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confirms the novelty of this approach in water treatment. The experiments were done
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in batch conditions with continuous stirring and using a recirculated flow, respectively.

Keywords: In addition to a characterization of the clays by XRF, XRD, TGA, laser granulometry,
Cadmium N, physisorption, FTIR spectroscopy, SEM-EDS and evaluation of the cation exchange
Lead capacity, special attention was paid to the influence on the co-adsorption of variables
Clay such as adsorbent dosage, contact time and initial concentration of Cd?* and Pb%*.
Co-adsorption . Pseudo-second order kinetics and good fitting to Redlich-Peterson model for both heavy
Honeycomb monoliths metals were found. Our results also suggest that Pb?>* and Cd?* uptake is controlled by

chemisorption with predominance of Langmuir characteristics. No significant depletion
of the metals retention attributable to competition was observed, particularly for the
stevensite (maximum retention capacity of 1.2 mg Pb**/g and 4.6 mg Cd**/g) that
showed higher specific surface area. For both clays, cadmium ions adsorption was
relatively favoured in the bimetallic solution, and the honeycombs kept the powders
performance. Honeycomb monoliths as a compact adsorbent offer a promising way of
water treatment thanks to their stability and easy incorporation into dynamic processes
avoiding the issues of pressure drop under wastewater circulation.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Direct or indirect release into the environment of wastewaters containing heavy metals has continued growing in the
last decades due to the development of industrial activities such as those related to metal plating, mining, tanneries,
fertilizers synthesis, batteries, paper manufacture, pesticides, etc. (Chen et al., 2023; Parveen et al., 2022; Zhang et al.,
2022). Contrary to organic pollutants, heavy metals are not biodegradable, so they tend to accumulate in living organisms,
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being toxic or carcinogenic (Aziz et al., 2022; Singh et al., 2022). Among the heavy metals, cadmium and lead are placed
on the top of the Substance Priority List of Agency Toxic Substances and Disease Registry (ATSDR). In fact, Cd have been
categorized as “Group 1” (carcinogenic to humans) while Pb compounds are grouped as “Group 2A” (probably carcinogen
to humans) by the International Agency for Research on Cancer and, in addition, they cause multiple disorders in animals
and plants (Kumar et al., 2022). The maximum concentration levels permitted in drinking water (Joseph et al., 2019) for
cadmium are 0.005 mg L~! according to the United States Environmental Protection Agency (USEPA) and 0.003 mg L'
for the World Health Organization (WHO). In the case of lead these limits are 0.0 mg L~! for the USEPA and 0.01 mg L~!
for the WHO. Cadmium is also the most toxic heavy metal found in the industrial effluent. It plays a major role in the
industries like plating, cadmium-nickel battery, phosphate fertilizers, stabilizers and alloys. On the other hand, the main
cause of the association of Pb in the industrial effluent is mainly due to lead-acid battery wastewater and often appears in
wastewater from electroplating, electrical and steel industries, explosive manufacture, etc. (Femina Carolin et al., 2017).
These highly toxic metals are generated from industrial processes in massive quantity and disposed of into the water
canals and tributaries of the river devoid of proper treatment (Kumar et al., 2022).

Ionic exchange and adsorption are among the most used methods to retain heavy metals because they are cheap and
highly efficient (Di et al., 2022; Fu and Wang, 2011), although they also exhibit shortcomings, reason by which many
other alternatives like filtration membranes for example (Sharma et al,, 2022) are being explored. In the case of ionic
exchange, synthetic resins are the preferred materials (Alyiiz and Veli, 2009; Liu et al., 2011), their retention capacity
depending on variables such as pH, temperature, initial metal concentration and contact time (Gode and Pehlivan, 2006).
Though the option of natural zeolites has been also tested (Motsi et al., 2009; Ostroski et al., 2009; Taffarel and Rubio,
2009), their use is still very limited to lab scale. In the case of adsorption, although there are emerging materials such as
ordered mesoporous carbons (Gang et al., 2021) and biochars (Amalina et al., 2022) within the wide family of carbonaceous
adsorbents, conventional active carbons (Jusoh et al., 2007; Kang et al., 2008) are still the most employed materials by
far, but they are relatively expensive and difficult to regenerate. Thus the research of new low cost and easily available
adsorbents has become a priority (Bailey et al., 1999; Barakat, 2011; Lee and Choi, 2018; Sanchooli et al., 2016; Siddiqui,
2018).

