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ABSTRACT

The material studied here is a brick mainly composed of sand
and metakaolinite. Its alkali treatment with sodium hydroxide
was carried out at fixed reaction time and temperature.
Chemical, mineralogical and structural composition of
synthesized products was determined using X-ray diffraction,
ICP-AES, ESEM/EDS, and vibrational spectroscopies (FTIR
and micro-Raman). Analytical and spectroscopic data permitted
us to evidence the occurrence of zeolites (in Na-forms).
Particularly, they revealed that the atomic ratio Si/Al in these
aluminosilicates was close to 1 and the resulting ‘negative
charges’ deficit was compensated by the presence of Na® ions
The atomic ratio Na/Al ratios was < 1, suggesting that other
cations such as K*, Ca** and/or Mg®* (detected by ESEM/EDS)
contributed as well to assure the electric charges balance of
these zeolitic networks. Adsorptive behaviour of alkali brick
toward cadmium (as a model toxic heavy metal) in water was
tested in fixed-bed column, and results showed relevant
adsorption capacities when compared to those obtained with
coated sands, natural zeolites and coated/modified zeolites.
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1. INTRODUCTION

The presence of intensive human activities and industries has resulted in heavy metal
contamination in urban soils and immediate aquatic systems. As a consequence, water
sources in developing countries contain high amounts of various ions and heavy metals which
were often above limit prescribed by the World Health Organization (WHQ). The majority of
these waters need therefore to be treated before using them as drinking water and even for
domestic applications. Among these heavy metal pollutants, cadmium is considered as a very
toxic element for human health, even in small amounts. Thus, WHO guideline for drinking
water quality recommends for cadmium a value not exceeding 0.003mg.L™ [1]. Longtime
occupational exposure to Cd may contribute to the developing of diseases such as: kidney
failure [2]; liver disease [3]; osteoporosis [4]; neuro-degeneration [5]; diabetes mellitus [6];
cardiovascular disorders [7]; and cancer [8]. Due to high health risks, cadmium was chosen
in the present study as a “model metal contaminant” in order to test zeolitized brick as an

adsorbent material for water treatment at low cost in rural regions of developing countries.

Zeolites (as alumino-silicates) had been found to be attractive compounds in numerous
industrial and environmental applications due to their particular surface characteristics, i.e.:
porous alumino-silicate framework, large surface area, channels, cages or cavities in which
sorption and diffusion of ions and molecules can occur [9, 10]. If negative charges exist in the
zeolites, the charge imbalance is offset by the incorporation of extra-framework cations (such
as: Na*, K* and/or Ca®" ions) into their structure. Potential industrial applications of zeolites
in specific chemical processes had often necessitated an adequate crystallization with
particular structural/morphological characteristics. Owing to these properties, zeolites had
been widely studied in catalysis [11-15], gas separations and catalysis [16], and particularly,
they had been intensively used in petrochemical industry as molecular sieve and/or catalytic
materials in different reactions such as: (i) organic synthesis [17, 18] and gasoline
manufacture and production [19, 20]. Moreover, zeolitic frameworks contain H,O molecules
and exchangeable cations that are associated with negatively charged sites. Thus, by
employing zeolites as ions-exchangers, the existence of surface charges that generate
electrostatic forces at the zeolite/water interface enables counter-ions (like alkaline or
alkaline-earth cations) to be substituted by other cations. This explains why some zeolites had
been found to be useful in environmental applications [21] and/or suitable for their use in

detergents formulation [22, 23]. They were used as ions-exchangers in water treatment /
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remediation: (i) for the softening of waters with high levels of hardness caused by calcium
(Ca®*) and magnesium (Mg?®") [24, 25]; (ii) for the removals of toxic metals such as: Co(ll),
Cu(ll), Zn(11), Ni(l1), Cr(I1), Cd(11) and Pb(ll) [26-33]; and (iii) for water decontamination
from radioactive elements such as Cs* and Sr** [34-35].

Over the last decades, extensive research efforts have been focusing on finding low-cost clay
minerals as starting materials for zeolites preparations. For instance, numerous studies had
been devoted to the use of kaolinite as a zeolite precursor by exploring the well-known
reactivity of its calcined form (metakaolinite) [36-39]. This alumino-silicate with a Si/Al
atomic ratio of 1 was indeed recommended in the recent literature as a convenient starting
material for the hydrothermal synthesis of zeolites with sodium hydroxide [40-42]. For
instance, metakaolinite-derived zeolites were employed in the Fe(ll) and Mn(ll) removals
from aqueous solutions. [39, 43].

Brick is made craftily in Bangui region (Central African Republic) from local soils that
contains a high proportion of kaolinite (20-25 w%) in addition to sand (60-65 w%). The
thermal treatment of these soils was performed in the temperature range of 600-750°C, and
permitted the conversion of kaolinite (Al,03.2S510,.2H,0) into metakaolinite (Al,03.2Si0,).
Recently, Bangui brick after its acid activation followed by an iron oxihydroxide coating, had
been tested in our lab as a metals adsorbent. The resulting experimental data had revealed
good adsorption capacities of this modified brick in the removal of heavy metals such as:
Fe?*, Pb**, Cd**, Cu®* and Zn*" from aqueous solutions [44-51]. And during our performed
column experiments the presence of sand (60-65 wt%) in brick pellets contributed to assure a
good permeability and to facilitate the flow of water through brick beds. It is interesting to
note that other types of bricks had also been utilized as low—cost adsorbents for removing
metals like: Hg(ll) [52]; Zn(I1) [53]; Cr(VI) [54]; both Cr(V1) and Ni(ll) [55]; or Ni(ll) alone
[56].

