
(Eq. (13)) [9].

2.5.1. Pseudo-first-order kinetic equation
This well-known Kkinetic equation was first extensively
employed by Ho and McKay [25] and may be expressed as:

Nt k(e - a0 (9)
where g, and g; are the amount of solute adsorbed per unit amount
of adsorbent at equilibrium and any time, t, respectively (mgg=1)
and k; is the pseudo-first-order rate constant (min—!). Integrating
Eq. (9) employing the boundary conditions that at t=0, q:=0, and
that at t=t, gr =g, the linear form of the equation become:

In(ge — q¢c) =1In qe — kqt (10)

The adsorption rate constant, k; (min~1), can be obtained from the
slope of the linear plot of In(ge — q¢) versus t.

2.5.2. Pseudo-second-order equation
The pseudo-second order kinetic equation is:

dq; 2
b - 11
i k2(qe — qt) (11)
where k; is the pseudo-second-order rate constant [g mg~! min—1].
Onintegration, employing the conditions thatat t=0, g, = 0 and that
at t=t, qr=qs, this equation can be re-arranged to give the linear
form:
t 1 t

_ L 12
qe kzqg de ( )

The plot of t/g; versus t gives a linear relationship, which allows the
values of g, and k; to be computed [26].

2.5.3. Intraparticle diffusion model

The variation in the extent of adsorption with time at differ-
ent initial metal ion concentrations was processed for evaluating
the role of diffusion in the adsorption system [18]. Intraparticle
diffusion model equation is:

qr = X; + kit'/2 (13)
where k; is the intra-particle diffusion rate constant

(mgg~'min%5). The value of k; can be obtained by plotting
qr against 112,
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Fig. 1. FT-IR spectrum of diatomite (a) and Mn-diatomite (b) sample.

2.6. Thermodynamic parameters

The thermodynamic behaviour of Zn(Il) ion adsorption onto
natural and modified diatomite was evaluated employing the fol-
lowing equations:

G-CV
Ky = & m (14)
AS®  AHO
and:T_ﬁ (15)

where G; is the initial concentration (mgL-!), Ce is the equilibration
concentration after centrifugation (mgL-1), V is the volume (mL)
and m is the mass of diatomite (g), R (8.314] mol~1 K1) is the ideal
gas constant, and T (K) is the temperature in Kelvin. AHO is the
enthalpy change and ASC is the entropy change in a given process.
The values of enthalpy (AH?) and entropy (AS9) can be calculated
from the slope and y-intercept of the plot of InK; versus 1/T via
applying the equations [27].

Free energy changes (AGO) of specific adsorption are calculated
from:

AGY = AH? —TAS° (16)
3. Results and discussion
3.1. Characterization of the adsorbent

The surface area of diatomite was estimated by using simple
and rapid Sears’ method. Even though this method was developed
mainly for pure silica, it can also be applied for samples contain-
ing high silica content. According to this method, the estimation
of surface area depends mainly on the hydroxyl groups present on
the surface. The surface area of diatomite used in this study was
calculated as 48 m? g—1.

FT-IR analysis was carried out in the range 400-4000cm™!, in
order to investigate the surface characteristics of diatomite and Mn-
diatomite. The FT-IR spectrums of diatomite show major adsorption
bands at 3624, 1625, 1094 and 797 cm™!, as depicted in Fig. 1. The
band at 3624 cm~! is due to the free silanol group (SiO-H) on the
surface, the band at 1625 cm~! represents H-O-H bending vibra-
tion of water, the band at 1094 cm~! may be attributed to siloxane
(-Si-0-Si-) group stretching and the peak at 797 cm~! may cor-
respond to SiO-H vibration [28-30]. It is seen that the densities
disappeared in the bands of 3624 and 1094cm~! after modifica-
tion as a result of chemical interaction between silanol group on
the surface and oxides. The bands of 1457 and 1010cm~! are Si-O
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Fig. 2. TG-DTA curve of diatomite sample.

tension bands [31,32]. Disappearing of OH bands after modification
indicates that modified is well.

