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ABSTRACT

Zeolitization of a brick containing metakaolinite was carried
out under varying alkaline conditions. XRD analysis revealed
the formation of crystalline structures identified as NaA and
NaP zeolites. ESEM/EDS analysis confirmed the existence of
cubic (NaA) and spherical (NaP) crystals at the brick surface.
From batch experiments, the adsorption of iron (lI) on to
these synthesized brick compounds was examined at different
temperatures from 293K to 308K. Iron (Il) adsorption data
obtained were described by considering the following
isotherm models: Freundlich; Langmuir; and Dubinin-
Radushkevich. Chemical (batch) data and *H and 2Na MAS
NMR analyses allowed us to prove the occurrence of an ion-
exchange reaction between hydrated sodium (bound to brick
surfaces) and Fe?* ions (in the liquid phase) at the brick-water
interface. To better understand the adsorptive mechanism
involved in our system, comparative thermodynamic studies
were made by utilizing the two dimensionless equilibrium
constants:  distribution  and  partition  coefficients.
Thermodynamic parameters calculated (with no significant
difference) from these two methods indicated that the process
occurred spontaneously (-AG®), in an endothermic nature
(+AH®), and with increased randomness (+AS°®).
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INTRODUCTION:

Nowadays, ground waters are used by many people as drinking water. But, these water
sources are often contaminated with iron that is usually in its oxidation state +2, and mainly
in the dissolved forms: Fe?* and/or Fe(OH)". The maximum level of dissolved iron in
drinking water which is recommended by The World Health Organization is 0.3 mg.L™* [1].
After lifting ground waters towards the surface, iron(ll) is oxidized progressively by
atmospheric oxygen to give colloidal iron oxide/hydroxide. This iron(ll) oxidation causes
domestic issues such as reddish color, staining of laundry, and solids deposition in the water
leading to high turbidity. Aerial oxidation of iron(ll) can further contribute to the growth of
bacterial micro-organisms in water, and bacterial thriving on elevated levels of this metal
could be responsible for bad odor and an increase of unpleasant taste [2, 3]. In addition,
bacterial proliferation is known to be responsible for serious domestic problems due to iron-
compounds precipitation, leading with time to cloggings of pipes and softeners [4, 5], and
even producing punctures and leakages in the water distribution system [2, 3, 6]. Moreover,
although iron is a vital metal in hemoglobin, myoglobin as well as in some enzymes, the use
of iron-rich ground waters for drinking without treatment can pose some risks to human
health. Indeed, several health issues due to the high iron content in water were reported in the
literature. Briefly, it was stated that elevated levels of iron may injure the hematopoiesis of
bone marrow by damaging hematopoietic stem/progenitor cells, resulting in
hemochromatosis; toxic substances can then be liberated in human body, deteriorating vital
organs, and consequently, being able to cause with time grave symptoms such as eye
disorders, or even heart and cancer diseases [7-12]. Therefore, providing the population with
safe drinking water becomes an important need and challenges worldwide. This explains why
the Fe?* removal process has gained emerging importance for obtaining standard drinking
water in many countries. However, in some developing countries appropriate technologies
for safe drinking water supply are, at best, present in urban areas, but not suitable in rural
areas because all modern technologies possess disadvantages such as high cost, difficult

maintenance, and high energy requirements.

Several techniques were employed in the past for removing soluble iron from waters, e.g. : (i)
oxidation by using the oxygen in air as an oxidizing agent, accompanied by a separation /
filtration mainly with sand ([2, 3, 13]; (ii) oxidation with various chemical oxidizing agents
such as potassium permanganate, chlorine, and/or chlorine dioxide followed by (micro)-
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filtration [13-20]; (iii) biological and/or physicochemical iron oxidation [21-24]; (iv) ion
exchange with synthetic resins [2, 25]; (v) ultra-filtration/micro-filtration membranes [26-
33]; bioremediation by employing micro-organism metabolism [35-38]; (vi) supercritical
fluid extraction [39]; (vii) electric discharge treatment [40-42]; and viii) ozonation [43-47].
Even though adsorption is not a new purification method, recent technologies using low-cost
adsorbents have made adsorption an increasingly economical and good purification process.
Adsorption method was thus employed in the removal of iron from aqueous solutions by
means of different natural or synthetic materials such as ash [48]; activated carbon ([49, 50]
and references therein); dolomite [51]; kaolinite and /or montmorillonite [52-54]; natural

zeolites and/or modified zeolites [55-63].

Zeolites were commonly used for drinking water and groundwater treatments, and
particularly as softeners [64, 65]. Their use results from their high surface areas and good
cation-exchangeable and molecular sieve properties. Zeolitic materials are hydrated alumino-
silicate minerals consisting of three-dimensional frameworks of SiO4 and AlO4 tetrahedra.

Their general chemical formula is given by:
Mmin [(AlO2)x.(Si02)y].zH20 (1)

where M represents an exchangeable cation (a monovalent ion such as Na*, K*, and Li* or
divalent ions such as Ca?*, Mg?*, Ba®*, and Sr?*); n corresponds to the cation charge and m
the number of M cations in the zeolitic structure; and z is the number of water molecules [66,
67]. It is important to note that, depending upon the type of zeolite considered, the atomic

ratio y/x in formula (1) varies from 1 to 6.

