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Abstract

The removal of hazardous metal ions from polluted water is a crucial process aimed at enhancing water quality. In this
study, we conducted a dynamic adsorption investigation utilizing natural green clay for the removal of hexavalent chro-
mium from aqueous solutions. The material underwent characterization through various techniques, including fluorescence
spectrometry (XRF), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR) and nitrogen-physisorption
(BET). Column tests of green clay material and sand mixtures were performed to evaluate sorption in dynamic systems.
Adsorption conditions were examined by varying the initial Cr®" concentration, flow rate and column height. The maxi-
mum purification was achieved at a concentration of 50 mg/L, a flow rate of 3mL/min and a bed height of 12 cm.

The mathematical models of Bohart-Adams, Thomas, and Yoon-Nelson were employed to analyze experimental data
and predict breakthrough curves in continuous adsorption. Through comparison of R? values, it was determined that the
Yoon-Nelson and Thomas diffusion models effectively capture and accurately describe the experimental data.

The results obtained indicate a potential expansion of fixed-bed adsorption for the heavy metals treatment in industrial-
scale wastewater. Additionally, the natural green clay material exhibited remarkable reusability and showed promising
characteristics for various environmental and industrial applications.
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1 Introduction toxic heavy metal, with a maximum permissible quantity of

0.05 mg/L in potable water, as per the Environmental Pro-

Among all pollutants, heavy metals are of paramount
concern due to their toxic nature and the potential risk of
accumulation in living organisms through food chains [1-
3]. For instance, hexavalent chromium Cr(VI) is a highly
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tection Agency (EPA) guidelines [4-7]. It primarily ema-
nates from industrial processes such as metal processing,
metal mining and smelting, electroplating, leather and dye-
ing, among others [8, 9]. Adverse health effects associated
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with Cr(VI) exposure include nasal and skin irritation, ear-
drum perforation, and lung carcinogenesis [10—12].

Currently, various water treatment methods, includ-
ing ion exchange, reverse osmosis, membrane separation,
coagulation and flocculation, chemical sedimentation, and
adsorption, have been employed for the removal of heavy
metals [13—17]. Therefore, there is a need for exploring new
alternatives and advancements in heavy metal treatment
[18-21]. While most studies on heavy metal sorption by
clay materials have been conducted in batch setups, fewer
studies address adsorption in dynamic systems.

Continuous adsorption using different materials is an
emerging alternative method due to its cost-effectiveness,
simplicity in design and operation, capability for removal
at low concentrations, low sludge production, and environ-
mental friendliness [22-25].

Despite its higher adsorption capacity, activated carbon
is considered a very expensive material, both in terms of
preparation and purchase. Therefore, there is an attempt to
identify low-cost materials that can be used as adsorbents,
sourced from green materials without chemical treatments
[26-28]. The term “green adsorbent” refers to materials
derived from agricultural waste, natural sources, etc., that
are low-cost, abundant, and environmentally benign, suit-
able for adsorption [29]. Studies have reported the use of
clay minerals [30, 31] biomass waste [32, 33], activated car-
bon [34-36] for the removal of contaminants from water.
Clay materials are considered highly promising and cost-
effective adsorbents [37, 38]. They have been extensively
studied for their effectiveness in adsorption processes and
have found applications in various industries in their natu-
ral state [39]. Some papers have demonstrated the practical

Fig. 1 Geological setting of col-
lected sample
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application of natural clay material as a conventional and
low-cost adsorbent [40—42]. The objective of this study is to
valorize a significant deposit of green clay material located
in the southern part of Tunisia and investigate its adsorption
capacity for hexavalent chromium in a fixed bed from an
aqueous solution. This clay material, primarily composed of
illite, is being utilized for the first time in a fixed bed column
as a clean technology for the polluted water treatment.

2 Geological Setting

The Gabes governorate holds significant potential in terms
of natural resources and geological features, playing a cru-
cial role in the country’s economic cycle [43—45]. This
study places a specific focus on the clay quarries within
Bouhedma formation, particularly those located at Jbel
Zemlet El Beida in the EI Hamma region (Fig. 1). The Bar-
remian series displays alternating layers of red and green
clays, ranging in thickness from metric to decametric scales
(Fig. 1). The clay fraction primarily consists of 60 to 80%
illite, kaolinite, and occasionally chlorite [46, 47]. While red
clay materials are widely utilized in brick manufacturing,
the economic importance of green clays from the same site
has been largely overlooked. This research seeks to bring
attention to the potential of these green clays and to explore
their effectiveness in treating polluted water.