The dehydration temperatures, the corresponding weight
losses, and the thermal effects were determined from the DTA and
TG curves. The diatomite surface contains a large amount of free
and bound water firmly bonded to the surface. During the conden-
sation of hydroxyl groups on the diatomite surface, the dehydration
process can be separated into the two stages. The first stage rep-
resents the dehydration of water adsorbed by the surface, and the
second stage is the condensation of hydroxyl groups on the sur-
face and simultaneous removal of water adsorbed on the surface of
macropores and micropores. The condensation of hydroxyl groups
and dehydroxylation occur simultaneously, and, finally, water and
hydroxyl groups located on the inner surface of micropores are
lost. A typical TG-DTA curve for the diatomite is shown in Fig. 2.
The TG curve exhibits two distinct weight loss steps and the DTA
curve showed two endothermic peaks and one exothermic peak.
In the first step, diatomite shows weight loss of about 8.9% up to
522 °C, which is accompanied by two endothermic peaks at around
100 and 500°C in the DTA curve, probably due to dehydration and
dehydroxylation, respectively. The second weight loss step of 2.4%
above 550°C corresponds to the collapse of all macropores, which
is accompanied by one exothermic peak at around 900 °C [32,33].

The X-ray powder diffraction results of natural and the Mn-
diatomite mineral are shown in Fig. 3a and b. The diffraction
spectrogram indicates that the diatomite consists mainly of silica
(Si0,) with smaller amounts of Al,03, Fe,03, TiO,, Na,0, and K, 0.
The amorphous band, shown in Fig. 3a is probably due to the glass
formation of SiO, [34].

Microphotographs of diatomaceous earth and modified
diatomite are presented in Fig. 4a and b. The diatomite sample
is composed of plaque and circular-shape diatom particles with
sizes of 0.005-0.025 mm in clay matrix according to the micropho-
tographs and thin cross-sectional analysis applied on the diatomite
rock taken from the region.

As it is shown in Fig. 4b, the diatomite surface is covered by
cluster forms after modification. The clusters sizes range from one
to several micrometers in size.

3.2. Adsorption of Zn(1l) ions onto diatomite samples

The pH of the adsorbate solutions is an important parameter
governing adsorption on different adsorbents. In the present study,
pH values of the natural and modified diatomite suspensions were
measured 7.26 and 7.54, respectively. The solubility product for
Zn(Il) ions indicates that precipitation of Zn(OH), will occur at
pH > 8 [35]. Zinc(Il) occurs predominantly as Zn2* ion species up to
a pH of ~7.5, but at higher pH values their concentration decreases.
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Fig. 3. X-ray patterns of the (a) natural diatomite and (b) Mn-diatomite.

At such pH values, the concentrations of ZnOH* and Zn(OH);(aq)
increase, with other Zn species [ZnNOs*, Zn(NOs),(aq), Zn(OH)3~,
Zn(OH)42~ and Zn,(OH)3*] occurring in negligible concentrations
[36]. At pH< 7.5, the main species is Zn%* and the removal of Zn2*
is mainly accomplished via adsorption reaction.

Surface charges of diatomite may form by chemical reactions on
the surface depending on ionizable functional groups such as -OH,
—COOH, -SH [37]. In case of oxides and hydroxides, the surface is
charged by [SiOH,*] and [SiO~ ] ionizations. This is called as surface
charge density. Surface charge density depends on pH of the media.
The charges from cations and anions are equal and total charge is
zero at zero charge point. Hydroxyl groups on the surface of the
diatomite may gain or lost proton by changing of pH. The surface
gains proton and is charged positively at low pH values.

=Si-OH + H* - =Si-OH,* (i)

Hydroxides on the surface lost proton and the surface is charged
negatively at high pH values.

=Si-OH + OH~ — =Si-0~ +H,0 (ii)

When the solution pH was above the pHp,c, the diatomite surface
had a negative charge, while at low pH (pHp,c) it has a positive
charge [38].

