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Abstract: In the present study, the sorption behavior of iron (Fe) and manganese (Mn) from a
binary metal solution system onto thermally activated natural zeolite was studied. Batch adsorption
experiments were carried out to investigate the effects of zeolite quantity, particle size, and activation
temperature. Equilibrium studies were carried out to evaluate the adsorption capacity of the thermally
activated natural zeolite. The obtained results showed that the thermally activated natural zeolite
favored the removal of Fe over Mn, due to competition between them. Elemental analysis of the
activated zeolite samples obtained by energy-dispersive X-ray analysis (EDX) indicated a Si/Al
ratio >4, which is specific for clinoptilolite-type zeolite. The removal of Fe and Mn was best described
by the Langmuir model, indicating the formation of a monolayer on the surface of the activated
natural zeolite. The kinetic results revealed that the experimental data were best fitted by the
pseudo-second-order model for both metals. The results suggest that a new natural zeolite from
Rupea quarry, Brasov County, Romania could be used as a potential adsorbent for removal of Fe and
Mn from binary metal solution systems, addressing the lack of information about this material from
this region.
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1. Introduction

Adsorbent materials play a key role in the development of wastewater treatment systems. In recent
years, there has been a pronounced tendency to utilize cost-efficient, sustainable, and green adsorbents
in the removal of heavy metals for wastewater treatments [1,2].

Zeolites are aluminosilicate minerals characterized by three-dimensional frameworks consisting of
tetrahedral SiO4 and AlOy, connected by oxygen atoms. Each substitution of SiO4 by AlO4, generates a
negative charge on the framework, which is stabilized by positively charged ions (cations) such as
Na*, K*, Ca?*, and Mg?* [3,4].

Natural and modified zeolites have been used successfully in a wide range of applications as
low-cost adsorbents [5-9]. However, the adsorption capacity of natural zeolites can be limited by their
impurities. To overcome this issue, mechanical, thermal, or chemical treatments can be applied to
eliminate the impurities, in order to improve the physicochemical properties and adsorption capacity
for heavy metal removal [10,11]. Thermal activation is a simple and green method that can generate
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cracks and fragmentation of zeolite, which can improve its adsorption capacity and specific surface
area. Thermal activation can also be used to test the material’s resistance [12].

The adsorbents used for wastewater treatment should provide specific properties, such as high
efficiency, ion-exchange ability, high sorption capacity, high surface area, mechanical strength resistance,
and thermal stability [13].

Based on their structural, physical, and chemical properties and local availability in Romania,
natural zeolites can be considered highly effective adsorbent materials for use in wastewater filters.
Large high-grade zeolite deposits are located in the Transylvanian Basin and in the Precarpathian zone,
Romania [14].

Groundwater is an important resource for drinking water, industry, and agriculture (irrigation),
and its chemical character is influenced by the physiochemical properties of the minerals that interact
with it [15]. Studies have shown that wells contain very high concentrations of iron (Fe) and manganese
(Mn) ions [16]. The presence of Fe and Mn in drinking water can cause serious health problems due
to (1) the sedimentation of Fe/Mn precipitates in pipeline distribution systems; (2) discolored water
when higher discharges occur, due to Fe/Mn precipitates formed in the pipeline distribution systems;
(3) metallic taste and odor [17]. Thus, it is necessary to find and to promote easily accessible (local
available materials), low-cost, and highly efficient adsorbent materials for Fe and Mn removal [18].
The potential use of adsorbent materials in filters designed for groundwater and wastewater treatment
must be highlighted and explained in detail.

According to Romanian legislation, the maximum concentrations of Fe and Mn allowable in
drinking water are 0.2 mg/L and 0.05 mg/L, respectively [19]. The contamination of water by Fe and
Mn due to agricultural, industrial, and other anthropogenic activities continues to be a great concern
all over the world. The concentrations of Fe and Mn in water must be maintained below acceptable
concentrations to ensure the water’s quality, including physicochemical parameters and appropriate
levels of metals. Therefore, the interaction and behavior of adsorbent materials (zeolite) in the sorption
processes of simultaneous Fe and Mn removal from groundwater should be investigated in order to
gain a better understanding of the sorption mechanism.

