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ABSTRACT  

In this study, the removal of natural and radioactive 
cobalt(II) from aqueous solutions by a modified brick was 
presented in a batch system and fixed-bed column system. 
The brick which is originated from Bangui region (in the 
Central African Republic) contains metakalinite. By 
treating the brick with sodium hydroxide at 90°C, 
metakaolinite was transformed into zeolites. Raw brick 
and its alkali form were fully characterized by 
environmental scanning electron microscopy (ESEM), 
energy-dispersive X-ray spectroscopy (EDS) technique, 
and X-ray diffraction. Elemental analyses of batch and 
column solutions were realized by using ICP-AES.  
Equilibrium adsorption data were fitter with the Redlich-
Peterson and Sips models than with the two-parameters 
adsorption models (Langmuir, Freundlich, and Temkin). 
However, the studied isotherm was closer to the 
Langmuir isotherm, suggesting that the adsorption 
process took place mostly on homogeneous adsorbent 
surfaces. Batch studies revealed that nearly two balancing 
ions (Na+) in the sodic brick were replaced by one 
incoming ion (Co2+) from the solution. The use of alkali 
brick in fixed-bed column permitted to show the efficiency 
of this adsorbent for the capture of cobalt(II) from 
synthetic water even in the presence of competitive metal 
ions like Pb(II), Cd(II), and Mn(II). These investigations 
highlighted that alkali brick could be a suitable material 
for industrial/nuclear cobalt (and heavy metals) 
depollution. 
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1. INTRODUCTION 

The stable isotope (59Co) exists naturally in the earth's crust. The Co element can also exist in the 

form of a radioactive isotope and thereby produces ionizing radiation. Nowadays, 26 radioactive 

Co isotopes are reported in the literature. Sources of environmental cobalt are both natural and 

anthropogenic [1]. Natural cobalt sources result mostly from volcanoes, forest fires, erosion 

(wind-blown continental specks of dust), weathering of rocks and soil, seawater spray, extraction 

by plants, and continental and marine biogenic emissions. Anthropogenic cobalt sources derive 

mainly from mining, smelting processing of cobalt-bearing ores, electroplating, lithium-ion 

batteries/paints/ pigments/ and electronics industries, phosphate fertilizers, atmospheric 

depositions from smelting, refining of metals and burning of fossil fuels, and wastes of nuclear 

power plants [2-4].  

Chemically, this metal can exist in three oxidation states (0, +1, and +3), however, it 

predominates in form +2 under environmental conditions [5]. At low levels, cobalt(II) is known 

to be an essential nutrient for humans (as a constituent of vitamin B12) and plants. The 

maximum permissible concentration of cobalt in drinking water is 0.05 mg/L [6].  Above 

permissible levels, some uncertainties still exist in the evaluation of health risks [5]. However, it 

was evidenced an increased risk of symptoms such as polycythemia, respiratory and bronchial 

asthma, and even lung cancer among hard metal industry workers who are directly exposed to 

anthropogenic cobalt like hard metal dust or “pure” cobalt particles [5]. Radioactive Co 

exposures can also pose serious risks for humans: skin burns, liver/kidney/bone diseases, and in 

case acute Co radiation occurs severe sickness can result in death [3]. It follows that the presence 

of cobalt in various industrial effluents demands its removal to preclude 

radioactive/environmental pollution and detrimental effects on the local population.  

Research studies related to the techniques of removing cobalt from wastewaters have drawn 

attention increasingly [7]. Thus, different methods had been used in the past: ion-exchange [8-

11]; coagulation/flocculation [12]; precipitation [13-15]; ultrafiltration [16]; 

bioaccumulation/biosorption [17-22]. However, it is now recognized that adsorption is the most 

promising procedure for the elimination of cobalt(II) from aqueous solutions owing to its 

simplicity, low energy consumption, and high efficiency. Numerous researches were thus 
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undertaken for Co(II) ion removal by employing various natural or synthetic adsorbents, e.g.:  

faujasite zeolite Y [23]; natural and synthetic zeolites [24]; nanocomposites of modified 

chitosan [25]; dicalcium phosphate dihydrate [26]; natural zeolites [27]; silver and zinc 

nanoparticles functionalized cellulose [28]; montmorillonite [29]; porous carboxymethyl 

chitosan beads [30]; TiO2/Ag2O nano adsorbents [31]; cross-linked carboxymethyl chitosan 

hydrogel and resin [32]; 6-((2-(2-hydroxy-1-naphthoyl) hydrazono)methyl) benzoic acid 

(HMBA) ligand onto mesoporous silica-monoliths [33]. But, for most of these adsorbents, their 

wider application was often hindered by relatively high-cost treatments and/or secondary 

pollutions. In recent works, low-cost adsorbents prepared from industrial byproducts including 

slag [34] and fly ash [35], had been employed successfully for eliminating metallic pollutants 

from wastewaters.  