In the present study, Bangui brick was treated under alkali conditions in the aim to transform
brick metakaolinite into zeolites. The synthesized materials were characterized by ICP-AES
analysis, X-ray diffraction (XRD), vibrational spectroscopies (FTIR and micro-Raman), and
Environmental Scanning Electron Microscopy (ESEM) coupled with Energy Dispersive X-
ray Spectroscopy (EDS). Column experiments were afterwards conducted in the lab in order
to test the efficiency of this new material for the removal of cadmium(Il) from aqueous

solutions.
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2. MATERIALS AND METHODS
2.1. Adsorbents preparation

The raw brick used in this study was obtained from Bangui region in the Central African
Republic. Previously [26], X-ray diffraction and chemical analysis were performed on this
material in order to identify mineral compounds and to assess their proportions: mainly 60-65
wt % quartz (SiO;) and 20-25 wt % metakaolinite (2Si0,.Al,03); and to a lesser extent: 4-5
wt % illite; < 4 wt % iron oxides / hydroxides; and < 3 wt % feldspar + mica + biotite. Before
use as an adsorbent, several physical/chemical treatments were carried out on the raw brick.
First, it was broken into grains and sieved with sizes ranging from 0.7 to 1.0 mm. Second, the
resulting particles were leached with Milli-Q water at room temperature for 24 hours. Third,
brick pellets were treated in our laboratory under the following alkali conditions: : 10 g of
Bangui brick reacted in 40 mL of a NaOH solution with [NaOH] varying from 0.1 to
1.5mol/L at the different reaction temperatures: 50, 70 and 90°C, and for a constant reaction
time of six days. The recovered grains were afterwards rinsed several times with MilliQ
water and dried at 90°C for 24 hours.

2.2. Chemicals

All chemicals employed in the experiments were analytical grades. Sodium hydroxide and
nitric acid were supplied by DISLAB (France). The Cd(NO3),.4H,0 salt was purchased from

Prolabo.
2.3. ICP-AES analyses

All chemical attacks of brick materials were made with 2M nitric acid at 90°C for 2 hours.
The recovered solutions were analyzed for metal contents using ICP-AES (Inductively

Coupled Plasma — Atomic Emission Spectroscopy; model Varian Pro Axial View).
2.4. Electron Microscopy analysis

Micrographies of representative specimens of alkali brick were recorded using an
environmental scanning electron microscope (ESEM, Quanta 200 FEI). Elemental analysis
was performed using ESEM/EDS (ESEM, model: QUANTA-200-FEI, equipped with an
Energy Dispersive X-Ray Spectrometer EDS X flash 3001 and monitored by QUANTA—-400

software elaborated by Bruker). EDS measurements were carried out at 20 kV at low vacuum
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(1.00 Torr) and the maximum pulse throughput was 20 kcps. Different surface areas ranging
from 0.5 to 3.5 mm?2 were targeted on alkali-brick grains and examined by ESEM/EDS. For
that, a narrow beam scanned selected areas of brick pellets for chemical analysis. Atomic
quantifications and mathematical treatments were undertaken using QUANTA-400 software
in order to determine the averaged elemental composition of the surface brick and to detect

chemical/elemental variabilities.
2.5. Fixed-bed column experiments

Continuous flow adsorption experiments were conducted in a fixed-bed glass column with an
inner diameter of 12.5 mm, a height of 25 cm, and a 160-250 pum porosity sintered-pyrex disk
at its bottom in order to prevent any loss of material. A bed depth of 6.7-6.9 cm (5.0029-
5.0102 g) was investigated at a constant flow rate of 2.5mL.min™. Before being used in the
experiments, at least 500 mL of Milli-Q water were passed through the column. The
schematic diagram of the fixed-bed column reactor used is illustrated in reference 51. The
initial concentration of metal cation (Cd*") in the influent was 54 mg/L (or 4.85x10™* mol.L™?).
The influent pH ranged from 4.9 to 5.0. The divalent - metal solution was pumped through
the column at a desired flow rate by means of a peristaltic pump (LaboModerne France Type
KD1170) in an up-flow mode. During this column experiment, the effluent pH was measured
continuously by means of a pH meter which was connected to a computer, as described in
Fig. 1; and effluent samples exiting the bottom of the column were collected at different time
intervals and analyzed for metal contents using ICP-AES. Flow to the column continued until
the effluent metal concentration at time t (C;) reached the influent metal concentration (Co):
Ci/Co = 0.99. Performance of the packed bed was described in the present work using the
concept of the breakthrough curve. Breakthrough profiles yield two important time: (i) the
breakthrough time, noted t,, when C; = 0.05C,; and (ii) the exhaustion time, noted tex,, when
C:=0.95C,.

