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Abstract: Brick made by craftsmen in Central African Republic was treated at 50°C and 90°C with a 6M solution of 

hydrochloride acid for different time lengths. Total chemical compositions of leached samples were determined by ICP-

AES and their chemical, mineralogical and morphological/textural properties were characterized by using an 

environmental scanning electron microscope equipped with an energy dispersive X-ray spectrometer, 
27

Al solid-state 

MAS NMR spectrometry, N2 adsorption - desorption (BET) method. The acid-modified brick was found to possess a 

higher surface area as a result of structural and compositional collapses with significant Fe an Al losses which reached up 

to 85 wt.% for Fe and 55 wt.% for Al. Pore size distributions had allowed us to show the predominance of mesoporous 

structures with roughly two pore-diameter maxima at 7.6 nm and 14.6 nm. Higher surface acidity was also detected on 

HCl-treated brick pellets, indicating the generation of Brönsted and/or Lewis acid sites on their surfaces; These acid 

centers were evidenced by 
1
H-MAS NMR spectrometry and also by FT-IR using pyridine as a probe molecule. The 

quantification of these acid sites was performed firstly by pHmetry with a NaOH solution under a strictly controlled N2 

atmosphere, and secondly by adsorption - desorption studies of pyridine versus temperature using ThermoGravimetric 

(TGA)/Differential Thermal (DTA) analyses and TGA coupled to Mass spectrometry. The acid treatment of brick led to a 

higher surface area mesoporous material that was used in the present work as an adsorbent for removing Fe
2+

 ions from 

aqueous solutions after deposition of iron oxy-hydroxides. The efficiency of this new composite was confirmed in the 

laboratory by carrying out fixed-bed column experiments. 

Keywords: Brick, metakaolinite, ferrous ions, acid activation, adsorption, porosity, morphology, acidic surface, water 
treatment. 

INTRODUCTION 

 In developing countries, ground water in rural area is 
often used as drinking water. These freshwaters contain 
frequently undesirable and naturally occurring inorganic/ 
organic (microbial) contaminants, and unfortunately, poverty 
prevents people from acquiring modern treatment 
technologies. To make these waters more suitable for human 
consumption in these countries, considerable attention has 
been paid to the elaboration of new drinking water - 
treatment technologies using mainly adsorption as an 
effective and economic method for the removal of pollutants 
from contaminated waters. These technologies are based on 
the investigation of diverse types of low-cost adsorbents like: 
clays minerals [1-3]; zeolites [4]; and metal oxides [5, 6]. 
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There are further those prepared by different kinds of waste 
materials: (i) from industries like: (a) fly ash as coal (or 
wood)-combustion residues [7-13], (b) red mud as a by-
product of bauxite [1, 14], and (c) blast furnace slag [1, 13]; 
and (ii) from agriculture like: rice, tea and coffee residues 
[13, 15]. However, all these technologies are not easily 
applicable in rural areas of poor countries because of 
construction/operation/maintenance requirements. In order to 
adapt to local water problems of these rural communities, 
many authors have developed small-scale water adsorption – 
filtration systems with raw sand or sand coated with iron 
oxides/hydroxides in the aim to remove quantitatively 
cations, anions and even bacteria from aqueous solutions 
[16-24]. 

 In Central Africa Republic ground waters, that serve as 
sole source of drinking water in rural communities, are 
known to contain up to 10 milligrams of dissolved iron per 
liter. This explains why these waters turn easily cloudy and 
reddish brown color in the presence of air oxygen, and 
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thereby become undrinkable, organoleptic and inappropriate 
to get washed and to do the laundry. To remove soluble iron 
from these waters, a bulk material, brick commonly made by 
local craftsmen was tested in our laboratory as a low cost 
adsorbent contrary to most of those employed for water 
purification treatments with possible industrial applications. 
This material is found to be mainly composed of sand and 
clays minerals. In other respect, there is evidence in the 
literature that clay minerals could be chemically modified to 
improve their adsorption capacity when they were treated 
with concentrated inorganic acids [25-28]. In this context, a 
detailed examination of physicochemical mineralogical and 
morphological properties of crushed brick subjected to 
thermal treatment and HCl leaching had been undertaken in 
the present work. The research described here was finally 
designed to test the performances of acid-activated brick 
after its iron oxy-hydroxide coating for removing ferrous 
ions from aqueous waters in a fixed-bed column by 
comparing the uptake capacity of this new composite with 
those obtained for untreated brick, raw sand, and iron 
oxides-coated sand. 