Among the wide variety of reused industrial wastes, brick was an interesting material when 

converted into an effective adsorbent for the removal of metallic pollutants from aqueous 

solutions; Different types of bricks had been utilized as low−cost adsorbents for eliminating 

toxic metals like Hg(II) [36]; Zn(II) [37]; Cr(VI) [38]; both Cr(VI)  and Ni(II) [39]; or Ni(II) 

alone [40]. In the lab, a brick made in the Central African Republic (CAR), was modified 

chemically by HCl activation and deposition of ferrihydrite on the brick surface, and used 

successfully for the removal of divalent cations like; Cd2+, Cu2+, Fe2+, Pb2+ and Zn2+ from 

aqueous solutions [41-47].  CAR brick was also treated with sodium hydroxide at a specific 

reaction time and temperature for transforming one of its minerals (metakaolinite) into zeolite(s) 

[48]. The final material is mainly composed of sand and zeolites. This composite was afterward 

employed as an efficient adsorbent in wastewater treatments [49-51]. 

As also expected, brick sensitization should contribute as well to achieving good adsorption 

capacity towards cobalt(II). To check this, we tested in this work brick-derived zeolites as 

adsorbents for the removal of cobalt(II) from aqueous solutions. Batch experiments were 

performed at room temperature and recovered samples were analyzed by scanning electron 

microscopy. Adsorption equilibrium data were examined by using five well-known isotherm 

models which were previously established by: Langmuir, Freundlich, Temkin, Redlich-Peterson, 

and Sips. The applicability and efficiency of modified brick were afterward assessed by column 

operations by treating synthetic wastewater containing cobalt and other heavy metal ions. 
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2. MATERIALS AND METHODS 

2.1. Zeolitized-brick synthesis and characterization 

The raw material used in the experiments was obtained from a brick made locally by craftsmen 

in the Bangui region (Central African Republic). This brick contains mainly quartz (60-65 w%) 

and metakaolinite (20-26 w%) and, to a lesser extent, iron oxide/hydroxide, illite, and titanium 

dioxide [42]. The brick was broken into grains and seized and the 0.7-1.0 mm fraction was 

selected. 10 g of this fraction were treated with 40 mL of sodium hydroxide (0.6 mol.L-1) 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. 

2.2. Chemicals 

All chemicals employed in the experiments were analytical grades. Sodium hydroxide, 

Cd(NO3)2.4H2O, Co(NO3)2.6H2O, Mn(NO3)2.4H2O, and Pb(NO3)2 were supplied by DISLAB 

(France). 

2.3 Isotherm study 

To study the adsorption behavior of cationic cobalt ions on alkaline brick, the experiments for 

adsorption isotherms were performed at room temperature and under constant stirring conditions. 

Isotherm study was carried out on brick grains with 0.7 -1.0 mm sizes. In single-component 

systems, batch experiments were performed in ten 100mL-flasks –each one containing 1 g of 

brick pellets— in which were added 50 mL of a cobalt(II) solution with a concentration ranging 

from 5.54x10-4 to 12.91x10-4 mol.L-1. These flasks were placed on a mechanical (orbital) shaker 

(Model: IKA Labortechnik KS 250 basic) and gently shake at a speed of 120 rpm. Adsorption-

isotherm experiments lasted one night. 

Afterward, suspensions were filtered and recovered solutions were analyzed to determine cobalt 

concentrations using an ICP-AES (Inductively Coupled Plasma Atomic Emission Spectroscopy; 
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Model: Varian Pro axial view) spectrometer. The cobalt uptake and percentage removal were 

calculated using the relationships: 

m

VCC
Q eo

e

).( −
=         (1); 

%100
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eo −=
         (2); 

where Co (mg.L-1) and Ce (mg.L-1) are the initial and equilibrium concentrations of divalent 

cobalt, respectively; V (L) is the volume of the aqueous solution used in batch experiments, and 

m (g) is the mass of alkaline brick added in the solution. 