3. RESULTS
3.1. Optimization of the synthesis

It was previously found that under alkali conditions chemical transformations of
metakaolinite (which is present in Bangui brick at proportions ranging from 20 to 25 %)
resulted in negatively-charged structures of alumino-silicate minerals as: >Si—-O" and >Al-O"

[57]. The appearance of negative sites in the framework is balanced by that of counter-ions
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(Na" ions). During an adsorption process, monovalent cations (Na* ions) present at the brick
surface can be substituted by divalent metal cations (Me?*), and hence, can be released into
the reaction medium. In this context, the global reaction can be written as follows (equation
1):

2(>5-0"---Na*) + Me**¢&> (>S-0),Me + 2Na* 1)

Where “>S-0"---Na™ represents an ion-pair at the water/brick interface. The occurrence of
reaction (1) was evidenced by means of column experiments, as described in section 3.5.
Under such an assumption, the quantity of sodium bound to the brick could, therefore, be
considered as a key indicator of both the alkali-reaction course/extent and the number of
reactive sites. For that purpose, brick pellets with size diameters ranging from 0.7 to 1.0 mm
were treated in different alkaline solutions as described in the experimental section. The
synthesized alkali - brick samples were afterwards attacked thoroughly in 2 mol.L™* HNO3,
and subsequently, ICP-AES analysis was performed on recovered solutions. The 3-D
histogram shown in Fig. 1 represents the evolution of the total amount of sodium in the brick
samples obtained after different NaOH treatments.

Brick N2
30.00
20.00 ] 7 70°C
10.00

0.00

90°C

0.6 0.8 1.0 1 15
NaOH reagent (mol.L")

Figure 1: 3-D histogram showing the evolution of the total amount of sodium in the
brick samples after different NaOH treatments according to the following procedure:
10 g of raw brick reacted in 40 mL of a NaOH solution with [NaOH] varying from 0.1 to
1.5 mol.L™" at different reaction temperatures: 50, 70 and 90°C, and for a constant

reaction time of six days.
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As can be seen in this figure, the quantity of brick - bound Na reached a maximum value
when the synthesis was carried out in a 0.6mol.L™>-NaOH solution and decreased when the
NaOH - reagent concentration became > 0.8 mol.L™. This depletion might be due to a
progressive degradation of the brick minerals under strong alkali conditions in accordance
with ESEM images (see section 3.4).

At the end of the different performed syntheses, attempts of Raman and FTIR detection and
identification of solutes like: silicate and aluminate and/or polymeric alumino-silicate
complexes were made in recovered solutions (as observed previously with other clays and/or
alumino-silicates in alkali media [58-62]. Unfortunately, none of these solutions had enough
solutes to be reasonably detectable and, as a consequence, it had not been possible to evaluate
the chemical stabilities of brick products generated under our alkali conditions by means of
these vibrational techniques. In contrast, the use of the ICP-AES technique permitted us to
detect and quantify the amounts of soluble silicon and aluminium released into the synthesis

medium at the end of each alkali-reaction procedure (Fig. 2).

Siand Al released from the alkali brick

40
= 30
T
£
= 20
2 10
0.1 NaOH 0.6 NaOH 0.2 NaOH 1.0 NaOH 1.5 NaOH

B Released Al B Released Si

Figure 2: Amounts of soluble silicon and aluminium released into the synthesis medium
at the end of each alkali-reaction procedure described as follows: 10 g of raw brick
reacted in 40 mL of a NaOH solution with [NaOH] varying from 0.1 to 1.5 mol.L™ at a

fixed reaction temperature of 90°C, and for a constant reaction time of six days.

As can be seen in this figure, a significant increase of the Si concentration occurs when the
[NaOH] concentration in the reaction medium becomes higher than 0.6mol/L. This might

mean that a presumed chemical degradation of the brick took place under strong alkali
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conditions, as suggested above in our discussions about Fig. 1. It is however worth noting
that, as a result of such a brick decomposition, “solute” aluminate species were barely
detected in the reaction solution (as shown in Fig.2) for two reasons: (i) the Si(OAl) atoms are
more dissolved than the other Si(nAl) atoms (with n#0) present in the zeolitic—brick
framework [63]; and (ii) probably saturation/condensation and/or precipitation/adsorption of

soluble Al compounds occur onto the remaining material, as suggested previously ([60, 63].

These investigations led us to focus our attention principally on products formed in 0.6
mol.L™* and 0.8 mol.L™ NaOH solutions at the temperature of 90°C and a reaction time of six

days.
3.2. Mineralogical properties of NaOH - treated brick

In this article, framework type codes of zeolites are given in accordance with the
Classification of the International Zeolite Association. Fig. 3 illustrates the XRD patterns of
Bangui brick before and after subjecting to alkali treatment at the scanning Bragg angle (20)