In the present study, a Romanian natural zeolite was thermally activated in order to evaluate its
adsorption properties for Fe and Mn removal from a binary metal solution system. The main objectives
of the present study were (1) to enhance the adsorption capacity of a natural zeolite for Fe and Mn
removal by heat treatment; (2) to investigate the adsorption behavior of a thermally activated natural
zeolite for simultaneous removal of Fe and Mn from synthetic aqueous solutions; (3) to obtain detailed
information on the equilibrium and kinetic removal properties of Fe and Mn using thermally activated
natural zeolite; and (4) to characterize the natural zeolite activated by heat treatment.

2. Materials and Methods

2.1. Thermal Activation of Natural Zeolite

Natural zeolite obtained from Rupea Quarry, Brasov County, Romania was crushed and sieved in
order to obtain various particle sizes of <0.5 mm, 0.5-1.25 mm, and 2-3 mm. Prior to the activation
treatment, the adsorbent was washed with distilled water to remove the impurities from its surface
and dried in an oven at 105 °C for 24 h. The natural zeolite was thermally activated at 200 °C for
2 h as the first stage (NZ = NZ 200). NZ 200 was then subjected to a new activation treatment at
temperatures of 250 °C (NZA 250) or 550 °C (NZA 550) for 1 h as the second stage. Thus, in the
second stage, the activation of NZA 250 and NZA 550 was as follows: NZ = NZ 200 = NZA 250 and
NZ = NZ 200 = NZA 550, respectively. Subsequently, the effectiveness of the adsorbent materials
obtained from the first (NZ 200) and second stages (NZA 250 and NZA 550) for simultaneous removal
of Fe and Mn was evaluated.
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2.2. Batch Sorption Experiments

Two stock solutions of 1 g/L. FeSO,4 and 1 g/L. MnSOy4 were prepared by dissolving the salts in
distilled water. The desired concentrations were prepared by diluting the concentrated stock solutions.
All the reagents were of analytical purity and were purchased from Merck, Darmstadt, Germany.

The experiments were performed in batch mode, contacting different quantities of NZ 200 (0.5-4 g)
with 100 mL at different Fe and Mn initial concentrations at a stirring rate of 100 rpm. All the experiments
were performed at room temperature (23 + 2 °C). Samples were taken at established time intervals
and were filtered before chemical analysis. All the experiments were conducted in triplicate and the
average values were used.

The Fe and Mn concentrations were determined using an inductively coupled plasma optical
emission spectrometer (ICP-OES), Optima 5300 DV (Perkin-Elmer, Ontario, Canada). The Fe and Mn
amount in the adsorbent phase, 7. (mg/g), was calculated using Equation (1), while removal efficiency,
E (%), was calculated using Equation (2).

B (Co—=Ce) V

e = 1000 1)
P o (Co_C€>

E(%) 7C—0.100 (2)

where g, is the Fe and Mn amount adsorbed per gram of adsorbent at equilibrium (mg/g), V is the
volume of solution (mL), m is the weight of activated zeolite (g), C. is the equilibrium Fe and Mn
concentration (mg/L), and C, is the initial Fe and Mn concentration (mg/L) [20].

2.3. Characterization of the Activated Zeolite Samples

The morphology of NZ 200 with a smaller particle size (<0.5 mm) was examined using a SU-8230
ultra-high-resolution scanning electron microscope (SEM) (Hitachi, Tokyo, Japan).

The energy-dispersive X-ray (EDX) analysis of the NZ 200, NZA 250, and NZA 550 samples with
smaller particle sizes (<0.5 mm) was also observed using this instrument, coupled with an X-Max 1160
EDX detector (Oxford Instruments, Oxford, UK).

To determine pH, an amount of 10 g of zeolite was contacted with 50 mL water and stirred for
1 h. The pH of the solution was determined using a Seven Excellence multiparameter (Mettler Toledo,
Greifensee, Switzerland) after 1 h of settling.

The point of zero charge (pHypzc) of the zeolite samples (0.5 g) was determined using 0.01 M NaCl
solution (50 mL) at pH 2-12. The initial pH (pHj;) of the NaCl solution was adjusted with 0.1 mol/L
HCI or 0.1 mol/L NaOH. The final pH (pHs) of the solutions was measured after 48 h of contact.
pH¢ — pH; was plotted against the pH;, and the point where pH¢ — pH; = 0 was taken as the pHp,. [21].
At a pH < pHypy,, the surface charge of adsorbent is positive, attracting anions. When the solution
pH > pHyy, the surface charge of the adsorbent is negative and favors cation adsorption [21].