EXPERIMENTAL 

 Bricks were made by craftsmen and used for construction 
activity by local people in Bangui region (Central African 
Republic). Bricks makers extracted starting material directly 
near their homes at ground depths . 0.2 m. Briefly, extracted 
soils were mixed with water and the obtained mud was 
shaped manually; Resulting air-dried (48 h) bricks were 
placed in efficient stackings with air flows in order to 
constitute a basic oven (that was built simply on ground), 
heat treated with dry wood for a period of about three days at 
temperatures ranging from 500°C to 800°C, and finally 
cooled progressively up to ambient temperature during 
two/three days. In order to increase the surface area of the 
brick material, this latter was broken in grains manually by 
using a hammer; Brick particles were afterwards sieved with 
mechanical sieves and the fraction of particles with sizes 
varying from 0.7 to 1.0 mm was kept for our experiments. 
This fraction was washed with Milli-Q water and then 
decanted; After settling, water was eliminated and brick 
grains were dried at 105°C. The dried solid particles thus 
obtained were ready for a 6M HCl leaching at a constant 
temperature (50°C and 90°C) and at different reaction times 
ranging from 1 h up to 26 h. Afterwards, a deposition of 
FeOOH onto brick grains was performed by the precipitation 
of a 0.25 M ferric nitrate solution in the presence of a 6M 
NaOH solution, followed by the addition of a 1M NaOH 
solution in order to adjust pH at 6-7; And finally, the 
resulting pellets were washed several times with Milli-Q 
water in order to eliminate the excess of FeOOH not attached 
to grains before using them for purification of ground waters 
contaminated by iron(II) ions. 

 The alkaline fusion AFNOR procedure [29] was used in 
this work for carrying out the total attack of raw brick and 
iron-coated brick samples and the resulting solutions were 
analyzed by Inductively Coupled Plasma Atomic Emission 
Spectroscopy (ICP-AES model: Varian Vista Pro axial view) 
in the aim to determine the total contents of brick elements. 
Briefly, 200 mg of solids were put inside a platinum 
crucible, heated progressively up to 450°C for 1 h, and 
maintained at this temperature during 3 h. After that, the 

crucible was cooled at room temperature, and afterwards 
both 200 mg of lithium tetraborate (Li2B4O7) and 800 mg of 
lithium metaborate (LiBO2) were loaded in this crucible and 
heated at 1000-1100°C in order to obtain a total dissolution 
of the mixture in a time frame of 10 mn. After cooling, the 
resulting material was mixed with 200 mL of a 0.5M nitric 
acid solution. The concentration of element ions in the 
resulting solution was determined by ICP-AES. 

 The physical characteristics (specific surface area, 
specific volume and pore size distribution) of raw brick and 
HCl-leached brick were determined by nitrogen adsorption 
isotherm analyses (BET) using Sorptomatic 1990 Carlo Erba 
at 77°K. 

 Microphotographies of a representative brick grain 
before and after its acid treatment were obtained by using an 
environmental scanning electron microscope (ESEM, 
QUANTA 200 FEI). Its 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 QUANTAX-400 
software elaborated by Bruker). EDS measurements were 
carried out at 20kV at low vacuum (1.00 Torr) and the 
maximum pulse throughput was 20 kcps. Different surface 
areas ranging from 0.5 to 3.5 mm2 were targeted on this 
brick grain and examined by ESEM/EDS. Atomic 
quantifications were performed using Quanta 400 software, 
and mathematical treatments allowed us to show the 
reproducibility of the averaged elemental composition at the 
brick surface, particularly, regarding atomic Si/Fe and Si/Al 
ratios. 

 According to recent studies on clays [30-32], Fourier 
Transform Infra-Red spectroscopy (FT-IR) was used in the 
present work to detect Brönsted and/or Lewis acid centers on 
HCl-leached samples which were previously treated with 
pyridine. The equipment employed was a mono-reflection 
ATR (Attenuated Total Reflection) diamond Bruker 
spectrometer, model VECTOR 22 equipped with a 
Goldengate. 

 Thermo-Gravimetric Analysis (TGA) and Differential 
Thermal Analysis (DTA) of modified brick were performed 
using a TGA-DTA apparatus model: Setaram Setsys 
Evolution. TGA-MS analyses were also undertaken using a 
SETARAM apparatus model TGA-92 coupled to a Pfeiffer 
mass spectrometer (MS). TGA and DTA analyses were 
carried out at temperatures varying from RT to 400°C; They 
permitted us: (a) to observe the releases of physisorbed 
water and pyridine adsorbed on to leached brick, and (b) to 
assess the proportions of water and pyridine losses from the 
progressively heated sample. For that purpose, about 33 mg 
of brick powder were loaded in a platinum crucible and 
heated progressively from room temperature to 400°C with a 
heating rate of 5°C.mn

-1
 and an argon flow of 75 mL mn

-1
. 

