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ABSTRACT

Algerian dolomite was treated at different temperatures in the 600-1000°C range and char-
acterized by XRD and SEM. The obtained samples, named dolomitic solids, were used in
the removal of Reactive Black 5 (RB5) from aqueous solutions. A literature survey shows
that the data about the dye adsorption by dolomites are almost non-existent. Kinetic data,
equilibrium isotherms, thermodynamic parameters, pH influence, and FTIR study were con-
sidered. The kinetic mechanism is enough complex, involving different models such as
those of pseudo-second-order, intraparticle diffusion, and Elovich. For all dolomitic solids,
the capacity in RB5, at equilibrium, strongly increases with increasing adsorption tempera-
ture. The affinity sequence is D900 (dolomite treated at 900°C) > D800 > D1000 > D600 > raw
dolomite. Knowing that D900 adsorbs 125.9mgg™", it appears very effective for removing
reactive dyes from wastewaters. The isotherms are found to be overall well represented by
the Redlich—Peterson equation. The fact that maximum adsorption occurs at isoelectric point
emphasizes the prevalence of the nonelectrostatic interaction. A close agreement exists
between the evolution of kinetic, equilibrium, and thermodynamic parameters, suggesting
chemisorption. The process reflects for D800, D900, and D1000 a weak chemical interaction
via a mechanism of inner-sphere complexation. The comprehension of the organic com-
pound—dolomitic solid interactions constitutes a fundamental aspect for developing the
application of these materials in the field of wastewater treatment.
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1. Introduction food industries. They are classified into three catego-
ries: (1) anionic: acid, direct, and reactive dyes; (2) cat-
ionic: basic dyes; and (3) non-ionic: disperse dyes [1].
The reactive dyes are most used, due to their advanta-
ges such as bright colors, excellent colorfastness, and
*Corresponding author. ease of application [2]. They are representing 20-30%

Synthetic dyes are widely used in textile, paper,
rubber, plastic, leather, cosmetic, pharmaceutical, and
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of the dye market and are widely used in the textile
industry [3]. After use, they are generally released into
effluents. Their presence in wastewaters generates
huge problems for the environment and living organ-
isms because they are recalcitrant organic molecules,
resistant to aerobic digestion, stable to light, heat, and
oxidizing agents [4]. Color is the first contaminant to
be recognized in wastewater. The presence of very
small amounts of dyes in water is highly discernible
and undesirable [5]. Furthermore, the expanded uses
of dyes showed that some of them and their reaction
products, such as aromatic amines, are highly carcino-
genic.

C.I Reactive Black 5 (RB5) was chosen in this
study because it is extensively used in textile industry.
It develops a covalent bonding with textile fibers such
as cotton via reactive groups [5]. After use, different
techniques have been used to treat this contaminant:
biological treatment [6], mineralization [7], photocata-
lytic decolorization [8], and nanofiltration [9]. These
techniques suffer from a certain number of problems
such as high cost, not effective for all dyes and optimi-
zation of the operational parameters. Adsorption was
found to be an effective, economical, and easy tech-
nique to implement. Its other advantages are applica-
bility at very low concentrations, uses in batch and
continuous processes, little sludge generation, and
possibility of regeneration and reuse.

Dolomite is an important industrial mineral. Its
structure contains alternating planes of Ca** and Mg**
cations, with an ideal formula of CaMg(COs),. A liter-
ature survey shows that there are several articles dedi-
cated to its applications in the field of refractories and
catalysts [10-12]. On the contrary, there is no paper
dealing with the study of the mechanisms and charac-
teristics of retention of dyes by dolomites, so that the
removal of C.I. RB5 by Algerian dolomite and its cal-
cined derivatives becomes pertinent.

The objective of this work is to examine the possi-
bility of using this material for the RB5 removal from
aqueous solutions. Before adsorption experiments,
Algerian dolomite was treated at different tempera-
tures in the 600-1,000°C range and characterized by
XRD and SEM. The effects of solution concentration,
contact time, temperature, and pH have been evalu-
ated. A particular attention has been focused on the
mechanism of RB5 retention.