The main objective of this work was to examine the possibility of using zeolitized brick for
improving the quality of ground waters in rural zones of the Central African Republic. For
that purpose, the zeolitization of the brick was carried out under different alkaline (NaOH)
conditions and by heating the reaction medium. Alkaline brick samples were analyzed by
ESM/EDS in order to observe new crystalline specimens formed at brick surfaces, to study
their morphology, and to evaluate their elemental composition. Batch experiments were
performed at different temperatures, and results at equilibrium were interpreted by using the
equilibrium adsorption isotherms proposed by Langmuir, Freundlich, and Dubinin-
Radushkevich. *H and 2>Na MAS NMR were used for evidencing the role of water protons

and sodium ions in Fe(ll) adsorption. To gain information about the binding process,
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thermodynamic parameters of iron(ll) adsorption were calculated from the equilibrium
constants derived from the distribution coefficient and partition coefficient. A consideration
of the correct calculation of the thermodynamic parameters of iron(ll) adsorption on to
alkaline brick was made.

2. MATERIALS AND METHODS:
2.1. Adsorbents preparation

The raw brick used in this study came from Bangui region in the Central African Republic.
The mineralogy of this brick was determined by means of X-ray diffraction (XRD) and
chemical analyses [68]: 60-65 wt % quartz (SiO2) and 20-25 wt % metakaolinite
(2Si02.Al203); 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 brick. First, it was broken into grains and sieved with sizes
ranging from 0.7 to 1.0 mm. Second, brick pellets were treated in our laboratory under the
following alkali conditions: 10 g of Bangui brick reacted in 40 mL of a diluted NaOH
solution (0.2; 0.4; 0.6; and 0.8 mol.L?) at room temperature for one night under slow shaking
at a speed of 120 rpm. This procedure was afterward followed by a fixed-temperature
increase of the mixture at 90°C for a constant reaction time of six days. The recovered grains
were afterward rinsed several times with MilliQ water and dried at 90°C for 24 hours. In this
article, zeolitized Brick (ZB) samples were named: ZB1, ZB2, ZB3, ZB4, and ZB5 when
treating the brick with the following NaOH concentrations: 0.2, 0.4, 0.6, 0.8 and 1.0 mol.L™?,

respectively.
2.2. Chemicals

All chemicals employed in the experiments were analytical grades. Sodium hydroxide and
FeCl,.4H,0 were supplied by DIS LAB (France).

2.3 Isotherm study

To study the adsorption behavior of iron (Il) ions on alkaline brick, the experiments for
adsorption isotherms were performed at room temperature and under constant stirring
condition. Isotherm study was carried out on brick grains with 0.7 -1.0 mm sizes. These

experiments were performed in ten 100mL-flasks —each one containing 0.5 g of brick
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pellets— in which were added 50 mL of an iron(Il) solution with a concentration ranging
from 5.71x10* to 1.46x10° mol.L Y. These flasks were placed on a mechanical (orbital)
shaker (Model: IKA Labortechnik KS 250 basic) and gently shaked at a speed of 120 rpm.
Adsorption-isotherm experiments lasted one night although a reaction time of 4 hours at a
temperature of 17°C = 1°C was sufficient for the system to attain thermodynamic
equilibrium. Afterward, suspensions were filtered and recovered solutions were analyzed in
order to determine iron concentrations using an ICP-AES (Inductively Coupled Plasma
Atomic Emission Spectroscopy; Model: Varian Pro axial view) spectrometer. The metal

uptake and percentage removal were calculated using the relationships:

_(C,-CHV
Q. = —m (2)
. (C,—-¢C.)
o) — \~o el 0
Yoadsorption c x100% 3)

o

where Co (mg.LY) and Ce (mg.L™) are the initial and equilibrium concentrations of iron(ll),
respectively; V (L) is the volume of the aqueous solution used in batch experiments, and m
(9) is the mass of alkaline brick added in the solution. It should be noted that all these

experiments were at least triplicated and data were averaged.
2.3. X-ray diffraction study

XRD patterns were conducted at room temperature in a Bruker D8 Advance diffractometer
using Ni-filtered CuKa radiation (40kV, 40 mA). Samples were scanned with a step size of

0.02° and a counting time of 0.5 sec per step.
2.3. Solid - state NMR study

The H and 2Na MAS-NMR spectra were recorded at 800 and 211.7 MHz, respectively, on
an 18.8 T Bruker Avance Il spectrometer equipped with a Bruker 3.2 mm CP-MAS probe
operating at a vrot of 20 kHz. The 2Na (I = 3/2) MAS-NMR experiments were recorded with
a pulse length of 1 s (~ =/5 flip angle), 1024 transients, and a recycle delay of 2 s. The 'H
MAS-NMR experiments were recorded with a /2 pulse length of 3.5 ps, 128 transients and
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a b5s rd using the DEPTH sequence in order to suppress the signal coming from the

measurement probe.

The 'H and #Na chemical shifts were referenced as 0 ppm to TMS and NaCl solution (1
mol.LY), respectively.

3. RESULTS AND DISCUSSION:
3. 1. Alkaline bricks characterization

The x-ray diffraction pattern of raw brick inferred the existence of mainly quartz and, to a
lesser extent, illite and rutile (not shown here). After treating Bangui brick with sodium
hydroxide at 90°C for 6 days, it was found that, during the course of the heterogeneous
reaction, the NaOH concentration was found to be a relevant parameter in the crystalline
transformation of the brick. Indeed, as shown in Fig. 1 the diffractograms of the brick treated
with 0.2 mol.L"* NaOH (noted ZB1) display new XRD peaks with very low intensities, in

addition to those ascribed to crystalline brick minerals.