 27
Al solid-state magic angle spinning NMR spectra were 

obtained at 208.4MHz on a Bruker Avance 800 (18.8T) 
multinuclear spectrometer equipped with a 3.2 mm probe. 
The spinning rate of the 3.2-mm zirconia rotor was 24KHz. 
Single-pulse sequences were applied with a pulse time of 
1 s ( /10 flip angle), 1024 scans, and a recycle delay of 2s. 
The 

27
Al chemical shifts were referenced to Al(H2O)6

3+
. 

1
H 

solid-state magic angle spinning NMR spectra were recorded 
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at 400.15 MHz on a Bruker Avance 400 (9.4T) multinuclear 
spectrometer equipped with a Bruker CP-MAS 4 mm probe. 
The spinning rate of the 4-mm zirconia rotor was 14KHz. 
Depth-pulse sequences were applied with a pulse time of 5 s 
( /2 flip angle), 128 scans, and a recycle delay of 5s. Some 
1
H solid-state magic angle spinning NMR spectra were 

further recorded at 800.13 MHz on a Bruker Avance 800 
(18.8T) multinuclear spectrometer equipped with a Bruker 
CP-MAS 1.3 mm probe. The spinning rate of the 1.3-mm 
zirconia rotor was 60KHz. Depth-pulse sequences were 
applied with a pulse time of 1.13 s ( /2 flip angle), 128 
scans, and a recycle delay of 5s. All the 

1
H chemical shifts 

were referenced to TMS. 

 The acid-base properties of clays and the quantification 
of their surface charges were previously investigated by 
potentiometry [33, 34]. This technique was applied in the 
present work to our modified brick samples in order to 
sustain the existence of acid sites in brick clays and to assess 
their contents. Briefly, inside a plastic tube leached brick 
pellets (1 g) were suspended in a 10 mL volume of water 
containing NaNO3 as an inert electrolyte at a concentration 
of 0.1 M for one night. This suspension composed of well - 
moisturized pellets was afterwards transferred into a glass 
reaction vessel with the further addition of 20 mL of the 0.1 
M NaNO3 solution. The resulting mixture (1 g of the material 
in a 30 mL volume) was gently stirred in order to avoid any 
crumbling of 0.7 mm-diameter brick grains, and was 
continuously purged by ultra-pure nitrogen gas for one hour 
prior to titration; After that, both this stirring and N2 purge 
were maintained during all the titration procedure. A 5.4x10

-2
  

M NaOH solution was added precisely by using a 
METROHM autotitrator (model: 736 GP TITRINO); And 
the pH was detected with an universal METROHM 
combination electrode which was calibrated with three 
commercial pH buffers (Merck) at pH = 4, 7, and 9 before 
analysis. The titrant solution was added as 10- L increments 
and the pH was measured as a function of time and recorded 
when the pH drift was 1 mV min

-1
. When the pH reached 9, 

the titration was stopped. 

 Column tests All the experiments were conducted in a 
glass column with an inner diameter of 1.4 cm, a height of  
 

25 cm, and a medium - porosity sintered - pyrex disc at its 
bottom in order to prevent any loss of material. This column 
was packed with an absorbent composite which contained 
either sand or brick as the support material. The adsorption 
capacity of these different absorbents was investigated for a 
bed height of 10 cm. The iron(II) – containing influent 
([Fe

2+
] = 10 mg/L) passed at room temperature through the 

column downward using a peristaltic pump at a flow rate of 
10 mL per minute. Before being used in every experiment, 
about 5 bed volumes of Milli-Q water were passed through 
the column: (a) first in order to remove any unbound and 
thin particles/iron oxide(s)/hydroxide(s), (b) second to check 
the absence of soluble iron in the effluent by ICP-AES, and 
(c) third to confirm the stability of the FeOOH coating 
precipitated on brick grains. Effluent samples were collected 
at various time intervals, and the concentration of soluble 
iron in the effluent was analyzed with time using ICP-AES. 

RESULTS 

 Previously [35], it was found that raw crushed brick 
made in Bangui region is composed of the following 
minerals: quartz ( 61wt %), metakaolinite ( 21wt.%), illite 
( 3-4 wt. %), Fe oxides/hydroxides (  4 wt.%), and to a 
lesser extent: mica and feldspath both representing less than 
2 wt.%. The elemental analysis of our samples was 
performed in the present work by using the alkaline fusion 
AFNOR procedure [29]. Our findings allowed us to show 
that the acid treatment of crushed brick led to some 
noticeable changes into its elemental composition (see Table 
1). 