Area of study: ]
Carrier of clay materials E1l Hamma region
Gabes, Tunisia
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3 Materials and Methods
3.1 Material

The green clay material (GCM) collected from the El
Hamma region (Gabes, Tunisia) was used in its natural form
without any chemical treatment and was sieved through a
metallic sieve between mesh sizes of 200 and 500 um. The
second material used in this study was sand, also collected
from southern Tunisia, specifically from the Wetherf region.
The purpose of using sand is to prevent clogging of the col-
umn. The final material used is wool, which serves as a sup-
port for the packed column.

3.2 Methods

The characterization of the collected sample involved the
utilization of various experimental methods. The chemical
analysis was determined by fluorescence spectrometry using
a Thermo Scientific device Niton FXL FM-XRF analyzer at
mineralogical laboratory of our department, (Faculty of Sci-
ences, Sfax, Tunisia). The identification of functional groups
within the green clay material was accomplished through the
utilization of an FTIR analyzer (Shimadzu IRAffinity-1 S,
Tokyo, Japan). To analyze the mineralogical composition
of the green clay material, XRD analysis was employed.
A Philips PW 1710 X-ray diffractometer (Japan) utilizing
CuKo, (A=1.54056 A) radiation was employed over a range
of 20 angles from 10 to 60, with a scan rate of 1°/min at
room temperature. The BET surface area of the sample was
determined by employing a nitrogen adsorption-desorption
analyzer, specifically the ASAP 2020 V3.04 H instrument
from Micromeritics, France. The loss on ignition (L.O.1.) of
the sample was determined through calcination at 1000 °C,
following the procedure outlined by Eloussaief et al. (2009)
[48]. Pore volume and porosity measurements were con-
ducted using pycnometry in the laboratory.

Fig. 2 Exeprimental setup (a) and
simplified schema of fixed bed
adsorption (b)

4 Experimental Procedure

A fixed-bed column was specifically designed for conduct-
ing continuous adsorption experiments in the laboratory.
The experimental setup and a simplified schematic utilized
in this study are illustrated in Fig. 2.

The column adsorption tests were carried out utilizing
a glass column with dimensions of 19 ¢m in height and
2.6 cm in diameter. The column was packed with a mix-
ture of green clay material and sand, maintaining a ratio of
2. A synthetic wastewater containing hexavalent chromium
was introduced into the column through a peristaltic pump,
ensuring a controlled flow rate. Hexavalent chromium solu-
tions were prepared using a laboratory stock of K,CrO,
(Sigma Aldrich, St. Louis, MO, USA, purity >99%). The
solution was prepared by dissolving 0.2 g of dried potas-
sium chromate in distilled water.

The purification percentage of chromium ions and
adsorption capacity, q (mg/g), were calculated using the fol-
lowing equations:

-C

0

% Puri fication = 100 (1)

g=Gy e

Where, C, and C are the initial and outlet concentration
of chromium ions in mg/L, respectively. V is the volume
of the solution and M is the mass of the adsorbent (g). A
calorimetric UV-visible spectrophotometer (UV-1650PC
model, Shimadzu, Japon) was employed to measure the
Cr® concentration in the outlet of each sample at 540 nm
[49].

(b)
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5 Mathematical Models

The breakthrough curves are defined by the shape of the
front and the breakthrough time, which marks when the pol-
lutant concentration ceases to be zero at the column’s exit.
According to [50-53], curve modeling involves predicting
breakthrough times, saturation times, and the shape of the
front. The physicochemical characteristics of the adsorbent
and the fluid to be adsorbed, along with parameters such as
initial concentration, bed height, and flow rate, determine
the form of the breakthrough curves and the piercing times.