2. Materials and methods
2.1. Materials

Raw dolomite from Ouled Mimoun, Tlemcen
(Western region of Algeria) was used in this work.

The grain size was 0.125-0.25 mm. Samples of raw
dolomite were heated in a muffle furnace at 600, 800,
900, and 1000°C. Each sample was processed at the
relevant temperature for 2 h. It is well known that 2h
is a sufficient time so that heat penetrates until the
interior of the particles and induces some transforma-
tions, for a certain number of materials [13-15]. The
samples were named dolomite, D600, D800, D900, and
D1000. The partial decomposition of dolomite carried
out in the 600-1000°C range provided new adsorbents
called dolomitic solids.

2.2. Characterization

The chemical composition of dolomite was deter-
mined by a Cameca SX-50 electronic microprobe and
is: 31.18% CaO, 21.05% MgO, 0.02% Fe,Os;, 0.01%
5i0,, 0.002% AlOs, 0.0015% MnO,, and 0.01% CryOs.
X-ray powder diffraction patterns were obtained using
a Philips PW 1830 diffractometer with CoK, radiation
(A=0.1789 nm). The XRD data were collected over a 26
range of 5°-110°. The crystallite size and morphology
of the samples were determined by scanning elec-
tronic microscopy (JEOL, JSM-6360, Japan). The IR
spectra were recorded on a Shimadzu Prestige 21
spectrophotometer using a pellet (pressed-disk) tech-
nique. For this, the adsorbent was intimately mixed
with approximately 100 mg of dry powdered KBr.

2.3. Adsorption procedure

C.I RB5 (CAS No: 17095-24-8, chemical formula
C26H21019N556Na4, FW: 991.8 g/mol, )Lmaxl 597 nm), a
commercial diazo reactive dye containing two vinyl
sulfone as reactive groups (Fig. 1), was supplied by
Sigma-Aldrich, Germany.

The working solutions of RB5 were prepared by
diluting a stock solution of concentration 1gL™" into

N303SOCH20H2802 N=N SoaNa
HO
H,N

Na0;SOCH,CH,SO0, N=N i

Fig. 1. Chemical structure of RB5.
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the desired concentrations. The adsorption experi-
ments were performed via the batch method. 0.02 g of
dolomitic solid was mixed with 20 mL of aqueous RB5
solution. After each experiment, the solution was sep-
arated by centrifugation. The supernatant was ana-
lyzed by visible spectrophotometry, at 597 nm, using a
Shimadzu 1240 UV-vis spectrophotometer. The
adsorbed amount was calculated from the difference
between the initial and final concentrations. The
effects of contact time, concentration, temperature, and
pH were studied. The experimental conditions are
outlined in Table 1.

2.4. Theoretical considerations
2.4.1. Adsorption kinetics

In order to investigate the controlling mechanism
of the adsorption process, various kinetic equations
were applied to test the experimental data. Lagergren
[16] proposed a pseudo-first-order kinetic model. The
integral form of the model is

Kyt
2.303

log(Q. — Qr) = log Q. — ¢))

where Q; is the amount adsorbed at time t (mgg™),
Q. the adsorption capacity at equilibrium (mgg™), K;
the pseudo-first-order rate constant (min~'), and t is
the contact time (min).

The adsorption kinetics may also be described by a
pseudo-second-order reaction. The linearized-integral
form of the model is [17]:

t 1 t
@:_KZQE +@ (2)

Table 1
Experimental conditions during the adsorption of RB5

1, 3, 5, 10, 20, 40, 60, 120, 240 min; Cinitia1 =

80mg L™ [solid]/[solution]: 1gL™"; T: 25,

40, 55°C; pH: 6.9

20, 40, 60, 80, 100, 150, 200, 300, 400 mg Lt
[solid]/[solution]: 1 gL_] ; contact time: 2 h;
pH: 6.9

25, 40 and 55°C, [solid]/[solution]: 1 g L%

contact time: 2 h; pH: 6.9

pH pH 3.1-5.0-6.9-9.0-11.0; Cinitias =80 mg Lt

[solid]/[solution]: 1 gLfl; contact time: 2 h;
T: 25°C

Contact time

Concentration

Temperature

where K, (gmg 'min™") is the pseudo-second-order
rate constant of adsorption. The initial adsorption rate,
h, as t—0, can be defined as

h=K-Q; ®

The plot of t/Q; vs. t should give a linear relationship,
from which K, and % can be determined from the
slope and intercept of the plot.