In the above context, literature dealing with the use of clays, either in their raw state or after modification, to remove
heavy metals has greatly developed as well illustrated not only by single research papers (Abdellaoui et al., 2019; Abu-
Danso et al., 2020; Ayari et al., 2005; Baker, 2009; Khalfa et al., 2021; Mnasri-Ghnimi and Frini-Srasra, 2019) but also
reviews (Arif et al., 2021; Novikau and Lujaniene, 2022; Otunola and Ololade, 2020; Uddin, 2017; Zhang et al., 2021).
However, it is surprising that related works employing structured adsorbents are still scarce, especially those reporting
on honeycomb monoliths (Garcia-Carvajal et al.,, 2019), in spite of the fact that clays are in general easily extrudable
(Gatica and Vidal, 2011), and considering the intrinsic advantages of this design for environmental processes (Cybulski
and Moulijn, 1994). As well known, honeycomb monoliths are continuous unitary structures that contain a large number
of straight, identical, parallel channels, equally accessible to the contact with the flow. This configuration confers a high
geometric area per unit of volume, easy scaling up, low-pressure drop, and high resistance to clogging in effluents. In the
case of natural clays, one of the most interesting properties of these structured filters is their easier handling when they are
in contact with water, as they allow their extraction from the aqueous media after the adsorption process (Garcia-Carvajal
et al.,, 2019).

In recent papers we demonstrated that some honeycomb monoliths prepared integrally from different natural clays
were very efficient to eliminate methylene blue (Ahrouch et al., 2019a; Gatica et al., 2013) and lead from aqueous solutions
(Ahrouch et al., 2019b). Subsequently, we demonstrated that some of the above mentioned natural clays extruded as
honeycomb monoliths were similarly capable to retain cadmium from water (Ahrouch et al., 2020).

The objective of this work is to take a step forward in this research by evaluating the behaviour of the clay monoliths
that are the focus of our study when both metals, Pb and Cd, are present. On one hand, this scenario would approach
in a better way the environmental conditions. On the other hand, it would be interesting to elucidate whether their
coexistence in the aqueous media has a negative effect on the adsorbent response due to the metals competition or there
is some selectivity in the adsorption. Although many authors already investigated the simultaneous adsorption of different
metallic ions by clay-based materials (Padilla-Ortega et al., 2013; Vhahangwele and Mugera, 2015), and specifically that
of Pb?* and Cd** (Adebowale et al., 2006; Djuki¢ et al., 2013; He et al., 2018; Jiang et al., 2010; Sellaoui et al., 2018; Zhu
et al., 2021), to our knowledge this co-adsorption was not studied yet with honeycomb-shaped adsorbents. Therefore,
special attention will be paid here to the comparison between powdered and structured adsorbent materials.

2. Materials and methods
2.1. Raw materials and honeycomb monoliths preparation

Two natural clays sampled in deposits located at the north of Morocco were used: an illite-smectite (called I-S) and a
stevensite (called ST). These clays were selected because they had shown very promising performance in the adsorption
of Pb?* and Cd?™, respectively, in previous studies (Ahrouch et al., 2019b, 2020). It is worth noting that clay materials are
considered low-cost adsorbents in the field of water treatment (Joseph et al., 2019). To illustrate this idea, the price of a
bentonite may range from 0.05 to 0.2 U$/kg while the average price of a commercial activated carbon is 0.8-1.1 U$/kg
(De Gisi et al., 2016).
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Fig. 1. Scheme of the general procedure followed to prepare clay honeycomb monoliths. In this work no additives were necessary for the extrusion so
preventing the additive elimination step. Pictures of the liquid limit Casagrande device, pneumatic extrusion machine, extrusion dies and experimental
set up for the activation step employed in this study are also included.

The fabrication of the honeycomb monoliths from the clay powders was possible without additives, except water, and
was carried out through extrusion following Casagrande’s methodology to predict the extrudibility of the corresponding
pastes (Gatica et al., 2004). After drying the monoliths overnight at 60 °C, they were subjected to a calcination treatment
at 400 °C (4 h) and 450 °C (5 h) for the ST and I-S samples, respectively, in order to make the materials waterproof
according to the methodology previously reported (Cifredo et al.,, 2010). Previous results have proved the durability of
the clay honeycombs in aqueous medium in experiments up to 16 h long (Ahrouch et al.,, 2019b). Fig. 1 shows a schematic
of the clay honeycomb monoliths preparation followed according to the above description. In this particular work, the
resulting monoliths, 4-5 cm long, had circular section with 1.4 cm diameter, approximately 50 cells/cm?, 0.33 mm of wall
thickness and 72% of open frontal area (Fig. 2a).

2.2. Adsorbents characterization

The chemical analysis of the clays by X-ray fluorescence (XRF) was performed in a Bruker S4 Pioneer spectrometer,
while their Cation Exchange Capacity (CEC) was measured through the hexamine cobalt (III) trichloride method (Cieseielski
et al.,, 1997). In the particular case of the clay monoliths, a complementary study by XRF in multipoint mode was carried
out to analyse the elemental composition in 1.5 mm x 0.5 mm rectangular zones of the monolith walls in order to
check the homogeneity of the main clay elements distribution. This special XRF analysis was also applied to selected clay
monoliths submitted to adsorption studies.

The textural characterization of monoliths pieces was carried out by means of N, physisorption at —196 °C using an
Autosorb IQ (QuantaChrome), first degassing the clay samples at 150 °C for 2 h. The obtained isotherms were used to
estimate BET surface area (Sger) and total pore volume data.