The apparent density was determined by placing the zeolite samples into a 1 L graduated cylinder.
The volume was recorded and the apparent density was calculated using the following equation [22].

p=— @)

where p is the apparent density (kg/m?), m is the mass of the sample (kg), and V; is the volume of
the sample.
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3. Theoretical

3.1. Adsorption Isotherms

The Langmuir, Freundlich, and Dubinin—-Radushkevich isotherms were considered to describe
the simultaneous removal of Fe and Mn from a binary metal solution system.
The equation of the Langmuir isotherm, which suggests a monolayer adsorption onto a surface [23],

is given below.
1 1 1

e N %laxKLCe * Jmax
where K] is the Langmuir constant (L/mg) and gy is the maximum amount of Fe and Mn adsorbed
per gram of adsorbent at equilibrium (mg/g) [20].

The Langmuir isotherm can be expressed by the equilibrium parameter Ry, [24].

(4)

1

Rp = ——
L= 1¥K.CG,

©)
The R} value indicates the type of the isotherm: unfavorable if Ry > 1, linear if R} =1, and favorable
if 0 <Ry <1[6,24].
The equation of the Freundlich isotherm, which suggests that the adsorption occurs onto a
heterogeneous surface [25], is as follows.

1
log g, = log Kr + - log C, (6)

where Kr and n are the isotherm constants that indicate the capacity and intensity of the adsorption,
and 1/n is a function of the strength of adsorption [20].

If n value lies between 1 and 10, this indicates a favorable adsorption process [20].

The Dubinin—-Radushkevich model was applied to express the nature of the adsorption process as
physical or chemical [26,27]. Its equations are given as follows.

Inge =In qmax—ﬁeZ (7)
= RTIn(1+ l) (8)
e= c.
1
Ep = — )

V=28
where g is the Dubinin-Radushkevich model constant (mol?/kJ?), R is the gas constant (8.314 ] mol/K),
T is the absolute temperature (K), and E} is the mean free energy (kJ/mol) [28].
The E; value indicates the type of adsorption: physical if E; < 8 kJ/mol and chemical if
8 <Ry <16 [27].

3.2. Kinetic Modeling

In order to describe the kinetics of the Fe and Mn removal from a binary metal solution system by
the natural activated zeolite, pseudo-first-order and pseudo-second-order models were applied.
The pseudo-first-order kinetic model equation can be expressed as follows.

In(ge — 1) = Inge —kyt (10)

where g; is the Fe and Mn amount adsorbed at time ¢, and k; is the first-order rate constant [29].
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The pseudo-second-order equation can be expressed as

! LR (11)

a - k21132 e

where kj is the second-order rate constant [29,30].
4. Results and Discussions

4.1. Zeolite Characterization

Scanning Electron Microscopy (SEM) images of the NZ 200 sample with smaller particle sizes
(<0.5 mm) are shown in Figure 1. The rough surfaces were favorable for the adsorption of Fe and Mn.

s e e
2.00um

e
5.2mm x3.00k SE(UL) 10.0um

(@) (b)

Figure 1. SEM images of the NZ 200 with a smaller particle size (<0.5 mm), at two different resolutions:
10 um (a) and 2 pm (b).

Elemental analysis of the NZ 200, NZA 250, and NZA 550 samples with smaller particle sizes
(<0.5 mm) obtained via energy-dispersive X-ray analysis (EDX) (Table 1) indicated a Si/Al mass
ratio >4 and amounts, in grams, of Na + K > Ca, which is specific to clinoptilolite-type zeolite [31].
The contents of major elements did not significantly change across the three activation temperatures.
Only at the activation temperature of 550 °C, the most major elements show increased concentrations,
probably due to the loss of organic carbon from the sample.

Table 1. The composition of thermally activated zeolite samples with smaller particle sizes (<0.5 mm)
expressed as weight (wt. %).