ranging from 10° to 60°.
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Figure 3: XRD patterns of raw brick before and after alkaline treatment at 90°C for 6
days (10g of raw brick treated in 40 mL of NaOH solution): RB, raw brick; ZBl1,
zeolitized brick obtained after treatment in a 0.6mol.L™* NaOH solution; ZB2, zeolitized
brick obtained after treatment in a 0.8mol.L™* NaOH solution. 1, illite; Q, quartz; R,
rutile; P, NaP zeolite; and A, NaA zeolite.
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In raw brick, quartz, illite and rutile were found to be the main crystalline phases. Quartz was
identified on the basis of the following ‘20’ reflection angle (the Miller indices, hkl, are given
in the parenthesis): 20.9° (100); 26.6° (011); 36.5° (110); 39.5° (102); 40.3° (111); 42.4°
(200); 45.8° (201); 50.2° (112); and 54.9° (022) [ICSD Collection Code: 89276]. Because of
the smaller amounts of illite and rutile in the brick, these two minerals were recognized only
on the basis of some of their intensive reflection angles: illite: 17.9° (004), 19.8° (021), 31.1°
(007), 34.3° (034), and 37.1° (117) [ICDD (International Centre for Diffraction data): 00-
009-0343]; rutile: 27.4° (110), 36.1° (101), 41.2° (111); 44.0° (210), 54.3° (211), and 56.6°
(220) [ICSD Collection Code: 168140]. Normally, metakaolinite gives a broad featureless
signal ([38,63] Heller-Kallai and Lapides, 2007a and b): its intensity maximum is measured
at 20°(radiation K,;Cu) = 22° [64]. Unfortunately, metakaolinite was not detected in the X-
ray diffractogram of raw brick because of the low content of this alumino-silicate mineral in

Bangui brick (indeed, metakaolinite represents less than 25% of the total brick weight).

During the heating process of the brick at 90°C with sodium hydroxide, no significant
difference between XRD patterns of the raw brick and the products was obtained after one
day alkali treatment (not shown here). Noticeable crystalline transformation of the brick was
observed only after three days alkali treatment (not shown here). After six days alkali
treatment in a 0.6mol.L""—NaOH solution, the mineral composition of the brick changed
significantly with the appearance of new peaks in the X-ray diffractogram in addition to those
ascribed to quartz, illite and rutile. The XRD pattern of the recovered product indeed shows
at least six main characteristic peaks at 20: 12.5°; 17.7°; 21.7°; 28.2°; 33.4°; and 53.2° [65]
(see Fig. 3), confirming the formation of the NaP zeolite as the major new crystalline phase
of the treated brick. Although the zeolitic material observed in NaOH—treated brick was
predominantly NaP, the Linde Type A (LTA) zeolite was also identified in the X-ray
diffractogram, but this crystalline phase was found to be a lower amount than that of NaP.
LTA was recognized by the following ‘20’ reflection angles: 22.8° (620); 24.0° (622); 30.0°
(644 and 820); 30.8° (822 and 660); 31.7° (662); and 34.2° (664) [65] (see Fig. 3).

In order to study the effect of NaOH/brick ratio on zeolitization process, the basic treatment
was afterwards conducted with a higher NaOH concentration (0.8 mol.L™®) under the same
temperature/reaction time conditions (i.e., at 90°C and for six days). The XRD pattern of the
recovered product, which is illustrated in Fig. 3, revealed that increasing the NaOH

concentration from 0.6 mol.L™ to 0.8 mol.L™ favoured the formation of NaP crystals at the
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expense of LTA ones. This observation suggested that, under our experimental conditions,
LTA zeolite transformed into a more stable phase, NaP zeolite [40, 66]. Note that illite peaks
began decreasing but still existed when the NaOH concentration increased from 0.6 to
0.8mol/L. These peaks decreases might be due to a partial alkali dissolution of illite, as

pointed out previously [67, 68].
3.3. Vibrational spectroscopy analyses
3.3.1. FTIR spectroscopy

As shown in Fg. 4, the most intense band at around 1025 cm™ observed for raw brick is due
to internal Si—O(Al or Si) bonds vibrations that take place in aluminium- and silicon-oxygen
bridge. Under the effects of NaOH concentration (0.6 and 0.8 mol.L™) and temperature
(90°C) on the brick structure (for a synthesis time of six days), Infrared-red studies showed a
slight shift of the band at 1025 cm™ towards lower wave-numbers, at around 1000 cm™ (Fig.
4). Comparable shifts were already observed for aluminosilicates present in slurry and fly
ash, indicating zeolitization of these compounds to NaP zeolite (see [69] and references
therein). The band shifting observed here suggested that, during the structural/crystalline
modifications of the brick, the number of aluminium atoms in the tetrahedral positions
increased when compared to that found in the raw material in agreement with ?’Al MAS
NMR results (see section 3.4.3). The appearance of the band at about 1000 cm™ is probably
due to the asymmetric - stretch vibrations of internal Si—O or Al—O tetrahedra in the NaP
framework [69, 70]. The band at around 950 cm™ was often assigned to Si—-OH bending
vibrations and might be caused by formation of very small zeolitic crystals with extended

external area and thereby imposing a greater number of terminating silanols [71].
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Figure 4: FTIR spectra observed for raw brick (RB) and zeolitized brick obtained after
treatment in a 0.6 mol.L™* NaOH solution (ZB1) and 0.8 mol.L™ NaOH solution (ZB2) at
90°C for 6 days (10 g of raw brick were treated in 40 mL of NaOH solution).