Fourier Transform Infrared (FTIR) spectra were recorded in a Thermo Vertex 70 spectrophotometer, using KBr pellets
which contained 1 mg of clay diluted per 200 mg of mixture. The measurements were performed in absorbance mode
operating in the 4000-400 cm™"' range with 4 cm™"' resolution.

3
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Fig. 2. Integral honeycomb monoliths prepared from the studied clays along with their respective starting powders (a) and experimental setup for
the tests of retention of Pb?>* and Cd?>* using the clays in the form of powder (b) and clay honeycomb monoliths (c).

The thermogravimetric analysis (TGA) was carried out in a Shimadzu T-50 thermobalance, using 50 mg of sample and
a heating rate of 10 °C/min.

Scanning Electron Microscopy (SEM) images were acquired in a FEG Nova NanoSEM 450 microscope operating at 30
kv.

X-ray diffraction (XRD) analyses were performed at room temperature on a Bruker D8 Advance A25 powder diffrac-
tometer operating with Cu K, radiation and LINXEYE detector. The 26 angle ranged from 1.5° to 75°, with scanning steps
of 0.017° and a counting time per step of 8 s.

Finally, the granulometric study was carried out using a Malvern Mastersizer 2000 granulometer, operating with laser
diffraction and by previously applying ultrasound to the samples in deionized water for 5 min. The results were obtained
in each case from the average of three measurements to ensure reproducibility.

4
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2.3. Adsorption tests

The co-adsorption tests over the powdered clay samples were performed at room temperature in batch mode
(continuous stirring at 150 rpm) using aqueous solutions (40 mL) of Pb>* and Cd?* nitrates, with initial concentrations
ranging from 2 to 150 ppm (Fig. 2b). In all cases the pH was fitted to 4.5 with the help of an acetic/acetate buffer after
seeing in previous studies that this value was the optimal for the adsorption of both lead (Ahrouch et al., 2019b) and
cadmium (Ahrouch et al., 2020), and representative of environmental conditions. First, we studied the influence of the
clay amount which was changed between 0.025 g and 12.000 g, adjusting the lead and cadmium concentrations to 30 ppm
and 2 ppm, respectively, and after 12 h of contact. These concentration values were the same as those previously used
in single metals adsorption studies (Ahrouch et al., 2019b, 2020). Thus, the adsorbed amount (q.) of both metal ions at
a certain time and at co-adsorption equilibrium, as well as the removal percentage were determined using the following
equations:

— X
_ G —-C)xV (1)

e

m
% Removal = "~ 100 )
Co
where Cj is the initial concentration of metal ions (mg L™'); C; and C, are the concentration of metals (mg L™!) at a certain
time and at equilibrium, respectively; V is the volume of solution (L), and m is the adsorbent mass (g).

Once fixed the minimum amount of clay needed to remove simultaneously and significantly the same percentage of
the initial Pb** and Cd**, we studied the kinetics of the process by monitoring the evolution of the amount adsorbed as
function of the contact time (up to 240 min). The experimental data were fitted to three mathematical models (pseudo-
first order: PFO, pseudo-second order: PSO, and Elovich) that are usually employed to analyse the adsorption kinetics of
heavy metal ions onto clay-based adsorbents (Ajala et al., 2022). The nonlinear shape of these three models mentioned
above can be expressed as shown in Egs. (3), (4), and (5), respectively.

e = qe.(1—exp™1) (3)
kz.qg.t
= 4
&= T gt (4)
1
a=5 In(1+ a.B.t) (5)

where q; and g, are the amount adsorbed (mg g~') of metal ion at a certain time and at co-adsorption equilibrium,
respectively; k; (min~!) is the rate constant of PFO model, k, (g mg~! min~!) is the rate constant of PSO model; o (mg
g~ min™") is the initial adsorption rate constant; 8 (g mg~') is Elovich constant, which is related to the extent of surface
coverage and the activation energy associated with chemisorption data. Besides that, the kinetic study and their suitability
in the experimental data format provide information about the adsorption mechanism.

Finally, fixed the saturation time, clay amount and pH, we studied the influence of the initial concentration of
both heavy metals. The experimental data obtained were fitted to three of the most used isotherm models (Langmuir,
Freundlich and Redlich-Peterson) (Baker, 2009; Chabani et al., 2009). As a novelty respect to our previous studies (Ahrouch
et al.,, 2019b, 2020), nonlinear regression was followed for this fitting because it is a more adequate method that can be
used to estimate models’ parameters, and it can be applied even if the isotherm model cannot be linearized (Nagy et al.,
2017). So, the nonlinear forms of the mentioned models of adsorption isotherms are described by Egs. (6), (7), and (8),
respectively:

01,.K;.C.