 As a whole, the HCl leaching performed in the brick 
barely affected silicon present in this material, but rather 
contributed to the rapid loss of Al and Fe:  50 wt.% and  
85 wt.% of the total brick Al and Fe, respectively, after a 
reaction time of 3h (Fig. 1). Al and Fe losses with time 
reached rapidly a plateau at around 2 h, and this trend 
continued up to 26 h, indicating that the structure/ 
composition of the resulting treated material did not change 
any more. This explained why we focused our attention 
mainly on the chemical analyses of brick pellets when 
leached them with a 6M HCl solution at 90°C for reaction 
times no longer than 6h. 

Table 1. Chemical Composition of Bangui Brick Before and After Leaching with a 6M HCl Solution at 50°C and 90°C and at 

Different Reaction Times 

 

Materials (*) 
Reaction  

Time/h 

SiO2  

% 

Al2O3  

% 

Fe2O3  

% 

TiO2  

% 

MgO  

% 

K2O  

% 

MnO  

% 

CaO  

% 

Loss of  

Ignition % 

Total  

( ) 

Raw Bangui brick (*)  _ 63.43 19.92 7.03 2.02 0.42 1.23 0.03 0.13 5.97 100.3 

6M-HCl leached brick at 50°C  1  62.79  19.56  6.62  2.10  0.37  1.18   DL  0.10  6.67  99.42 

6M-HCl leached brick at 50°C  3  66.69  19.38  4.12  2.18  0.35  1.20   DL   DL  6.59  100.62  

6M-HCl leached brick at 50°C  6  67.17  18.76  2.66  2.25  0.32  1.17   DL   DL  6.97  99.41 

6M-HCl leached brick at 90°C  1   71.3  15.6  1.94  2.27  0.31  1.25  0.03  0.10  7.28  99.95 

6M-HCl leached brick at 90°C  3  73.86  13.46  1.46  2.46  0.23  1.19   DL   DL  6.56  99.33 

6M-HCl leached brick at 90°C  6  76.28  11.9  1.25  2.51  0.21  1.18   DL   DL  5.87  99.36 

DL: detection limit. 
(*) Raw brick from Bangui region was used in the form of pellets with diameters ranging from 0.7 to 1.0 mm. These grains were firstly washed in Milli-Q water and dried at 60°C for 

a day; And secondly, they were leached in a 6M-HCl solution either at 50°C or at 90°C for reaction times varying from1h to 6h, washed several times in Milli-Q water and finally 
dried at 60°C for 1 day. 
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Fig. (1). Changes vs leaching time of Si, Al and Fe weight 

percentages in brick pellets treated with a 6M solution of HCl at 

90°C. Si, Al and Fe contents were normalized to titanium that was 

found to be a stable element in the considered matrix. 

 As revealed in Table 2, treatment parameters particularly 
HCl concentration and reaction temperature and time had a 
great influence on the final meso-structure of the brick. 
Indeed, the surface area (S.A.) and pore volume (Vpore) of 
crushed brick increased notably after acid leaching from S.A. 
= 31.2 cm

2
g

-1
 and Vpore = 0.15 cm

3
 g

-1
 in the raw material to 

S.A = 76 cm
2
g

-1
 and Vpore = 0.23 cm

3
 g

-1
 in 6M HCl-treated 

solids at 90°C for 6 h. In addition, the average pore diameter 
of brick pellets was found to decrease with a longer 
treatment time from 16 nm in the raw material to 14.1 nm in 
the leached samples after a one-hour reaction time and up to 
9-10 nm after 3-6 h; Note that, as expected, when brick 
grains were treated at a lower temperature (e.g., 50°C), the 
even transformation of Bangui brick grains into more 
microporous structures was found to be less incomplete than 
that observed at a 90°C temperature (see Table 2): with S.A. 
= 46.3 cm

2
g

-1
 and Vpore = 0.157 cm

3
 g

-1
 at 50°C.

 

 Fig. (2) exhibits the mesoporous size distributions vs time 
of brick pellets after different acid treatments carried out at 
two temperatures: 50°C and 90°C. It can be seen broad 
distributions of mesopores and macropores that spread in the 
pore-diameter range 5-10 nm. All the acid-treated brick 
samples gave narrowly mesoporous structures with pore 
diameters predominantly centered at 7.6 nm and 14.6 nm, 
and their number increased progressively with increasing 

reaction time (see Fig. 2). Brick pellets treated at 50°C gave 
with time rather more narrowly distributed mesopores which 
were also centered at 7.6 nm and 14.6 nm, see Fig. (2A) than 
those observed at 90°C, see Fig. (2B); In other words, pore 
size distributions were found to be broader at 90°C than 
those observed at 50°C. 