As a general principle, material balance equations typi-
cally lack a straightforward analytical solution, necessitating
the application of digital resolution methods. The fixed-bed
adsorption model presents a certain level of complexity in
obtaining an analytical solution. These models play a cru-
cial role in designing and predicting the performance of
fixed-bed adsorption processes. Various models exist for
breakthrough curves, including classic models and those
tailored by researchers for highly specific applications. The
performance of the adsorption column was characterized
using parameters derived from the Bohart-Adams, Thomas,
and Yoon-Nelson models.

5.1 Bohart-Adams

Bohart and Adams pioneered breakthrough curve model-
ing in 1920 [54]. Their model assumes that the adsorption
rate is proportional to both the remaining adsorbent capac-
ity and the concentration of adsorbed species. Fluid-solid
interactions are described by the Langmuir equation, and
the adsorption rate is constrained by the surface area of the
material, i.e., external mass transfer. The reaction equation
is expressed as follows [51]:

g = exp (kBA.CO.t —

kpaNo.Z
Co

" 3)
with,

C: the concentration of the solute (kg.m >);

C,: the initial solution concentration (kg.m™>);

kg a: the adsorbent-adsorbent adsorption kinetic constant
(m kg Lmin"1);

N,: maximum volumetric absorption capacity (kg.m °);

u: the migration speed (m.min ');

Z: the height of the absorbent bed (m).

5.2 Thomas
The Thomas model is widely employed for predicting

breakthrough curve parameters. It enables the calculation of
the adsorbent’s adsorption capacity, which is instrumental
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in effectively designing an adsorption process [51, 53]. This
model can be described by the following expression:

c 1
Co 1+exp<%(qg~m—C(}~Q.t)) )

where,
kr,: Thomas’ constant in m>kg Lsh:
qo: maximum adsorption capacity (kg.kg™h).

5.3 Yoon-Nelson Model

This model is based on a decrease in the probability of
adsorption for adsorbed molecules with the adsorbent con-
gestion. This model does not require details about the type
of adsorbent or the characteristics of the adsorbed and the
physical properties of the fixed adsorbing bed [51, 53]. For
single component adsorption, the Yoon and Nelson model is
expressed as follows:

c 1
Co 1+exp(kyn (Lo — 1))

©)

with.

kyx: Yoon and Nelson constant (min™');

t50: time at which 50% of the liquid entering the column
is at column exit.

The calculation of theoretical breakthrough curves
requires the determination of Ky and t50 for the adsorbate
to be adsorbed. These values are determined experimentally.

6 Results and Discussions
6.1 Characterization
6.1.1 Physico-Chemical Analysis

Physico-chemical analyses of GCM are presented in Table 1.
The sample predominantly comprises silica (46.67%) and
alumina (25.7%). Additionally, other significant oxides
including CaO, MgO, K,O, and Na,O are detected. The
presence of the potassium ion, functioning as a load bal-
ancer, suggests its possible occurrence in the leaf inter-layer
of illite. The material exhibits a loss on ignition of 15.2%
and a porosity of 34% (Table 1).

6.1.2 DRX Analysis

The diffractogram presented in Fig. 3 illustrates the min-
eralogical analysis of GCM sample obtained from the
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Table 1 Chemical and physical characteristics of the green clay material (in mass %)

Textural properties

LOI
15.2

Chemical composition

Si0,
46.67

Na,O Vp Ps SgET
1.58 67

K,0
2.45

LOI: Loss On Ignition; Vp: Volume of pore (cm*/g); Ps: Pore size (nm); y; Porosity (%); Sggr: Specific surface of BET (m?/g)

MgO

CaO
241 2.16

Fe,04

ALO,

Oxides (%)

GCM

34

8.23

0.18

25.7

Bouhedma formation located in Jebel Aziza, South Tunisia.
The mineralogical analysis of the sample reveals distinctive
peaks indicative of clay minerals. Illite exhibits a peak at
9.975 A for d(001) basal spacing, a characteristic feature of
Cretaceous-aged Tunisian clay, as previously documented
by Sdiri et al. [55] and Ghrab et al. [56]. Additionally, a
characteristic peak of kaolinite is observed at 7.160 A, con-
sistent with prior research [57]. The presence of clays is
associated with other minerals, such as Quartz, identified
by reflections at 3.341 A. Furthermore, a minor fraction of
dolomite is inferred from the faint peak occurring at 2.282