_ 6
=7 +K..C, (6)
e = K.CTF, 7

Kgp.C,
Ge = Leg (8)
1+ agp.C¢

where ¢, (mg g~ !) is the adsorption capacity at equilibrium; C, (mg L) is the equilibrium concentration of metals; Q;
(mg g~') is the maximum monolayer coverage capacity; K; (L mg~!) is the Langmuir model constant; Kz ((mg g~ !).(L
mg~1)"ng) is the Freundlich model constant; ny is the Freundlich intensity parameter; Kgp(L g7 ') and agp(mg~!) are the
Redlich-Peterson model constants; g is the Redlich-Peterson exponent.

Indeed, the fitness of adsorption isotherms can contribute substantially to elucidating adsorption mechanisms. In this
sense, the Langmuir model assumes that the surface is energetically uniform and the adsorption is limited to monolayer.
This model is generally suitable for describing the chemisorption mechanism. Whereas, Freundlich model is based on the
heterogeneity of adsorbent surface. Adsorption primarily concerns the most energetic sites. This model is suitable for both
monolayer and multilayer adsorptions. Finally, the Redlich-Peterson equation is widely used as a compromise between
Langmuir and Freundlich systems.
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Fig. 3. Compositional analysis of the clay honeycombs as obtained by means of XRF.
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Fig. 4. Elemental composition obtained by XRF multipoint mode analysis over 1.5 mm x 0.5 mm rectangular zones of the clay honeycomb monoliths.
The mean average composition for this study resulted to be 24.4 wt% and 7.9 wt% for Al,0; and Fe,0s3, respectively, in the case of I-S, and 25.1
wt% and 16.0 wt% for MgO and CaO, respectively, in the case of ST.

We applied a convenient Excel-based user interface to provide a useful tool for solving the nonlinear method to fit
kinetic and equilibrium data, along with Origin Pro-2018 software for calculating the model and statistical parameters.
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Fig. 5. Results for the I-S and ST clays obtained by means of XRD (left), FTIR spectroscopy (centre) and TGA (right) techniques.

To study the retention of lead and cadmium by the honeycomb monoliths we employed approx. 5 g weighted samples
and a 1200 mL/min recirculating flow of the solution (1 L) containing Pb%** and Cd** (2-150 ppm) with the help of a
centrifugal pump (Fig. 2c).

In all cases, after the experiments, the solutions were centrifuged at 5000 rpm for 15 min, being further filtered with a
0.45 wm pore size Nylon membrane. The determination of the residual lead and cadmium in the solutions was carried out
by atomic absorption spectroscopy using an air-acetylene flame in a Thermo Scientific ICE 3000 (AA series) spectrometer.
All measurements were made with the main wavelengths of lead and cadmium, 217 nm and 228.8 nm, respectively.
The calibration curves were built with the standards corresponding to the linear range of each element using an acetic
acid-acetate buffer solution at pH 4.5 as solvent.

3. Results and discussion
3.1. Physico-chemical characterization of the clays

Fig. 3 summarizes the results of the chemical analysis of the clay honeycombs by means of XRF. Notice the higher
content of Fe in the I-S clay, which explains its reddish colour (Fig. 2a), and the higher content of Mg and Ca in the ST
clay, typical of a stevensite mineral. The complementary multipoint mode analysis of the honeycomb walls performed at
the millimetre level not only confirmed the above observations and the average values shown in Fig. 3, but also showed
the relative distribution of the most distinctive elements (see Fig. 4). In this sense, notice the higher heterogeneity of the
ST clay monolith.

FTIR spectra and XRD diagrams (Fig. 5) showed a good agreement with this chemical analysis. They were dominated by
the characteristic peaks of quartz (ICCD database PDF code = 65-0466), and in the case of the ST clay revealed an additional
infrared band at 1450 cm™! attributable to carbonates as well as XRD peaks which could be assigned to dolomite, ankerite
and gypsum (PDF codes = 12-0088, 34-0517 and 21-0816, respectively). The more complex mineralogy of this sample
might explain the higher fluctuation of Mg and Ca content in the ST clay monolith shown in Fig. 4. The TGA curves, which
served to select the final calcination treatment of the clays indicated in the experimental section and are included in
Fig. 5, were also consistent with the clays mineralogical composition. They exhibited a small weight loss above 700 °C
for the ST sample that was related to carbonates decomposition.

Fig. 6 collects the main data derived from the N, physisorption study of the clay monoliths. Like the CEC (63 and 55
meq/100 g for I-S and ST, respectively) the Sger values were in the order of the most common clay minerals (Humphrey
and Boyd, 2011). Notice however the higher BET surface area (106.8 vs 39.6 m?/g) and porosity (0.093 vs. 0.079 cm?®/g)
of the ST monolith compared to the I-S monolith. These values slightly decreased in the final honeycomb monoliths with

7
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Fig. 6. Results for the I-S and ST clay monoliths obtained by means of N, physisorption. Isotherms showing the adsorption (@) and desorption (O)
branches and pore size distributions are displayed on the left and right, respectively. Results of the BET specific surface area and total pore volume
data are also shown.

respect to the starting powders (Ahrouch et al., 2019b), as a consequence of the applied calcination treatment, although
the shape of the isotherms did not change, being II-type, typical of mainly macroporous adsorbents, according to the
IUPAC classification (Thommes et al., 2015). It is however worth noting the difference in the hysteresis loop between the
two clay samples investigated. Whereas the I-S monolith exhibited a H3-type one, denotative of aggregates of plate-like
particles frequently found in clay materials, the loop of the ST monolith was of H4-type, often found with aggregated
crystals of solid materials (Thommes et al., 2015).

