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ABSTRACT

In the present study, batch and fixed bed experiments were conducted in order to com-
pare clinoptilolite and vermiculite for the removal of Mn**, Zn**, and Cr’* from aqueous
solutions under the same experimental conditions. Ion-exchange equilibrium is examined
by use of batch equilibrium isotherms, distribution coefficients, and maximum exchange
levels (MEL). Fixed bed experiments were conducted, and breakthrough curves and
operational capacity were determined. Furthermore, diffusion coefficients were estimated
by use of simplified fixed bed models. Concerning the comparison of the two minerals,
in all experiments, for both batch (distribution coefficients and MEL) and fixed bed
(breakthrough points and operating capacity (OC)), vermiculite showed better perfor-
mance than clinoptilolite for all metals. Vermiculite selectivity series derived from batch
distribution coefficients as well as in fixed beds is Cr** > Zn?" > Mn?" and is the same
for clinoptilolite for liquid-phase equilibrium at relative concentration of X <0.2. For
more concentrated equilibrium solutions, the clinoptilolite selectivity changes for cri*
and remains the same for the other two metals, i.e. Zn?>* > Mn?* > Cr’>*. MEL are 14.4—
269 mg/g and 34.2-43.6 mg/g for clinoptilolite and vermiculite, respectively, and OC is
found to be 3.6-7.9 mg/g and 12.8-29.3 mg/g for clinoptilolite and vermiculite, respec-
tively, 25-75% lower than MEL. The application of the simplified fixed bed model is
successful for Zn in both minerals and Cr’*-vermiculite system. For Cr**-clinoptilolite
system, the model is not applicable due to the sigmoidal shape of the isotherm while
for Mn, the model fails in low concentrations for both minerals, and it seems to

*Corresponding author.

Presented at the 12th International Conference on Protection and Restoration of the Environment (PRE XII)
29 June—3 July 2014, Skiathos Island, Greece

This article was originally published with errors. This version has been corrected. Please see Corrigendum
(http:/ /dx.doi.org/10.1080/19443994.2015.1095970).

1944-3994/1944-3986 © 2015 Balaban Desalination Publications. All rights reserved.


mailto:vasileios.inglezakis@nu.edu.kz
mailto:stylianou.a.marinos@ucy.ac.cy
mailto:mloiz@chemeng.ntua.gr
mailto:antoniszorpas@yahoo.com
mailto:antonis.zorpas@ouc.ac.cy
http://dx.doi.org/10.1080/19443994.2015.1095970
http://dx.doi.org/10.1080/19443994.2015.1059371

V.J. Inglezakis et al. | Desalination and Water Treatment 57 (2016) 11610-11622

11611

approach experimental data only for X >0.2-0.3. Solid-phase diffusion coefficients were
estimated to be in the order of magnitude of 107® cm?/s for clinoptilolite and 10~ cm?/s

for vermiculite.

Keywords: Clinoptilolite; Vermiculite; Heavy metals; Ion-exchange; Fixed beds reactors

1. Introduction

Industrial and, in lesser extent, municipal
wastewater contain considerable heavy metal content
and, therefore, treatment is required prior to disposal
in natural environment [1]. The presence of these
metals in the environment is of major concern as they
are not biodegradable and tend to accumulate in liv-
ing organisms and through food chain, threat the
environment and human life. The removal of metal
ions from aqueous solutions can be achieved by sev-
eral processes such as precipitation, liquid-liquid
extraction, reverse osmosis, adsorption, and
ion-exchange. Most of the treatment processes used
in practice are either non-effective to achieve the
required stringent disposal standards or economically
unsustainable. Hence, in recent years, the removal of
metal ions using natural minerals as zeolites and
clays has been one of the most popular and economi-
cally attractive methods.