The intensity of these new peaks increased in the diffractogram of the brick treated with 0.4
mol.L"* NaOH (noted ZB2; Fig. 1).
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Figure 1: X-ray diffractograms of raw brick and ‘zeolitized' bricks (ZB). ZB samples were
synthesized under different alkaline conditions at 90°C for 6 days by using the following NaOH
concentrations: 0.2 mol.L?, ZB1; 0.4 mol.L?, ZB2; 0.6 mol.L, ZB3; 0.8 mol.L?, ZB4; and 1.0
mol.L%, ZB5. A NaA zeolite; P, NaP zeolite; Q, quartz; R, rutile; I, illite.
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As for the diffractogram of the brick treated with 0.6 mol.L* NaOH (noted ZB3; Fig. 1),
these new XRD peaks appeared much better and were further accompanied with other
reflections. The XRD patterns of the recovered brick samples (ZB1, ZB2, and ZB3) indeed
displayed at least five main characteristic peaks at 20: 7.2°, 12.5°, 16.1°, 30.0° and 30.8°
corresponding to Miller indices (200), (200), (420), (644 and 820) and (822 and 660),
respectively (see Fig. 1) [69];. This observation confirmed the presence of the LTA zeolite as
the major new crystalline phase generated in the brick. As for the recovered ZB4 and ZB5
samples, their X-ray diffraction patterns inferred the predominance of NaP zeolite due to the
detection of the following (main) diffraction peaks (26): 12.5°, 17.7°,21.7°, 28.1°, and 33.4°
corresponding to Miller indices (101), (200 and 002), (211, 112 and 121), (310, 301, and
103) and (213, 312, and 321), respectively ([69] (see Fig. 1). It is worth noting that the latter
diffraction peaks were also detected in the ZB3 sample but with lowest intensity heights,
suggesting that ZB3 contains mostly NaA crystals and, to a lesser extent, some NaP crystals,

as evidenced by ESEM analysis (see below).

The surface structure/morphology and dispersion of zeolitic particles were explored by using
the ESEM/EDS technique. The ESEM image of raw brick showed that this material contains
mainly quartz crystals associated with aluminosilicate aggregates (clays) with surface

roughness and cracks (not shown here).
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Figure 2: ESEM micrographs of ‘zeolitized’ bricks (ZB). ZB samples were synthesized
under alkaline conditions at 90°C for 6 days by using the following NaOH
concentrations: (A) 0.2 mol.L, ZB1; (B) 0.4 mol.L™, ZB2; (C) 0.6 mol.L, ZB3; and (D)
0.8 mol.L?, ZB4.

In Fig. 2, when compared to ESEM image of untreated brick, ESEM image An obtained for
the ZB1 sample (brick treated with 0.2 mol.L"* NaOH) displayed an intense deposition of
aluminosilicate gels considered as a precursor non-crystalline phase and possessing the same
(or close) chemical composition as those of zeolites NaA and NaP (which were detected
under higher alkaline conditions as shown in ESEM images B, C and D of Fig. 2).

ESEM image B obtained for the ZB2 sample (brick treated with 0.4 mol.L™* NaOH) revealed
the presence of new micro-specimens at the surfaces of alkaline-brick grains with cubic
shapes and sizes ranging from 5 to 10 um. These cubic crystals were found to be comparable
with those observed previously for the A-type zeolite by the SEM technique [63, 70]. ESEM
image C obtained for the ZB3 sample (brick treated with a 0.6 mol.L™* NaOH solution)
showed the occurrence of some spherical shape crystals with diameter sizes varying from 3
to 6 um in addition to cubic crystals. These spherical shape crystals were identified as zeolite
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NaP, and they were further found to be comparable with those reported in the literature [71-
74]. As for the ZB4 sample (brick treated with 0.8 mol.L"* NaOH), its ESEM micrograph
(see ESEM image D of Fig. 2) exhibited only spherical shape crystals, indicating the total
transformation of NaA zeolite into NaP zeolite under our specific alkaline conditions. A

similar ESEM image as that of ZB4 was observed for the ZB5 sample (not shown here).

In what follows, only ZB1, ZB2, ZB3, and ZB4 were tested as adsorbents for Fe(ll)

adsorption from aqueous solutions.
3.2. Adsorption isotherms

In batch experiments and in order to interpret the adsorption characteristics of adsorbents,
Langmuir, Freundlich, and Dubinin-Radushkevich (D-R) isotherm models are the commonly
used models by scientists. Adsorption-isotherm equations express the relationship between
the equilibrium adsorption quantity of the adsorbent and the equilibrium concentration of the

adsorbate at a constant temperature.

Batch mode experiments on adsorption of iron (I1) by zeolitized brick samples noted ZB1,
ZB2, ZB3, and ZB4 (as pointed out in the Experimental Section), were conducted at room
temperature. In this work, Fe(ll) Adsorption by alkaline brick was modeled by using

Langmuir and Freundlich and Dubinin-Radushkevich (D-R) isotherms.
3.2.1 Langmuir isotherm

To apply this model to our system, we assumed that: first Fe(ll) adsorption would take place
at specific homogeneous active sites of the brick; second these sites ought to be energetically

identical at the brick surface.
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Figure 3: Langmuir and Freundlich's isotherms obtained for iron(ll) adsorption by
‘zeolitized* bricks (ZB). ZB samples were synthesized under alkaline conditions at 90°C

for 6 days by using the following NaOH concentrations: 0.2 mol.L, ZB1; 0.4 mol.L™,

ZB2; 0.6 mol.L, ZB3; and 0.8 mol.Lt, ZB4.

The linearized mathematical form of the Langmuir equation is given by [75, 76]:

1
Q.

1

+
K L 'erax 'Ce QTT'BX

(4)
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where K_ (L.mg?) is the Langmuir constant that depends upon the energy of adsorption of
the alkaline brick towards iron(ll); Qmax (mg.g™) the maximum adsorption capacity; Qe
(mg.gl) the amount of Fe?* ions adsorbed on to zeolitized brick grains leading to the
formation of monolayer on the brick surface; and Ce (mg.L™) the equilibrium concentration
of Fe?* jons in the liquid phase. The plots of 1/Qe against 1/Ce give straight lines (Fig. 3). The
Langmuir constant and the maximum adsorption capacity were calculated from the slopes
and intercepts of the plottings. We found K. values varying from 0.641 to 0.997 L.mg* and
Qmax Values from ~3.0 to ~3.9 mg.g™, see Table 1. The Qmax Values indicate better binding of
Fe?* ions on alkaline bricks in the following order: ZB1 < ZB2 < ZB3 < ZB4 (Fig. 4).