During adsorption under batch mode, there is a
possibility of transport of adsorbate species into the
pores of adsorbent, which is often the rate controlling
step. The intraparticle diffusion rate equation can be
written as follows [18]:

Qi =Kt'*+C )

where Kj; (mg g_l min /?) is the intraparticle diffu-
sion rate constant and C is a constant. The values Kj;
and C are calculated from the slope and the intercept,
respectively, of the plot of Q; vs. t'/2.

The Elovich equation is one of the most useful
models for describing chemisorption. It is generally
expressed as follows [19]:

%ln(a -p)+ %lnt ®)

Q=
where o is the initial adsorption rate (mgg ' min™"), f
is the desorption constant (gmg ') for Chien-Clayton
equation. The parameters « and S can be obtained
from the linear plots of Q; vs. Int.

2.4.2. Adsorption isotherms modeling

The equilibrium models of Langmuir, Freundlich,
Langmuir-Freundlich (LF), and Redlich-Peterson (RP)
were used to fit the experimental data. The Langmuir
equation can be written under the following form [20]:

Ce 1 C.
Qe Qm : KL * Qm (6)
where Q, is the equilibrium amount removed from
solution (mgg™), C, is the equilibrium concentration
(mgL™"), K is a constant related to the affinity of
binding sites (Lmg™'), and Q, is the maximum
amount per unit weight of adsorbent for complete
monolayer coverage (mgg ).
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The Freundlich model has been widely adopted
and may be written under the form [21]:

1
log Q. = logKr + Elog C. 7)

where Kr is a constant taken as an indicator of adsorp-
tion capacity (Lg ') and 1/n is a constant indicative
of the adsorption intensity.

The three-parameter LF [22] and RP [23] equations
have been proposed to improve the fit by the Lang-
muir or Freundlich equations and are given by Egs.
(3) and (4), respectively:

K pCP
Q. = Lﬁﬂ (8)
1+ arrCe
KrpC,
Q. = L"ﬂ )
1+ agpCy

where Q, (mgg™") is the amount adsorbed at equilib-
rium, C, (mgL™") is the equilibrium solution concen-
tration, K is the equilibrium constant (L mg_l), p is the
heterogeneity factor that depends on surface proper-
ties of the adsorbent, and M (mgg™") is the maximum
amount adsorbed.

2.4.3. Thermodynamic study

The thermodynamic parameters AG, AH, and AS
were evaluated using the equation:

In Ky = (—AH/R -T) + (AS/R) (10)
where AH and AS are the change in enthalpy (k] mol ™)
and entropy (Jmol ' K™), respectively. T the absolute
temperature (K), R gas constant (J mol 'K, and K; is

Table 2
Thermal treatment parameters and XRD analysis
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the distribution coefficient (Lg™'). This coefficient
reflects the overall RB5-surface affinity and is given by:

Kd = Qe/ Ce (11)
The enthalpy and entropy changes are graphically
determined by plotting In K; vs. 1/T, which gives a
straight line. According to thermodynamics, the Gibbs
free energy change, AG, is related to AH and AS at
constant temperature by the following equation:

AG = AH — TAS (12)

3. Results and discussion
3.1. Modification and characterization

Thermal treatment up to 1,000°C causes a decom-
position of dolomite, which was discussed previously
from XRD analysis [24,25]. The identification of the
obtained phases is listed in Table 2. The heating of
dolomite at 600°C for 2h does not modify the struc-
ture significantly except the appearance of a minor
amount of calcite. According to the literature data
[26], the decomposition of dolomite above 700°C
occurs in air in two steps, as follows:

first reaction: CaMg(CO3), — CaCO3 + MgO
+ CO, (13)

second reaction: CaCO; — CaO + CO, (14)