 ESEM was used to probe the change in morphological 
features of brick before and after the acid treatment. As a 
whole, the leaching procedure led to a more porous material 
than that before treatment, as evidenced above by BET, 
particularly because of two particular morphological 
features: rougher surfaces and the appearance of numerous 
cracks with sizes reaching up to 6 m in width and up to 
100 m in length. Raw brick grains appeared to be highly 
compact compared to the texture observed for treated ones 
(Fig. 3). ESEM images further showed lesser cohesions 
between treated-brick grains, leading to a greater 
disaggregation of the material with more marked micro-
cracks (Fig. 3). Using the ESEM/EDS technique, micro-
analyses were performed on different targeted zones of the 
brick with surface areas varying from 0.5 to 3.5 mm  (by 
considering a brick grain targeted by the beam on a total 
surface area of about 5 mm

2
). Using Quanta 400 software, 

computational calculations permitted us to obtain an atomic 
quantification at the brick surface: resulting data revealed an 
increase of the averaged atomic ratios Si/Al and Si/Fe for 
treated brick when compared to those for untreated brick as 
follows: from 1.45 ± 0.25 to 2.42 ± 0.45 for Si /Al; and from 
8.33 ± 2.54 to 37.57 ± 8.21 for Si/Fe. These findings 
corroborated with “deferrisation” and “dealumination” 
phenomena observed when brick pellets were in contact with 
a 6M HCl solution at 90°C, and agreed well with 

27
Al solid 

NMR data and total chemical (ICP-AES) analyses described 
above. Microscopic-analyses data were then representative 
of the surface brick. However, ESEM/EDS results could 
differ somewhat from macroscopic ones determined by total 
chemical analyses, often with higher Si/Fe and Si/Al ratios 
because of greater containment of silica in the brick bulk. 

 According to our recent works [35], it was shown that: (i) 
the kaolinite clay is present in Bangui soil of Central African 
Republic at weight proportions varying from 20% to 28%; 
(ii) this soil kaolinite is thermally converted into 
metakaolinite inside wood ovens heating at 500° - 800°C by 

Table 2. Specific Surface Area, Pore Volume and Pore Diameter Measured on Bangui Brick Pellets Before and After their 

Leaching with Hydrochloride Acid at Different Reaction Times and at Two Temperatures (50°C and 90°C) 

 

Samples Treatment Temperature S. A.
a
 (m /g) Pore Volume (cm

3
/g) Average Pore Diameter (nm) 

Raw crushed brick  _ 31.2 0.150 16.0 

1 M HCl leached brick for 1 day RT 36.0 0.154 14.1 

6 M HCl leached brick for 1 hour 
50°C 

----------------- 

90°C 

36.2 
-------------------- 

69.1 

0.153 
-------------------- 

0.177 

14.1 
-------------------- 

8.6 

6 M HCl leached brick for 3 hours 
50°C 

----------------- 
90°C 

41.5 
-------------------- 

75.5 

0.159 
-------------------- 

0.201 

12.4 
-------------------- 

9.1 

6 M HCl leached brick for 6 hours 
50°C 

----------------- 

90°C 

46.3 
-------------------- 

76 

0.157 
-------------------- 

0.230 

11.0 
-------------------- 

10.0 
aSpecific Surface area calculated by BET. 
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local craftsmen; and (iii) the brick metakaolinite is a 
disordered (amorphous) structure generated through a 
dehydration of the kaolinite structure followed by its inter- 
and intra- dehydroxylation [36,37], leading to a partial 
transformation of six- coordinated Al atoms into four- and 
penta - coordinated Al [38-43]. Note that, as suggested 
previously, the diverse 

27
Al peaks ranging from 56 to 70 ppm 

(Fig. 4) may also be attributed to four-coordinated Al atoms 
in the illite and mica structures [44,45]: indeed these two 
minerals are both present in the study brick at 2-4 wt.% and 

 1 wt%, respectively. 

Fig. (2). Pore size distribution vs treatment time of brick pellets 

leached with a 6M solution of HCl: at 50°C (A); at 90°C (B). 

Reaction times (in hours): 0 (a); 1 (b); 3 (c); 6 (d). 