The pHp;c was identified as the pH where 0.1 M HNOj3 titra-
tion curves of different adsorbent masses (0.15, 0.20, and 0.45¢g
suspended in 0.03M NaNO; at pH 12.0) converged with that of
the reactive blank solution [39]. The pHp;. obtained was ~3.70
for diatomite, thus the diatomite surface may also be negatively
charged, providing adsorption sites for Zn%* ions.

Considering that active center for adsorption is SiO,, diatomite
surface charge is given as zero at pH ~ 3.7 and Mn-diatomite’s sur-
face charge is given as —40 pcoul cm~2 [15,40]. Surface charge of
MnO, is higher than those of other oxides such as SiO,, TiO,, Al, O3
and FeOOH depending on its high acidity constant. The surface is

Fig. 4. (a) Scanning electron microphotograph of the diatomite and (b) scanning
electron microphotograph of the Mn-diatomite.

ionized at low pH values and it is charged more negatively com-
pared with other oxides [15].

Initial concentration provides an important driving force to
overcome all the mass transfer resistance of Zn(Il) between the
aqueous solution and the diatomite surface. As a result, high ini-
tial Zn(Il) concentration will enhance the adsorption process [38].
The effects of the initial solution concentration on the adsorption of
Zn(II) ions onto natural and modified diatomite are shown in Fig. 5a
and b, where the initial Zn(II) ion concentrations employed were 5,
10 and 15mgL-1, respectively. The amount of Zn(Il) ions adsorbed
(ge) was calculated from the experimental data via Eq. (1). As can
be seen from the figures, the adsorption capacities of the natural
and modified diatomite towards Zn(II) ions increased linearly with
increasing initial concentrations of these ions. Besides, the amount
of Zn(II) ions adsorbed onto modified diatomite was higher than
onto the natural material.

The effect of temperature on the adsorption of Zn(Il) ions from an
aqueous solution of 5 mg L~ initial concentration onto natural and
modified diatomite studied is depicted in Fig. 6a and b. In all cases,
the amount of Zn(Il) ions adsorbed increased with temperature,
indicating that the process was endothermic in nature.

The effect of the contact time on the adsorption of Zn(Il) ions
onto the natural and modified diatomite samples studied is illus-
trated in Fig. 7, where measurements were undertaken over a
period of 5-180 min. In all cases, a contact time of 120 min was
sufficient to ensure that adsorption equilibrium had been attained.
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For this reason, in subsequent experiments, 120 min was chosen as
the optimum contact time. It can be attributed to the fact that at the
initial stage the adsorption sites are more, and the metal ions can
interact easily with the sites, so a higher adsorption rate is obtained.
Besides, the driving force for adsorption is the concentration gra-
dient between the bulk solution and the solid-liquid interface, and
the concentration gradient is higher in the initial period, which
results in a higher adsorption rate. The slow adsorption rate in later
stage is due to slower diffusion of solute into the interior of the
adsorbent [41].

3.3. Adsorption isotherms

The experimental data were applied on Langmuir, Freundlich
and D-R adsorption models successively, using Egs. (3), (5) and (6).
The Langmuir plot supplied the graphic of 1/qg. versus 1/Ce has been
given in Fig. 8a and b.

The Freundlich plots of logCe versus logg. has been given in

Fig. 9.
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Fig. 6. (a)Effect of temperature for kinetic adsorption of Zn2* onto natural diatomite
at 5mgL-! initial zinc concentrations and (b) effect of temperature for kinetic
adsorption of Zn?* onto Mn-diatomite at 5mgL-" initial zinc concentrations.
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Fig. 8. (a) Langmuir plots for the adsorption of Zn(II) ions onto natural diatomite
various temperatures and (b) Langmuir plots for the adsorption of Zn(Il) ions onto
Mn-diatomite at various temperatures.
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Table 1

Langmuir, Freundlich and D-R isotherm constants for the adsorption of Zn(II) ions on natural and modified diatomite at different temperatures.