2.4. Fixed-bed column experiments 

The continuous flow adsorption experiment was conducted in a fixed-bed glass column with an 

inner diameter of 12.5 mm, a height of 25 cm, and a 160-250 µm porosity sintered-pyrex disk at 

its bottom to prevent any loss of material. A bed depth of 6.9 cm (8.06 g) was investigated at a 

constant flow rate of 5 mL/min. Before being used in the experiments, at least 500 mL of Milli-Q 

water was passed through the column. The schematic diagram of the fixed-bed column reactor 

used was previously illustrated [44].  

In a multi-component system (Cd2+, Co2+, Mn2+, and Pb2+), the initial concentration of each metal 

in the influent was 1.78x10-4 mol.L-1. The divalent-metal solution was pumped through the 

column at the desired flow rate using a peristaltic pump (LaboModerne France Type KD1170) in 

an up-flow mode. During this column experiment, the effluent pH was measured continuously 

using a pH meter that was connected to a computer; 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 (Ct) reached 

the influent metal concentration (C0): Ct/C0 ≈ 0.99. The performance of the packed bed was 

described in the present work using the concept of the breakthrough curve.  
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2.5. Heavy metal speciation in experimental adsorption medium 

The Visual MINTEQ 3.0 equilibrium speciation computer software was used to calculate the 

concentrations of the various cobalt species/hydroxyl complexes generated in the experimental 

reacting solution at room temperature. The conditions of cobalt (Co2+)-speciation calculation 

were used as: [Co2+] = 10-3 mol.L-1 and [NO3
-] = 2[Co2+] = 2x10-3 mol.L-1 (by taking the 

Co(NO3)2 salt) at different medium pH values ranging from 2 to 12. 

2.6. Electron microscopy analysis 

Micrographic of representative specimens of the brick before and after chemical treatment were 

recorded by 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 (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 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 to 

determine the averaged elemental composition of the surface brick and to detect 

chemical/elemental variabilities. 

3. RESULTS 

3.1. Characterization of the brick adsorbent 

Raw brick: The ESEM micrograph of untreated brick exhibits porous and non-uniform 

morphological/textural surfaces with major fissures and cracks, except for some micro-

specimens that were well-identified as quartz (Fig. 1A). The ESEM micrograph displays regions 

of different contrasts with white and gray tones which indicate the diversity of compounds 

forming the sample.  
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Figure 1: ESEM images of raw brick (A) and alkali brick (B). 

The ESEM technique combined with the EDS spectroscopy was used to yield elemental analyses 

of raw brick.  

 

Figure 2: Energy dispersive X-rays spectra of raw brick and alkali brick. 

For that, ESEM/EDS analyses were performed in large circled regions (about 70μm diameter); 

And globally, ESEM/EDS study revealed the occurrence of (i) aluminium (Al), oxygen (O), and 

silicon (Si) as major elements; and (ii) calcium (Ca), iron (Fe), magnesium (Mg), manganese 

(Mn), potassium (K) and titanium (Ti) as minor elements (as shown in the EDS spectrum of raw 

brick; see Fig. 2).    
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Fig. 3 exemplifies the XRD patterns of raw-brick powder. The results showed that the material 

contains quartz as the principal crystalline mineral and, to a lesser extent, illite and rutile.  

 

Figure 3: X-ray diffractograms of raw brick and alkali brick. 

Quartz was identified on the basis of the following ‘2θ’ reflection angles (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), and 34.3° 

(034) [ICDD (International Centre for Diffraction data): 00-009-0343]; rutile: 27.4° (110), 36.1° 

(101), and 54.3° (211) [ICSD Collection Code: 168140]. 

Alkali brick: After chemical treatment of raw brick with sodium hydroxide at 90°C for 6 days, 

the morphology of the material was changed significantly into aggregated cubic and spherical 

shapes, suggesting the formation of zeolites (Fig. 1B). The size of new specimens varied from 8 

µm to 10 µm for cubic ones and from 3 µm to 6 µm for spherical ones (Fig. 4).  
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Figure 4: Detailed ESEM image of alkali-brick particles showing aggregated cubic and 

spherical shapes. 

Cubic crystals were found to be comparable with those observed previously for the A-type 

zeolite [52, 53]. As for spherical shape crystals, they were found to be morphologically similar to 

those reported in the literature for zeolite NaP [54-57]. 