The product of partial decomposition corresponding
to the first reaction occurs at about 800°C and leads to
calcium carbonate (calcite) and magnesium oxide. The
second reaction proceeds from 900°C. The product
consists of a rigid porous calcite and the fine pow-
dered magnesium oxide [27]. Dolomite treated at
1,000°C undergoes a total decomposition with the for-
mation of an oxide crystal network constituted of lime

Sample Mode of preparation

Mineralogical species Weight loss %

Raw dolomite -
Heating for 2 h at 600°C

D600

D800 Heating for 2 h at 800°C
D900 Heating for 2 h at 900°C
D1000 Heating for 2h at 1,000°C

Dolomite (D), quartz (Q) -
Dolomite (D), calcite (C), quartz (Q) 6

Calcite (C), MgO, CaO, quartz (Q) 30
MgO, CaO, calcite (C) 47
MgO, CaO 48
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D1000

Fig. 2. SEM images of dolomite, D800, and D1000.

and periclase. These considerations explain the choice
of 600, 800, 900, and 1,000°C.

SEM images of dolomite, D800 and D1000 are
depicted in Fig. 2. Dolomite evidences a compact
structure with presence of bright area due to an inclu-
sion of quartz. After thermal modification, the surface
topography is profoundly affected. The micrograph of
D800 reveals newly created pores and slots. The struc-
ture appears to be less compact than that of the start-
ing material. The image of D1000 shows that the
original particle shape is totally destroyed at 1,000°C,
forming small spherical particles with a diameter of
0.1 pm. From 800°C, the CO, release leads to a more

porous structure so that the adsorption of RB5 by
D800, D900, and D1000 is probably favored.

3.2. Effect of contact time and kinetic study

The effects of contact time and temperature are
shown in Fig. 3. From 1 to 10 min, the suspensions
were quickly filtered to stop the reaction of adsorp-
tion. At 25°C, it can be seen that the adsorption rate is
rapid in the first 20 min, corresponding to the removal
of 68% of the RB5 concentration for D800, D900, and
D1000 and 41% for dolomite and D600. After this ini-
tial stage, the rate gradually decreases, reaching equi-
librium at about 2 h. Further increase in contact time
does not change significantly dye removal. Fast
adsorption at the initial contact time is due to the
availability of surface sites. So, an agitation time of 2h
seems to be sufficiently long to achieve equilibrium.

Four kinetic equations including pseudo-first-
order, pseudo-second-order, intraparticle diffusion
and Elovich’s models were tested to elucidate the
adsorption mechanism. The parameters corresponding
to employed models are reported in Table 3. The
pseudo-first-order equation [16] was found suitable
only for the initial 20 min of interaction (data not
shown) and not fit for the whole range of contact time.
The fit of the experimental data with the pseudo-sec-
ond-order model is more appropriate. Linear plots of
t/Q; vs. t (Eq. (2)) [17] were obtained, corresponding
to high R? values, i.e. >0.96. This model was also vali-
dated for RB5-activated carbon [28]. The initial sorp-
tion rate, K, increases with increasing adsorption
temperature. For D800, the parameter h varies from
40.03 to 110.94mgg 'min ', when the temperature
passes from 25 to 55°C. Hence, the increase in temper-
ature favors the initial adsorption process. The appli-
cability of this equation indicates that the rate-limiting
step may be chemisorption. Similar results have been
reported for the RB5- biocomposite system [29].

When adsorption in batch mode is employed, the
possibility of intraparticle pore diffusion of the adsor-
bate is always present. Weber and Morris [18] pro-
posed that if the uptake of the adsorbate varies
linearly with the square root of time, intraparticle dif-
fusion can be taken as the rate-limiting step and if the
plot passes through the origin, intraparticle diffusion
will be the sole rate-limiting process. The plots of Q;
vs. t'/2 (Eq. (4)) led to three linear portions (figures
not shown). The first represents the external transport
of mass, the second intraparticle diffusion and the last
surface saturation [18]. The kinetic parameters of this
model are gathered in Table 3. High determination
coefficients (0.93-1.00), corresponding to the second
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1 T=25°C