Adsorbent T (K) Langmuir isotherm constants Freundlichisothermconstants  D-R isotherm constants
Vi (mgg1) Ky R? K n R? K (mol? k]~2) Vi’ (mgg1) E (k] mol-1) R?
Natural diatomite 298 27.247 0.0430 0.9275 1.171 1.124 09740  -0.1418 7.297 1.877 0.7906
303 27.777 0.0465 0.9485 1.213 1.088 09146  -0.1267 7.599 1.986 0.8251
313 37.735 0.0393 0.9907 1.444 1.099 0.9871 —0.1060 8.414 2.171 0.9155
Modified diatomite 298 16.339 0.1348 0.9641 2.030 1.300 0.9949  -0.0779 8.064 2.533 0.8634
303 14.598 0.1917 0.9830 2.483 1.514 0.9869  —0.0590 8.255 2911 0.9052
313 22.026 0.1379 0.9560 2.666 1.258 09330  -0.0511 9.656 3.128 0.8549
1,2 3 -
a
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Fig. 9. Freundlich plots for the adsorption of Zn(II) ions onto natural and modified
diatomite at 298 K. 21
1 <& 5mgL-1
Also the lines supplied from the graphics of €2 versus In g, have — 0- O 10 mgL-1
been given in Fig. 10. g ] A 15 mgL-1
The parameters belonging to the all adsorption isotherm models %’ )
of Zn(II) for original and modified diatomite were given in Table 1 = -2
for three temperatures. 3
From Table 1, the Langmuir monolayer adsorption capacity, Vp, 4
was large with values between 14.59 and 37.73mgg~! for natu-
-5 4

ral and modified diatomite. The Langmuir adsorption intensity, K,
had values 0f 0.0393-0.1917 Lmg~!. The dimensionless separation
factor, Ry, had an average value of 0.71 and 0.45 for natural and
modified diatomite at 298 K successively, which thus suggests that
the favourable adsorption. The n adsorption level was determined
from Freundlich adsorption isotherm and while it was 1.124 on
original diatomite at 298 K temperature, it was calculated 1.300
on Mn-diatomite. In case of n=1 indicates linear adsorption and
equal adsorption energies for all sites. Values of n between 2 and
10indicate good adsorption. However n < 1 shows that the marginal
adsorption energy decreases with increasing surface concentration
[42,43].

The adsorption energy for natural and modified diatomite at
298K temperature was found as 1.877 and 2.533kJmol-! suc-
cessively from D-R adsorption isotherm model. The values of
adsorption energy increase as the temperature becomes higher.
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Fig. 10. D-R plots for the adsorption of Zn(Il) ions onto natural and modified
diatomite at 298 K.
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Fig. 11. (a) Pseudo-first order adsorption kinetics of Zn2* onto diatomite at 298 K
and (b) pseudo-first order adsorption kinetics of Zn?* onto Mn-diatomite at 298 K.

From the findings of adsorption energy which gives information
about the adsorption mechanism like chemical ion exchange or
physical adsorption. If the value of E is between 8 and 16 k] mol~!
then the adsorption process follows by chemical ion-exchange
and if E<8kJmol~! the adsorption process is of a physical nature.
Adsorption energy values obtained are below values of a typical
ion-exchange process, which thus suggests that the adsorption
mechanism is a combination of electrostatic interaction and phys-
ical sorption. At the beginning of the binding process (formation
of a monolayer), ion-exchange and van der Waals interactions are
predominantly responsible for the process [44].

3.4. Adsorption kinetics

The fit of the results of the experimental data to the pseudo-first
order, pseudo-second order and intraparticle diffusion models for
natural and modified diatomite was carried out, according to Egs.
(10), (12) and (13), respectively. The calculations have been done
for 5.10 and 15 mg L~ Zn(II) solution initial concentration at 298 K.
The graphic of In(qge — g¢) against t according to pseudo-first-order
model has been given in Fig. 11a and b and it is linear. k; and ge can
be calculated from the slope and intercept of the plot.