3.5

2.5

Qmax (mg/g)
N

15

0.5

ZB1 ZB2 ZB3 ZB4

Figure 4: Evolution of the maximum Fe(ll)-adsorption capacity, Qmax (mg.g™), of the
brick which was previously treated with increasing NaOH concentrations ranging from
0.2t0 0.8 mol.L ™.

This finding might be explained by the abundance of zeolitic particles coating brick pellets
that increased when the NaOH concentration in the reaction medium increased from 0.2
mol.L? to 0.8 mol.L? (as evidenced by ESEM/EDS analysis; see section 3.1). This
observation might explain the maximum adsorption capacity, Qmax, attained by employing
the ZB4 brick as an adsorbent for iron(ll) adsorption, as shown in Fig. 4. The regression
coefficients (R?) ranged from 0.904 to 0.987 (see table 1), revealing a good fitting of

theoretical data when applying the Langmuir model to experimental ones.
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Table 1: Langmuir and Freundlich isotherms parameters obtained for iron(l1)

adsorption by zeolitized bricks (ZB).

Langmuir model Freundlich model
Alkaline| Qmax |KL (L.mg ) Kr p
bricks | (mg.g?) D) R R mg.g* i R

ZB1 2.99745 0.997 0.01-0.03 | 0.9090 | 0.8338 | 3.476 |0.9389
ZB2 3.4928 0.872 0.01-0.03 | 0.9206 | 0.8063 | 2.829 |0.9167
ZB3 3.7905 0.697 0.02-0.04 | 0.9045 | 0.7917 | 2.891 |0.9127
ZB4 3.8698 0.641 0.02-0.05 | 0.9866 | 0.8217 | 2.639 |0.9692

In order to reveal the feasibility of Fe(ll) adsorption on to zeolitized brick, the dimensionless
separation factor, R_ [77, 78], was applied to our system. This parameter is indeed
considered as an indicator of the adsorption nature by classifying the isotherm to be: (i) either
favourable if 0 < R_ < 1; linear if RL = 1; unfavourable when R > 1; or irreversible when R

= 0. It can be determined from the equation:

1

R =1
LT17K,C, ©)

where Co (mg.L?) is the initial adsorbate quantity; and K. (L.mg™) the Langmuir sorption
constant described above. In this study, the R. values ranged from 0.01 to 0.05 (see table 1),
indicating the favourability of Fe(ll)-adsorption process at room temperature.

3.2.2 Freundlich model

In this model, it was assumed that Fe(Il) adsorption would occur as multilayer adsorption on
heterogeneous surfaces of alkaline brick. The linearized form of the Freundlich equation is
given by [79]:

NQ, =K, +(ni).|n C. ©)

F

where Ke (mg.g?) and ne are Freundlich isotherm constants corresponding to multilayer
adsorption capacity and adsorption intensity, respectively. The plots of InQe against InCe
yield straight lines (Fig. 3). Freundlich equilibrium constants could be calculated from the
slopes and intercepts of the plottings. We found Kr values varying from 0.7917 to 0.8338
mg.g* and ne values varying from 2.639 to 3.476, see Table 1. The regression coefficients
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(R? = 0.9127-0.9692) were slightly lower than those obtained from the Langmuir equation,
indicating barely the lowest fitting of adsorption data for iron(Il) to Freundlich model. The
slope 1/nr is used as a heterogeneity factor. Indeed, the adsorption becomes heterogeneous as
far as the 1/nr value becomes close to O; whereas if the slope 1/ng is > 1, adsorption is a
physical process; and if 1/nr < 1, adsorption is considered more as a chemical process [80].
In this study, all the 1/nr values were found to be between 0.288 and 0.379, suggesting that
the removal of iron(I1) by alkaline brick occurred mostly according to a chemical adsorption

process.

From the above results, it could be concluded that the adsorption of Fe?* ions on to zeolitized
brick occurred more according to the Langmuir isotherm model at specific homogeneous
active sites of the brick. Indeed, when compared to Freundlich model data, monolayer
adsorption capacities calculated by using the Langmuir model (Qmax) were found to be much

closer to those determined directly from experimental results (Qexp).
3.2.3 Dubinin-Radushkevich (D-R) isotherm

To assess the nature of bonding between Fe?* ions and the alkaline-brick adsorbent, the D-R
isotherm was applied to our system. The linear form of the D-R isotherm is given by [81]:

NQ, = Q,_; —p.&’ )

where Qpr (mg.g?) represents the theoretical saturation capacity of alkaline brick; B
(mol®.kJ?) is a constant relative to the mean free energy of adsorption per mole of iron(ll),
and ¢ corresponds to the Polanyi potential. In order to evaluate the adsorption potential, €, a
more systematic approach had previously been presented for ion exchange/adsorption of
metals and adsorption of dyes from aqueous solutions using several adsorbents [82-86]. From
Inglezakis’ works [87], solubility-normalized Dubinin—Astakhov adsorption isotherm for
ion-exchange systems was applied in this study, and the Polanyi (adsorption) potential, &,
was calculated from the equation:

1
=RT In(1+—
£ (+C) (8).

e

where Ce (g.g7%) is the equilibrium concentration of the solute in the solution. The plots of
InQe against €2 yield straight lines (Fig. 5), and their slopes and intercepts permit the
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calculation of B and Qp-r, respectively. We found: B = -2.00.10"° mol?.kJ? and Qp.r = 21.28
mg.g* for ZB4; B = -2.00.10”° mol>kJ? and Qo.r = 19.25 mg.g* for ZB3; B = -1.00.10°°
mol?.kJ? and Qp-r = 3.874 mg.g™* for ZB2; and B = -1.00.10° mol®kJ? and Qp-r = 3.555
mg.g™* for ZB1.

