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a b s t r a c t

The sorption of hexavalent chromium in aqueous solution using crushed Brick was carried out in 
batch mode. Powder of crushed Brick was prepared within a size between 500 and 800 µm. The 
crushed Brick was characterized by Fourier Transform infrared spectra (FTIR), BET surface area, 
X-ray fluorescence (XRF), Scanning Electron Microscopy (SEM),X-ray diffraction (XRD), Thermo-
gravimetric analysis (TGA)and Zeta Potential. The results showed that the crushed Brick is a typical 
aluminosilicate mineral with SiO2/Al2O3 ratio of 3.65. On the other hand, it has a surface area of 20.11 
m2 g−1 and exhibits a net microporosity with a medium pore width of 2.26 Å. Batch experiments were 
conducted to study the effect of different operating parameters such as contact time, pH, stirring 
speed, temperature, adsorbent dose and initial Cr(VI) concentration on the adsorption of Cr(VI) by 
crushed Brick. The results showed that the maximum adsorption capacity was 3.06 mg g−1 at pH 3, 
adsorbent dose of 20 g L−1 and initial Cr(VI) concentration of 10 mg L−1. Furthermore, the adsorption 
capacity increases in an acidic medium until it reaches pH 3 and afterwards it decreases due to the 
different speciation of hexavalent chromium with pH shifting. The equilibrium data were analyzed 
using three isotherm models such as Langmuir, Freundlich and Temkin by linear method. A satisfac-
tory correlation coefficient value of the Langmuir isotherm demonstrates that the hexavalent chro-
mium adsorption by crushed Brick is monolayer physical adsorption. The kinetic studies showed 
that the experimental data were best describing by pseudo- second-order model and intra-particle 
diffusion. It was observed from the values of thermodynamics parameters such as Gibbs free energy 
(∆G°), enthalpy (∆H°), and entropy (∆S°), that the nature of adsorption is non-spontaneous, exother-
mic and reflects the decreased randomness at the solid/solution interface during the adsorption. 
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1. Introduction

Water is an essential commodity for the survival of all 
living beings on earth. Therefore, its pollution represents a 
critical problem for all humanity. Heavy metals present a 

major source of water pollution that resulted from several 
industrial activities including metal finishing, textile man-
ufacturing, cement production, chromate production, elec-
troplating, leather tanning and pesticide applications [1,2]. 
Among these metals, chromium is a common heavy metal 
contaminant in manufacturing regions. In aquatic environ-
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ments, chromium exists in two major forms: Cr(III) and 
Cr(VI). The last one is more toxic and mobile, and known as 
human carcinogen and mutagen [3–6]. Due to this, Cr(VI) is 
in the list of priority water contaminants. The World Health 
Organization (WHO) prescribed 0.5 mg g−1 as a maximum 
level of Cr(VI) for drinking water [7].

The removal of hexavalent chromium from water has 
been widely studied by the use of different processes such 
as electrocoagulation [8], membrane separation [9], chem-
ical precipitation [10], ion exchange [11], nanoparticules 
[12,13] photocatalysis [14] and adsorption [15]. While the 
adsorption method is simple, economic and practical for 
the removal of heavy metals from wastewaters. The fact 
that commercial activated carbon is of high cost, in recent 
years numerous researchers have become increasingly 
interested in the preparation of alternative adsorbents 
through the exploration of novel industrial solid wastes 
and natural materials due to their low-cost and their phys-
icochemical properties. Different materials were used as 
such as Sterculia guttata shell [16]. Ficus auriculata leaves 
[17] seaweeds [18] Caryotaurens inflorescence [19] Coloca-
siaesculenta leaves, Annonareticulate, RuelliaPatula Jacq 
[20] Chitosan [21], Zeolite [22], Bentonite [23], clay or cer-
tain industrial waste products like coal [24] fly ash [25], 
and biomass [26].

In this work crushed Brick, which is an available con-
struction waste, was used as an adsorbent for the removal 
of Cr(VI) from aqueous solution in batch mode.

The effects of sorbent dose, contact time, stirring speed, 
initial Cr(VI) concentration, pH and temperature were 
investigated. The adsorption kinetic data were tested by 
pseudo-first-order, pseudo-second-order and intra-particle 
diffusion kinetic models. The equilibrium data were ana-
lyzed using three adsorption isotherm models. The thermo-
dynamics of Cr(VI) adsorption and the changes in Gibbs 
free energy were also evaluated.