A.
6.1.3 FTIR Analysis

The loading spectrum of GCM is illustrated in Fig. 4 and
encompasses the following FTIR spectral bands: two
stretching bands associated with structural hydroxyl groups
(3691 and 3619 cm!), a band corresponding to Si-O
stretching (987 cm™ '), deformation bands related to Al-Al-
OH vibration (987 cm™ '), and deformation bands associ-
ated with Al-O-Si in-plane vibration (797 cm™ ') [27]. The
bands observed at 3619 cm™!, 987 cm™ !, and 797 cm™ ! are
attributed to illite, similar results were found in the study
reported by Oumar et al. in 2022 [58]. The bands at 1638
and 1634 cm™ ! in the loading spectra are indicative of car-
bonates present as impurities in the sample [59]. The pres-
ence of carbonates in this sample is minimal; hence, the
intensity of the band in the IR spectra is very weak. The
FTIR findings are consistent with the results obtained from
the DRX analysis.

6.1.4 BET Analysis

The N2 adsorption/desorption isotherm for the adsorbent
sample is shown in Fig. 5. The relative pressure (P/P,) for
the studied material (Fig. 5) ranges from 0.35 to 0.98, cor-
responds to the base of the hysteresis loop, and signifies the
start of capillary condensation in the thinnest pores. As the
P/P, approaches 1, a sharp increase in the sorption curves
can be observed, indicating the presence of larger pores in
the material. In this work, the relative pressure range too,
from 0.35 to 0.98 a rapid absorption takes place, suggesting
the presence of empty voids in the crystalline structure of
the clay mineral [60]. Additionally, the sorption-desorption
hysteresis clearly shows that liquid nitrogen is condensed
in the mesopores of GCM. The limited absorption over a
range of high P/P, and capillary condensation occurring in
mesopores are the causes of the observed hysteresis [61,
62]. The IUPAC classification allows the hysteresis to be
categorized as type H2 [63]. Table 1 shows the properties of
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Fig. 3 XRD diffractogram of 200 -
green clay material
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Fig.4 FTIR spectra of green clay
material
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GCM. It shows that the total pore volume and the Sy are
0.18 cm®/g and 67 m?/g, respectively.

6.2 Impact of Variation of Different Parameters on
Fixed Bed Adsorption

The column adsorption experiments were conducted to
investigate the effects of three parameters. Firstly, the initial
concentration was varied at levels of 50, 75, and 100 mg/L.
Secondly; the flow rate was adjusted to 3, 5, and 8 mL/min.

@ Springer

Wavenumbers (cm'1)

Finally, the bed height was varied at different levels of 6, 9,
and 12 cm. All experiments were carried out at 25 °C, and
the initial pH of the solution was maintained at 5.

6.2.1 Effect of Initial Concentration

The impact of initial concentration (C,) on the adsorp-
tion process was investigated by varying the desired con-
centration within the range of 50 to 100 mg/L. The flow
rate (Q) and bed height (Z) were maintained at constant
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Fig.5 N2 adsorption and desorpt-
tion isotherms of green clay
material
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values of 3 mL/min and 12 cm, respectively. The results
depicting breakthrough curves versus time are presented in
Fig. 6. At a low concentration, the number of Cr (VI) ions
exceeded the available sites on the GCM adsorbent, leading
to both a delayed adsorption front and breakthrough time.

. L 2
T T T

200 400 600 800

t (min)

With a higher concentration of Cr®" ions in the solution
(100 mg/L), the exhaustion time of the fixed bed column
was achieved more rapidly compared to 50 mg/L (Fig. 6).
This phenomenon can be attributed to the increased avail-
ability of metal ions at higher concentrations [64, 65]. These
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ions readily occupy the active sites of the adsorbent within
the packed bed, leading to a quicker exhaustion time [66,
67]. In contrast, at lower concentrations of Cr®" ions, the
process takes longer due to the limited availability of metal
ions to occupy the active sites, resulting in a comparatively
prolonged exhaustion time. Gizaw et al. [68] and Banchhor
et al. [69] identified similar trends. In our study, a concentra-
tion of 50 mg/L proved to be the optimal level for recover-
ing the maximum of the treated solution.