Images obtained by SEM for the monolithic samples (Fig. 7) showed that our clays are predominantly composed of
an agglomerate of particles with heterogeneous size and irregular form which give them a look very similar to that
previously observed for other smectite-type natural clays (Chafik et al., 2009; Cifredo et al., 2010; Harti et al., 2007).
Previous complementary EDS analysis of the clays here investigated but in the form of powders (Ahrouch et al., 2019b,
2020) provided results in good agreement with those obtained for the massive analysis by XRF (Fig. 3).

Finally, the study of the clays through laser granulometry led to particle size distribution curves having maxima at 3
and 8 pm for I-S and ST, respectively, and with similar shape to those obtained in previous studies with other clays which
could be also extruded without additives (Vidal et al., 2016).

Summiarizing, in this work we deal with two natural clays that are clearly different not only from the mineralogical
point of view (illite-smectite vs stevensite), which is reflected in different structure and chemical composition (high Fe
and Al vs Mg and Ca content, respectively), but also according to their granulometry and texture (threefold surface area
for the ST).
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Table 1
Parameters obtained in the non-linear regression fitting of the experimental data of the
uptake kinetics at 25 °C onto the clay powders.

Sample I-S ST

Metal ions Pb%* cd*+ Pb?+ cd**
Pseudo-first-order

Qe1 1.070 0.028 0.796 0.109
Kq 1.651 1.431 0.501 0.137
Rﬁdj 0.987 0.980 0.967 0.934
x? 0.012 0.0005 0.034 0.026
SSE 0.012 1.36 10~° 0.023 0.001
SD 0.035 0.0011 0.048 0.010
BIC —77.92 —159.28 —70.12 —107.74
Pseudo-second-order

Qe2 1.091 0.029 0.834 0.117
Ky 3.778 114.98 0.937 1.694
Rﬁdj 0.999 0.996 0.981 0.983
XZ 0.001 0.0001 0.029 0.006
SSE 0.001 2.56 10° 0.013 0.0003
SD 0.010 0.0005 0.036 0.005
BIC —107.74 —179.35 —76.96 —122.19
Elovich model

a 2.57 10" 3.67 10° 4573 0.09

B 31.21 1.07 10° 13.14 56.49
Rgdj 0.992 0.978 0.910 0.979
x? 0.0081 0.0006 0.115 0.005
SSE 0.0082 1.52 107> 0.063 0.0003
SD 0.028 0.0012 0.079 0.005
BIC —82.79 —157.98 —58.02 —122.19

3.2. Adsorptive performance

Fig. 8 shows the effect of the amount of clay used in the form of powder on the simultaneous retention of Pb** and
Cd?*. This kind of experiment allowed defining the amount of clay for the kinetic study, which resulted to be 0.3 and
0.4 g for the I-S and ST samples, respectively. These values were taken as the minimum ones that approximately allow
simultaneous non-negligible and similar attenuation of the initial Pb** and Cd?*, around 20% and 30% for I-S and ST,
respectively.

The effect of the contact time using the above cited powder amounts can be observed in Fig. 9. Notice how in general
the co-adsorption is very fast in both clays, mainly occurring in the first 10 min. In any case, for the rest of the study we
selected 150 min because this is the time in which it seems that a plateau is reached for this type of curves in both clays.

The analysis of the kinetic results using PFO, PSO and Elovich models led to the fittings that are also included in Fig. 9
and the corresponding parameters reported in Table 1. Furthermore, according to the Montecarlo approach recommended
for an adequate estimate of the validity of nonlinear models (Spiess and Neumeyer, 2010), in addition to the conventional
R? evaluation, the chi-square test (x2) was performed to determine the degree of difference between the experimental
data and the model-computed data, which is determined by the following formula:

exp qcal )2
e

> (%7 (9)

where qg‘” (mg g~ 1) is the experimental adsorption capacity at equilibrium obtained from formula (1); qga’(mg g 1) is
the model-calculated adsorption capacity at equilibrium. Then, a smaller value for x? suggests a better fitting model.
Likewise, in order to further validate the suitability of the kinetic and adsorption isotherms to the experimental adsorption
data, as well as to confirm the best-fit model, adjusted R? coefficient (Rzadj), residual sum of squares (SSE), standard
deviation of residues (SD), and Bayesian information criterion (BIC) were estimated using the following formulas (Spiess

and Neumeyer, 2010):
n—1
Ry=1—(1-F). <m> (10)
SSE = (g2 — q5")? (11)

_ 1 X _ ca
SD—\/(n_p).Z(qe gy (12)
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254 pm | Custom

Fig. 7. SEM images of the studied clay monoliths.
SSE
BIC = nin (T) + pln (n) (13)

where n is the number of data points, and p is the number of parameters in the fitting model. Besides the lowest y?
value, the lower the values of SD and BIC parameters, and the closer to 1.000 the Rﬁdj value, the better fitting of the
applied model.