2. Materials and methods

2.1. Chemicals 

A stock solution of Cr(VI) 1000 mg L−1 was prepared 
by dissolving a certain amount of potassium dichro-
mate (K2Cr2O7) in distilled water and the considered con-
centrations 5–90 mg L−1 were prepared by diluting the 
stock solution. The residual concentration of Cr(VI) 
was measured using a UV–Vis spectrophotometer 
(JENWAL 7315) at a wavelength 540 nm after complex-
ation with 1,5-diphenylcarbazide [27]. Adjustment of 
the pH of solution was achieved with 0.1 M HCl and 0.1 
M NaOH and monitored by a pH meter (HANNA HI9812-
5). All products were purchased from Sigma-Aldrich-Fluka 
(Saint-Quentin, Fallavier, France).

2.2. Preparation of crushed Brick adsorbent

The used bricks for this experiment were obtained from 
local construction company in Annaba (Algeria). Bricks 
were crushed and sieved to get the particle sizes between 
500 and 800 µm. The crushed Brick was washed in water 
several times and then rinsed in distilled water to remove 

the impurities. The powder obtained was dried at 110°C 
and then stored in desiccators until usage.

2.3. Characterization of crushed Brick

The chemical analysis of crushed Brick was carried out 
with X-ray fluorescence (XRF), Fourier transform infrared 
analysis (FTIR) was recorded to identify the functional 
groups of crushed Brick material using the IR Affinity-1 
in combination with a single reflection ATR. The specific 
surface area was determined by using N2 as the sorbate 
at –196°C with an automatic ASAP 2000 apparatus from 
Micrometrics, the crushed Brick was previously out-gassed 
at 200°C for 6 h and the specific surface area was deter-
mined by the BET method.

Zeta potential measurement of crushed Brick was 
carried out using a Zetasizer 2000 instrument equipped 
with a microprocessor at a temperature of 25°C and pH 
7. The magnitude of this parameter is often used as a 
measure of the strength of the attractive/repulsive inter-
actions between particles and to have information about 
the surface property of the particles in suspension. The 
XRD patterns of crushed Brick were collected by means 
of a BRUKER AXS with Cu-Kα1(1.54056 Å). Scans were 
conducted from 0 to 60° at a rate of 2° min−1. Thermograv-
imetric analysis (TGA) was performed using a TGA/DSC 
3+ “STAR System” apparatus in order to monitor the mass 
change of the crushed Brick. It was also used as a measure 
of temperature while the sample was subject to a constant 
rate of heating. The samples were bottom loaded in plat-
inum crucibles, and 27.53 mg samples were heated from 
30°C to a maximum temperature of 950°C at a constant 
heating rate of 5°C min−1 min−1 in an air atmosphere with a 
purge rate of 75 mL min−1.

The solid addition method determined the pH at the 
point of zero charge pHZPC [28]. This is done by the addition 
of a defined quantity of adsorbent 0.1g of crushed Brick to 
a series of 100 mL Erlenmeyer flasks containing 20 mL of 
KNO3 solution under shaking for 24 h. Before adding the 
adsorbent, the pH of each solution was adjusted to be in the 
range of (1.0–10.0) by the addition of either 0.1 M HCl or 
0.1 M NaOH. And pH values were measured at the end of 
the test (pHf). The pHPZC was determined from the point of 
intersection of the resulting curve, at which ∆pH = 0. 

2.4. Batch adsorption experiments

During the study of adsorption of Cr(VI) ions on 
crushed Brick, batch tests were conducted in room tem-
perature 25±0.2°C. The batch adsorption experiments were 
conducted by mixing 20 mL of Cr(VI) and 0.4 g of crushed 
Brick in glass container tubes. Afterwards, these tubes were 
posed in rotatory shaker on initial concentration of 10 mg 
L−1 at 150 rpm during 80 min at pH 2. Samples for analysis 
were taken at different time intervals. The suspension was 
then centrifuged for 5 min at 3000 rpm and the left-out con-
centration in the supernatant solution was analyzed using 
UV-Vis spectrophotometer.

The adsorbed amount qe mg g−1 and the percentage 
removal (R%) of hexavalent chromium uptake by the adsor-
bent were determined by the following equations
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where C0 and Ce mg L−1 are the liquid-phase concentration of 
Cr (VI) at initial time and the equilibrium time, respectively, 
V (L) is the volume of the solution, and m (g) is the mass of 
used adsorbent.