6.2.2 Effect of Flow Rate

The flow rate is a crucial factor in predicting the efficacy
of the studied adsorbent. To investigate breakthrough curve
behavior, the flow rate (Q) was varied between 3 and 8
mL/min, maintaining a constant concentration of 50 mg/L
and a bed height of 12 cm. Figure 7 display breakthrough
curves at different flow rates, revealing that breakthrough
occurred more rapidly at higher flow rates. This accelera-
tion may be attributed to the increased availability of reac-
tion sites capable of capturing Cr®" ions within or around
the GCM adsorbent, compromising removal efficiency. At
lower flow rates (3 mL/min), the GCM sample effectively
removed Cr®" ions, achieving a purification efficiency of
99% at approximately 180 min, consistent with Subair et
al.‘s findings in 2024 [25]. Conversely, at higher flow rates
(8 mL/min), the pump injected more chromium solution
into the bed, and active sites lacked sufficient time to trap
ions. The heightened pump velocity could create channels
in the packed bed [70, 71], facilitating the unhindered pas-
sage of Cr%" ions and contributing to the lower breakthrough

time at high flow rates. Consequently, the efficiency of the
GCM bed in removing hexavalent chromium decreased
with increasing flow rate.

6.2.3 Effect of Bed Height

To investigate the impact of bed height on the removal pro-
cess, the GCM sample was packed at 6, 9, and 12 cm lev-
els, maintaining a constant initial concentration (50 mg/L)
and flow rate (3 mL/min). Figure 8 illustrates the relation-
ship between C/C,, and time at different fixed bed heights,
highlighting that an increase in bed height corresponds to
a higher percentage of purification and a delayed break-
through time. According to Fig. 8, the optimal purification
of hexavalent chromium was achieved at the 12 cm level
of the column. This can be explained by the fact that the
metal solution spends more residence time in the column at
greater heights, allowing it more time to incorporate into the
material’s sites and facilitating removal from unsaturated
sites. The obtained results emphatically confirm that the
saturation time of the column is systematically dependent
on the bed height [72, 73].

6.3 Interpretation of Breakthrough Curve Modeling

The experimental data were simulated using the Bohart-
Adams model to determine the values of two parameters:
maximum adsorption capacity (N,) and mass transfer coef-
ficient (kg,), considering various inlet concentrations, bed
heights, and hexavalent chromium flow rates. As depicted
in Table 2, it was observed that the values of kj, decreased

Fig.7 Effect variation of flow 1
rate of chromium solution A A S Iﬁ 6 9 Q Q Q
(50 ml/L, 12 cm and 25 °C) 0.9 - S .
. i A ¢ 3mL/min
’ 0 5mL/min
0.7 - A 8mL/min
m]
§ 0.6 A A .
© 05-
O
0.4 - 4
*
0.3 A A
0.2 A A O 3
0.1 - A DD . .
0 4BA_HE0Yse ¢ ¢ . .
0 200 400 t (min) 600 800
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Fig. 8 Effect variation of bed
height of clay and sand packed
(50 ml/L, 3 ml/min and 25 °C)
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Table 2 Constants of the Bohart-Adams, thomas, and Yoon-Nelson models were analyzed for the adsorption of hexavalent chromium by green

clay material in a fixed-bed column

Bohart-Adams Yoon-Nelson Thomas

Co Q 4 kap Ny R? kyn ts R? kT do R?
(mgL ") (mL.min") (cm) (L.mg 'min"!") (mgLh (min"!)  (min) (mL.mg 'min"") (mggh)

50 3 12 1.72107* 1293 0.672 0.019 356 0.998 0.375 3.178 0.998
75 3 12 1451074 1356 0.750 0.018 298 0.995 0.345 2.389 0.997
100 3 12 3.141074 779 0.626 0.027 165 0.998 0.475 1.413 0.999
50 5 12 3.14107* 1146 0.646  0.025 231 0.999  0.699 2.101 0.999
50 8 12 6.68 107* 1157 0.556 0.036 141 0.993 1.87 1.082 0.992
50 3 6 520107* 925 0.855 0.032 151 0.996 0.599 2.424 0.996
50 3 9 3.58107* 947 0.665 0.021 279 0.997 0.364 2.728 0.996

with increasing concentration and bed depth, indicating
dominance of external mass transfer in the system’s overall
kinetics, while kg, increased with higher hexavalent chro-
mium flow rates. However, the values of N, did not exhibit
a significant variation proportionate to the increase in inlet
concentration of hexavalent chromium, flow rate, or bed
depth. Additionally, the low regression values (R?) ranging
from 0.556 to 0.855 suggest that the Bohart-Adams model
inadequately describes the mass transfer of hexavalent chro-
mium in the GCM.