 Furthermore, it is interesting to note that calcination 
temperature and firing time have strong effects on the 
environment of Al atoms, and consequently, on the observed 
intensities of 

27
Al peaks assigned to the Al(IV), Al(V), and 

Al(VI) atoms of the final product: metakaolinite [42, 43]. As 
demonstrated above, when brick pellets were leached with 
hydrochloride acid, chemical analysis revealed that 
significant Al and Fe losses took place (Fig. 1), because of 
the easily leachable characteristics of amorphous brick 
metakaolinite [46]; These releases reached maximum values 
after about 2 h, with losses attained up to  55% for Al and  
85 % for Fe with reference to total Al and Fe contents in the 
study brick (see Fig. 1); These values were found to be in the 

range of those reported by Foo and his coworkers [46] for 
metakaolinite leached with sulfuric acid at 100°C. 

 Consequently, Al and Fe losses led to significant 
modifications on the brick composition and therefore should 
contribute to relevant changes on its molecular structures and 
surface morphology. In order to further assess the 
implications of the atomic losses on the Al coordination of 
the study material, solid state magic angle spinning NMR 
analyses were performed on leached samples. In Fig. (4), it 
can be seen a noticeable decrease of the intensities of 

27
Al 

peaks assigned to Al(IV) and Al(V) atoms which are known 
to be more reactive and more sensitive to acid leaching 
[31,47-49] and to a lesser extent, Al(VI) atoms in response to 
a 6M-HCl leaching of Bangui brick; This trend was mostly 
observable when the material was leached at 90°C for 1h, 
but decreased rapidly at longer time. Therefore, these NMR 
investigations did reveal that Bangui brick underwent 
significant structural and compositional collapses 
accompanied with a partial dissolution of Al

3+
 during acid 

attack, in agreement with analytical data represented in Fig. 
(1). 

 On the other hand, it was previously shown that the acid 
leaching of metakaolinite as the predominant clay in the 
study brick led to a new material with less Al content, and 
presumably with a higher density of acid sites, as pointed out 
by do Nascimento and his coworkers [31]. To check this, we 
had undertaken the 

1
H NMR study of 6M HCl-leached brick 

samples and shown the appearance of a broad signal between 
0 ppm and 9 ppm centered at 5 ppm (Fig. 5). This 

1
H 

NMR resonance here differed significantly from that 
attributed to water molecules physisorbed and/or adsorbed 
on to clay surfaces (see Fig. 5). It was further noticed that 
after heating at 200°C, this 

1
H NMR resonance signal barely 

decreased, indicating a certain thermal stability of these 
1
H 

atoms bound to the brick minerals. The generation of such 
acid sites in leached brick minerals resulted in fact from a 
relocation of Al cations from the internal structure to the 
newly created mesopores/clay surfaces (as pointed by Sabu 
and his coworkers [49]), which enabled the formation of 
both Brönsted and Lewis acid centers [31,46,47,49-55]. 

 In previous works [30-32], pyridine was often used as a 
FT-IR probe to detect acid features in porous minerals and 
even to differentiate Brönsted (protonic), Lewis (aprotonic) 
type of clays acidity and even hydrogen-bonded sites on to 
their surfaces [31,52-55]. To confirm the existence of such 
acid sites on the surfaces of acid-treated brick, FT-IR studies 
were performed on our leached samples (Fig. 6). As a whole, 
FT-IR profiles obtained for treated brick were comparable to 
those found previously for acid-activated clays such as: 
kaolin, montmorillonite and metakaolinite [30-32]. Thus, it 
can be seen in Fig. (6) that the two major IR bands at 1633 
cm

-1
 and 1540 cm

-1
 are assigned to vibrations of pyridinium 

ions generated on brick-metakaolinite surfaces through a 
transfer of the H

+
 ion from the Brönsted acidic –OH2

+
 center 

of clay mineral towards the pyridine molecule [30, 56]. 
There are also weaker FT-IR bands that might be ascribed to 
pyridine molecules bound to Lewis acidic centers and –OH 
groups of brick clays to form hydrogen bonding (see Fig. 6), 
however, because of low FT-IR intensities detected, these 
types of bindings are undoubtedly present at lower 
proportions than those assigned to Brönsted ones. 
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Fig. (3). ESEM micrographs obtained at three magnifications (scales used: 1mm; 300 m; and 50 m) for a brick grain before (the 3 photos 

displayed on the left) and after its leaching with a 6M solution of HCl for 3h (the 3 photos displayed on the right). 

 

Raw brick grain     6M-HCl leached grain 
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Fig. (4). Evolution vs leaching time of the 
27

Al solid state MAS 

NMR spectrum of 6M-HCl treated brick. 