3. Results and discussion

3.1. Chemical composition of crushed Brick:

The chemical composition of crushed Brick is shown 
in Table 1. This result shows that the presence of silica and 
alumina are the major constituents along with traces of iron, 
magnesium, potassium, titanium, sodium and manganese 
oxides. Heavy metals are present in the natural and the 
purified clays in trace amounts. The loss on ignition was 
11.66% which was analyzed via the method of potassium 
fluosilicate volumetric and incandesce.

According to the results, the crushed Brick is a typical 
aluminosilicate mineral with SiO2/Al2O3 ratio of 3.65. The 
chemical composition and the Si/Al ratio of the bricks are 
very similar to those reported in the literature [29].

3.2. FTIR

The FT-IR spectra of crushed Brick before and after 
adsorption are shown in Fig. 1, The band at 778 cm−1 indi-
cates the presence of mineral quartz [30]. The band at 992 
cm−1 corresponds to Si-O bonds in the SiO4 molecules [31]
The absorption at 1618 cm−1 was due to the stretching and 
bending vibration of adsorbed water respectively and the 
wave number at 3585cm−1, assigned to H–O–H stretching 
vibrations of water molecules weakly hydrogen bonded 
to the Si–O surface [32]. The third layer-surface hydroxyls 

formed weak hydrogen bonds and absorb at 3703 cm−1 [33]. 
After the adsorption of Cr(VI), there was no appreciable 
change observed in the FTIR spectra.

3.3. BET and Zeta potential

The results of BET specific surface area, porosity mea-
surements and Zeta potential of crushed Brick are shown in 
Table 2. Crushed Brick has a surface area of 20.11 m−2 g−1 and 
it exhibits a net microporosity with a medium pore width of 
2.26 Å. On the other hand, the measurement of Zeta poten-
tial, which reflects the electrical potential at the interface 
between crushed Brick particles and the surrounding liquid, 
shows that the crushed Brick has a negative zeta potential. 
This indicates that the crushed Brick surface is negatively 
charged in water at pH7. The present acid-base equilibria 
are believed to intervene at the water-brick interface when 
brick is in an equilibrium state with water as shown in Eq. 
(3) [34].

≡ + ↔ ≡ +− +MOH H O MO HBrick Brick( ) ( )2 3 0  (3)

where M represents Al, Fe,etc.

3.4. SEM

The result of SEM analysis of crushed Brick is shown 
in Fig. 2. SEM images, at 100 and 200 µm dimensions show 
that the crushed Brick has random particle shapes. Further-
more, image at 10 µm shows that the crushed Brick has a 

Table 1 
Chemical composition of crushed Brick

Component Weight %

SiO2 59.25
Al2O3 16.22
Fe2O3 4.845
MgO 0.46
MnO 0.01
ZnO 0.013
P2O5 0.207
K2O 3.55
Na2O 2.52
Cr2O3 0.012

TiO2 1.16
SO3 0.041
L.O.I 11.66

L.O.I : Loss on ignition. 
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Fig. 1. FTIR spectra of crushed Brick.

Table 2
BET characteristics and zeta potential of the crushed Brick

BET surface area (m2 g−1) 20.11

Total pore volume (cm3 g−1) 0.00944
Average pore diameter (Å) 2.26
Particle density (g cm−3) 3.5678
Zeta potential (mV) –25.26
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matt and porous surface which is good for many types of 
material.

3.5. XRD 

The results of crystal structure of crushed Brick obtained 
by X-ray diffraction (XRD) analysis are shown in Fig. 3. 
The main crystalline phases obtained in the XRD pattern 

are quartz (Q; 2θ = 26.93°, 21.05°, 26.93°, 39.79°, 50.32° and 
60.05°), Illite (I; 2θ =17.65°, 35.15°, 40.72°, 42.73°and 54.96˚) 
and kaolinite (K; 2θ = 19.97°, 36.85°, 45.98°and 68.28°). XRD 
pattern also shows the presence of amorphous phase in this 
material [29]. 

3.6. Thermogravimetric analysis (TGA)

TGA thermo-gravimetric analysis demonstrates the 
change of material mass with temperature increasing due to 
the dehydration, decomposition and oxidation of material 
compounds. The results of TGA analysis of crushed Brick 
are shown in Fig. 4. Generally, the total thermal weight loss 
at 800°C was less than 5%. The loss of loosely bound phy-
sisorbed water was observed at <215°C [35,36]. The weight 
loss obtained at 220–420°C indicates the thermal decom-
positions of the strongly-bonded water molecules present 
in the first coordination sphere of the interlayer ions [37]. 
Weight loss above 600°C could be due to the elimination of 
structural water by releasing OH (dehydroxylation).