—— Dolomite

—&—D600

Qt (mg/g)

—&— D800
—— D900
—#—D1000
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—— D900
—¥— D1000

0 50 100 150 200 250
t (min)

Fig. 3. Effect of contact time on the uptake of RB5 by the
thermally treated dolomites at Ciitia1 = 80 mg L.

linear portion, were obtained. The intraparticle diffu-
sion rate constant, Kj;, increases with temperature,
indicating an enhancement of the pore diffusion into
the dolomitic particles. The intraparticle diffusion can-
not be accepted as the only rate-controlling step, due
to the deviation of the plots from the origin (C values

# 0). As consequence, the process becomes rather com-
plex and involves more than one diffusive resistance,
the boundary layer diffusion affecting the RB5 adsorp-
tion to some extent.

The Elovich equation is one of the most useful
models for describing an activated chemisorption onto
highly heterogeneous adsorbents. The coefficients of
Elovich, a and f, are known to represent the initial
adsorption rate and the desorption constant, respec-
tively. These parameters were computed from the
plots of Q; vs. In t (Eq. (5)) [19]. The obtained R* val-
ues (Table 3) confirm the applicability of this equation.
The a values increase overall with temperature at the
expense of those of . As a represents the initial rate
of adsorption, its increase might be associated with
that of the diffusivity of the dye molecule, while the
evolution of § would be explained by the difficulty of
desorbing the molecules of RB5.

The kinetic mechanism is enough complex, involv-
ing different models. However, a close agreement exists
between the evolution of values of h (pseudo-
second-order), Kj; (intraparticle diffusion), and «
(Elovich), which increase with increasing adsorption
temperature. This evolution implicitly indicates chemi-
sorption, i.e. an increase in adsorption with increasing
batch temperature, as found from Fig. 3.

3.3. Adsorption equilibrium
3.3.1. Isotherms

The equilibrium adsorption of RB5 onto dolomite,
D600, D800, D900, and D1000 was studied via a bath
process at 25, 40, and 55°C. The RB5 adsorption iso-
therms are depicted in Fig. 4. For all dolomitic solids,
the adsorption capacity strongly increases with
increasing temperature. At 25 and 55°C and a C; value
of 400mgL~", D900 adsorbs 51.8 and 1259mgg ",
respectively, so that RB5 molecules become more reac-
tive at higher temperatures. This feature suggests that
the adsorption mechanism involves a chemical pro-
cess. Whatever temperature, the affinity follows the
sequence D900 > D800 >D1000 > D600 > raw dolomite.
The different adsorption capacities found for D, D600,
D800, D900, and D1000 would be explained and corre-
lated with their crystallographic properties and weight
loss percentage (Table 2). The decomposition of dolo-
mite (CaCO;3;.MgCO;) in MgO and CaO species, the
presence of a certain content of calcite, and a weight
loss of 47% would explain the highest capacity of
D900. In return, the lowest capacity of raw dolomite
could be due to a CaCO3;MgCO; phase without
decomposition and, thus, without CO, removal, for
which there is no weight loss.
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Fig. 4. Isotherms according to the RP model (—) and experimental data (...) for D600, D800, D900, and D1000. Isotherms
according to the LF model (—) and experimental data (...) for dolomite.

At 55°C, the maximum uptake capacity of D900 is
3.3 times higher than that of raw dolomite. This ratio
falls to 1.97 at 25°C, so that the temperature effect on
the retention capacity is more accentuated for a cal-
cined dolomite. Using the classification of Giles et al.
[30], the isotherms of dolomite and D600 are
L-shaped. The initial curvature of the L-curve shows
that the contaminant has a high affinity for the sur-
face, while the slope falls steadily with a rise in con-
centration. For D800, D900, and D1000, the increase in
the adsorption temperature from 40 to 55°C trans-
forms the curves from L- to H-shape. The H-type iso-
therms are indicative of adsorbate—substrate chemical
forces rather than physical attraction. Our H-curves
may be conformed to the H3 subgroup [31]. Curves of
H3-type represent systems in which the adsorbate

monolayer has been completed. Probably, it is about a
chemisorbed monolayer, on the basis of the discussion
above. The completion of this first layer is accompa-
nied by a short plateau for the isotherms of D800,
D900, and D1000, at 55°C. The subsequent rise repre-
sents the development of a second layer except that
the latter is not complete and the forces generating it
are weaker than those generating the first [31].