The adsorption capacity (q,) and constant (kp;,) of the
Thomas model were computed using the non-linear regres-
sion method. As shown in Table 2, the value of q, decreased
from 2.728 to 1.413 mg.g ! as the inlet concentration of
hexavalent chromium increased from 50 to 100 mg.L ™.
Additionally, the value of ky, increased from 0.375 to 0.475
mL.mg ".min"!. When the inlet flow rate increased from 3
to 8 mL.min "' (Table 2), ky, values rose from 0.375 to 1.87

mL.mg ".min"!, while q, decreased from 2.728 to 1.082
mg.g !. This trend aligns with findings by Da Costa et al.
[53] regarding the adsorption of Cr(IIl) on alginate extrac-
tion residue (RES). However, with an increase in bed height
from 6 to 12 cm, kyy, values decreased from 0.599 to 0.375
mL.mg ".min"!. Correspondingly, q, values (Table 2) fol-
lowed the same trend, ranging from 3.178 to 2.728 mg.g !,
contrasting with findings for the adsorption of Cr(VI) onto
SAAEF by Wang et al. [51]. The high compatibility of
experimental data with the Thomas model (R? up to 0.999)
suggests that internal and external diffusion are not limiting
factors.

Table 2 presents the estimated values of kyy (constant)
and t50 (time required for a 50% breakthrough of hexavalent
chromium) for the Yoon-Nelson model at various concen-
trations, bed heights, and hexavalent chromium flow rates.
It has been observed that the values of kyy increase with
increasing concentration and flow rate, but decrease with
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the bed height of the hexavalent adsorbate. The values of t50
increased from 151 to 356 min as the bed depth increased
from 6 to 12 c¢cm, but decreased from 356 to 165 min and
from 356 to 141 min with the increase in concentration and
flow rate, respectively. The decrease in t50 with increasing
flow rate indicates that as the flow rate increases, the deple-
tion rate of the GCM bed accelerates, which is undesirable
for the adsorption process. These findings are consistent
with those obtained by Da Costa et al. [53] for Cr(III) on
RSE and Fakhfakh et al. [52] for o-xylene adsorption onto
raw clay material. Moreover, the experimental data were
well-described by the Yoon-Nelson model, with correlation
coefficients ranging from 0.995 to 0.998.

Yoon-Nelson and Thomas models exhibit excellent fits
with R? values ranging from 0.990 to 0.999. Consequently,
for the clay material under study, including various con-
centrations of hexavalent chromium, bed heights, and flow
rates, the complete penetration curve can be accurately
defined by the Yoon-Nelson and Thomas models (Fig. 9).

6.4 Potential Application

Figure 10 clearly illustrates the evolution of the degree of
purification under optimal conditions, providing insights
into the progression of clay capacity as a chromium adsorp-
tion agent. It highlights crucial factors, including break-
through time, clay saturation, and the influence of parameter
variations on the adsorption process.

At the onset of the experiment, the breakthrough time is
prolonged and significant, signifying that the clay requires
time to initiate the retention of chromium ions present in

the solution. This extension may be attributed to the time
needed for the clay’s active sites to become available for
adsorption.

The increase in chromium’s initial concentration, flow
rate, and the decrease in column height collectively contrib-
ute to a reduction in breakthrough time. This suggests that
these parameters facilitate a more rapid adsorption of chro-
mium onto the GCM.

In the initial hours, particularly within the first three
hours, the purification percentage reaches 100% (Fig. 10a).
This accomplishment indicates that the clay efficiently
adsorbs chromium ions from the solution, delivering a high
level of purification in a relatively short timeframe.