Chemical Elements NZ 200 (wt. %) NZA 250 (wt. %) NZA 550 (wt. %)

(0] 60.4 61.2 63.9

Si 24.4 24.0 249

Al 5.2 5.1 54

Ca 2.0 1.8 1.8

K 2.1 2.2 2.3

Fe 0.9 0.8 0.6

Mg 0.8 0.7 0.6

Na 0.5 0.6 0.5

Others 3.7 3.6 n.d.

n.d.—not detected.
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The physical characteristics of the zeolite samples are given in Table 2. The pH value of NZ 200
slightly increased (8.95-9.39) as the particle size increased. In contrast, the pH values for NZA 250 and
NZA 550 decreased as the particle size increased. The obtained values suggest that the exchange of
Na* (NZ 200, NZA 250, and NZA 550) against H* (H,O) occurred. The apparent density increased as
the particle size of NZ 200, NZA 250, and NZA 550 increased.

Table 2. Physical characteristics of NZ 200, NZA 250, and NZA 550 with different particle sizes.

Characteristics
Adsorbent Particle Size (mm) pH Apparent Density (kg/m3) pHpzc

<0.5 8.95 676 8.9

NZz 200 0.5-1.25 9.21 862 8.4
2-3 9.39 893 8.1

<0.5 8.55 676 8.7

NZA 250 0.5-1.25 7.97 909 6.9
2-3 7.71 926 6.8

<0.5 7.93 674 8.7

NZA 550 0.5-1.25 7.90 877 84
2-3 7.58 909 8.1

The pHp,c of NZ 200, NZA 250, and NZA 550 with various particle sizes was determined.
The pHpzc values for NZ 200, NZA 250, and NZA 550 are given in Table 2. It was found that the
pHpzc of NZ 200 (8.9-8.1), NZA 250 (8.7-6.8), and NZA 550 (8.7-8.1) decreased as the particle sizes
of the zeolite samples increased. Thus, NZ 200 with smaller particle sizes (first stage of activation)
exhibited higher pHp,c values than NZA 250 and NZA 550 (second stage of activation). The results
suggest that the zeolite surface was positively charged when the solution pH was less than pHp,.
and negatively charged when the solution pH was greater than pHyp,.. Thus, when the solution
PH < pHp,c, anion adsorption was preferred and when the solution pH > pHy,, cation adsorption
was favored. Jmayai et al. [32] reported pHp,c values between 7.4 and 9.1 for three natural Yemeni
zeolites with major minerals such as clinoptilolite and mordenite. Abatal et al. [29] studied the pHp,c
after acid-modified clinoptilolite-rich tuffs and stated that the adsorbent surface had fewer negative
charge sites. Thus, the number of cations decreased and very strong Lewis-acid sites on the surface of
the acid-modified clinoptilolite-rich tuffs were formed [29].

4.2. Sorption Behaviors of Metals in a Binary Metal Solution System

4.2.1. Influence of Thermally Treated NZ 200 Quantity

The experiments were carried out using different NZ 200 quantities with smaller particle sizes
(<0.5 mm), which were contacted with 100 mL Fe and Mn solution (45/25 mg/L. Fe/Mn) at room
temperature (23 + 2 °C) for 1440 min. Taken into account the fact that the concentration of Fe and Mn
in wastewater varies, NZ 200 quantities in the range of 0.5-4 g were considered. All the experiments
were carried out at the same stirring rate of 100 rpm. The simultaneous removal of Fe and Mn by
different NZ 200 quantities is presented in Figure 2.
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Figure 2. Simultaneous removal of Fe and Mn by different quantities of NZ 200: 0.5 g (a), 1 g (b), 2 g (c),
3g(d), 4 g (e); Co = 45/25 mg/L Fe/Mn; V = 100 mL; 100 rpm; 23 + 2 °C.

In the case of Fe, the results indicated that the removal efficiency rapidly increased as the NZ
200 quantity increased from 0.5 to 2 g (Figure 2a—e). For Mn, the results showed that the removal
efficiency slowly increased up to 180 min. Removal efficiency of 96.1% at 0.5 g (Figure 2a), 98.3% at
1 g (Figure 2b), and 99.9% at 2 g (Figure 2c), 3 g (Figure 2d), and 4 g (Figure 2e) were obtained for Fe
sorption onto NZ 200 after 1440 min of contact. However, in the case of Mn, the removal efficiency
was low compared with that of Fe: 16.6% at 0.5 g (Figure 2a), 30.5% at 1 g (Figure 2b), 59.0% at2 g
(Figure 2c), 79.7% at 3 g (Figure 2d), and 87.8% at 4 g (Figure 2e). For both metals, the percentage of
the removal efficiency increased after 1440 min as the NZ 200 quantity increased. The increase in the
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removal efficiency with the increase of zeolite quantity can be associated with the increased number of
sites and exchangeable ions available for adsorption [11].