3.7. Point of zero charge (PZC)

The pHPZC of an adsorbent is a very important character-
istic that determines the pH at which the adsorbent surface 
has net electrical neutrality, and at which value the acidic or 
basic functional groups no longer contribute to the pH of the 
solution [38]. Fig. 5 shows a plot of the ∆pH of crushed Brick 
versus pHi. The pHPZC of the crushed Brick was found to be 
4.3, implying that the surface of the crushed Brick is posi-
tively charged at pH < 4.3 and negatively charged at pH > 4.3.

4. Adsorption testes

4.1. Effect of adsorbent mass

The effect of adsorbent mass on the adsorption per-
centage of Cr(VI) ions onto crushed Brick was studied by 
changing the quantity of adsorbent (0.06–1.0 g), at volume 
solution of 20 mL, temperature (25±0.2°C), pH 2 and con-
tact time 80 min and initial concentration of 10 mg L−1. Fig. 6 

Fig. 2. SEM images of crushed Brick.
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shows that the removal rate of Cr(VI) increases from 25.46% 
to 54.24% and thereafter it remained approximately con-
stant at 0.4 g. This behavior can be attributed to the avail-
ability of more adsorption sites and greater surface area 
with adsorbent mass increasing [39,40]. 20 g L−1 value was 
chosen for the study of the subsequent parameters.

4.2. Effect of contact time

Contact time is an important parameter because it deter-
mines the adsorption kinetics of an adsorbent at a given ini-
tial concentration of the adsorbate [41].

The adsorption processes were almost accomplished in 
the first 5 min and reached equilibrium within 30 min as 
shown in Fig. 7. It was observed from the beginning that 
the adsorption was fast in the initial stage as a result of the 
large number of available and reached equilibrium within 
30 min. After a certain period of time, the reaction slows 
down as the process is attenuated, as the number of vacant 
sites decreases [42].

4.2. Effect of agitation speed 

The effect of stirring speed on the removal rate was 
investigated at different stirring speeds such as 50, 100 

and 150 rpm at initial Cr(VI) concentration of 10 mg L−1 

and room temperature. According to Fig. 8 data shows that 
the achievement of a constant value of adsorption capaci-
ties of Cr(VI) practically independent on the stirring speed 
employed at the range of 50–150 rpm, and no difference of 
adsorption quantity was insignificant as the stirring speed 
increases. Similar phenomena were observed in the kinetic 
experiments of MB on activated carbon and on Perlite 
[43,44].

4.4. Effect of initial Cr(VI) concentration

The effect of initial concentration of Cr(VI) in range of 5 
mg L−1 to 90 mg L−1 on the removal efficiency using crushed 
Brick is shown in Fig. 9. The experiments were carried out 
using fixed adsorbent dose of 20 g L−1 at ambient tempera-
ture (25 ± 0.2°C), pH 3 and 50 rpm. It was observed that 
the percentage of Cr(VI) removal decreases with increas-
ing in initial Cr(VI) concentration (73.71% to 51.43%). This 
is may be due to the less availability of the active sites of 
the adsorbent which could be saturated at higher Cr(VI) 
concentrations [45]. In addition, the adsorbed negatively 
charged Cr(VI) ion electrostatically repels the incoming sor-
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bet ions resulting in decrease of the adsorption percentage 
[46]. However, the adsorption capacity increased form 1.10 
mg L−1 to 2.31 mg L−1 as Cr(VI) concentration raises. This is 
due to higher probability of collision between Cr(VI) ions 
and crushed Brick which resulted in the increased driving 
force of the concentration gradient [47,48].

4.5. Effect of pH

The pH of the solution has an important role in the 
adsorption process. The effect of pH on Cr(VI) adsorption 
was examined at pH values from 1 to 7 and was evaluated 
separately in a set of batch experiments as shown in Fig. 11 . It 
is well known that Cr(VI) can exist in solution in the following 
ionic forms: chromate (CrO4

2− ), dichromate (Cr O2 7
2− ) or hydro-

gen dichromate (HCrO4
−), which is governed by solution pH 

and total chromium concentration [49]. Thus, the amount of 
adsorbed Cr(VI) is higher in acidic environment. However, 
when pH is lesser than 2, the Cr(VI) in water is in the form 
of H2CrO4 [50], therefore, the Cr(VI) adsorption on crushed 
Brick decreases as shown in Fig. 11. While the highest adsorp-
tion of Cr(VI) was found at pH 3 where the combined effect 
of increase in electrostatic force of attraction between positive 
charge surface of the crushed Brick and HCrO4