After twelve hours, the purification percentage drops to
zero, implying that the chromium concentration at the col-
umn outlet equals that at the inlet (C=C,)) (Fig. 10b). This
indicates that the clay is saturated with chromium ions, and
the active sites can no longer adsorb free chromium. At
this stage, the efficiency of the clay as a chromium adsorp-
tion agent significantly decreases, rendering it incapable of
effectively purifying the solution.

The obtained results encourage the utilization of treated
water in various industrial activities, especially in car clean-
ing, bricks production and bioelectricity production through
green plants, hydrogen production, even also secondary
domestic use, etc.

Fig. 9 Modeling breakthrough 1
curve of hexavalent chromium

adsorption in fixed bed (under the 0.9 -
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Fig. 10 Efficiency of GCM in
Cr(VI) purification and its poten- | | |
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Table 3 Comparative studies on Cr(VI) adsorption capacities of dif-
ferent adsorbents

Different adsorbents Adsorption Refer-
capacity ence
(mg.g "

Activated zeolite 3.59 [74]

Cashew nutshell 3.12 [75]

Neutralized activated red mud 3.81 [23]

Silver nanoparticle-maize leaf 3.14 [76]

composite

Acid modified bentonite clay 2.46 [77]

Green clay material 3.17 Present

study

6.5 Comparison Cr(VI) Adsorption Capacity
Behavior with Other Studies

Several studies have experimented with various natural and
modified adsorbents for continuous fixed-bed chromium
ion adsorption. We compared the findings of this present
work with similar studies conducted under the same condi-
tions in a dynamic system. This comparison showed that the
green clay material performed better and exhibited a similar
adsorption capacity to other adsorbents, as shown in Table 3.
It can be concluded that the low cost and effectiveness of the

studied material make it suitable for widespread use in envi-
ronmental or industrial applications.

7 Regeneration of GCM

The GCM was regenerated to make the process more prac-
tical and cost-effective, significantly improving the overall
economy of the procedure. The stability of the GCM was
evaluated in four consecutive tests using traditional regener-
ation with an N, flow. Between experiments, the GCM was
filtered, thoroughly rinsed with distilled water, and dried for
12 h at 60 °C. The clay was placed inside a 75 cm long,
10 cm L.D. cylinder, which was externally heated using a
tube furnace. Before activating the electric heater, the cyl-
inder was sealed at both ends and purged with N, gas for
10 min to ensure the complete removal of air. Regeneration
tests lasting over two hours were conducted to assess tem-
peratures up to 200 °C.

As the number of recycling increased, the removal effi-
ciency of the GCM slightly decreased, as shown in Fig. 11.
By the fourth cycle, 80% of the material had been removed.
These results indicate that green clay material can be reused
over multiple cycles.
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Fig. 11 Reusability of GCM for
multiple cycles
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8 Conclusions

A clean technology for hexavalent chromium purification
utilizing natural illitic clay in laboratory packed column
conditions was developed and assessed. The efficiency of
this environmentally friendly material in purifying contami-
nated solutions was systematically evaluated. The adsorbent
demonstrated effective performance in continuously oper-
ating packed columns at both laboratory and pilot scales,
adapting well to varying operating conditions, including
concentration, effluent flow, and bed height.

In the laboratory, the adsorbent displayed an average
adsorption capacity of 3.178 mg/g. A purification percent-
age of 100% was attained in an aqueous solution with an
initial concentration of 50 mg/L, operating at a flow rate of
3 mL/min and a packed bed height of 12 cm. The impact
of initial concentration, flow rate and packed bed height
became apparent in the column breakthrough and saturation
time, directly influencing the purification percentage. Spe-
cifically, an increase in bed height extended both the break-
through and saturation times.

This study utilized three models: Bohart-Adams, Thomas
and Yoon-Nelson to describe the breakthrough curves.
Through a comparison between experimental and calcu-
lated data, the Yoon-Nelson and Thomas models proved to
be suitable for scaling up the chromium adsorption process
in a packed bed column. The findings from our study sug-
gest that the proposed natural and cost-effective adsorbent
material holds potential for the industrial-scale purification
of heavy metal-rich wastewater.

@ Springer
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