Linear lines obtained from the variation of t/q; against t accord-
ing to pseudo-second-order model (Fig. 12a and b). g and k; rate
constants from the slope and intercept have been calculated.
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Fig. 12. (a) Pseudo-second-order kinetic plots for the adsorption of Zn(II) ions onto
natural diatomite in various initial concentration of zinc solution at 298 K tempera-
ture and (b) pseudo-second-order kinetic plots for the adsorption of Zn(II) ions onto
Mn-diatomite in various initial concentration of zinc solution at 298 K temperature.

The intraparticle diffusion plot is the plot of amount sorbed per
unit weight of sorbent, g; (mgg~!) versus square root of time, t!/2
is shown in Fig. 13a and b for initial Zn?* metal ion concentration
of 5,10 and 15mgL-1 at 298 K.

Fig. 13a and b shows that the adsorption plots are not linear
over the whole time range and can be separated into two linear
regions which confirm the multi stages of adsorption. The removal
of Zn(II) metal ion by adsorption on diatomite was found to be
rapid at the initial period of contact time and then become slow
and stagnate with increase in contact time. The first stage is char-
acterized by physical adsorption (i.e. ion exchange) at the surface
of the diatomite functional group and the second stage is due to the
intra-particle diffusion effects [1,18].

Metal ions were transported to the external surface of the
diatomite particles through film diffusion and its rate was very
fast. After that, metal ions were entered into diatomite particles
by intraparticle diffusion through pores. If the intra-particle diffu-
sion is the sole rate-limiting step, it is essential for the q; versus t1/2
plots to go through the origin. However, these plots (Fig. 13a and b)
does not fitted with a straight line passing through the origin but
also with very poor linear regression coefficients (R2) indicating the
inapplicability of this model and the intra-particle diffusion was not
only the rate-controlling step [1]. In the present work (the g; versus
t!/2 plots have intercepts in the range 0.53-1.91 mgg~!), it may be
concluded that surface adsorption and intra-particle diffusion were
concurrently operating during the Zn(Il) ions-diatomite interac-
tions [18]. The values of intercept give an idea about the boundary
layer thickness such as the larger the intercept, the greater is the
boundary layer effect [45].

The kinetic parameters for all experimental data determined by
using pseudo-first-order, pseudo-second-order and intraparticle
diffusion model have been given in Table 2.

As Table 2, the g, values calculated from the pseudo-first-order
model are match g, experimental results. However, R? values have
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Fig. 13. (a) Two stages of Zn2*adsorption onto diatomite and intraparticle diffu-
sion plot of adsorption of Zn?* onto diatomite at various initial Zn?* concentrations
(T=298K) and (b) two stages of Zn?*adsorption onto Mn-diatomite and intraparti-
cle diffusion plot of adsorption of Zn%* onto Mn-diatomite at various initial Zn2*
concentrations (T=298 K).

determined between 0.9383 and 0.9803. When studied on g, and
R? values modified from pseudo-second-order model, it has been
found that there are similarities between g. values obtained by
experiments and calculations. The R? values had been determined
between 0.9832 and 0.9994 intervals. It has been shown that, the
mechanism concerning adsorption of Zn(Il) on natural and modi-
fied diatomite can be explained by pseudo-second-order reaction
kinetics.

3.5. Thermodynamic parameters of adsorption

The constants of thermodynamics as shown in Table 3 (i.e. Gibbs
free energy (AG), the change of enthalpy (AH) and entropy change
(AS)). AG values are calculated for adsorption of Zn(II) on natural
and modified diatomite using Eq. (16). AH and AS can be deter-
mined from the slope and intercept from the plot of 1/T versus
In K, given in Eq. (15), respectively.

AH values for original and Mn-diatomite were determined as
12.28 and 18.30 k] mol~! successively. AH value has positive sign,
it was realized that, the adsorption of Zn(Il) on original and Mn-
diatomite was endothermic. Also the AS values calculated from
intercept were found by order, 80.12 and 104.65JK~1 mol-! for
original and Mn-diatomite. The positive values of entropy may
be due to some structural changes in the adsorbate and adsor-
bents during the adsorption process from aqueous solution onto the
adsorbents. In addition, positive value of AS indicates the increas-
ing randomness at the solid-liquid interface during the adsorption
of Zn?* on the adsorbents [46].