3.3.2. Fitting the models to the experimental data

Fitting of adsorption isotherm equations to experi-
mental data is an important aspect of data analysis.
The Langmuir [20] and Freundlich [21] models are
widely used since they are simple and have an ability
to describe experimental results in a wide range of
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concentrations. The accuracy of the fit of a model with
the experimental data is given by the determination
coefficient, R?, which is the square of the correlation
coefficient, R, and the average relative error, E%. The
sample was eliminated on the basis of a determination
coefficient lower than 0.90 and an average relative
error higher than 20%. The linearization parameters of
both Langmuir and Freundlich models are summa-
rized in Table 4. Except for some particular cases, the
Langmuir isotherm (Eq. (6)) shows an inadequate fit
of the experimental data, giving E values as high as
96% (D1000 at 55°C). The very low representativeness
of this model with respect to our experimental data
can be explained from its hypotheses: an adsorbent
where all sites are identical and energetically equiva-
lent seems to be unlikely in the RB5 adsorption by
dolomitic solids, as discussed above. The application
of the Freundlich equation (Eq. (7)) to the isotherms of
untreated dolomite is inappropriate. A relatively better
description is obtained especially for D800, D900, and
D1000; the average relative error values being lower
than those of Langmuir. This feature indicates that
adsorption takes place onto energetically heteroge-
neous solids. However, the obtained results are found
to be contradictory: although the E values are interest-
ing those of R* are somewhat low (D800, D900, and
D1000). The restricted validity of this model by con-

Table 4
Adjustable parameters estimated from linear regression

sidering all samples also can be explained from its
hypotheses: a physical process for RB5-dolomitic solid
systems is improbable, at least at high temperature.
The LF [22] and RP [23] models were used for the
mathematical description of the adsorption equilib-
rium. These isotherm equations include three adjust-
able parameters and require nonlinear least-squares
(NLLS) analysis. The related parameters were calcu-
lated and tabulated in Table 5. The isotherms of RP
(Eq. (9)) describe efficiently the RB5 adsorption onto
D600, D800, D900, and D1000 (Fig. 4); the E values are
globally <10% with R*>0.90. On the contrary, a poor
agreement is found with dolomite. This model was
found to be appropriate for the adsorption of RB5
onto activated carbons [32]. The Krp values increase
with the adsorption temperature and, at 55°C,
decrease in the order D900 > D800 >D1000 >> D600,
i.e. according to the affinity sequence. For D800, D900,
and D1000, the f exponent lies between 0 and 1, indi-
cating a favorable adsorption onto heterogeneous
adsorbents. The surface heterogeneity factor p,
depends on the surface properties, degree of crystal-
linity, and distribution of active adsorption centers.
Stefaniak et al. [33] found that many reasons are
responsible for the energetic heterogeneity of the sur-
faces of dolomitic materials, namely the presence of
Ca and Mg ions in the surface structure, the chemistry

Langmuir model

Freundlich model

Qexp Qm KL KF
Samples T (°C) (mgg™) (mgg™) (L mg™) R? E (%) (L mg H/" n R? E (%)
25 26.4 333.3 0.0003 0.008 3397 0.08 095 0854 3585
Dolomite 40 327 454 0.0069 0.935 11.16 0.82 152  0.885 19.06
55 38.2 76.9 0.0030 0322 2934 0.66 119 0797  36.38
25 35.4 41.7 0.0188 0.985 11.14 3.23 228 088  0.90
D600 40 444 52.6 0.0165 0.981 13.60 427 242 0911 0.28
55 53.6 55.6 0.0293 0.986 10.13 8.20 303 0937 4957
25 49.1 50.0 0.0597 0995  (07.54 12.67 408  0.883 10.24
D800 40 77.3 83.3 0.0558 0.991 0.19 29.19 649 0956 1.01
55 116.8 125.0 0.1428 0989  45.86 47.61 6.13 0813 17.47
25 51.8 52.6 0.0603 0.995 15.73 9.57 275  0.738 19.79
D900 40 80.9 83.3 0.0666 0.995  42.09 435 602 0917 1086
55 125.9 125.0 0.1530 0989 4297 51.64 6.13  0.859 16.27
25 46.3 47.6 0.0484 0994 935 11.14 339  0.888 941
D1000 40 71.8 76.9 0.0424 0.989  23.83 27.30 699  0.903 11.33
55 106.8 111.1 0.0004 0.991 96.07 45.83 6.41 0.748 18.76
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Table 5
Adjustable parameters estimated from NLLS method
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Langmuir-Freundlich model