The alkali treatment brought outbreaking of Si—O-Si bridges which led to the clear
appearance of a band at 960 cm™ (see Fig. 4), as a result of an increase of Si—O nonbridging
terminal bonds in the brick structure [72]. The band at ~1090 cm™ also appears clearer after
the alkali treatment of the brick (Fig. 4): it can be assigned to internal Si—O(T) bonds
vibrations occurring in Al- or Si-oxygen bridges [72]. As for the badly-resolved band(s)
appearing at higher wave-numbers in the range of 1150-1165 cm™, it can be ascribed to

asymmetric stretching vibrations [72].

The bands observed in the range of 500-800 cm™ were difficult to assign because the FTIR
spectra in this range are the superposition of the bands of both brick minerals (not
transformed) and generated zeolites. However, it can be seen in Fig. 4 a weak band at about
610 cm™, which was detectable only for NaOH - treated brick and not for raw brick. This
band should result from the occurrence of NaP zeolite in the modified brick ([69, 70, 72-75].
This band is attributable to the symmetric stretching vibrational mode of internal tetrahedron
in the NaP zeolite [73, 76]. Furthermore, after alkali treatment it was observed two particular
features in the spectral region considered (see Fig. 4): first, a shift of the bands of raw brick in
the range of 450-550 cm™ towards lower wave-numbers; and second, the appearance of new
bands which are badly resolved and typical for sodium alumino-silicates [74, 77]. According

these latter authors, the bands in the range of 400-600 cm™ result from Al-O(H) and bending
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deformation of Si(Al)-O. Similar FTIR bands were previously observed for NaP zeolite
generated from starting materials like: (i) wastes from metallurgical industry containing
Al,0O3 and SiO, with Al,O3 /SiO, molar ratio = 7.3 [75]; or (ii) kaolin [78]. Particularly, it can
be noticed a band at the lower wave-numbers, ~425 cm™ (see Fig. 4), that appears better
under increasing alkali conditions, suggesting the formation of NaP zeolite in NaOH - treated
material. The 425 cm™ band would be due to internal vibrations of (Si,Al)O, tetrahedra in the
brick framework, and would result from stretching and bending modes of the T-O (T = Si or
Al) units [69, 79].

3.3.2. Micro-Raman spectroscopy

Micro-Raman spectra were recorded at room temperature using the 632.8 nm excitation
wavelength. Fig. 5 shows the micro-Raman spectra observed in the range of 100-1500 cm™
for several targeted regions of alkali-brick specimens. As can be seen in this figure, in most
of targeted zones a strong band at around 456 cm™ was detected and assigned to symmetric
Si—O stretching vibration in the quartz structure [80]. The occurrence of a strong Raman
band at 456 cm™ proved the abundance of this mineral in the brick and its stability after alkali
treatment, as already observed in X-ray diffractograms (see Fig. 3). lllite which was
identified by XRD possessed an overlapping Raman band at around 465 cm™ that were

assigned to the symmetric Si—O bending vibrations (see [67] and references therein).
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Figure 5: Micro-Raman spectra observed in the range of 100-1000 cm™ for several
(hazardously) targeted regions of alkali-brick specimens. Detection of nearly pure
particles such as: quartz, rutile, and anatase in Figs. 5a, ¢, and d; a mixture of zeolite

and quartz in Fig. 5e; a mixture of rutile, quartz and traces of anatase in Fig. 5f.

The Raman band related to illite intensifies the quartz band at 456 cm™, as pointed out
previously [81]. Note that the spectrum in Fig. 5(a) is typical of SiO,-rich particles, showing
peaks at 120, 200, and 456 cm™ which match well with the previously reported Raman data
for quartz [82] (and consult ref. [83] and references therein). Moreover, the Raman spectra of
some (hazardously) targeted regions display a relatively intense band at 490-496 cm™,
confirming the dominant presence of NaP zeolite on brick surfaces, see Fig. 5b [61, 72, 84],
although LTA zeolite (which was detected by XRD) cannot be excluded in the zeolitized
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material. The frequency of the Raman ‘NaP’ band is related to the bending motion of the
oxygen atom present in the T-O-T bonds (with T = Si; Al), and its value is found to be
dependent upon the average T-O-T angle [10, 84]. The NaP-zeolite structure is indeed built-
up of four-membered rings as the smallest building block [61, 84]. As a whole, micro-Raman
findings (which showed mainly the existence of NaP and/or LTA in NaOH - treated brick)
are consistent with ESEM/EDS data (see below in section 3.4). In other targeted specimens of
NaOH - treated brick, micro-Raman investigations further revealed hazardously: (i) either
nearly pure particles such as: quartz, rutile, and anatase (see Figs. 5a, ¢, and d); or (ii)
different mixtures of minerals such as: zeolite + quartz (Fig. 5e), rutile + quartz + traces of
anatase (Fig. 5f). Note that, all these brick minerals were identified by the XRD technique (as
shown in Fig. 3) except for anatase because of its low amount in the brick. Note further that
Micro-Raman assignments were made in the present study by taking into consideration

previous works [85-87].