The exchange of ions between a liquid phase and a
porous solid is called ion exchange. Clays and zeolites
are extensively used in ion-exchange processes due to
their low cost, worldwide abundance, high exchange
capacity, and selectivity properties [1,2]. Zeolites are
hydrated aluminosilicate minerals that belong to the
class of minerals known as “tectosilicates” with a
cage-like structure that offers large internal and exter-
nal surface areas for ion exchange. Clinoptilolite is the
most abundant natural zeolite and its characteristic
morphology includes an open structure of easy access,
formed by open channels of 8-10 membered rings.
These channels are occupied by ions such as Na*, K¥,
Ca”*, and Mg”* that can be exchanged with other
metal ions such as manganese, chromium, and zinc.
Vermiculite is typical phylosilicate 2:1 clay rich in
magnesium. It consists of tetrahedral-octahedral-
tetrahedral sheets. These magnesium ions are the
result from the substitution of tetravalent silicon by
trivalent aluminum in the tetrahedral layer of the
vermiculite sheet, and furthermore, from the negative
charge that is generated on the layer, hydrated
magnesium is adsorbed on the tetrahedral layer
between the sheets to maintain electro neutrality.
Magnesium ions can be easily cation exchanged,
which contribute to the high cation exchange capacity
of vermiculite [3].

Most ion-exchange processes, both at the laboratory
and plant scale, are performed in fixed beds. A solution
is passed through a bed of ion-exchanger material
where its composition is modified by ion-exchange or
sorption. The composition of the effluent and its change
with time depends on the properties of the ion exchan-
ger, the composition of the feed, and the operating
conditions. The curve representing the cation-exit con-
centration vs. time (or effluent volume) is called break-
through curve and is used to characterize the process
[4]. A significant number of papers has been published
on fixed bed studies for the removal of heavy metals by
clinoptilolite [4-9] and few papers on vermiculite
[3,10-12]. Several fixed bed models have been applied
on clinoptilolite and vermiculite fixed beds, but only
few are using reliable diffusion-based models [5,6,10]. It
is true that the vast majority of fixed bed models used
in the related literature is kinetic-based and they make
use of phenomenological pseudo-first or second order
chemical reaction-like equations, which from physical
meaning point of view are problematic as ion-exchange
and adsorption are not chemical reactions but diffu-
sion-driven processes. Furthermore, in order to inter-
pret and model fixed bed data batch reactors, data are
needed, a fact that in a number of publications is over-
looked. Finally, there are few studies on the comparison
of clinoptilolite and vermiculite; Cu?*, Ni**, Zn**, and
Pb** removal from aqueous solutions [3,11,12] and
Mn?* and Fe** from drinking water [8,13]. However,
these studies address only small number of parameters
in either batch or fixed bed operations.

In the present study, batch and fixed bed experi-
ments were conducted in order to compare clinoptilo-
lite and vermiculite for the removal of Mn?*, Zn?*, and
Cr’* from aqueous solutions under the same experi-
mental conditions. Ion-exchange equilibrium was
examined by use of batch equilibrium isotherms, dis-
tribution coefficients, and maximum exchange levels
(MEL). In fixed beds breakthrough curves, operational
capacity and diffusion coefficients were estimated by
use of simplified fixed bed models. According to the
authors’” knowledge, very few, if any, studies include
all experimental measurements included in the paper
as both materials comparison and fixed bed modeling
are based on a large number of experiments; three
metals, two materials, two different modes of operation
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resulting in the evaluation of four different parameters,
namely MEL, Langmuir equilibrium constant, opera-
tional capacity, and solid-phase diffusion coefficient
(24 values in total). Is notable that full equilibrium
curves are provided for both materials and all metals
(6 curves) and full breakthrough curves (6 in total).
Such extended comparison has not been made so far in
the related literature but the value of the paper goes
beyond this as it offers a detailed experimental protocol
which can be easily replicated for different ion-
exchange and adsorption systems. In this framework,
pitfalls found in the related literature are explained and
directions are provided for their avoidance.