Redlich-Peterson model

T Qexp Kir aLr E Kgrp aRp E
Samples (‘C) (mgg ) (Lg" Vi Lmgy R (%) (@Lgh B Lmg"y R (%)
Dolomite 25 264 0.003 2081 9.71x10° 0969 20.16 0.156 1.691 572x10° 0951 44.72
40 327 0.206 1.166 0.0057 0977 1054 0.375 0.997 0.010 0976 12.98
55 382 0.136 1.280 0.0033 0970 2537 0.365 1.040 0.005 0.967 32.25
D600 25 354 0.320 1.255 0.0083 0.948 11.39 0.010 1.227 0.004 0952 10.71
40 444 1.547 0.832 0.0278 0.945 11.77 0.024 0.922 0.033 0944 12.31
55 536 5.223 0.635 0.0785 0966 5.66 0.126 0.841 0.176 0970 4.98
D800 25 491 7.046 0.748 0.1373 0976 439 0.156 0.927 0.180 0.979 3.9
40 773 26.370 0.205 0.0435 0972 6.73 25.650 0.801 13.440 0.962 9.31
55 116.8 83.110 0.128 0.2909 0757 659 619.70 0.865 260.15 0.892 4.11
D900 25 518 9.524 0.661 0.1693 0979 375 0.227 0.906 0.261 0.984 2.99
40 809 49.520 0.384 (.5899 0.803 17.77 285.10 0.825 106.01 0.930 10.83
55 1259 58.480 0.172 0.1045 0.881 4.98 633.40 0.855 248.56 0901 4.78
D1000 25 463 7.336 0.638 0.1410 0957 593 0.187 0.892 0.224 0962 5.37
40 718 22.502 0211 0.0334 0.929 10.40 23.320 0.761 10.980 0.940 10.90
55  106.8 64.661 0.140 0.1879 0.815 4.15 446.30 0.894 233.33 0.902 4.06

of adsorption sites, crystallographic defects, the influ-
ence of neighboring sites, impurities of surface, etc. As
a complement of the RP model, that of LF (Eq. (8))
Table 5 provides a satisfactory description of the dolo-
mite isotherms (Fig. 4). The frr values for dolomite
are >1, which is the sign of an unfavorable adsorption
onto an energetically homogeneous material.

3.4. Thermodynamic parameters

The values of free energy (AG), enthalpy (AH), and
entropy (AS) are presented in Table 6. The obtained
results are reliable because the determination coeffi-
cients are suitable. The AG values are positive in the

Table 6
Thermodynamic parameters for the RB5 adsorption onto
thermally treated dolomites

AS AG (k] mol ™)
AH . (J mol ™
Samples (Jmol™) g1 25°C 40°C 55°C R?
Dolomite 10.07 1562 541 518 495 0987
D600 8.51 1493 406 383 361 0993
D800 32.05 9651 329 184 040 0995
D900 33.87 103.08 315 1.61 0.058 0.999
D1000 3197 9576 343 199 056 0.999

temperature range studied, revealing that the process
is not spontaneous with a possibility of chemisorption.
The calculated free energies are found to decrease
with temperature, which indicates that better adsorp-
tion is obtained at high temperature. The lowest value
manifested by D900 at 55°C confirms its highest
adsorption capacity. The positive AH values indicate
that the RB5 adsorption is endothermic. Thereby, the
process is favored by an increase in temperature
through the activation of the adsorption sites. The
positive values of AS suggest an increase in random-
ness at the solid-solution interface and significant
changes occur in the internal structure of the adsor-
bents, once the adsorptive is retained [34].