−  and faster 
intra-particle diffusion may account for maximum adsorp-
tion efficiency [51,52]. As a result, the mechanism of Cr(VI) 
adsorption onto crushed Brick at acidic pH could be regarded 
as in the following process Fig. 10:

Where M represents Al, Fe, etc.
Based on the experiment of the pHZPC of the crushed 

Brick which was about 4.3 in its value as shown in Fig. 
6 and the negatively zeta potential value in Table 2 are 
related to the stability of crushed Brick dispersions indi-
cating the degree of repulsion between adjacent, similarly 
charged particles in the dispersion. During the adsorption, 
the concentrations of surface species ≡MOH uncharged 
surface groups, ≡ MOH2

+  positive charged surface groups, 
≡MO− negatively charged groups) change at different pH 
values. With increasing pH higher than 4.3, the number of 
negatively charged ≡MO− groups increases and this leads to 
the decrease of hexavalent chromium adsorption due to the 
electrostatic repulsion [53]. The surface charge of crushed 
Brick was positive at pH below the pHZPC Consequently, 
Cr(VI) would be adsorbed across the electrostatic attraction 
and/or via the combination of HCrO4

−  to acidic functional 
groups on the surface of crushed Brick [54]. Similar results 
have been obtained previously [55–58].

4.6. Effect of temperature

Batch experiments were performed at temperatures such 
as 25°C, 35°C and 45°C. As shown in Fig. 12, with an increase 
in solution temperature, Cr(VI) removal percentage decreased 
from 55% at 25°C to 44% at 35°C and 35% at 45°C. It may be 
due to a decrease in the degree of freedom of adsorbed spe-
cies and a decrease in available adsorption active sites which 
indicates that the adsorption phenomenon is exothermic [59]. 
This is the typical case of microporous solids.

5. Adsorption isotherm studies

An adsorption isotherm describes the relationship 
between the amount of adsorbate adsorbed on the adsor-
bent and the concentration of dissolved adsorbate in the 
liquid at equilibrium. As shown in Fig. 13, the shape of the 
curves qe vs. Ce clearly indicated that the isotherm belongs 
to L type according to the classification of equilibrium iso-
therm in solution by Giles et al. [60].
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5.1. Langmuir isotherm

The Langmuir model assumes that the uptake of metal 
ions occurs on a homogeneous surface by monolayer adsorp-
tion without any interaction between adsorbed ions [61]. The 
Langmuir equation in the linear form is expressed as Eq. (4):

C
q q K

C
q

e

e m L

e

m

=
⋅

+
1  (4)

With qm mg g−1: maximum amount of chromium 
adsorbed, qe mg g−1: equilibrium amount of adsorbent, KL  
L mg−1: Langmuir constant and Ce mg L−1: residual concen-
tration of solute at equilibrium. The Langmuir constants 
related to adsorption capacity and energy, respectively. The 
plot of Ce/qe against Ce in Fig. 14(a). 

The essential characteristics of the Langmuir isotherm 
can be expressed by a dimensionless constant called the 
separation factor RL [62]:
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where C0 is the initial concentration of metal ion (mg L–1). 
The value of RL indicated the type Langmuir isotherm. RL 
value demonstrates a variable nature of adsorption to be 
either unfavorable if RL >1, linear if RL =1, favorable if 0 < 
RL < 1 and irreversible if RL =0. From the data calculated in 
Table 3, the RL is greater than 0 but less than 1 indicating that 
Langmuir isotherm is favorable.

5.2. Freundlich isotherm

Freundlich’s equation is an empirical model based on 
heterogeneous adsorption over independent sites. The 
equation is written in linear form as follows [63]: 

ln ln lnq K
n

Ce F e= +
1

 (6)

KF and n are the Freundlich constants. Here, n giving a sign 
of how congruent the adsorption process is, and KF mg1–1/n 

L1/ng–1 represents the quantity of chromium adsorbed on the 
adsorbent for a unit equilibrium concentration. The values of 
KF and n were determined from the intercept and slope of the 
linear plot of ln qe versus ln Ce in Fig. 14(b), respectively, and 
the results are presented in Table 4. The n value indicates the 
degree of nonlinearity between solution concentration and 

adsorption as follows: if n = 1, then adsorption is linear; if n 
< 1, then adsorption interpreted as a chemical process; if n > 
1, then adsorption can be referred to as a physical process. n 
value in Freundlich within the range of 1–10 represents good 
adsorption [64].