2. Materials and methods
2.1. Samples and characterization

Two different natural minerals were used in this
study, zeolite (clinoptilolite, 0-5 mm) and vermiculite
(0-5 mm). Zeolite was supplied by S&B Industrial
Minerals SA and vermiculite by IGME (Institute of
Geology & Mineral Exploration-Greece). Clinoptilolite
and vermiculite were crushed and milled into powder
(<90 pm), for further analysis. The elemental composi-
tion of the materials was obtained through XRF analy-
sis with the use of an ARL Advant XP sequential XRF
(Table 1). The specific surface area and the pore
characteristics for both materials were measured volu-
metrically by physisorption of N, at normal boiling
point temperature (77 K) in a static mode using Nova-
2000 6.11 Quantachrome BET-porosimeter instrument
(Fig. 1). As is evident from pore size distribution
results, both materials exhibit a maximum at about 25
Angstroms. The BET surface area and porosity is
28.64 m?/ g and 16.3% for clinoptilolite and 20.82 m?/ g
and 6.1% for vermiculite, respectively.

Table 1
Chemical composition of mineral samples

Zeolite (W/w) % Vermiculite (w/w) %

Si0, 70.1 47
ALO; 12.0 16.6
Fe,0; 0.727 123
CaO 3.04 0.575
MgO 0.765 21.6
Na,O 0.304 -
TiO, 0.113 0.922
K,0 331 0.350
LOI 9.45 -

“LOL mass loss upon firing at 1,100°C.
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Fig. 1. Pore size distribution of clinoptilolite and vermi-
culite (BET analysis).

2.2. Batch experiments

Equilibrium studies were conducted as follows.
Measured quantities of clinoptiloite or vermiculite
(0.1-14 g) were added to vessels containing measured
volume of Mn?*, Zn%*, or Cr®* solution (100 mL) of nor-
mality 0.01 N. Every 10-20 d the solution was analyzed
for metal concentrations until no further uptake from
the minerals was observed. Total sampling volume was
2% of the total solution volume. The exchange tempera-
ture was kept constant during the batch reaction time at
25°C. All chemicals used were analytical grade reagents
and high- purity deionized water. pH was initially
adjusted to avoid precipitation during all ion-exchange
experiments at 4 using HNO;. MEL studies were con-
ducted by repeated batch equilibrations as follows: a
measured quantity of clinoptilolite or vermiculite
(0.2-0.8 g) was added in a vessel containing measured
volume of metal cation solution (100 mL) at an initial
concentration of 0.01 N and an initial pH of 4. Every 3 d
the solution was analyzed for metal concentration and
then replaced with fresh solution until no further
uptake from the zeolite was observed. The samples
were analyzed for heavy metal cations by atomic
absorption spectrometry (Perkin-Elmer model 2380
spectrophotometer). All experiments were performed
in triplicate and the average standard deviation
was 5%.

For the purposes of simplified fixed bed modeling,
Langmuir equilibrium equation is used. The empirical
constant (La) is related to the particular system under
investigation and is obtained from batch experiments
by use of the following equation [14]:

e _ K- C,
Ou 1+K-C M
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where g, is the solid-phase concentration in
equilibrium with liquid-phase concentration C., Qs is
the ultimate sorptive capacity and K is an equilibrium
constant. In an ion-exchange system, ultimate sorptive
capacity could be viewed as the upper limit of actual
zeolite capacity. According to the relevant terminology
and definitions, this upper limit is called real
exchange capacity (REC) [15]. REC refers to the
amount of the actual exchangeable cations of the zeo-
lite, measured by ion-exchange methods, and is a
characteristic constant of the ion exchanger indepen-
dent of the experimental conditions. The total charge
of the exchangeable (removable) cations is equal to the
active negative charge of the zeolite structure. It
should be mentioned that REC is rarely achieved in
ion-exchange systems involving natural materials due
to several reasons outlined in the related literature
[15].
The dimensionless form of Langmuir equation is