The EDS spectrum of an alkali-brick sample (see Fig. 2) _which was recorded by targeting a 

large circled region (~70µm) was compared with that of raw brick, evidencing the appearance of 

a new peak ascribed to sodium in addition to the major elements (Al, O, and Si) and minor 

elements (Ca, Fe, Mg, Mn, K, and Ti). Afterward, different grains (cubic and spherical) shown in 

Fig. 4 were targeted and analyzed quantitatively by ESEM/EDS. We found: 14.77 ± 2.67 atomic 

% for sodium; 14.97 ± 2.05 atomic % for aluminium; and 16.12 ± 1.46 atomic % for silicon. It 

was noticed that the averaged elemental composition of targeted grains corresponded well 

enough to those of zeolites with atomic ratios Si: Al close to 1. In addition, the presence of high 

amounts of sodium on the targeted surfaces confirmed the formation of sodic zeolites.  
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The identification of the fabricated product was also made by using the X-ray diffraction (XRD) 

technique. Fig. 3 exemplifies the XRD patterns of alkali-brick powder. The results confirmed 

that the synthesized material is mainly a composite of sand (quartz: Q) and zeolites LTA (noted 

here: A) and NaP (noted here : P). The distinguishing peaks of zeolite LTA at 2θ = 7.2°, 12.5°, 

16.1°, 30.0°, and 30.8° can be imputed to lattice plans of (200), (222), (420), (644 and 820) and 

(822 and 660), respectively [58]. The distinguishing peaks of zeolite NaP at 2θ = 12.5°, 17.7°, 

21.7°, 28.1°, and 33.4° can be imputed to lattice plans of (101), (200 and 002), (211, 112 and 

121), (310, 301, and 103) and (132, 213, 312, and 321), respectively [58]. 

The structural transformations observed were due to the conversion of metakalinite (chemical 

formulae: 2SiO2.Al2O3) present in the brick into zeolitic frameworks under alkaline conditions 

[59-65]. The general chemical formula of brick-derived zeolites can then be written as [66, 67]:  

(Na+)x(AlO2
-)x.(SiO2)y. zH2O         (3); 

where x and y correspond to the number of “AlO4” and “SiO4” tetrahedra per crystallographic 

unit cell, respectively; and z the number of water molecules per unit cell. The chemical formula 

leads to negative charges (x-) which are balanced by extra framework cations (Na+ ions with 

total positive charges: x+). The x/y ratio for brick-derived zeolites which is equal to about 0.93, 

is almost maximal according to the well-known Lönwenstein’s rule [68], thus justifying the 

relevant ion-exchange capacity of this material. 

3.2. Adsorption isotherms 

Adsorption isotherms are known to be useful tools for understanding the aqueous surface 

behavior of adsorbents when interacting with organic or inorganic ionic species, and for 

predicting adsorbate-adsorption capacity. On this view, batch experiments were performed in the 

present work for studying the equilibrium isotherm of cobalt(II) adsorption on alkali brick. 

Experimental data were fitted by using five adsorption isotherm equations established by: (i) 

Langmuir, Freundlich, and Temkin (as two-parameters adsorption models); and Redlich–

Peterson and Sips (as three-parameters adsorption models). 
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3.2.1. Application of two-parameters adsorption models 

 Langmuir isotherm__ This model assumes that adsorption sites are identically homogeneous 

and adsorption on such a surface is a monolayer. Langmuir equation is expressed as [69]:  

).1(

..max

eL

eL
e

CK

CKQ
Q

+
=         (4); 

 where Qe is the equilibrium cobalt(II) concentration per unit mass of the adsorbent (mg.g−1); Ce 

is the equilibrium cobalt(II) concentration in the solution (mg.L−1); Qmax is the monolayer 

adsorption capacity of the adsorbent (mg.g−1), and KL is the Langmuir adsorption constant 

(L.mg−1). Eq.( 4) can be rearranged to the common linear form: 

maxmax.

1

Q

C

QKQ

C e

Le

e +=        (5). 

The dimensionless constant (RL), is an essential parameter of the Langmuir model by predicting 

the nature of adsorption: 

).1(

1

eL

L
CK

R
+

=         (6); 

where the term Ce is taken as the highest initial cobalt(II) concentration (mg.L−1). The RL value 

indicates that the adsorption process is either unfavourable (RL > 1), linear (RL = 1), favourable 

(0 < RL < 1) or irreversible (RL = 0).  
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Figure 5: Application of linearized Langmuir, Freundlich, and Temkin equations to 

cobalt(II) adsorption onto alkali brick from aqueous solutions. 
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Freundlich isotherm: This model assumes that Co2+ ions are adsorbed on heterogeneous 

surfaces and adsorption is multilayer. Freundlich equation is expressed as [70]: 

Fn

eFe CKQ
/1

.=         (7); 

where KF (mg.g−1) and n are the Freundlich adsorption isotherm constants. The linearized form 

of Eq.(7) is given by: 

)log().
1

()log()log( e

F

Fe C
n

KQ +=      (8). 