Combining the XRD, FTIR, and micro-Raman results, it was found that the alkali leaching of
the brick at 90°C for six days induced the rearrangement of the alumino-silicate metakaolinite
to generate LTA zeolite (as an intermediate and metastable compound) and NaP zeolite (as a
thermodynamically more stable compound under our synthesis conditions.). To support these
findings, the ESM/EDS technique was further applied here in the aim to survey the
morphologies of the different zeolitic specimens formed in the alkali brick and to assess their

elemental compositions.
3.4. ESEM/EDS analyses

Under weak alkali conditions (0.1mol.L™ NaOH), no zeolite crystals were apparently formed
in the reaction medium: the ESEM micrograph indeed shows brick surface being mostly

composed of quartz crystals and amorphous phases/aggregates (Fig. 6a).
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Figure 6: ESEM images of alkali brick samples synthesized at 90°C for 6 days (10 g of
raw brick treated in 40 mL of NaOH solution): (a) in 0.1mol.L™* NaOH:; (b) 0.4mol.L™
NaOH:; (c) 0.6mol.L™ NaOH:; (d) 0.8 mol.L™* NaOH; (e) crystalline transformation of the
cubic crystals (as NaA zeolite) into spherical shape crystals (as NaP zeolite); (f) in 1.0-
1.5mol.L™* NaOH (spherical shape crystals having “cabbage” like structures).

It is worth to note that in the final mixture the liquid phase became cloudy, suggesting that an
alumino-silicate gel was partly generated through the reaction between brick metakaolinite
and sodium hydroxide [42, 63, 64, 88, 90-92]. Whereas, by increasing the reagent
concentration to 0.4mol.L™ NaOH, some zeolite nuclei grew on the surface of alumino-
silicate particles in the form of cubic crystals (Fig. 6b). Along with increasing the reagent
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concentration to 0.6mol.L™ NaOH, the ESEM micrograph reveals the appearance of more
cubic crystals at the brick grains and their averaged sizes ranged from 4 to 10 um (see Fig.
6¢): these well-developed cubic crystals are comparable of those observed previously by
ESEM and attributed to the A-type zeolite [39, 93]. The same ESEM micrograph further
shows the occurrence of spherical shape crystals in addition of cubic crystals, see Fig. 6c.
These synthesized crystals which were identified as zeolite NaP, were found to be similar to
those reported in the literature ([94-97].

After an alkaline treatment of the brick with a 0.8 mol.L™ NaOH solution at 90°C for 6 days,
the ESEM observations made on recovered brick pellets revealed predominantly spherical
micro-particles with morphological and textural characteristics being comparable with those
of NaP-zeolite, see Fig. 6d [94-97]. Each sphere was found to be isolated without aggregation
and with averaged sizes varying from 3 to 7 um. Interestingly, the nucleation in the synthesis
of these spherical crystals took place at the surface of the cubic crystals, as illustrated in Fig.
6e, suggesting that the crystalline transformation of the cubic crystals (as NaA zeolite) should
lead thermodynamically to a more stable alumino-silicate structure, as suggested previously
[98, 99]. All these findings indicated clearly that, under such alkali conditions, the zeolitic
transformation of brick metakaolinite into NaP zeolite took place completely, and during the
course of this process NaA zeolite intervened in the reaction medium as a ‘metastable’
intermediate compound. These ESEM data are well consistent with XRD results reported in
section 3.2.

Under stronger alkaline conditions (i.e. in 1.0-1.5 mol.L™* NaOH), significant morphological
transformations of the spherical shape crystals into more aggregated particles having
“cabbage” like structures, occurred in the brick (Fig. 6f). This observation ascertains that the
morphology of the NaP zeolite depended upon the experimental crystallization conditions
(time) [76, 94, 100].

A simplified mechanism of metakaolinite zeolitization in the brick material could be
proposed as follows. The hydroxide ions in alkali solution contributed to the dissolution of
metakaolinite into silicate and aluminate ions. These ions condense to form Si—O—Al and
Si—O—Si bonds, and to generate an intermediate alumino-silicate gel; subsequently, a slow
condensation of this gel occurred in the reaction medium, leading to zeolite crystals. It is

worth noting that during the course of the zeolitization process the substitution of Si** by AI**
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ions in the framework building resulted in a “positive charge” deficit. This charge imbalance

was offset by the incorporation of Na* ions into the zeolitic structure.

As brick zeolites belong to the GIS family, the chemical formula (based on the crystalline

unit cell) should correspond to the crystalline phases:
(M)yum(ADx(S1)32:x(0)32.nH20(2)

where m is the valence of cations M; and n represents the number of water molecules per unit
cell. In order to assess the averaged elemental composition of brick zeolites, detailed
ESEM/EDS analyses of NaP and LTA crystals were carried out on brick surfaces. For that
purpose, a series of cubic crystals (LTA) and spherical crystals (NaP) were targeted
hazardously on several zeolitized -brick pellets. The averaged atomic percentages of Al, Si
and Na were determined. We found the following structure formulae:
(Na)13.86+1.25(?)2(Al)16.43+0.99(S1) 15 89+0.98(0) 32.NH20(3) for LTAcrystals;
(Na)12.57+1.05(?)2(Al)14.92+1.14(S1)15 58:1.45(0)32.NH20(4) for NaP crystals.