With independence of the clay and metal considered, taking into account all the above mentioned parameters, the best
fitting of the experimental data was obtained for a PSO model, in good agreement with the results obtained in previous
studies dealing with individual adsorption of Pb** (Ahrouch et al., 2019b) and Cd** (Ahrouch et al., 2020). This is a
first indication that the adsorption process can be chemically controlled. In any case, Elovich’s equation is more used to
describe chemisorption processes (Ajala et al., 2022), so we also employed it for our analysis. In this sense, the values of
the corresponding « parameter for the adsorption of Pb?*T and Cd** on both I-S and ST clays resulted to be of the same
order of magnitude as those reported in the literature for the adsorption of both metal ions onto the MMA-Na-Y-Zeolite
adsorbent (Elwakeela et al., 2017). Moreover, the values of 8 were consistent with the levels reported by El-Korashy
et al. in the adsorption of Pb** on the bentonite/thiourea-formaldehyde composite surface (El-Korashy et al., 2016). Both
observations confirm that the uptake of Pb?* and Cd?>* on our clays is controlled by chemisorption.
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Fig. 8. Retention of Pb>* and Cd?* as function of the amount of clay used in the form of powder. Initial concentration: 30 ppm of Pb** and 2 ppm
of Cd**. pH: 4.5. Contact time: 12 h.

In order to fully evaluate the co-adsorption performance of the two clay minerals as adsorbents for the removal of
Pb?* and Cd**, adsorption isotherms of both metal ions were also determined experimentally at room temperature and
pH 4.5. Fig. 10 shows the adsorption isotherms of the two studied clays obtained by varying the initial concentration
of lead and cadmium in the range up to 150 ppm. As it can be observed, the I-S clay is better to retain lead while the
ST clay removes a higher amount of cadmium. The same behaviour was found in our studies working with both metals
separately. Our results are also consistent with observations made by other authors (Ayari et al., 2005; Baker, 2009) who
found that clay minerals belonging to the smectite group exhibit higher selectivity for Pb**, which was related to the
sorption of Pb hydroxycomplexes (Ayari et al., 2005; Sajidu et al., 2008).

These experimental data were also non-linearly fitted (see Fig. 10) to well-known isotherm models such as Langmuir,
Freundlich and Redlich-Peterson (Nagy et al., 2017). We found that the best result was obtained for the latter, especially
considering the x? data. In any case, the goodness of this fitting was very similar to that of Langmuir which was the
proposed model in previous studies with individual adsorption. In fact, the values obtained for the g parameter in the
fitting to the Redlich-Peterson model (Table 2), which are relatively closer to 1 than those reported by other authors
(Chabani et al., 2009), combined with the values of the a parameter which are not >>1 (requisite to transform Redlich-
Peterson isotherm into Freundlich isotherm (Tran et al., 2017)) suggest the predominance of the Langmuir characteristics
on the metals’ adsorption (Liu et al., 2011). For this reason, we took the Qm value of the Langmuir model to estimate the
maximum retention capacity of our clays, which resulted to be 1.5 and 1.2 mg/g for Pb?* and Cd?*, respectively, in the case
of the I-S clay, and of 1.2 and 4.6 mg/g for the ST. Certainly, these amounts are lower than those reported by Sellaoui et al.
in a similar recent study (Sellaoui et al., 2018), but in that work the authors employed a bentonite-chitosan composite
made through a complex elaboration in which additionally the clay was previously purified using hydrogen peroxide
solution, being subsequently activated using sulphuric acid solution. Adebowale et al. also reported higher capacity for
the simultaneous adsorption of lead and cadmium onto a kaolinite clay, but in that study the raw material was also
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Fig. 9. Retention of Pb?* and Cd?** by the clays in the form of powder as function of the contact time. Initial concentration: 30 ppm of Pb** and
2 ppm of Cd**. pH: 4.5. Clay amount: 0.3 g of I-S and 0.4 g of ST. Fitting of the experimental data to the Pseudo-Second Order kinetic model is
also included in each case.

subjected to a time and reactants-consuming purification process which we avoided intentionally to minimize adsorbent
production costs (Adebowale et al., 2006). In the same way, although some synthetic mineral adsorbents exhibited higher
adsorption capacity of both metal ions pollutants than natural clays, their synthesis methods are more complex and costly
compared to the studied clay materials (Chen and Shi, 2017).