5.3. Temkin isotherm

Adsorbent–adsorbate interactions form a crucial factor 
for this isotherm. By lifting out the ultimate low and high 
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Fig. 14. Modeling of Cr(VI) adsorption onto crushed Brick using parameter isotherms: Langmuir, (b) Freundlich, (c) Temkin.

Table 3
Langmuir isotherm constant

C0
RL

5 0.719
10 0.562
15 0.461
20 0.391
40 0.243
60 0.176
90 0.125
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concentration values, the model assumes that the heat 
adsorption (function of temperature) of all molecules in 
the layer would decrease linearly rather than logarithmi-
cally in coverage [65]. In Fig. 14c, the Temkin isotherm has 
been generally applied in the following equations [66,67]:

q
RT
b

A Ce
T

T e=






ln( )  (7)

q
RT
b

A
RT
b

Ce
T

T
T

e= +






ln ln  (8)

where B
RT
bT

T

=

AT is the equilibrium binding constant Lg–1, bT is the 
adsorption constant J mol–1, R is a universal gas constant 
8.314 J mol–1 K–1, T is absolute temperature value [298 K]. 
The constants parameters of Temkin isotherm were deter-
mined from the linear curve of (qe) vs. ln(Ce).

In Table 4, the maximum monolayer coverage capac-
ity (qm) from Langmuir isotherm model is determined to 
be 3.06 mg g−1, KL (Langmuir isotherm constant) is 0.078 
(L mg−1). The RL values for the adsorption of Cr(VI) onto 
crushed Brick are in the range of (0.719 – 0.125) (see Table 3). 
When RL is less than the unity values, it indicates that the 
equilibrium sorption is favorable, and the high determina-
tion coefficient R2 value is 0.984 proving that the sorption 
data fits well to Langmuir Isotherm model then the Temkin 
and Freundlich models. Hence, it can be understood that, 
the Langmuir and Temkin isotherms are the most suitable 
models for the sorbate-sorbent system.

6. Adsorption kinetic experiments

6.1. Pseudo-first-order and second-order kinetic models

The pseudo first order and pseudo-second-order 
reaction models were applied to study the kinetics of the 
adsorption process. The experimental data were fitting for 
these two orders. The linear forms of kinetic equations are 
given as [68,69]: 

ln lnq q q k te t e−( ) = − 1  (9)

t
q k q q

t
t e e

= +
1 1

2
2  (10)

where qe is the amount of adsorbate adsorbed at equilibrium 
(mg g−1), qt is the amount of adsorbate adsorbed at time t 
(min), k1 and k2 are the constant rates of pseudo-first-order 
and pseudo-second-order respectively. Kinetic plots of ln(qe 
− qt) vs. t for pseudo-first-order and a plot of t/qt vs. t for 
pseudo-second-orders are given in (Figs. 15a and b).

As shown in Table 5, the comparison made between 
the experimental adsorption capacity (qe. exp) values and 
the calculated adsorption capacity values capacity (qe. cal), 
showed that the calculated capacity (qe. cal) values were 
similar to the experimental capacity (qe. exp) values for the 
pseudo-first-order kinetics. On the other hand, the calcu-
lated value capacity (qe. cal) estimated from the pseudo-sec-
ond-order kinetic model gave very close values compared 
to experimental value. In addition, the correlation coeffi-
cient values for pseudo-second-order model were higher 
than that of pseudo-first-order model. Based on R2 values, 
it was confirmed that pseudo-second-order model best fits 
the adsorption data. These results are consistent with other 
studies [70,71].

6.2. Intra-particle diffusion model

In Fig. 15(c), the adsorption process may not only be a 
diffusion (external mass transfer) but it may also be con-
trolled by the intra-particle diffusion [72]. The equations 
used to confirm the diffusion mechanism can be defined by 
Eq. (11):

q q t Ct dif= +0 5.  (11)

where qdiff (mg g−1 min−0.5) is the intra-particle diffusion 
rate constant. The Boyd model provides information as to 
whether the rate controlling step results from film diffusion 
(boundary layer) or particle diffusion (diffusion inside the 
pores) [73].

During the adsorption process, three linear regions 
appeared on the curve as a result of three possible steps as 
in [74,75]: an external mass transfer step such as the bound-
ary layer diffusion occurred first, then an intra-particle dif-
fusion step for the second and lastly a saturation step. In 
this study, the first linear region with a high slope signaled 
a rapid external diffusion stage depicting macro-pore or 
inter-particle diffusion which is different from the second 
step, gradual adsorption stage controlled by intra-particle 
(micropore) diffusion, and the last step (saturation stage). 
This observation can also be linked to adsorption mecha-
nisms mainly involving the surface layers of crystallites 
[76].