1.4 DUBININ-RADUSHKEVICH
e A

1.2 n N
. ® 7B4
w 1.0 AZB3
o \
0.8 m ZB2
e ¢ ZB1
N

O\

i

0.4 +# ~— _ N
0.2
\\I\\
0.0
8.0E+08 9.0E+08 1.0E+09 1.1E+09 1.2E+09 1.3E+09
2
4

Figure 5: Dubinin-Radushkevich isotherms obtained for iron(ll) adsorption by
‘zeolitized® bricks (ZB). ZB samples were synthesized under alkaline conditions at 90°C
for 6 days by using the following NaOH concentrations: 0.2 mol.L, ZB1; 0.4 mol.L™,
ZB2; 0.6 mol.L1, ZB3; and 0.8 mol.Lt, ZB4.

The Qo-r value for Fe?* adsorbed on to ZB4 was much higher than those obtained with ZB1
and ZB2 as adsorbents, and slightly higher than that for Fe?* adsorbed on to ZB3, confirming
the better adsorptive properties of NaP coatings at ZB4 surfaces. The changes in free energy,
Ep-r, involved for the transfer of one mole of Fe?* ions from infinity towards the surface of
alkaline-brick pellets were determined from the B values by using the mathematical

expression (see ref. [87] and references therein):

1

Epr= 9).
=T ©)

We found Ep-r = 22.4 kJ.mol™ for both ZB1 and ZB2 and Epr = 15.8 kJ.mol* for both ZB3
and ZB4. For alkaline brick grains being well coated with NaA and/or NaP zeolites (i.e., the
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ZB3 and ZB4 samples; see ESEM images C and D of Fig. 2), the Ep-r value obtained (Epr =
15.8 kJ.mol?) is in the order of those expected for an ion-exchange mechanism in which the
sorption energy lies within 8-16 kJ.mol™* [86, 88-91]. Again, this result confirmed that the
adsorption of Fe?* ions on zeolitized-brick surfaces refers to a chemisorption mechanism

which is similar to that predicted from the Freundlich isotherm model (see above).

It is, however, worth noting that the regression coefficients relative to the linear plots InQp-r
vs €2 were somewhat weak (R? ranging from 0.799 to 0.9054), and thereby, Fe(I1)-adsorption
data seemed to fit less to D-R isotherm model than to Langmuir and Freundlich isotherm
models.

In the other hand, from batch-experiments data obtained for Fe(ll) adsorption on zeolitized
bricks (ZB1, ZB2, ZB3, and ZB4), the equilibrium concentration of brick sodium released in
the liquid phase was plotted against the equilibrium concentration of Fe?* ions deposited on
to brick surfaces (Fig. 6).

3 -
y(zB1) =1.9777x +0.1437 ¢ 781
—~25 - R?=0.9919 u ZB2
:of A ZB3
2 y(zB2) =2.1032x +0.045
£ R?=0.9956 ® 7B4
= 2 -
g
5
+_3, y(ZB3) =2.0083x + 0.1053
2 R*=0.9974
=15 -
v(ZB4) = 2.0684x +0.0265
R>=0.9867
1
0.5 0.75 2 1 ) 1.25 1.5
. )
[Fe ]adsorbed (mmOI'L )

Figure 6: The equilibrium concentration of brick sodium released in the liquid phase
as a function of the equilibrium concentration of Fe?* ions deposited on to different
‘zeolitized’ bricks (ZB). ZB samples were synthesized under alkaline conditions at 90°C
for 6 days by using the following NaOH concentrations: 0.2 mol.Lt, ZB1; 0.4 mol.L™,
ZB2; 0.6 mol.L, ZB3; and 0.8 mol.Lt, ZB4.
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All the fitting plots were found to pass nearly through the origin (the intercepts are close to
zero: y = 2.0230(x 0.0454) + 0.0801(0.0586)) and with good regression coefficients (R?
ranging from 0.9867 to 0.9974; see Fig. 6). This finding supported the view that this process
occurred stoichiometrically as an ion-exchange between two Na* ions coming from the brick
surface and one Fe?* ion present in the water column. Thereby, the quantity of Na* ions
bound to the brick might be considered as a relevant indicator of the number of reactive
(negatively charged) sites at the adsorbent surface. For calculations of equilibrium constants
and thermodynamic parameters relative to our heterogeneous system (see section 3.3), we
then assimilated the amount of sodium in synthesized brick to that of surface-brick sites, i.e.:
>S—-O" with S = Al or Si.