The atomic deficit for sodium is represented by (?), in formulae (3) and (4). In these
formulae, The Si/Al atomic ratios are close enough to 1 (0.97 for LTA and 1.04 for NaP) and
the stoichiometric coefficient x for aluminium range from 14.9 to 16.4 when compared to the
general GIS structural formula (2). Also, we found an atomic deficit for sodium equal to:
13.86 +1.25 and 12.57 + 1.05, for LTA and NaP, respectively, instead of x ~ 15-16. This Na
deficit induces additional negative charges in the zeolite structures. To compensate this Na
deficit, one ought to assume the involvement of other cations in NaP and LTA frameworks
like: K*, Ca*" and/or Mg?*, K*, Ca®" and Mg*" ions that were well detected in the ESEM/EDS
spectra of NaOH - treated brick samples (Fig. 7).
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Figure 7: Typical ESEM/EDS spectra of cubic crystals (as NaA zeolite) (a) and
spherical shape crystals (as NaP zeolite) _(b), which were deposited on to (no-attacked)

brick minerals (after alkali treatment of Bangui brick).

Such zeolitic structures composed of multiple cations could be compared to those proposed
previously: for instance by Albert and his coworkers [101, 102]. However, the presence of
impurities at the surfaces of these crystals could not be excluded, particularly, the existence
of impurities containing iron and titanium as “Fe oxides” and “Ti dioxide”, respectively, on
crystals surfaces. These metals were detected by ESEM/EDS analyses (Fig. 7). It can be
noticed that crystalline TiO; rutile was detected at brick surfaces by the XRD technique (see
Fig. 3).

3.5. lon-exchange properties of zeolitized brick towards cadmium(ll) in fixed-bed

column

The column tests packed with treated - brick pellets (with diameters varying from 0.7mm to
1.0mm) were conducted at given conditions of flow rate (2.5ml/min), bed depth (6.7-6.9 cm
i.e 5.0029-5.0102 g of brick pellets), and fixed concentration of Cd(NO3),.4H,0 (54 mg of
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cadmium per liter) in the influent at pH 4.91. The column performances were evaluated

through the breakthrough curve of the continuous fixed-bed column, see Fig. 8.
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Figure 8: Breakthrough curves relative to the removal of Cd** ions in fixed-bed column
by Bangui brick after alkali treatment at 90°C for 6 days: in 0.6mol.L™> NaOH (A); in
0.8mol.L™ NaOH (m).

The breakthrough curve was commonly expressed as Cess (Or Cet/C,) against the contact time
or volume of effluent, Ve (Where Ce and C, represent the oulet Cd(Il) concentration and
inlet Cd(Il) concentration, respectively). The volumes of effluent collected at a time t and at
the final time of the column experiment (tw) are given by: Ve = F.t and Veg(final) = F.tiotar,
where F is the volumetric flow rate (2.5 ml.min™). The total adsorbed metal ion (Qi) by the
column can be assessed by integrating the plot of adsorbed metal concentration, Cys = C, -

Cesr, versus the flow time (t) by using the mathematical expression:

Fot=t,,
Qtotal = m'[t 0t ! (Cadsdt) (9)

The total amount of metal ion delivered to the system column (M) is obtained from
eq.(10):

C,Fly,
mtotal = 100(T)H (10)

The equilibrium metal ion uptake, geq, also known as the column maximum capacity is

determined from the following equation:
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0y (Mg / g):Q;"(‘a" (11)

where X is the mass of adsorbent (g) packed in the column. As for the removal efficiency Y

(%), it was calculated from the equation:

thal .

mtotal

Y (%) =100.. (12)

Column parameters and breakthrough data were reported in Table 1.

Dynamic modeling of the breakthrough curve can be examined by using the Thomas model.

The Thomas-model expression can be written as:

@)

1
>t
1+exp(kTh /F)(qeqx _CO'\/eff.)

c (13)

0

where km, (mL.min".mg™) is the Thomas rate constant; ge; (mg.g™) is the maximum
adsorption capacity; X (g) is the total mass of the adsorbent loaded in the column adsorbent
in the column; F (mL.min™) is the volumetric flow rate; and V. (ML) the volume of metal

solution passed through the column. The linear form of the Thomas model is given by:

kTh 'qeq'x kTh 'Co 'Veff.
F F

Ln(% -1 = (14)

t

By fitting the experimental data to the model represented in linear form as: Ln (%—1) Versus
t

Ve, (effluent volume), Thomas model constant (k) can be calculated from the slope of the
plot and the equilibrium capacity (geq) can be calculated from the intercept of the plot. The

values of the Thomas model were reported in Table 1.
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Table 1: Column parameters and breakthrough data when using alkali brick pellets as

ion exchanger/adsorbent.

Adsorbent: zeolitized brick prepared in 0.6M NaOH

C, X F ;. fy. tor  Qrewm [ Y
{molL) fgl | (mLmin) | (mg) (min) | (min) (mg) | fmgig (33
4.85x107 20029 P 180,95 302 1220 101.99 | 20386 5636

Thomas model data
ki Qe Y R?
mL/mg.min)) | (mgl) | (%)
0.08 20,320 56.18 0.995

Adsorbent: zeolitized brick prepared in 0.8M NaOH
C. X F Mtonl tr. texh. Qrem Qeq Y
(molL) (g | mLmin) | (mg) (min) | (min) (mg) | (mglp) (%)
4.35x107° 50102 25 13367 520 | 1520 16108 | 32151 6894

Thomas model data
ki Qe Y R?
mL/mg.min)) | (mgl) | (%)
0.11 33198 71.18 0.997

The Thomas model’s correlation coefficients are high (R* = 0.995-0.997), indicating that the

model is able to describe the dynamic behavior of this column system.