Fig. 11 shows the result of the co-adsorption experiments over the I-S and ST clay honeycomb monoliths. As it can be
seen, the use of this design does not significantly change, from a qualitative point of view, the adsorptive performance
of the clay powders (compare with Fig. 10), with a relative preference of I-S for lead and ST for cadmium. In the case
of the monoliths, we also performed a non-linear fitting of the isotherms to the Langmuir, Freundlich and Redlich-
Peterson models (Table 3), leading to similar conclusions as those derived from the powders analysis. On the other hand,
comparison with the powders in terms of retention capacity (mg/g) indicates that this remains almost the same for the
ST monolith while it is even slightly improved in the case of the I-S monolith, with the shared advantage that no polluted
sludge is generated. Moreover, let us recall that the monolithic filters once saturated by lead and cadmium, being unitary
structures, can be handled more easily, with lower impact onto the environment, and even with chance of recycling if
needed for other use.

In our opinion, it is even more interesting to compare the adsorbents performance with respect to that they exhibited
in a mono-solute system, i.e. water containing just one metal (Ahrouch et al., 2019b, 2020). In this sense, as shown in
Fig. 12, we observed that in both clays the coexistence of Pb*" and Cd?** in aqueous solution only diminishes slightly
the capacity to retain lead, more in the case of the I-S sample which exhibited a maximum capacity of 2.5 mg/g of Pb?*
when this cation was alone (Ahrouch et al., 2019b). On the contrary, the binary system (Pb%**/Cd?*) hardly affects the
retention of cadmium, which keeps being practically the same or even slightly improves when compared to the scenario
in which this metal is alone (Ahrouch et al., 2020). This suggests a certain preference in the co-adsorption versus the
cadmium. On the other hand, the sum of Pb** and Cd?** retained amounts was higher than any of the amounts retained
in the experiments with separate metals. This suggests that either the metals do not compete for the same adsorption
sites or new available centres are activated when the clays face a bi-solute system. This result contrasts with the above
mentioned references (Adebowale et al., 2006; Sellaoui et al., 2018) which reported that adsorption of one metal ion is
suppressed to some degree by the other, i.e. the adsorption capacities decreased in binary systems due to an antagonistic
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Table 2
Parameters obtained in the non-linear regression fitting of the experimental data of the
adsorption isotherms at 25 °C onto the clay powders.

Sample I-S ST
Metal ions Pb?+ cd** Pb?+ cd**
Langmuir model
Qm 153 1.21 1.23 4.58
K 0.056 0.013 0.087 0.016
Rﬁdj 0.999 0.989 0.994 0.992
x? 0.002 0.007 0.006 0.027
SSE 0.001 0.004 0.004 0.046
SD 0.022 0.036 0.038 0.123
BIC —37.34 —32.43 —31.96 —20.22
Freundlich model
ng 3.07 1.81 3.82 1.75
K 0.286 0.053 0.331 0.202
Rﬁdj 0.977 0.993 0.942 0.996
x? 0.038 0.009 0.065 0.028
SSE 0.026 0.002 0.044 0.022
SD 0.093 0.029 0.121 0.086
BIC —23.08 —34.80 —20.44 —23.87
Redlich-Peterson model
Kgrp 0.099 0.033 0.085 0.156
agp 0.088 0.223 0.043 0.305
g 0.94 0.62 1.10 0.59
Rgdj 0.999 0.993 0.997 0.997
x? 0.0005 0.008 0.002 0.012
SSE 0.0006 0.002 0.002 0.014
SD 0.018 0.034 0.032 0.084
BIC —39.76 —33.59 —34.29 —24.56
Table 3

Parameters obtained in the non-linear regression fitting of the experimental data of the
adsorption isotherms at 25 °C onto the clay honeycomb monoliths.

Sample I-S ST

Metal ions Pb?+ Ccd** Pb?+ Ccd**
Langmuir model

Qm 2.41 1.48 2.01 476
Kp 0.031 0.025 0.025 0.013
Rﬁdj 0.988 0.999 0.983 0.997
x? 0.027 0.0004 0.060 0.011
SSE 0.028 0.0003 0.027 0.015
SD 0.097 0.010 0.095 0.071
BIC —22.71 —45.38 —22.89 —25.83
Freundlich model

ng 2.53 2.29 2.24 1.76
K 0.290 0.138 0.177 0.188
Rgdj 0.942 0.980 0.941 0.99
x? 0.125 0.030 0.157 0.069
SSE 0.135 0.016 0.093 0.057
SD 0212 0.073 0.176 0.138
BIC —14.84 —25.50 —16.7 —19.15
Redlich-Peterson model