3.3 Feasibility and nature of the adsorption process

In this paragraph, the determination of equilibrium constants and thermodynamic parameters
were assessed only for iron(11) adsorption on ZB3 and ZB4 because, in these two materials,
the transformation of brick metakaolinite into zeolite(s) NaA and/or NaP was assumed to be

complete.
3.3.1 Distribution coefficient (Kq)

The influence of temperature in the removal of iron(1l) by zeolitized brick was examined in a
view of the practical application in the field for the decontamination of Fe(ll)-polluted
ground waters at pilot scale in the Central African Republic. For that purpose, Fe(ll)
adsorption was performed at different temperatures including 293.15, 298.15, 303.15, and
308.15°K. In order to study adsorption thermodynamics of carbofuran on Sn(IV)
arsenosilicate in H*, Na* and Ca?* forms, Khan and Singh [92] proposed in 1986 the use of a

thermodynamic distribution coefficient, Kq (L/g), defined as:

(10)

where Qe and Ce are the equilibrium contents of iron(Il) on the zeolitized brick and in the
solution, respectively. This method had been used in the literature for the calculation of
thermodynamic parameters [93-95]. Unfortunately, the unit of Kgq is liter per gram. This unit
problem had been discussed previously [96-98]. For instance, Milonjic [97] reported that

numerous incorrect calculations of thermodynamic parameters, AS and AG, were published
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in the literature, leading to erroneous interpretations/conclusions in contradiction to
experimental data. To address this problem, several authors [97-100] proposed the use of a
dimensionless constant, K¢, by multiplying Kq by a factor of 1000 corresponding to the
solution density (assuming that the density of the aqueous phase used in batch experiments
remains close enough to that of pure water i.e., 1000 g.L™?). The term Kc(g.g™%) = Ka(L.g"

1%1000(g.L™?) then becomes dimensionless.

Gibbs free energy change (AG®) was then calculated from the equation:
AG° =-RT In(K,) (12).

The values of AG® were found to be negative for all studied temperatures (see Table 2).
Increase in temperature and decrease in the value of free energy change (AG®) indicated that
the iron(ll) adsorption process was more favorable at higher temperatures. This suggested
that the adsorption of iron(ll) on to alkaline brick was thermodynamically spontaneous. The
AG?® values decreased from -15.758 kJ.mol™ to -22.636 kJ.mol* for ZB3 and from -15.756
kJ.mol? to -24.121 kJ.mol* for ZB4 when the temperature was increased from 293.15°K to
308.15°K, revealing two features: first the degree of spontaneity increases with the increase
in temperature, and second the system requires more amount of energy in order to facilitate

the heterogeneous reaction.

From Van’t Hoff equation, the thermodynamic distribution coefficient, K¢, can be expressed
as a function of temperature according to:
AS°  AH° 1

5 ) (12)

InK, =

where AH® and AS° are the enthalpy change and entropy change, respectively. By plotting
Ln(Kc) against 1/T, we obtained straight lines (see Fig. 7). The values of AH® and AS°® were
then determined from the slopes and the intercepts of the plots of Ln(K¢) vs 1/T. We found:
AH° = +111.738 kJ.mol™® and AS® = +436.152 J.mol1.K™? for ZB3 and AH® = +147.947
kJ.mol™! and AS°® = +559.045 J.mol™1.K™ for ZB3 (see Table 2). The positive values of AH®
indicated that the process is endothermic, which is confirmed by the increasing adsorption of

Fe2* ions by alkaline brick with an increase in temperature.
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Generally, a low enthalpy change value of AH® < 20 kJmol™ indicates that physisorption is
involved in the studied system, while in the case of chemisorption the AH® value ranges from
80 and 400 kJ.mol™, as pointed out previously [95, 101, 102]. The estimated values of AH®
for the present system were found to be higher than 80 kJmol™? (with AH® varying from
+111.738 to +147.947 kJ.mol?), indicating the involvement of an ion-exchange
(chemisorption) succeeding to electrostatic attraction (physisorption) between Fe?* ions (in
the liquid phase) and negatively charged surface (on the brick) during the iron(Il)-adsorption
mechanism. The highly positive values of the entropy change (with AS® varying from
+436.152 to +559.045 J.mol*.K™1) were consistent with an increase in randomness and in the
degrees of freedom of the implicated species at the brick-water interface as a result of

chemical surface modifications.

Ln(K¢) vs 1/T
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Figure 7: Thermodynamic distribution and partition coefficients, K¢ and Kopart,
expressed as a function of temperature (according to Van’t Hoff equation).

Indeed, chemical surface reactions were assumed to occur: first when water molecules were
released from Fe(H20)s* ions and/or hydrated zeolitic pores during the migration of Fe?*
ions from the liquid to the brick surface owing to the existence of electrostatic forces at the
brick-water interface; and second when Na(H20)," was removed from ion-pairs (>S—-O---
(H20)n---Na*, where >S—O" represents an active site of the brick zeolite) in order to balance

electric charges at the brick-water interface.
3.3.2 Thermodynamic partition coefficient (Kpart.)

As reported in the literature and according to the United States Environmental Protection
Agency, the partition coefficient might be used as a thermodynamic equilibrium constant if
the initial concentration of the adsorbate is weak. Because of the low concentrations of iron
(1) used in batch experiments, the partition coefficient might be employed here for
calculation of thermodynamic parameters relative to our heterogeneous water/alkaline-brick

system.
The partition coefficient (Kpart,) is defined as [102, 103]:

_ag,(brick)

part. — aFe(SOL) (13)

Citation: Abdel Boughriet et al. Ijsrm.Human, 2019; Vol. 11 (3): 88-119.



www.ijsrm.humanjournals.com

where are(brick) represents the activity of the adsorbed iron(Il) on to alkaline brick, and
are(sol.) the activity of iron(Il) in the solution at the equilibrium state. In our calculation,
“activity” was assimilated to “molar fraction”. Hence, the activity of iron (lI) in the brick

could be approximated as:

X g (brick)

aFe (brle) = m
Na

(14)

where Xre(brick) and X o* (brick ) represent the molar contents of Fe** and Na* per gram of

brick zeolite [ X (2 (brick) also represents potentially the total number of sodic sites per

gram of material at brick surfaces before carrying out iron(ll) adsorption]. After performing
total acid attacks of alkaline bricks, ICP-AES analysis of recovered solutions allowed the

assessment of the X 2 (brick) value. As for the activity of iron adsorbed in the brick,

Xre(brick), it was determined from the relationship:

(Co — Csol.)-v

XeOMoR) = L o00m, . M.
“orick* Fe

(15)

Where C, represents the initial concentration of iron (I1) in the solution (mg.L™) in contact
with the brick during batch experiments, and Cso. is the concentration of iron (II) in the
solution at equilibrium (mg.L™2); V (in liter) corresponds to the volume of iron (I1) solution
used for batch experiments; murick the mass of brick employed (g); and Mee the atomic mass

of iron (g.mol™).
The activity of iron (I1) in the solution was estimated from the equation:

X (sol.) = Coo ¥ (16)
1000.M ,, .55.55

where the factor 55.55 corresponds to the number of moles of pure water per liter or 1000 g
at 298°K (i.e. by considering the ratio:1000/Muwater = 55.55 With Muater =18 g.mol™).