X
Y= —————— 2
Lat (1_La) X @
where La = ﬁ, Y = qi: and X = g—z

where gmax is the solid-phase concentration in equilib-
rium with the initial (maximum) concentration C,. For
an ion-exchange system, gmax corresponds to the MEL,
measured by use of repeated batch equilibrations in
batch experiments. The parameter La is also called
separation factor and La = 0 for irreversible, La <1 for
favorable, La =1 for linear, and La > 1 for unfavorable
isotherm type. Extensive analysis on zeolite capacity
and experimental methods for the estimation of MEL
are provided elsewhere [15].

MEL-normalized equilibrium curves should be
used with caution. As mentioned above, REC refers to
the amount of the actual total amount exchangeable
cations of the solid phase and is a characteristic con-
stant of the ion exchanger [15]. MEL, on the other hand,
depends on the temperature and normality. MEL and
REC could be equal for “ideal” ion-exchange systems,
i.e. systems where complete exchange is achieved,
which is not the case of zeolites [15]. While MEL-nor-
malized equilibrium curves are useful for equilibrium
modeling and derivation of thermodynamic properties,
selectivity series is better investigated either by
REC-normalized equilibrium curves or by use of
distribution coefficients [15-17]. The distribution
coefficient (4;, mL/g), for cation (i) is defined by [16]:

G
L=
Cii

3)
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where Cg; and C;; are the solid and liquid cation
concentrations in (mg/g) and (mg/mL), respectively.
In general, the selectivity series derived from MEL-
normalized equilibrium curves agree with those
derived from distribution coefficients but the latter
method is preferred [7,15,16].

2.3. Fixed bed experiments

Fixed bed experiments were conducted in order to
examine the Mn®*, Zn**, and Cr** uptake by clinop-
tilolite and vermiculite, using the same experimental
conditions. Mineral samples were used in the same
mean granular size of 0.250-1 mm (mesh size). Metal
solutions were passed through the packed column at a
relative volumetric flow rate of 10 BV/h (where BV is
the volume of liquid equal to the volume of the empty
bed), under a total normality of 0.01 N and initial pH
value equal to 4 and ambient temperature (25°C). The
ion-exchange process was conducted in 0.7 m long
plexiglass columns of 0.02 m internal diameter (Fig. 2)
(Vea = 216.6 mL, Hpeq = 0.69 m, M, = 215 g (clinoptilo-
lite), M, = 253 g (vermiculite). The solution was intro-
duced at a constant volumetric flow rate (Q) and
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Fig. 2. The experimental setup for adsorption runs: (1)
metal solution tank; (2) peristaltic pump; (3) valve; (4)
plastic sieve; (5) natural material bed; (6) plexiglass
column; (7) samples collector; and (8) outlet.
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concentration (C), using a peristaltic pump in up-flow
mode in order to assure complete wetting of the min-
eral particles. Liquid samples were withdrawn at the
exit of the bed at specific time intervals, acidified with
HNO; at pH 2 and analyzed for heavy metal cations.
By plotting the exit metal concentration vs. time, the
breakthrough curves were obtained. All experiments
were performed in triplicate and the average standard
deviation was 5%.

2.4. Fixed bed modeling

Details on the fixed bed modeling for adsorption/
ion-exchange are provided elsewhere [18,19]. In order
to use simplified models, the following assumptions
should be met:

(1) Plug flow. This assumption holds only if the
bed Peclet number is greater than 100. Gener-
ally, in up-flow operation the quality of the
flow 1is better, especially in low velocities.
Peclet number correlations for materials that
are frequently used in adsorption and ion-
exchange systems in wastewater treatment
applications, as for zeolites and similar parti-
cles of irregular shape, are provided elsewhere
[20,21].