The Fe removal rate was higher than that of Mn in the binary metal solution system. In particular,
it has been reported that the Fe removal on clinoptilolite was higher than that of Mn in single solution,
but in a binary metal solution system both Fe and Mn removal rates decreased due to the competition
between them for the zeolite active sites [6,33,34]. A quantity of 2 g was chosen for the following
experiments. In order to determine whether the first stage of activation is sufficient to increase the
sorption capacity of the zeolite, the NZ 200 was further activated at higher temperatures (NZA 250,
NZA 550, second stage of activation).

4.2.2. Influence of Particle Size

In order to study the effect of particle size of NZ 200, NZA 250, and NZA 550 for Fe and Mn
removal, experiments were carried out using a fixed zeolite quantity (2 g). The initial concentration
(15/5 mg/L Fe/Mn) and stirring rate (100 rpm) were maintained constant. The performances of the NZ
200, NZA 250, and NZA 550 with different particle sizes for the simultaneous removal of Fe and Mn
are presented in Figure 3.

HmFe = Mn

i

NZ 200 NZ200| NZ 200 NZA 250[NZA 250 NZA 250NZA 550NZA 550[NZA 550

100

N o] Nej
o (e} o

Removal efficiency (%)

(o)
o

<0.5 ]0.5-1.25 2-3 <0.5 ]0.5-1.25 2-3 <0.5 [0.5-1.25 2-3

Particle size (mm)

Figure 3. Simultaneous removal of Fe and Mn by NZ 200, NZA 250, and NZA 550 with different
particle sizes and activation temperatures; C, = 15/5 mg/L Fe/Mn; V =100 mL; 2 g of zeolite; 100 rpm.

The obtained results indicated a rapid sorption (after 1 h) with removal efficiencies between 83.9%
and 98.9% for Fe, and 76.1 and 83.9% for Mn for NZ 200. The maximum Fe and Mn removal was
obtained with the NZ 200 of <0.5 particle size. It was observed that as the particle size of NZ 200
decreased, the removal efficiency of Fe and Mn slightly increased. A similar trend was observed for
removal of Cd%*, Cu?*, Pb%*, and Zn?* using a natural Jordanian of 90-350 um, due to the active
surface area of the adsorbent and solid—solution interaction [35]. Moazeni et al. [36] also reported
in 2020 that the sorption of Pb?* increased with decreasing particle size of Iranian natural zeolite
(clinoptilolite). Thus, higher adsorption rates under equilibrium conditions can be obtained due to the
fact that smaller particles have a larger surface area [36].

Removal efficiencies in the range of 94-98% for Fe and 89-100% for Mn were obtained for NZA 250.
The obtained results showed a high removal efficiency for Mn using the second-stage thermally



Water 2020, 12, 1614 90of 13

activated NZA 250, compared with NZ 200 (first-stage) (Figure 3). NZA 250 with a having particle size
>0.5 mm also revealed higher removal efficiency for Fe removal than NZ with 0.5-2.5 mm or 2-3 mm.

The removal efficiency of Fe and Mn by NZA 550 was in the range of 85-100% and 72-100%,
respectively. The maximum simultaneous removal efficiency for Fe and Mn was obtained using
NZA 550 of 0.5-1.25 particle size, and the minimum removal efficiency using NZA 550 of <0.5 particle
size. However, the final concentration for Mn was above the maximum allowable level in Romanian
legislation. The removal of Fe was high compared to Mn, as Mn is a metal that is not easily removed
due to its high hydrated ion radius [34].

4.2.3. Influence of Activation Temperature on Zeolite Performance

The experiments were carried out using a fixed zeolite quantity (2 g) activated at different
temperatures. The initial concentration (15/5 mg/L Fe/Mn) and stirring rate (100 rpm) were maintained
constant. The results are presented in Figure 3.