 The detailed examination of TGA-DTA curves obtained 
for leached brick pellets treated with pyridine (Fig. 7) also 
revealed that: (i) first there was initially a mass drop between 
RT and 200°C corresponding to physisorbed and interlayer 
water loosely bound to clays present in the study material 
[57-64]; and (ii) second a hardly-defined mass drop from 
200°C up to 350°C which was partly attributed to the 
removal of strongly-bonded water molecules present in the 
first coordination of the interlayer ions [64] and to a 
continuous loss of chemically adsorbed pyridine on to brick  
clays as well. However, TGA-MS analysis allowed us to 
reveal that in the second TGA step the mass loss was 
predominantly due to the adsorbent pyridine (Fig. 7A). 
Therefore, the quantity of pyridine chemically adsorbed on 
the study material could be assessed (see Table 3). As a 
whole, we noticed that the number of acid sites in leached 
brick was lower than those found for activated metakaolinite 
[31, 49], because brick was mostly composed of sand (up to 
60 wt.%) and clays ( metakaolinite and illite, both 
representing less than 35 wt.%). To check thermogravimetric 
data regarding the number of acid sites in the leached brick, 
we afterwards performed electrochemical studies on the 
material by following pH variation against the volume of a 
5.4x10

-2
 M NaOH solution under a nitrogen atmosphere 

strictly controlled inside all the analysis system considered 
(see the experimental part). Data are tabulated in Table 3. 

Fig. (5). Typical 1H solid state MAS NMR spectra of 6M-HCl 

leached brick: in the presence of physisorbed water at trace levels 

(a); after heating at 200°C for 2 h (b); and for 1 night (c). 

Fig. (6). Typical FT-IR spectra of 6 M-HCl leached brick: without 

pyridine (a); in the presence of pyridine adsorbed on to brick clays 

(b). Note that Bpy and Lpy represent FT-IR bands attributed to 

pyridine adsorbed on to Brönsted and Lewis sites of brick clays 

(mainly metakaolinite), respectively; And Hpy corresponds to FT-

IR vibrations when hydrogen bonding occurs between pyridine and 

nitrogen atom and –OH groups of brick clays (for more details, see 

for instance: Busca, 1999; Tyagi et al., 2006). 

 Overall, from our electrochemical investigations it was 
found that: (a) brick leached with a 6M HCl solution for a 
treatment time of one hour at 90°C contained the highest density  
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of acid sites, and (b) a longer acid treatment of brick was not 
favorable to the formation and stability of Brönsted and Lewis 
acid centers in brick clays, probably because of stronger 
degradations of clays surfaces (as suggested by Lenarda and his 
coworkers [47]). It is worth noting that proton concentrations 
assessed by the TGA-MS technique (see Table 3) were found to 
be lower than those measured by potentiometry, indicating that 
only a part of clays protons i.e., silanol and aluminol groups on 
clay particle surfaces was accessible to the pyridine base to 
generate pyridinium ions. 

 Column tests The properties of iron oxy-hydroxide-
coated (6M-HCl pre-activated) brick, noted IOCB(1), as an 
adsorbent for removing ferrous ions from a synthetic 
solution, were examined using a fixed-bed column (for more 
details, consult the experimental part); And the obtained 
experimental data were compared to those found with other 
adsorbents: local raw sand (RS), iron oxide-coated sand 
(IOCS), raw brick (RB), iron oxy-hydroxides-coated (1M-
HCl washed) brick (IOCB(2)). For that, the concentration of 
Fe

2+
 ions in the effluent was plotted against filtration time, 

see Fig. (8). 

Fig. (7). (A) Thermogravimetric analysis, TGA, coupled to mass 

spectrometric (MS) analysis of modified brick (which was obtained 

after a 6M-HCl treatment at 90°C for 1 hour) with adsorbed 

pyridine; (B) Differential thermal analysis, DTA, of this modified 

brick: without pyridine (a); and with pyridine adsorbed on to brick 

clays (predominantly metakaolinite) (b). 