The value of 1/nF suggests the nature of adsorption as: favourable (0 < 1/nF < 1); unfavourable 

(1/nF > 1) : or irreversible (1/nF = 1). 

Temkin isotherm__ This model assumes that the heat of adsorption decreases linearly during the 

adsorption process due to increasing interaction between adsorbent and adsorbate. Temkin 

equation is expressed as [71]: 

).ln(. eTe CABQ =   with B = RT/bT   (9); 

where B represents the Temkin constant which depends upon the adsorption heat, bT (in J.mol-1); 

R (8.314 J.mol−1.K−1) is the gas constant; T is the absolute temperature (K), and AT is the 

equilibrium bond constant (L.mg−1). Eq.(9) can also be written as :: 

)log(.303.2)log(.303.2 eTe CBABQ +=     (10). 

The graphs using the linearized Langmuir, Freundlich and Temkin equations are shown in Fig. 5. 

From the slopes and intercepts of plots, Langmuir, Freundlich and Temkin isotherms parameters 

were calculated and listed in Table 1.  The goodness-of-fit between the model and experimental 

observations was ascertained in terms of residual root mean square error (RMSE) and the 

Reduced Chi-squared ( χred 
2 ) using Eqs.11) and (12), respectively: 


=

−
−

=
N

j

caljj QQ
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.,.exp, )().
1

(      (11); 
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2
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       (12); 

where Qj,exp. and Qj, cal. represent the experimental and the predicted (or calculated) values of 

equilibrium adsorption capacity, respectively (mg.g-1); j is the integer index denoting the 

successiveness of experimental data; N is the number of data experimental points; and P 

corresponds to the number of isotherm model parameters. 

Table 1: Equilibrium model parameters for adsorption of cobalt(II) by alkali brick pellets 

(0.7-1.0 mm diameter) at room temperature. 

Two-parameters adsorption models 

Langmuir Freundlich Temkin 

Qmax(mg.g-1) = 2.63 KF(mg.g-1) = 1.337 AT(L.mg-1) = 19.05 

KL(L.mg-1) = 0.554 nF = 4.885 B = 0.4130 

RL = 0.023-0.052 1/nF = 0.2047 bT(J.mol-1) = 5898.55 

Statistics Statistics Statistics 

R2 = 0.9785 R2 = 0.9428 R2 = 0.9579 

RMSE = 0.074 RMSE = 0.099 RMSE = 0.081 

red
2 = 0.0054 red

2 = 0.0098 red
2 = 0.0065 

Three-parameters adsorption models 

Redlich-Peterson Sips 

KRP(L.g-1) = 1.8217 KS (L.g−1) = 0.5777 

αRP (L.mg-1)βRP = 0.823 Qs = 2.8557 

βRP  = 0.944 βS = 0.778 

Statistics Statistics 

R2 = 0.9972 R2 = 0.9972 

RMSE = 0.072 RMSE = 0.073 

red
2 = 0.0052 red

2 = 0.0054 

 



www.ijsrm.humanjournals.com 

Citation: A. Boughriet et al. Ijsrm.Human, 2021; Vol. 19 (2): 41-70. 

55 

Overall, the applications of two-parameters adsorption models to our system revealed that: (i) the 

correlation coefficient obtained from Langmuir isotherm model (R2 = 0.9785) was higher than 

that from Freundlich and Temkin ones (R2 = 0.9428 and 9579, respectively), see Table 1; and (ii) 

when modeling from Langmuir model, the residual root mean square error (RMSE) and reduced 

Chi-squared (red
2) were lower than those from Freundlich and Temkin ones, see Table 1. All 

these findings suggested that the Langmuir equation was more suitable to fit experimental data 

than Freundlich and Temkin's equations. RL was between 0 and 1, demonstrating that Co(II) 

adsorption onto alkali brick was a favorable process. In addition, the relatively low RL values 

obtained further indicated that strong interactions would exist between Co2+ ions and the active 

sites of the brick. The value of 1/n in Freundlich isotherm is 0.2047, confirming that the Co(II)-

adsorption process is favorable. The maximum cobalt(II) adsorption capacity calculated from the 

Langmuir isotherm model (Qmax = 2.63 mg.g-1) was close enough to the experimentally obtained 

values of adsorption capacity ( 1.51 < Qeq <  2.58 mg.g-1; Qeq values found for the different 

performed batch experiments at equilibrium adsorption time).  