Gibbs free energy change (AG®) was then calculated from the equation:

AG® =—RT In(K ) 17).
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The AG® values were reported in Table 2. These values show that the process is favorable at

higher temperatures.

Table 2: Thermodynamic parameters relative to iron(11) adsorption by zeolitized bricks

(ZB3 and ZB4), calculated from distribution coefficient (Kc) and partition coefficient

(Kpart) at different reaction temperatures.

Alkali

Distribution coefficient (Kc)

\ AHP AS® AG® at AG° at AG° at AG° at
brick mol 3 MoK 293K 298K 303K 308K
' ' kJ.mol*? kJ.mol* kJ.mol! kJmol?
ZB3 +111.738 +436.152 -15.758 -19.042 -20.131 -22.647
ZB4 +147.948 +559.040 -15.756 -18.912 -21.720 -24.121
Partition coefficient (Kpart.)
AHP AS© AG® at AG®° at AG® at AG® at
Imold 3 MoK 293K 298K 303K 308K
' ' kJ.mol*? kJ.mol! kJ.mol! kJmol?
ZB3 +113.009 +482.859 -28.186 -31.681 -32.972 -35.693
ZB4 +149.536 +605.501 -27.797 -31.158 -34.160 -36.760

From Van’t Hoff equation, the thermodynamic partition coefficient, Kpat, can also be

expressed as a function of temperature according to reaction (12). By plotting Ln(Kpart.)

against 1/T, we obtained straight lines (see Fig. 7). The values of AH® and AS° were then

determined from the slopes and the intercepts of the plots of Ln(Kpat) vs 1/T. The

thermodynamic parameters calculated from the partition coefficient were reported in Table 2.
We found: AH® = +113.009 kJ.mol™* and AS° = +482.859 J.mol'K? for ZB3, and AH® =
+149.535 kJ.mol™* and AS° = +605.501 J.mol*K™ for ZB4. These values are somewhat close

enough to those calculated from the distribution coefficient. The thermodynamic parameters

calculated also indicate that the process is endothermic with an increase in randomness at the

brick-water interface. It is interesting to note that in this case Kpart, AG°, AH®, and AS° were

not dependent on the units (mg.L* or mmol.L?) relative to the Fe?* ions concentration.
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3.4 Mechanistic aspects of iron (11) adsorption on to an alkaline brick
3.4.1Chemical iron (I1) speciation

Identification of chemical forms of iron ionic species interacting with zeolite-crystals
surfaces was greatly helpful in elucidating the mechanism involved at the brick-water
interface. For that purpose, chemical Fe(ll) speciation in water was undertaken under batch
experiment conditions. Fe(ll)-speciation data were obtained by the Visual MINTEQ program
and presented graphically in Fig. 8. Globally, speciation results revealed that iron was present
in its free ionic form up to pH~ 8.2, and beyond pH ~ 11 the dominant species was Fe(OH)s".
Intermediately at pH > 8, free Fe?* ions started hydrolyzing as iron(I1) was converted mainly
into Fe(OH)* and Fe(OH)2@q). These intermediate Fe(ll) species attained a maximum
proportion of 71.68% at pH~10 for Fe(OH)*, and 17.47% at pH ~11 for Fe(OH)2(aq.).
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Figure 8: Distribution of the various iron(ll) species in water under batch experiment
conditions.

3.4.2 pH-dependence adsorption

The pH-dependence data on iron(ll) adsorption by alkaline brick grains were presented
graphically in Fig. 9.
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Figure 9: Influence of pH on the percent adsorption of Fe(ll) from agueous solutions by

zeolitized brick.

During the initial range of pH (pH < 3), the uptake of Fe?* ions was weak: < 5% removal.
However, by increasing the pH from 3 to 6 the uptake of iron (I1) was strongly affected with
the change in the medium pH: indeed Fe (I1) adsorption increased significantly from 5% to
about 90%. At the latter stage of pH, i.e. beyond pH~ 8.5, the iron (Il) removal attained
maximum percentages from ~97.3 up to ~99.4%.

In order to understand the pH dependence of Fe (Il) adsorption, it is necessary to take into
account the physicochemical surface properties of zeolitized brick as well as the chemical

form(s) of iron(lIl) entities present at the brick-water interface.

The deposition of zeolite(s) crystals on the surface of the brick contributed to change the
electro-kinetic properties of this material. The pHpzc of alkaline brick samples was found to
be in the pH range 5.83-5.89, which was somewhat higher than that of untreated brick: ~5.3.
The surface of alkaline brick then carried positive charges below the pH range 5.83-5.89 and
became negatively charged beyond these pH values. This explained why the removal
percentage of iron(ll) attained progressively maximum levels and a plateau beyond pH 6, as

shown in Fig. 9.