It was observed that, at the same particle size (<0.5 mm), the performance of NZA 550 for Mn and
Fe removal was lower than that of NZ 200 and NZA 250. The highest Fe and Mn removal efficiency was
achieved using thermally activated NZA 550 (0.5-1.25 mm particle size), while the lowest efficiency
was obtained using NZ 200 (0.5-1.25 mm).

It can be concluded that the optimal thermal activation temperature is 250 °C (at the second stage of
activation), where the removal efficiency was remarkably high for Fe and Mn. Thus, activation of zeolite
at temperatures more than 250 °C is not feasible from an economic point of view. High temperatures
favor the destruction of the micropore walls and consequently increase the mesopore content [37].

As it can be seen in Table 3, several studies for Fe and Mn removal from single solutions have been
reported in the literature. However, few studies have reported the simultaneous removal of Fe and Mn
using zeolites. Garcia-Mendieta et al. [6] reported that in a binary metal solution system, the amount of
Fe and Mn found in the zeolitic tuff was lower (38.8% and 12.9%, respectively) than in a single system.

Table 3. Comparison of removal efficiency for several zeolites.

Adsorbent Initial Concentration (mg/L) Removal Efficiency (%) Reference
Fe Mn Fe Mn
Controll M.E. 574 0.322 0.123 74 66 [38]
. . 20 30 93.94 75.95
Single solution 3004Na-X-CS 120 80 12.42 79 [33]
Vermiculite 1.5 0.5 88-94 65-100 [34]
Clinoptilolite 1.5 0.5 22-90 61-100 [34]
Zeolite-4A 600 1000 98 100 [16]
Mexican zeolitic tuff - - 38.8 129 [6]
NZ 200 15 5 84-98 76-84 Present study
Binary metal solution NZA 250 15 5 94-98 89-100
NZA 550 15 5 85-100 72-96

4.3. Isotherm Modeling

The equilibrium data for Fe and Mn removal from a binary metal solution system using different
quantities of NZ 200 were modeled using the Langmuir, Freundlich, and Dubinin-Radushkevich
isotherm models. The isotherm models express the relationship between the amount of solute adsorbed
and its concentration in solution under equilibrium conditions [39].

As shown in Table 4, high R? values were obtained by fitting the experimental data using the
Langmuir, Freundlich, and Dubinin—-Radushkevich isotherm models. The sorption constants and
correlation coefficients (R?) for both Langmuir and Freundlich isotherm models are given in Table 4.
The values of maximum adsorption capacity (imax) for Fe and Mn obtained using the Langmuir
equation were 6.13 and 0.86 mg/g, respectively. The calculated Ry, values at different NZ 200 quantities
for Fe (0.001) and Mn (0.07) removal on NZ 200 indicated a favorable sorption.
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Table 4. Langmuir, Freundlich, and Dubinin-Radushkevich isotherm parameters for Fe and Mn
removal using NZ 200 at different adsorbent quantities.

Model Parameters Units Fe Mn
Langmuir Grmax mg/g 6.13 0.86
Ky L/mg 17.92 0.56
R? - 0.9768 0.9726
Ry - 0.001 0.07
Freundlich n - 2.86 5.19
Kp L/mg 6.04 2.20
R? - 0.9450 0.9188
Dubinin-Radushkevich  § mol?/kJ? 21077 21077
Er KkJ/mol 15.81 15.81
R? - 0.9445 0.929

The kr and n parameters obtained from the Freundlich equation for Fe and Mn removal using
NZ 200 are given in Table 4. The obtained n values suggest a favorable sorption of Fe and Mn on
thermally activated NZ 200. It was observed that based on the R? obtained, the experimental results
for simultaneous removal of Fe and Mn on NZA 200 fitted well with the Langmuir isotherm model,
more so than with Freundlich isotherm model. Thus, the results indicated a monolayer adsorption of
Fe and Mn on the NZA 200 surface. Similar results were reported by Vistuba et al. [38] for Mn sorption
onto the commercial zeolite Controll M.F. 574®.

The Dubinin-Radushkevich parameters are given in Table 4. The mean free energy value indicated
a chemical process involved in simultaneous removal of Fe and Mn.

It can be concluded that the isotherm models used can be ranked in terms of suitability to
describe the adsorption equilibrium of Fe and Mn onto NZA 200 in the following order: Langmuir >
Dubinin-Radushkevich > Freundlich.