(2) Constant pattern condition. With a favorable
isotherm and a mass-transfer resistance or axial
dispersion, the concentration front approaches
a constant pattern, which is an asymptotic
shape beyond which the wave will not spread.
Practically, the constant pattern assumption
holds if the equilibrium is favorable and under
high residence times, i.e. deep bed and low
superficial velocity.

Simplified models, under the above assumptions,
have been proposed and analyzed in the related litera-
ture and are in the form of either arithmetic or analyti-
cal solutions [19]. For solid diffusion control the
following dimensionless parameters are defined [14]:

~15-D-A -V,

_ (Ve
e () o

4)

where t is time, V, is the total bed volume, ¢ is the
bed voidage, Q is the volumetric flow rate, p} is the
bed density, r, is the particles average radius, D; is
the solid-phase diffusion coefficient, gmax is the
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operating capacity (OC), which should be evaluated
from bed data in fixed bed experiments, N is the
number of transfer units, T is the throughput
parameter, and A is the partition ratio. The operating
ion-exchange capacity in (mg/g) is calculated using
[18]:

T
Co-Vi—[C-dV
0 (5)

Gmax =

Py Vo

where Vg is the total effluent volume at time (7),
when the exit concentration is equal to the inlet con-
centration. The following equations are approximate
solution of fixed bed model under the constant pattern
and plug flow assumption for favorable Langmuir iso-
therm, linear driving forces, and solid diffusion con-
trol [14]:

1 [La-In(X) —In(1 —X)
lps 1-La

Ny (T-1) = ~1 ®)

where the kinetic parameter (¥s) is calculated using:

_ _ 0.8%
¥s = 1-0.106 - La®3"

3. Results and discussion
3.1. Batch experimental results

In Figs. 3-5, the equilibrium curves and distribu-
tion coefficients for each metal in the two minerals
derived in batch experiments are provided. As is evi-
dent, all isotherms are favorable, with the exception of
Cr’*-clinoptilolite (sigmoidal) and Mn?**-vermiculite
(linear). Sigmoidal Cr’* isotherms and favorable iso-
therms for Zn®* and Mn** on clinoptilolite have been
reported elsewhere as well [7,22-25]. The equilibrium
curves are used for the estimation of Langmuir
parameter (La). MEL and La are provided in Table 2.
In order to easily compare the two different
minerals, equilibrium curves and distribution coeffi-
cients for all metals for each mineral are provided in
Figs. 6 and 7.

Available literature capacity data exist for clinoptilo-
lite, for example, 4.22 mg/g for Mn**, 5.82-7.12 mg/ g for
Cr*", and 3.08-21.2 mg/g for Zn** and for vermiculite
23.40-24.08 mg/g for Zn*t [7,8,11,22,25,26]. Comparison
of experimental capacity data from different studies
should be used with caution as relevant definitions and
experimental techniques vary widely in the related litera-
ture [15]. In the present study, only reliable MEL data
measured, according to widely accepted experimental
methods, are presented.
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Vermiculite selectivity series derived from distribu-
tion coefficients is Cr’* > Zn** > Mn*" and is the same
for clinoptilolite for X <0.2. For more concentrated
solutions, the selectivity changes for Cr and remains
the same for the other two metals, i.e. Zn>* > Mn?".
The preference of clinoptilolite to Zn** than Mn?* is
reported in many studies and is well established and
is probably explained by the higher hydrated diameter
of Mn** [22-24]. Selectivity order deduced from MEL
is Zn®>">Mn%" > Cr** for both minerals, with the

exception of Mn®* = Cr’* in vermiculite. The differ-
ence of selectivity series derived by MEL and distribu-
tion coefficients is not surprising and has been noted
elsewhere as well [7]. MEL values should be used
with caution when comes to selectivity series deriva-
tion; in this case MEL and distribution coefficients
derive the same selectivity series for Zn** and Mn*"
but not for Cr’*.