On the other hand, from chemical Fe (II) speciation (Visual MINTEQ studies; see above) it
was shown that, in the pH range 6.0-7.1 measured at the equilibrium state of the solid-liquid

(batch) system, the free Fe?* ion predominated in the liquid phase. Therefore, it was assumed
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that electrostatic attraction forces should intervene between brick surfaces with negative
charges and free Fe?" ions, and thereby should cause metal uptake. It is worth noting that, in
the pH range of performed batch experiments, the uptake of Fe?* ions occurred in the plateau
of the plot: Fe (I1)-removal % vs pH shown in Fig. 9.

3.4.3 Na*/Fe?* exchange in batch reaction

In addition to electrostatic attraction, a surface complexation through an ion-exchange
process was postulated for uptake of iron (II) in the pH region of performed batch
experiments (see section 3.2.3). Among the numerous combinations of possible reaction
stoichiometries, batch adsorption data were fitted reasonably by assuming the following

chemical reaction:

2[>S—07(H20)nNa)*](orick) + [Fe(H20)6*Jsolutiony ——> (>S—0)2F€(brick) +
2[Na(H20)6+](so|ution) +(2n'6)H20 (18)

This reaction would assume that a bidendate complex, (>S—0)2Ferick), Was formed at the

brick surface as the final product of Fe(ll) adsorption.

In this assumption, it should be interesting to know if the existence of such a bidendate
species generated through reaction (18) was consistent with NMR spectroscopic results.

3.4.4 2Na and 'H MAS NMR study

When compared to the 2Na MAS NMR spectrum of raw brick (see Fig. 10A(a)), under our
experimental conditions the alkaline treatment of the brick produced a broad signal in the
2Na MAS NMR spectrum with a maximum intensity peak at -4 ppm and a weaker peak at
around -25 ppm (Fig. 10A(b)). The spectrum shape observed was comparable to that reported
by Glid and his co-workers (2017) for alkaline activated metakaolinite samples [104]. The
spectral broadening detected was in fact due to the presence of several 2Na NMR resonances
(not interpreted here) resulting from the binding of Na* ions with different types of reactive
sites present in the structures of brick zeolites. It is important to note that the chemical shift
of the broad 2Na NMR signal was further close to that observed for hydrated sodium ions,
indicating the presence of water molecules in the combinations/complexations of Na* ions

with reactive sites of alkaline brick.
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In the case of the *H MAS NMR spectrum of alkaline brick, it was observed a broad and

intense resonance at around 4.8 ppm accompanied with weak and sharp peaks at 4.3 ppm and

~3.8 ppm (Fig. 10B(a)).

Na at 18.8T

H at18.8T 48

8 6 4 2 0 [ppm
Figure 10: (A) 2°Na MAS NMR spectra of: (a) raw brick (a); (b) zeolitized brick; and (c)

recovered zeolitized brick after iron(ll) adsorption; (B) 'H MAS NMR of zeolitized

brick: (a) before; and (b) after iron(ll) adsorption.

The appearance of a broad spectral spreading between ~2 ppm and ~8 ppm suggested that
various water molecules and proton species were distributed in different atomic
environments of the zeolitized-brick framework. And particularly, most of these *H NMR
resonances were ascribed to water molecules associated distinctively with Na* ions in the
zeolitic frameworks, in agreement with previous NMR results on ?®Na atoms in the
metakaolinite structure after its alkali activation [104]. Again, as observed for 2Na atoms of
alkaline brick, the chemical shift of this *H NMR resonance is close enough to that observed
for Na* ions in aqueous solutions ([105-108]. This finding confirmed two points: (i) sorbed

Na* ions are in a hydrated form, Na(H20), *; and (ii) the binding of hydrated sodium with
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negatively charged brick sites (>S—O" with S = Si and Al) would result in outer-sphere

complexes owing to electrostatic attraction forces ([108].

After Fe(ll) adsorption, the 2Na and *H MAS NMR of recovered brick samples changed
significantly. Indeed, as shown in Fig. 10A(c) and 10B(b) the 2Na and H MAS NMR
resonances relative to sodium and water hydrogen which were initially incorporated into the
alkaline-brick framework, decreased dramatically, suggesting the release of Na* ions and

water molecules from the alkaline brick.
4. CONCLUSION:

The zeolitization of a brick containing metakaolinite was performed in this work and
ESEM/EDS analysis showed the formation of crystals of zeolites NaA and/or NaP deposited
at the brick surface. The uptake of Fe?" ions from aqueous solutions by zeolitized brick was
afterward studied from batch experiments. The equilibrium data obtained were analyzed
using Langmuir, Freundlich, and Dubinin-Radushkevich isotherms. Langmuir isotherm
revealed the best fit, suggesting the involvement of monolayer coverage of Fe?* jons on to
brick surfaces. Dubinin-Radushkevich isotherm investigations showed that the adsorption of
Fe?* ions on zeolitized-brick surfaces referred to a chemisorption mechanism which is in
agreement with conclusions made by applying the Freundlich isotherm model. Analysis of
experimental (batch) data further revealed the existence of an ion-exchange between Fe?*
ions (in the liquid phase) and Na* ions at the brick-water interface according to an atomic
Fe/Na ratio close to 1:2 (i.e. according to the stoichiometry: 1Fe?*:2Na*). Thermodynamic
parameters were calculated from distribution and partition coefficients, and the comparison
of data showed no significant difference. Thermodynamic adsorption findings revealed that
the process occurred spontaneously (-AG®), in an endothermic nature (+AH°), and with

increased randomness (+AS°).

As for NMR results, they revealed two relevant points: (i) an ion-exchange reaction between
hydrated sodium (bound to brick surfaces) and Fe?* ions (in the liquid phase) occurring at the
brick-water interface, thus confirming batch data; and (ii) the absence (or weak implication)
of water molecules in the association of iron(ll) ions with reactive brick sites, in agreement

with adsorption reaction (18).
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