7. Thermodynamic study

The temperature effect on the adsorption of hexava-
lent chromium was studied in order to obtain the rele-
vant thermodynamic parameters. The free energy of 

Table 4
Isotherm parameters for Cr(VI) onto crushed Brick obtained by 
using the linear method

Isotherm Isotherm constants

Langmuir qe,cal (mg g−1) 3.067
qe,(exp) (mg g−1) 2.310
KL (L mg−1) 0.082
R2 0.985

Freundlich KF (mg1−1/n L1/n g−1) 0.497
n 2.290
R2 0.921

Temkin AT (L g−1) 0.619
B 0.749
R2 0.959
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Fig. 15. Plot of (a) the pseudo-first-order, (b) the pseudo-second-order, (c) the intra-particle diffusion model.

Table 5 
Parameters of kinetic models for Cr(VI) adsorption on the crushed Brick

Model Parameters Initial concentration of Cr(VI)

10 30 50 70

qe,exp (mg g−1) 0.278 1.105 1.766 2.185

Pseudo-first-order qe,cal (mg g−1) 0.227 0.543 0.905 1.107
k1 (min−1) 0.093 0.135 0.141 0.122
R2 0.951 0.767 0.817 0.852

Pseudo-second -order qe,cal (mg g−1) 0.296 1.092 1.766 2.262
k2 (g mg−1 min−1) 0.846 1.278 0.652 0.347
R2 0.997 0.999 0.999 0.999

Intra-particle diffusion kdiff 0.030 0.026 0.054 0.102

C (g mg−1 min−0.5) 0.100 0.903 1.407 1.621
R2 0.975 0.987 0.964 1.000
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adsorption (∆G°), the entropy (∆S°) and enthalpy change 
(∆H°) in the adsorption process are related to the Van’t 
Hoff equations [77]:

∆G RT Kc° = − ln  (12)

ln K
S
R

H
R TC = −

∆ ∆0 0

 
 (13)

K
C
Cc

Ae

Se

=

where lnKc [78] is the constant of equilibrium, CAe is the 
amount of adsorbate on the adsorbent per volume of the 
solution (L) at equilibrium (mg L−1), CSe is the equilibrium 
concentration of adsorbate in the aqueous solution (mg 
L−1), R is the gas constant 8.314 J K−1 mol−1 and T is the tem-
perature (K). Therefore, the values of (∆H°) and (∆S°) were 
obtained from the slope and intercept of the lnKc versus 1/T 
curve according to Fig. 16. The negative value of (∆S°) indi-
cates the favorable nature of the adsorption phenomenon. 
Moreover, the negative values of enthalpy change revealed 
that the adsorption process was exothermic. The positive 
value of (∆G°) confirmed that the sorption is non-sponta-
neous in nature. The magnitude of (∆H°) may be used to 
distinguish between chemisorption bond strengths that 
are generally in the range of (+84) – (+420)( kJ mol−1) while 
physisorption bond strengths are <+84 kJ mol−1 [79]. From 
Table 6, the weak (∆H°) value is –32.47 kJ mol−1 and there-
fore confirms that Cr(VI) adsorption by crushed Brick 
occurs more according to a physisorption process rather 
than a pure chemical adsorption mechanism [34]. The 

Gibbs energy (∆G°) increased when the temperature was 
increased from 25 to 45°C indicating a decrease in feasibility 
of adsorption at higher temperature. It is important to note 
that (∆G°) value up to 4.78 4.78 kcal mol−1 (20 kJ mol−1) is 
consistent with electrostatic interaction between adsorption 
sites and ionic species (physical adsorption) [80].

Table 7 shows a brief summary of adsorption capaci-
ties of some adsorbents for Cr(VI) removal compared with 
crushed Brick used in this study. It is noteworthy that the 
crushed Brick powder has an acceptable adsorption capac-
ity for Cr(VI) removal compared to other adsorbents. Due 
to the large availability of brick waste, this material could 
be used as an alternative adsorbent for water treatment. 