Furthermore, as is evident by examining the dis-
tribution coefficients and MEL levels, vermiculite
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exhibits better results than clinoptilolite for all metals. =~ REC-normalized equilibrium curves or by use of dis-
tribution coefficients [15,16]. Although MEL-normal-

According to other studies, vermiculite performed bet-

ter than clinoptilolite for Mn?*, Fe**, and Cu®* in batch  ized equilibrium curves provide the same selectivity

systems [3,13]. The opposite was observed for Pb**  series, there are exceptions. Characteristic example is

removal, confirming the widely known high selectivity =~ Mn**, for which, while MEL-normalized equilibrium
curves demonstrate a higher selectivity in clinoptilo-

of clinoptilolite for Pb** [12]. As mentioned
above, selectivity series is better investigated either by lite, distribution coefficients (and MEL values) show
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Table 2
Batch experimental results
Zn2+ Mn2+ Cr3+
MEL (mg/g) La MEL (mg/g) La MEL (mg/g) La
Clinoptilolite 26.9 0.63 15.8 0.68 144 N/A
Vermiculite 43.6 0.33 34.2 0.99 35.0 0.12

higher selectivity for vermiculite. Obviously, distribu-
tion coefficient is a safer way to derive selectivity
series.

3.2. Fixed bed experimental results

The use of clinoptilolite and vermiculite as packing
material in fixed bed experiments was examined in
the same experimental conditions, and the results for
Mn**, Zn**, and Cr’" uptake are shown in Figs. 8 and
9. Fig. 8 is in logarithmic scale, in order, the differ-
ences between metals to be easily identified. It should
be noted that from practical point of view, the most
interesting part of the breakthrough curve is the first
part up to the breakpoint, typically up to 10% relative
exit concentration, which is the point where the opera-
tion is stopped at a desired low exit concentration of
the pollutant.

Analyzing the results for each mineral separately,
it can be seen that selectivity for low exit concentra-
tions (breakthrough point) confirm the selectivity

order derived from the distribution coefficients, which
is Cr’* > Zn®* > Mn?". The situation is somewhat more
complicated in Cr**-clinoptilolite case, where distribu-
tion coefficients show the same selectivity series for
low concentrations while for higher concentrations
Cr’* becomes the less preferred cation. However, this
change occurs at about X =0.2 and probably this is
the reason of agreement of batch and fixed bed selec-
tivity series at low concentrations. In all cases, the OC
is 25-75% lower than MEL, with the difference to
depend on the specific metal and mineral. Similar
results have been presented for Pb**, Cu**, Fe’*, and
Cr’* uptake by clinoptilolite, where the OC was only
a portion of the MEL, around 20-50%, depending on
the specific metal and flow rate [7]. Similar OC values
have been reported for Cr’* on clinoptilolite 1.7-
3.09 mg/g and for Zn*" and Mn”>* on vermiculite,
23.40 and 26.78 mg/g, respectively [7,27,28].

Operating capacity values confirm the selectivity
order derived from MEL experiments, which is
7Zn** > Mn?* > Cr®* for both minerals, with the
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exception of Mn** = Cr’* in vermiculite MEL values.
Similar results were obtained for clinoptilolite in other
experiments [7]. Fixed bed performance should be
analyzed by combining full equilibrium curve, maxi-
mum solid-phase concentration, and kinetics. For
example, while Cr’" exhibits the lower capacity in
both materials (MEL and OC), results in better perfor-
mance in terms of breakpoint due to its much higher
distribution coefficients and probably higher kinetic
rates. On the other hand, when the interest focuses on
the total loading of the fixed bed, capacity (MEL and
OC) plays the first role. Concluding, in all experi-
ments, both batch (distribution coefficients and MEL)
and fixed bed (breakthrough points and OC), vermi-
culite showed better performance than clinoptilolite

for all metals. According to other studies, vermiculite
performed better than clinoptilolite for Mn®* and Fe®*
removal from drinking water in fixed bed and closed-
loop fixed bed systems [8].