Kgrp 0.051 0.037 0.041 0.071
agp 0.002 0.024 0.006 0.032
g 1.42 1.01 1.22 0.86
Rﬁdj 0.999 0.999 0.982 0.997
x? 0.107 0.0004 0.044 0.012
SSE 0.114 0.0003 0.021 0.014
SD 0.238 0.012 0.102 0.078
BIC —14.08 —43.80 —22.53 —24.56
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Fig. 10. Retention of Pb>* and Cd?** by the clays in the form of powder as function of the initial concentration: 2, 10, 30, 50, 100 and 150 ppm. pH:
4.5. Clay amount: 0.3 g of I-S and 0.4 g of ST. Contact time: 150 min. Non-linear fitting of the adsorption isotherms obtained for the clay powders
to the Langmuir, Freundlich and Redlich-Peterson models is also included.

adsorption effect. In any case, comparison with results obtained by other authors should be always made with caution
considering the diversity of experimental variables. For example, Padilla-Ortega et al. found very heterogeneous response
when studying the binary adsorption of Cd**/Ni** on bentonite, Zn?>*/Cd?* on sepiolite and Pb**/Cu?>* on vermiculite
(Padilla-Ortega et al., 2013). He et al. observed high selectivity of Pb?>" during the competitive adsorption of Cd**, Pb?*
and Ni** onto Fe>*-modified argillaceous limestone (He et al., 2018). Similarly, Djuki¢ et al. reported selectivity effects
for the simultaneous sorption of Ni, Cr, Cd and Pb ions on a natural montmorillonite (Djuki¢ et al., 2013). In particular,
almost complete (98%) sorption was achieved for Cr and Pb, while about 19% of the initial concentration of Cd and Ni
persisted in the solution. On the other hand, Jiang et al. showed that the adsorption of Pb?*, Cd**, Ni** and Cu®* using
kaolinite clay was not significantly different between single metal and multi-metal ions’ competitive adsorption at a low
initial concentration but the second type relatively decreased when initial metal ion concentration increased (Jiang et al.,
2010).

There are other interesting previous studies in which the authors tried to understand the keys of the competition
between lead and cadmium for the adsorption onto clayey substrates. For example, Oh et al. studied the competitive
sorption of Pb and Cd onto a series of natural sediments finding a correlation with the CEC and BET surface area of the
sediments (Oh et al., 2009). On this regard, Pokrovsky et al. did not observe competition between these two metals over
acidic soils which was attributed to the fact that the surface sites remained far from being saturated (Pokrovsky et al.,
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Fig. 11. Retention of Pb?* and Cd?* by the I-S and ST clays in the form of honeycomb monolith as function of the initial concentration: 2, 10, 30,
50, 100 and 150 ppm. pH: 4.5. Contact time: 150 min. Non-linear fitting of the adsorption isotherms obtained for the clay honeycomb monoliths to
the Langmuir, Freundlich and Redlich-Peterson models is also included.

2012). In this sense, let us remind that our two investigated clays had relatively similar CEC values but one of them, the
ST, showed clearly higher surface area than the other one, the I-S (Fig. 6). These data and the above cited references might
explain that the illite-smectite is more affected by the coexistence of Pb?>* and Cd?* in the aqueous solution (Fig. 12).

Finally, considering that the ST monolith exhibited the best response to the simultaneous presence of lead and cadmium
as above commented, we selected this monolith to perform a complementary XRF analysis in multipoint mode after
treatment with aqueous solution having 150 ppm of Pb?* and 150 ppm of Cd?* (Fig. 13). This analysis not only gave a
direct evidence of the entrance of both heavy metals in the adsorbent but also showed their detection with relatively
similar contents in the same analysed areas. This observation reinforces the idea of non-competitive adsorption under
our experimental conditions above proposed.

4. Conclusions and implications

The study performed is a novel approach in the field of water contaminants removal by co-adsorption from Cd?*/Pb?*
mixtures, still clearly dominated by powdered materials. In this work two natural Moroccan clays without further
modification were employed. Before their use, a full physico-chemical characterization was performed. This study
confirmed their mineralogical nature, illite—smectite and stevensite, standard properties regarding texture and cationic
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Fig. 12. Comparison between the performance of the clays in single and double solutions.

exchange capacity, easy extrudibility as honeycomb monoliths without additives, and good resistance of the structured
filters to water after moderate calcination.

The adsorption tests, performed with both powders and honeycomb monoliths, revealed a pseudo-second order
kinetics and good fitting to Redlich-Peterson model for both heavy metals. In addition, the total retention capacity of
the stevensite was maintained in the bimetallic solution with respect to the scenario with the metals being separate,
while it slightly diminished for the illite-smectite, most likely due to its lower specific surface area that implies more
competition for the adsorption sites. In any case, and also remarkable, for both clays the coexistence of Pb** and Cd**
ions in water favoured the adsorption of cadmium for both clays.

The results obtained with the honeycomb monoliths, which kept the powders efficiency, point out the potential of these
clays for a use at great scale. The honeycomb design for the adsorbent adds the intrinsic advantages of a structured filter,
among them easier handling and lower production of residues for the benefit of environment. Moreover, the combination
of this design with the use of natural clays (cheap and abundant materials) in raw state opens up a promising alternative
to higher cost technologies for water depollution, which can be of especial interest for developing countries.
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