8. Determination of the adsorption activation energy

The adsorption activation energy Ea was obtained by the 
use of the Arrhenius equation Eq. (14) where it is possible to 
gain some insight into the type of adsorption.

ln lnk A
E
RT

a
2 = −   (14)

In Fig. 17, Ea is the activation energy (J mol−1), k2 the 
pseudo-second-order rate constant for adsorption (g mg−1 

Table 6 
Thermodynamic parameters of the Cr(VI) adsorption on 
crushed Brick

Temperature ∆H° (kj mol−1) ∆S° (kj mol−1 K−1) ∆G° (kj mol−1)

25°C –32.47 –132.11 6.89
35°C 8.22
45°C 9.54
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Table 7 
Adsorption of Cr(VI) by various adsorbents

Adsorbent qm (mg g−1) Reference

Fireclay 0.23 [81]
Soya cake 0.28 [82]
Kaolin 0.571 [83]
Spent activated clay 0.743-1.422 [80]
Modified oak sawdust 1.70 [84]
Activated carbon 2.84 [85]
Crushed Brick 3.06 This work
Na-montmorillonite
(dynamic mode)

5.13 [86]

ZeoliteNaX 6.414 [87]
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min−1), A the temperature-independent Arrhenius factor (g 
mol−1 S−1), R the gas constant 8.314 (J K−1mol−1) and T the 
solution temperature (K) The slope of the plot of lnk2 vs. T−1 

can then be used to evaluate Ea.
Low activation energies 5–40 (kJ mol−1) are characteristic 

of physical adsorption while higher ones 40–800 (kJ mol−1) 
suggest chemisorption [88]. The present results give Ea = 
+16.08 (kJ mol−1) for the adsorption of Cr(VI) onto crushed 
Brick indicating that the adsorption has a low potential bar-
rier and corresponds therefore to physisorption. 

9. Conclusions

The construction waste “crushed Brick” was success-
fully used as an adsorbent for the removal of Cr(VI) from 
water. Different operating parameters were studied. The 
used crushed Brick has a surface area of 20.11 m2 g−1 and 
it exhibits a net microporosity with a medium pore width 
of 2.26 Å. The adsorption experiments showed that Cr(VI) 
adsorption is more favorable at acidic medium. Moreover, it 
decreases with an increasing temperature. Hence, the maxi-
mum adsorption capacity of crushed Brick was 3.06 mg g−1. 
The results also show that the pseudo-second-order reac-
tion kinetics and the intra- particle diffusion model provide 
the best description of the adsorption. The experimental 
data for the adsorption process demonstrates that the Lang-
muir adsorption isotherm model is better than the Tem-
kin and Freundlich adsorption models. Thermodynamic 
parameters have been also evaluated for the system and 
have provided that the adsorption is exothermic in nature, 
non-spontaneous and mainly physical. Overall, the uses of 
such as a kind of materials are a double-win for both water 
treatment and valorization of wastes. 

Symbols

AT —  Temkin isotherm equilibrium binding constant, (L 
g−1)

A —  Temperature-independent Arrhenius factor (g 
mol−1 s−1) 

bT — Temkin isotherm constant, (J mol−1)
C0 — Initial Cr(VI) concentration (mg L−1)
CAe —  Amount of adsorbate on the adsorbent per vol-

ume of the solution at equilibrium, (mg L−1)
Cd —  Equilibrium concentration of adsorbate in the 

aqueous solution, (mg L−1)
Ce —  Cr(VI) concentration in solution at equilibrium, 

(mg L−1)
CSe —  Equilibrium concentration of adsorbate in the 

aqueous solution, (mg L−1)
Ea —  Activation energy (J mol−1)
∆G° — Standard free energy, (kJ mol−1)
∆H° — Standard enthalpy change, (kJ mol−1)
K1 — Pseudo-first-order rate constant, (min−1) 
K2 —  Pseudo-second-order rate constant, (g mg−1 

min−1)
Kc — Equilibrium constant
KF — Freundlich isotherm constant, (mg1−1/nL1/n g−1)
KL — Langmuir constant, (L mg−1)
m — Amount of biosorbent, (g)
n — Freundlich exponent

qe(exp) — Experimental adsorption capacity, (mg g−1)
qe(cal) — Calculated adsorption capacity, (mg g−1)
qt —  Amount of adsorbate adsorbed at time t,  

(mg g−1)
qm —  Maximum monolayer coverage capacity, (mg 

g−1)
qdif —  Intraparticle diffusion rate constant, (mg g−1 

min−0.5)
R — Gas constant (8.314 J K−1 mol−1)
R (%) — Percentage of removal, (%)
RL — Separation factor
∆S° — Entropy (kJ mol−1K−1)
T — Absolute temperature, (K)
t0.5 — min−0.5

V — Volume of the solution, (L)
pHPZC — The pH of point of zero charge
pHi — The initial pH of the solution
pHf — The final pH of the solution
∆pH —  The diference between pHf and pHi 
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