3.2.2. Application of three-parameters adsorption models 

The three-parameter Redlich-Peterson and Sips isotherm models are considered as combinations 

of the Langmuir and Freundlich isotherm models. They were widely employed in the past for 

studying homogeneous and heterogeneous adsorption systems [72].  

Redlich-Peterson isotherm: This model which is a compromise between Langmuir and 

Freundlich models contains three adjustable parameters. Redlich-Peterson (R-P) equation is 

expressed as [73]: 

).1(

.
RP

eRP

eRP
e

C

CK
Q

+
=         (13); 

where KRP (L.g-1), αRP (L.mg-1)βRP, and βRP represent the Redlich–Peterson (R-P) isotherm 

constants. If βRP ≈ 1, the system adsorption is close to the Langmuir isotherm; and if βRP ≈ 0, the 

process occurs according to the Freundlich model [74, 75]. Note that the KRP/αRP ratio is 

indicative of the adsorption capacity. 
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Sips isotherm__ The non-linear Sips isotherm equation is expressed as [76]: 

).1(

..
S

S

eS

eSS
e

CK

CKQ
Q





+
=        (14); 

where QS, KS, and βS are the Sips constants. KS (L.g−1) is related to the adsorption energy; and 

the Sips exponent, βS, describes either the homogeneity or heterogeneity of the adsorption 

process.  

The isothermal modeling equations used in this study, Eqs. (13) and (14), are given as non-linear 

equations. Modeling data were then fitted to experimental results using non-linear regression 

analysis. The best-fitting was calculated by minimizing RMSE and red
2 values by using an 

algorithm programmed in Scilab 6.0.2 software. R-P and Sips results are listed in Table 1. As 

indicated in this table, the three - parameters isotherm models, R-P and Sips, provided a very 

good fit (R2 = 0.9972, RMSE = 0.072 – 0.073, and χred
2 = 0.0052-0.0054). The maximum 

adsorption capacity predicted by the R-P and Sips models was 2.21 mg.g-1 (calculated from the 

KRP/αRP ratio) and 2.85 mg.g-1, respectively. These two adsorption capacity values are close 

enough to the maximal/experimental one (2.58 mg.g-1). The regression coefficient (R2), the 

residual root mean square error (RMSE), and the Reduced Chi-squared (χred
2) which were 

obtained for the five isotherm models, showed clearly that the equilibrium data were fitter with 

the Redlich-Peterson and Sips models than with the two-parameters adsorption models 

(Langmuir, Freundlich, and Temkin). However, the Redlich-Peterson parameter, βRP, was found 

to be close to 1 (βRP = 0.944). This suggested that the studied isotherm was closer to the 

Langmuir isotherm, and the adsorption of Co2+ ions on the brick was more mono-layer than 

multi-layer. Additionally, the calculated value of the Sips constant (βS = 0.778) is also close 

enough to unity, confirming that the adsorption process occurred mostly on homogeneous 

adsorbent surfaces.  
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3.3. Adsorption mechanism 

3.3.1. Aqueous chemical speciation of cobalt(II)  

Divalent metal ions in aqueous solution hydrolyze to form a series of mononuclear and 

polynuclear hydroxyl complexes according to [77]:  

xMe2+ + yH2O  ↔ Mex(OH)y
2-y + yH+     (15); 

where Me2+ represents the free ion of the divalent metal; and Kxy is the formation constant of 

hydroxy complex (with x and y varying both from 1 to 4). 

To calculate the concentrations of hydrolysis cobalt(II) compounds at pH values ranging from 2 

to 12, we used the Visual MINTEQ 3.0 equilibrium speciation computer software.  Fig. 6 

represents the % evolution of cobalt(II)-hydroxy complexes versus pH.  
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Figure 6: Effect of pH on the chemical speciation of cobalt(II) in an aqueous solution. Metal 

concentration: 10-3 mol.L-1. 
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Note that, in the distribution diagram only metal species with percentages ≥ of 1% are taken into 

consideration. As shown in Fig. 6, free metal ion remains the dominant species up to reach a 

maximal pH value of about 7.5. This observation is related to the acid properties of Co2+ ions in 

water, indicating particularly that Co(OH)+ is the first hydroxy complex appearing in the medium 

with pH increase according to: 

Co2+ + H2O  ↔  Co(OH)+ + H+      (16). 

The equilibrium constant for the hydrolysis reaction (16) and corresponding to the formation of 

the mononuclear hydroxy complex, Co(OH)+, was found to be equal to log(K11) = 9.65 [77]. 

 The drawing of the two vertical dashed lines in Fig. 6 represents the minimal and maximal pH 

values measured during (batch) adsorption experiments. As seen in this figure, the free form of 

cobalt(II) (≥98%) prevailed in the reaction medium during all the course of batch experiments. 