 Breakthrough time and exhaustion time observed in Fig. 
(8) corresponded to two relevant filtration steps when 
effluent concentrations were assumed to attain about 5% and 
90% of the influent concentration, respectively. Fig. (8)  
 

indicated clearly that for IOCB(1) and IOCB(2) their 
breakthrough times were higher than those observed with 
sand adsorbents. As a whole, the improved efficiencies of 
IOCB composites might be due to the fact that the involved 
adsorption was a surface phenomenon and the extent of 
Fe(II) adsorption was expected to be directly dependent upon 
the specific surface of the modified brick. In this context, it 
could be assumed that the formation of a higher surface area 
mesoporous material by acid activation (as described above) 
should contribute to a better deposition/spreading of iron 
oxy-hydroxides on to brick-clays surfaces. A mass balance 
for adsorbed iron showed that the IOCB column used (which 
contained 14 g of material) removed 10.5 mg of iron for 
IOCB(2) and 22.4 mg of iron for IOCB(1) from the initial 
Fe(II) concentration of 10 mg L

-1
 during the entire filtration 

run: these Fe amounts corresponded to a removal capacity of 
0.75 ± 0.05 mg Fe per gram of IOCB(2) and 1.60 ± 0.05 mg 
Fe per gram of IOCB(1). These values were higher than those 
obtained for the other tested adsorbents: (i) raw brick (RB), 

0.07 mg/g; (ii) local raw sand (RS), 0.01 mg/g; and (iii) 
iron oxy-hydroxide-coated sand (IOCS), 0.02 mg/g. 

Table 3. Determination of the Numbers of Acid Sites in the 

Leached Brick Pellets Using Potentiometry and 

Comparison of Data with those Obtained by TGA-

MS Method 

 

Acid-Protons Contents (Expressed in mole liter
-1

) in Brick Pellets 

 Previously Leached at Different Reaction Times 

Reaction Time: 1h 3h 6h 22h 

Techniques Used:      

Potentiometry  28.2 21.7 16.6 9.6 

TGA-MS  7.0 4.3 3.4 ----- 

Fig. (8). Evolution of the percentage of iron(II) adsorbed on to 

different adsorbents as a function of the volume of a 10 mg L
-1

 Fe
II
 

solution passed through a glass column (which was packed with the 

material at a bed height of 10 cm) at a flow rate of 10 mL mn
-1

: (a) 

local raw sand from Bangui region, (RS); (b) Bangui sand after its 

FeOOH coating, (IOCS); (c) raw brick from Bangui region, (RB); 

(d) Bangui brick treated with a 1M-HCl solution at room 

temperature for 24 hours followed by its FeOOH coating, 

(IOCB(2)); and (e) Bangui brick treated with a 6M-HCl solution at 

90°C for 6 hours followed by its FeOOH coating, (IOCB(1)). 
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CONCLUSION 

 Acid treatment of Bangui brick with hydrochloride acid 
at 90°C caused significant releases of aluminum and iron at 
proportions reaching up to 55 wt.% for Al and 85 wt.% for 
Fe (in comparison with Al and Fe contents initially present 
in the raw brick). The surface area of these leached samples 
increased notably with treatment time and their pore size 
distributions indicated generation mainly of mesopores with 
two predominant diameters: 7.6 nm and 14.6 nm. On the 
other hand, 

27
Al NMR was found to be a useful tool: (a) for 

obtaining structural information on Al coordination in clay 
minerals present in the brick, (b) for evaluating the extent of 
clays dealumination in response to HCl attack, and (c) for 
quantifying Al nuclei losses versus treatment time and 
temperature. Furthermore, both 

1
H NMR and FT-IR (using 

pyridine as a probe) investigations on HCl-treated brick 
grains had allowed us to prove the generation of acid protons 
on their surfaces. FT-IR further permitted us to confirm the 
predominance of Brönsted protons at “brick-clays” surfaces, 
and their quantification was successfully accomplished by 
electrochemical analysis. The densities of acid sites obtained 
for leached samples were found to be in agreement with 
those reported in the literature for metakaolinite in case brick 
metakaolinite was considered as a mineral compound 
dispersed in the neutral “quartz” matrix that contained no 
Brönsted acidic sites. Preliminary column tests allowed us to 
show the good performances of this modified brick to 
remove iron(II) from aqueous solutions when brick pellets 
were coated with iron oxy-hydroxides. However, operational 
conditions (flow rate, bed depth and initial feed 
concentration) on the adsorptive behavior capacity of IOCB 
for Fe(II) adsorption should still be optimized, and hence, 
more exhaustive column experiments are under way in the 
laboratory. On the other hand, the better adsorptive 
properties of leaching brick (compared to those of raw brick) 
observed in the present work might be related not only to its 
having larger surface area, but also to the appearance of acid 
sites. Indeed, surface density in terms of strength and 
number of Brönsted acid sites should necessarily modify the 
zero-point charge of brick clays and thereby should facilitate 
the removal of cations, particularly soluble iron, from 
waters. To support this, more studies on ions-exchanges on 
brick grains surfaces are also under way in the laboratory. 
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