From Fig. 9, it can be clearly seen that the two
minerals give completely different breakthrough
curves. The zeolite bed reaches 100% much sooner
than that of vermiculite, thus, ion-exchange in a zeo-
lite bed requires smaller bed volumes. Also, for com-
pleting the 90% of the ion-exchange process in a
zeolite packed column, about 70-100 BV are required.
Comparing this result to a vermiculite packed column
is the latter requires approximately 300 bed volumes.
Converting bed volumes into hours of experiment
needed for the process, then for the zeolite are
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required 7-9 h, while for vermiculite ion-exchange
process 30 h. This shows that vermiculite exhibits
much better performance and removal continuous for
a longer period and by extension purification of larger
quantities of the aqueous solution of the metal is
achieved.

It should be emphasized that when we use the
same material in different fixed beds, the bed porosity
(e) and bulk density (pp,) are the same. By using the
same relative flow rate (Q..), the residence time (¢/
Qre)) is the same while the comparison is typically
made by plotting the exit concentration vs. the exit
relative volume (V,¢), i.e. the comparison is made for
the same load (V,a/pp) [9]. When two different pack-
ing materials are compared the bed porosity and bulk
density may be different and thus, the residence time
is different while the comparison of the materials’ per-
formance should be made for the same load, not rela-
tive effluent volume. In the present study, the
correction on load was made (see Fig. 9). However,
the correction on bed porosity, which influences resi-
dence time, was not made as vermiculite is expanding
in water and bed porosity as well as particle density
cannot be accurately measured.

3.3. Fixed bed modeling

The results of the simplified model application on
experimental data are presented in Figs. 10-12 and
Tables 3 and 4. The application of the model is
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clearly successful for Zn®>* in both minerals and
Cr’*-vermiculite system. For Cr’*, the model is not
applicable due to the sigmoidal shape of the isotherm
while for Mn, the model totally fails in low concentra-
tions and it seems to approach experimental data for
X >02-0.3.

The available fixed bed-derived diffusion coeffi-
cients are for clinoptilolite for Pb**, between 1.08 and
545 x 107 em?/s and for vermiculite for Ni**, Cu?*,
Zn%*, Cr*, of the order of 10~° cm?/s [5,6,10]. These
values are, in general, agreement with those presented
in Table 4, with the exception of Mn** on vermiculite.
Concerning diffusion coefficients measured in batch
systems, there are no published data available for
vermiculite while existing values of D, for several
cations as Na*, Zn**, Pb**, Cu®*, Fe®*, and Cr’* uptake
by clinoptilolite are at least one order of magnitude
lower, between 0.01 and 5.7 x 1077 cm?/s
[6,11,16,29,30]. These results are in line with the
related literature. Theoretically, for a specific ion-
exchange or adsorption system, the equilibrium iso-
therm, ion-exchange capacity, and solid diffusion
coefficient are independent of the experimental
method used for their determination and independent
of flow conditions. However, a number of experiments
have shown that fixed bed and batch system experi-
ments could result in different values, which on the
top might be flow-depended [6]. Experience has
shown that solid-phase capacity should be experimen-
tally measured in fixed bed experiments (OC) and if
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Fig. 10. Zn>* experimental and model curves for clinoptilolite (left) and vermiculite (right).
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Fig. 11. Mn2%* experimental and model curves for clinoptilolite (left) and vermiculite (right).
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Fig. 12. Cr’* experimental and model curves for vermiculite.

models are applicable, diffusion coefficients should be such isotherms are used in fixed bed models, the
also determined in fixed bed apparatus (Dy). However, equilibrium discrepancy (if exists) can be compensated
for equilibrium isotherms, it is more practical to be by a different estimate for the solid diffusion
studied in batch reactor systems. In the case that coefficient [6].
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Table 3
Fixed bed experimental results (OC, mg/g)
Zn2+ Mn2+ Cr3+