AG values are negative for Zinc(II) adsorption on original and
Mn-diatomite and these values indicate that adsorption is spon-
taneous. These values decrease with an increase of temperature.
Furthermore, better adsorption is obtained at higher temperature.
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Table 2
Intraparticle diffusion, pseudo-first and -second order kinetic parameters of Zn(Il) adsorption onto diatomite and Mn-diatomite at various initial Zn(Il) concentrations
(T=298K).
Adsorbent Initial metal de, experimental Pseudo-first order Pseudo-second order Intraparticle
concentration (mgg1) diffussion
(mgL-1) model
ki (min-1) Qe, calculated ~ R? ko (gmg ! min-') (e, calculated  R? ki R?
(mgg™) (mgg™)
Natural 5 2.60 3.35x 1072 2.09 0.9383 2.00 x 102 2.93 0.9832 0.2103 0.8973
diatomite
10 441 521x 1072 4.16 0.9388 143 x10°2 5.06 0.9944 0.3392 0.8320
15 7.98 3.94 x 1072 7.08 0.9609 3.06x 1073 8.86 0.9952 0.7379 0.8181
Modified 5 3.21 5.49 x 102 1.98 0.9529 3.80x 102 3.50 0.9973 0.2009 0.7307
diatomite
10 5.49 4.83 x 1072 4.53 0.9803 1.43 x 1072 6.14 0.9994 0.3937 0.8684
15 8.65 536 x 102 8.37 0.9770 512x 1073 9.66 0.9976 0.7387 0.7886
Table 3
Values of thermodynamic parameters for the adsorption of Zn(II) ions onto natural and Mn-diatomite.
G (mgL1) AH (kJ mol~1) AS (Jmol- ' K1) AG (kJmol1)
298.15K 303.15K 313.15K
Natural diatomite 5 12.28 80.12 —-11.59 -11.99 -12.79
10 20.85 106.07 -10.76 -11.29 -12.35
15 5.65 58.26 -11.71 -12.00 -12.59
Modified diatomite 5 18.30 104.65 —12.88 -13.41 —14.45
10 18.55 102.25 —-11.92 -12.43 -13.45
15 25.99 127.44 -11.98 -12.62 -13.89
4. Conclusions References

In the sorption studies conducted on natural and modified
diatomite resulted in the following salient points.

(1) The sorption of Zn(Il) on the natural and modified diatomite
was an endothermic processes, controlled by physical mech-
anisms and spontaneously. The adsorption characteristics of
zinc metal ion are strongly affected by initial metal ion
concentration and temperature, respectively. The adsorption
efficiency with modified diatomite was greater than natural
diatomite.

(2) Kinetic experiments clearly indicate that adsorption of zinc
metal ion on diatomite samples is more or less a two step pro-
cess: arapid adsorption of zinc metal ion to the external surface
followed by intraparticle diffusion into the interior of adsor-
bent which has also been confirmed by intraparticle diffusion
model.

As the experimental data has been applied on the kinetic
models, it was found that, the adsorption of Zn(Il) on natural
and modified diatomite could be explained by the mechanism
of pseudo-second-order.

(3) The experimental data were applied on Langmuir, Freundlich
and D-R isotherm models. For natural and modified diatomite,
these models were fitted well. The values of adsorption energy
calculated from D-R adsorption isotherm. E (k] mol~1) show
that the adsorption mechanism of Zn(II) on natural and mod-
ified diatomite is a combination of electrostatic interaction
and physical sorption. Besides the enthalpy of sorption for
each diatomite samples are lower than 40kJmol~! indicat-
ing that the sorption processes were controlled by physical
mechanism rather than chemical mechanism. The heat of
physical adsorption involves relatively weak intermolecu-
lar forces such as van der Waals and mainly electrostatic
interaction. The constant value, R; (low separation fac-
tor) in Langmuir isotherm gives an indication of favourable
adsorption.
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