Consequently, it was stated that only the free ionic form of cobalt should interact predominantly 

with the active sites of the modified brick. 

3.3.2. Heterogeneous reaction stoichiometry 

To gain information about the stoichiometric aspect of the ion-exchange mechanism on alkali 

brick, the Na+/Co2+ exchange reaction was examined under static (batch) conditions. At the end 

of each batch experiment, the equilibrium concentration of Na released in the solution was 

plotted against that of cobalt(II) adsorbed onto brick pellets (Fig. 7). As can be seen in this 

figure, the slope of the curve (which corresponds to the molar ratio [Na]released/[Co]exchanged) was 

around 2.100 with a relatively good correlation coefficient (R2 = 0.932). This suggested that the 

studied heterogeneous reaction took place stoichiometrically according to an “ion-exchange” 

process where nearly two balancing ions (Na+) in the sodic brick were replaced by one incoming 

ion (Co2+) from the solution. Therefore, the reaction for the Co2+--Na+ system might be schemed 

by the following equation: 

2 (Na+)brick  +  (Co2+)solution  →  (Co2+)brick  +  2 (Na+)solution   (17). 

 The “stoichiometric” molar atomic ratio, 2Na/Co, was considered in this work as being the 

theoretical exchange capacity of the modified brick towards cobalt(II). 
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Figure 7: Equilibrium concentration of Na released in the solution plotted against that of 

cobalt(II) adsorbed onto brick pellets (data obtained during various batch adsorption 

experiments). 

3.3.3. Cobalt-enriched spots 

A detailed ESEM/EDS micro-observation within a cross-section of an alkali-brick sample was 

performed after cobalt(II) adsorption, see Fig. 8. The examination of the line scannings for Al, 

Co, Na, and Si indicated increasing levels of sodium alongside alumino-silicate aggregates 

(zeolite crystals), whereas Na levels decrease significantly on Si-rich aggregates (quartz). 

Moreover, several cobalt-rich “hotspots” were identified in the particles. As shown in Fig. 8, the 

areas where EDS cobalt signals were observed typically contain Na-bearing alumino-silicates but 

are strongly depleted in silicates. In other words, in the modified brick cobalt was preferentially 

bound to zeolite crystals.  
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Figure 8: ESEM/EDS micro-observation within a cross-section of alkali-brick particles 

after cobalt(II) adsorption. 
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3.4. Synthetic-wastewater treatment in a fixed-bed column 

During the column experiment, each metal concentration in the synthetic water was 1.78.10-4 

mo.L-1, the column contained 8.06 g of brick pellets, and the adsorbent height was about 6.9 cm. 

Metal levels in the effluent were analyzed at various service times. The breakthrough curves 

obtained after passing synthetic wastewater containing the dicationic metals Cd(II), Co(II), 

Mn(II), and Pb(II)  through a prepared alkali-brick column are shown in Fig. 9.  

 

Figure 9: Breakthrough curves of Cd(II), Co(II), Mn(II), and Pb(II)  present in synthetic 

wastewater through a packed alkali-brick column. 

In this column experiment highlighting Cd-Co-Mn-Pb competition, the packed brick column was 

firstly saturated with Mn2+ and Co2+ ions followed successively by Cd2+ ions and Pb2+ ions (Fig. 

9). The amount of cobalt that was still present in the effluent, as compared with the permissible 

limit recommended for this metal in drinking water by the World Health Organization (WHO). It 

was noticed that, although the synthetic water contained strongly competing (and very toxic) 

metals like lead(II) and cadmium(II), the effluent Co(II) concentration remained below the WHO 
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maximum contaminant level of 0.05 mg.L-1 [6] after passing an influent volume of about 900 mL 

(Fig. 10). Thereby, under the fixed experimental column conditions used here, it could be 

declared that 1 kg of prepared adsorbent should enable the treatment of up to ≈110 L of such 

strongly polluted water into potable water.  
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Figure 10: Detailed breakthrough curves highlighting Cd-Co-Mn-Pb competition, and 

permissible limit recommended for cobalt in drinking water by WHO. 