Clinoptilolite 7.9 49 3.6
Vermiculite 29.3 25.6 12.8
Table 4
Fixed bed modeling results (Ds, cm?/s)

Zn2+ Mn2+ Cr3+
Clinoptilolite 6.2x107° 41x107° N/A
Vermiculite 74x107° 39x1077 6.1x107°

Finally, is worthwhile to mention that most fixed
bed models used in the related literature are kinetic-
based and they make use of phenomenological
pseudo-first or second order chemical reaction-like
equations, which from physical meaning point of view
are problematic as ion exchange and adsorption are
not chemical reactions but diffusion-driven phenom-
ena. The present study demonstrates the use of a sim-
plified but meaningful diffusion-derived model which
provides a significant parameter, namely the solid-
phase diffusion coefficient.

4. Conclusions

Ion-exchange equilibrium is examined by use of
batch equilibrium isotherms and distribution coeffi-
cients and fixed bed dynamic experiments for all met-
als and both minerals. Concerning the comparison of
the two minerals, in all experiments, both batch (dis-
tribution coefficients and MEL) and fixed bed (break-
through points and OC), vermiculite showed better
performance than clinoptilolite for all metals. All iso-
therms are favorable, with the exception of Crit-
clinoptilolite (sigmoidal) and Mn?*-vermiculite (linear).
Vermiculite selectivity series derived from distribution
coefficients is Cr’>* > Zn** > Mn** and is the same for
clinoptilolite for X < 0.2. For more concentrated solu-
tions, the selectivity changes for Cr’* and remains the
same for the other two metals, i.e. Zn?" > Mn?". MEL
are 14.4-26.9 mg/g and 34.2-43.6 mg/g for clinoptilo-
lite and vermiculite, respectively. Analyzing the fixed
bed results, selectivity for low exit concentrations con-
firmed the selectivity order derived from the distribu-
tion coefficients. OC is found to be 3.6-7.9 mg/g and
12.8-29.3 mg/g for clinoptilolite and vermiculite,
respectively, deriving the same selectivity as MEL
values. In all cases, the OC is 25-75% lower than MEL,
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with the difference to depend on the specific metal and
mineral. The application of the simplified fixed bed
model is successful for Zn>* in both minerals and Cr**-
vermiculite system. For Cr**-clinoptilolite system, the
model is not applicable due to the sigmoidal shape of
the isotherm while for Mn?*, the model totally fails in
low concentrations and it seems to approach experi-
mental data for X >0.2-0.3. Solid-phase diffusion
coefficients were estimated to be in the order of magni-
tude of 10 cm?/s for clinoptilolite and 10~ cm?/s for
vermiculite.

List of symbols

Je — the solid-phase equilibrium concentration
(mg/g)

gmax — solid-phase maximum concentration (mg/g)

Ce — liquid-phase equilibrium concentration (mg/
mL)

Co — initial liquid-phase concentration (mg/mL)

X — dimensionless (or relative) liquid-phase
concentration

Y — dimensionless (or relative) solid-phase
concentration

Om  — the ultimate sorptive capacity (mg/g)

K — Langmuir equilibrium constant (dimensionless)

La — Langmuir empirical constant or separation
factor (dimensionless)

REC — real exchange capacity (mg/g)

MEL — maximum exchange level (mg/g)

OC  — operating capacity (mg/g)

Vo — total bed volume (mL)

Vr — total effluent volume at time (t) (mL)

€ — bed voidage (dimensionless)

Q — volumetric flow rate (mL/sec)

Pb — Dbed density (g/mL)

o — particles average radius (cm)

D, — solid-phase diffusion coefficient (em?/s)
A — partition ratio (dimensionless)

T — throughput parameter (dimensionless)
N, — number of transfer units (dimensionless)
¥Ys  — Kkinetic parameter (dimensionless)
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