Previously, we undertook in our lab the acid activation of Bangui brick followed by a
deposition of ferrihydrite on to HClI-treated brick, and studied the adsorption capacity of the
resulting material towards Cd* ions in fixed-bed column [48]. When compared the column
data obtained with ferrihydrite-coated brick with those of zeolitized brick, one can notice that
the total mass of adsorbate (Qita) and the equilibrium metal ion uptake (geq) for zeolitized
brick were greatly increased (see Tables 1 and 2), supporting the fact that the zeolitized brick
can be considered as a better candidate than ferrihydrite-coated brick for the removal of

cadmium(I1) from aqueous solutions.
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Table 2: Comparison of the maximum adsorption capacities of zeolitized-brick samples
towards Cd(I1) with those of natural zeolites, coated/modified zeolites, and coated sands

documented in the literature.

Adsorbents Adsorption capacity (mg/g) References
(Algerian) Djebal Debbagh  18.51 Choumarne and Benguella, 2013
clay [103]

Ma-Ahdontmonllonite 520 Abollino et al., 2003 [104]

Flvash, treated 1433 Charyasithetal ., 2008 [103]

MhEnganesze nodule residue 212 Fout etal., 2009[106]

Fron-coated silica 15.737(pH 3); 24.395(pH ) Waseem etal , 2011 [107]

Fed mud 13.02 Gupta and Shama 2002 [108]

Eiver bed =and 0.15 Sharma st al, 2007 [109]

Goethite-coated zand 0.03-0.20 Laietal., 2002 [110]

Ukraine clinophilolite 422 Sprynsky etal., 2006 [111]

Bigadic clinoptilolite 0.3%4 Turkman =t al., 2004 [112]

Matural elinoptilolite 13.489-20234 Gedik and Imamoglu, 2008
[113]

Sardinian natural z=olite 3.620-21.358 Cincofti et al., 2006 [114]

Ma-modified ZRT 1.86-0.18 Barragan et al., 2017 [113]

Thiourea-modified ZRT 1.20-11.60 Barragan et al., 2017 [113]

Zeolite prepared from fly  26.246 Javadian etal | 2015 [116]

azh

Acid-modified 141 Vasylechko etal., 2003 [117]

Transcarpathian

chineptilolite

Matural and modified 236 Cukrovic et al., 1997 [118]

z=olifes

Ma-4 z=olite 60.738 Selimetal., 2007 [119]

N oxide coated zeolite 16 Irannadjadetal., 2016 [120]

Fz oxide coated z=ohie 3 Irannadjadetal., 2016 [120]

Matural Jordanian z=olite 259 Taamneh et al., 2007 [121]

Fernhydrnte-coated brick 1.098 Allahdin et al., 2014 [47]

Zeolitized brick synthemzed  20.336 This study

in 060 NaOH

Zeolitized brick synthemzed  32.131 This study

in 08N NaOH

ZB.T: zeolite-rich tuffs.

We afterwards compared the maximum adsorption capacities of zeolitized-brick samples
towards Cd(Il) (ranging from 20.32 to 33.20 mg/g) with those of natural zeolites and
coated/modified zeolites documented in the literature (see Table 2). Except for Na-zeolite, the
adsorption capacities of zeolitized brick pellets were, in all cases, found to be higher than
those of natural zeolites and coated/modified zeolites (Table 2), thus confirming the
importance of such a low-cost material (metakaolinite-containing brick) in the easy
preparation of an efficient heavy-metals ion exchanger/adsorbent.
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On the other hand, zeolitized brick can be considered roughly as a composite of sand and
zeolite(s) in which sand represents more than 60% of the total brick mass. In this context, for
comparison with the adsorption performances of zeolitized brick towards cadmium(ll), the
Cd(Il)-adsorption capacities of some natural modified sands were also listed in Table 2.
Likewise, the adsorption capacities of zeolitized brick pellets were found to be higher than

those of coated sands, see Table 2.
4. CONCLUSION

The experimental results of this research indicated that the brick used was converted
successfully to zeolitic products by treating it in atmospheric pressure with alkaline solution
at 90°C. The atomic ratio Si/Al measured in these zeolitic products was close to 1, indicating
the formation of “low silica” zeolites in Na-forms. These latter contained a maximum number
of (sodic) negatively charged sites that were assumed to be potentially reactive with cationic

heavy metals via electrostatic attraction forces existing at the brick-water interface.

Zeolitic framework building resulted in a “positive charge” deficit that was offset by the
incorporation of Na* ions into the structure. The atomic ratio Na/Al in Na-zeolites was <1,
suggesting that other cations such as K*, Ca?* and/or Mg?* contributed as well to assure the

electric charges balance in these zeolitic networks.

The feasibility of using alkali brick as a low-cost adsorbent in the elimination of a toxic
heavy metal like cadmium(ll) from aqueous solutions, was tested successfully in fixed-bed
column. Total adsorbed metal ion (Qwta) and equilibrium metal ion uptake (qgeq) obtained for
this material were comparable or better than those obtained with filters utilizing natural

zeolites, coated/modified, and coated sand.
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