3.5. Making the cost of alkali brick 

From the above batch data, it is reasonable to infer that the modified brick can be fruitfully 

employed as an alternative adsorbent for treating waters that were contaminated with natural 

cobalt and/or industrial (radioactive) Co isotopes. In addition, the making cost of this material is 

low. Indeed, the brick which is provided by African craftsmen (in the Central African Republic) 

and used here as starting material weighs about 5 kg and its price is 75 CFA (i.e.  0.11 Euro; 1 

CFA = 0.0015 Euro); while solid sodium hydroxide which is provided by local soap factories 

and used here as reagent costs 30000 CFA / 25 kg (i.e. 45 Euros). Knowing that 4 liters of a 

NaOH solution at a concentration of 0.6 mol.L-1 are necessary to treat 1 kg of ground brick, we 
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estimate the cost for synthesizing 1 kg of adsorbent at ca 0.20 Euro (without taking into account 

labor costs which are very low in this country). This cost evaluation shows clearly that the 

modified brick ought to be a good low-cost adsorbent for wastewater treatment. 

3.6. Comparison with other adsorbents and environmental benefits 

The uptake capacity of alkali brick towards Co2+ ions was compared with that reported in the 

literature with different zeolites or mesoporous materials (Table 2).  

Table 2: Comparison of Co(II) sorption capacity from the literature using different 

adsorbents. 

Adsorbents Qmax(mg/g) References 

Natural zeolites 2.40-2.70 Chmielewska and Lesny (1992) [78] 

Natural zeolites 14.38 Erdem et al. (2004) [79] 

Natural bentonite 9.91 Kubilay et al. (2007) [80] 

FAU-type zeolites 
12.240-

30.211 
Joseph et al. (2020) [35] 

Montmorillonite 6.92 Hu et al. (2018) [29] 

Modified montmorillonite 22.3 Bhattacharyya and Sen Gupta (2009) [81] 

Modified kaolinite 9 Bhattacharyya and Sen Gupta (2009) [81] 

Mesoporous silica 6.62 Salmani et al. (2020) [82] 

Expanded perlite 1.05 Ghassabzadeh et al. (2010) [83] 

Barley straw ash 4.15 Arshadi et al. (2014) [84] 

Modified-SBA-15-

mesoporous silica 
5.8 

Mureseanu et al. (2008) 

[85] 

Crab shell 20.47 Vijayaraghavan et al. (2005) [86] 

Hydroxyapatite 20.19 Smiciklas et al. (2006) [87] 

Animal bones 29.2 Dimovic et al. (2009) [88] 

Carbon-nanotube/iron-

oxide composites 
10.61 Wang et al. (2011) [89] 

Modified-chitosan 

nanocomposites 

16.50-

37.35 
Abdelbasir et al. (2021) [25] 

Alkali brick 2.63 This work 

The Qmax value obtained for alkali brick is somewhat lower than those generally found in the 

literature, however, this material remains an interesting adsorbent for producing potable water 

because of its easy accessibility, making and maintenance. Furthermore, after metal saturation 
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the desorption of brick pellets can easily be carried out by passing through the purification 

system a concentrated solution of sodium chloride followed by a diluted solution of sodium 

hydroxide. Thus, it was previously demonstrated that during the treatment of ferrous ions-

contaminated groundwaters by alkali brick, the saturated material was regenerated five times and 

it still showed good removal ability [50]. It is also important to note that the presence of sand 

(60-65 wt%) as a support material in the brick contributes strongly to assure a good permeability 

and to facilitate the flow of water through brick beds during adsorption column experiments [49].  

CONCLUSION 

The purpose of this research was to modify a metakaolinite-rich brick in the aim to synthesize 

zeolites for Co2+ ions adsorption. Synthetic zeolites were identified as crystalline LTA and NaP 

forms by the ESEM/EDS and XRD techniques. Detailed isotherm studies revealed that 

equilibrium data were fitter with the three-parameters adsorption models (Redlich-Peterson and 

Sips) than with the two-parameters adsorption models (Langmuir, Freundlich and Temkin). 

However, the Redlich-Peterson and Sips parameters (βRP and βS) were close to unity, suggesting 

that the Co(II) adsorption onto alkali brick was more mono-layer than multi-layer and occurred 

mostly on homogeneous adsorbent surfaces. Column experiments indicated that the modified 

brick was highly effective to capture cobalt(II) even in the coexistence of competitive metal ions 

like Pb(II), Cd(II) and Mn(II). 

Industrial sectors that are involved in the production or use of cobalt in its natural and/or 

radioactive forms, and have no alternative, can implement easily the proposed method to remove 

this metal from their processing effluents before their discharge into the immediate environment. 

Since the reported adsorbent specifically shows relatively good adsorption performance for 

cobalt(II) or other toxic metals like lead(II) and cadmium(II, it would be applied efficiently and 

inexpensively to treat effluents with high concentrations of heavy metals.  
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