4.4. Kinetic Modeling

The kinetic studies were considered in order to obtain detailed information regarding the removal
of Fe and Mn from a binary metal solution system using different quantities of NZ 200, and to determine
the controlling mechanism of the adsorption process. Different kinetic models, namely pseudo-first-
and pseudo-second-order, were applied to determine the reaction order and rate constants of the
ion exchange.

The pseudo-first-order parameters are presented in Table 5. The R? values for the pseudo-first-order
calculations obtained for simultaneous removal of Fe and Mn removal on thermally activated NZ 200
at different adsorbent quantities were low. Additionally, the calculated g. values were different from
the experimental values, indicating that pseudo-first-order kinetics could not describe the experimental
data. Thus, the adsorption of Fe and Mn on NZ 200 is not a first-order reaction.

The pseudo-second-order parameters are listed in Table 5. High R? values were obtained via linear
regression of pseudo-second-order model for Fe and Mn removal using NZ 200. As shown in Table 4,
the calculated and experimental g, values were very close. Thus, the pseudo-second-order kinetic
model was more suitable to describe the simultaneous Fe and Mn removal than the pseudo-first-order
model, suggesting a chemical sorption.

Jodo et al. [40] reported a better fit of the data by pseudo-second-order kinetic model for Fe
and Mn removal in the presence of methylene blue, using zeolite synthesized from fly ash of coal.
Kwakye-Awuabh et al. [41] reported that pseudo-first-order model was adequate to describe the removal
of Fe and Mn from groundwater by synthetic zeolite Y synthesized from bauxite and kaolin.
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Table 5. Pseudo-first-order and pseudo-second-order kinetic constants for simultaneous removal of Fe
and Mn removal on thermally activated NZ 200 at different adsorbent quantities.

Model Parameters Zeolite Quantity
q(g) 0.5 1 2 3 4
ky-1073 Fe 49 59 12.9 32 1.9
(1/min) Mn 34 4.6 12.1 4.0 1.6
Pseudo-first-order Ge (calc) Fe 5.38 3.64 1.19 1.23 1.03
(mg/g) Mn 1.35 1.31 1.23 1.66 1.95
R? Fe 0.8558  0.8689  0.7569  0.8016  0.9026
Mn 09230 09614 0.8211  0.8962  0.9416
q(g) 0.5 1 2 3 4
ki-1072 Fe 0.22 0.26 0.79 0.40 0.75
(g/mg-min) Mn 0.6 0.2 7.0 2.0 2.7
Pseudo-second-order Ge(cale) Fe 8.70 4.65 232 1.63 1.36
(mg/g) Mn 0.91 0.88 0.78 0.73 0.72
R? Fe 0.9985 09966  0.9837 09924  0.9263
Mn 0.9804 09871  0.9817 09795  0.9236
Ge(exp) Fe 8.42 4.41 2.22 1.48 1.13
(mg/g) Mn 0.82 0.75 0.73 0.66 0.53

5. Conclusions

In this paper, the simultaneous removal of Fe and Mn using natural zeolite thermally activated
in two stages was investigated. The rough surface of thermally activated natural zeolite, having a
crystal diameter between 2 and 10 um, as revealed by SEM images, favors the adsorption of Fe and
Mn. Generally, Fe removal was higher than Mn removal. In the case of Fe, the highest removal
efficiency was achieved using thermally activated NZA 550 (0.5-1.25 mm particle size) obtained in
the second stage of activation (99.5%). In the case of Mn, higher removal efficiencies were obtained
using thermally activated NZA 250 (2-3 mm particle size). The Langmuir and Freundlich parameters
indicated a favorable sorption of Fe and Mn onto thermally activated NZ 200. The mean free
energy (Dubinin-Radushkevich isotherm) was calculated to be 15.81 kJ/mol, which suggested that
sorption of Fe and Mn is characterized by a chemical process. The kinetic study showed that the
pseudo-second-order kinetic model was more adequate to describe the Fe and Mn removal from the
binary metal solution system. The obtained results prove the possibility of using natural activated
zeolite for simultaneous removal of Fe and Mn in the water treatment process. In line with the obtained
results, the activated zeolite could be further used in a continuous fixed-bed column in order to scale
up the process.
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