3.5. Influence of pH

The effect of initial pH is illustrated in Fig. 5 at
Cinitial = 80 mg L7, the purpose being to study pH
influence on the adsorption of RB5 under similar con-
ditions. The shape of the curves is not identical for all
minerals. Strong pH-dependence exists for D800,
D900, and D1000, contrary to raw dolomite and D600,
for which this dependence is moderate. The retention
of RB5 is found to increase up to 67, beyond which it
decreases. For illustration, the capacity of D900 at pH
3, 7, and 11 is 5, 40.5 and 30.2mgg ', respectively.
Reactive dyes are known to ionize to a high degree in
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Fig. 5. Adsorption of RB5 by the thermally treated dolom-
ites as a function of pH at Cipitia =80 mg L.

aqueous media to form colored anions, due to the pres-
ence of sulfonate group(s) in their structures. The
latter dissociate so that the dye becomes anionic. The
decrease in the RB5 adsorption at higher pH values
could be due to the formation of OH™ ions which
compete with the dye anionic species for the occu-
pancy of adsorption sites. In a previous paper [35], an
isoelectric point of 6.8 (pHjcp) was found. It must be
expected that for pH<pHi.,, the retention ability
increases with decreasing initial pH of the solution,
consequence to the electrostatic attraction between the
dye molecules (negatively charged) and positively
charged adsorption sites [25]. Since such an evolution
is not true, the RB5 adsorption by dolomitic solids is
not primarily controlled by electrostatic forces involv-
ing the sulfonate groups [36]. Such dependence would
result in higher adsorption at lower pH.

According to the nature of material, reactive dyes
are capable of interacting with its surface via several
mechanisms such as coulombic and hydrophobic-
hydrophobic interactions, hydrogen bonding, and sur-
face complexation. We cannot imply hydrogen bond-
ing since the RB5 adsorption onto the calcined
derivatives of dolomite is much more reactive at 55°C
than 25 and 40°C, as mentioned above from isotherm
data. From temperature-dependent FTIR experiments,
it was found a disturbing and weakening of H-bonds
with increasing temperature [37]. Hydrophobic-hydro-
phobic interactions also appear unlikely because dolo-
mitic surfaces do not have the characteristics of

hydrophobicity. The interactive process seems some-
what difficult to explain. Its complexity would be
explained by the nature of the dye and the adsorbent.
RB5 is a reactive azo-dye containing different types of
functional groups such as -NH,, -5=0, -O-H, while
dolomitic solids are prone to a complex surface specia-
tion, due to the presence of dolomite, calcite, periclase,
and lime, according to treatment temperature as men-
tioned above. The fact that maximum adsorption
occurs at isoelectric point highlights the prevalence of
the nonelectrostatic interaction. The latter is indicative
of a weak chemical interaction [38] between the sur-
faces of dolomitic solids and the functional groups of
RB5. A weak chemical interaction could consist of
complexation-type bond [39]. From FTIR and XPS
analyses, Hou et al. [40] showed that the mechanism
of the Congo red (sulfonated diazo dye as RB5)
adsorption by Ca®" in hydroxyapatite/chitosan com-
posite, involved surface complexation. RB5 possesses
two different donor atoms: N (of amino or azo
groups) and O (of sulfonate groups). These donor
atoms may be involved in the complexation of RB5 at
the surface of dolomitic solids.

3.6. FTIR analysis

FTIR spectroscopy technique was used to elucidate
the adsorption mechanism. The properties of dolomite
in the infrared region have been summarized by White
[41]. The infrared spectra of D900 and RB5, before and
after adsorption (RB5-loaded D900), were recorded in
the 4,000-400cm™' range (Fig. 6). As seen from this
figure, the band at 450 cm™' could be correlated with
the vibration of the Mg-O bond (Fig. 6-D900). There
are two strong bands in the mid-infrared region, which
are due to the internal modes of the CO;™ ion and
assigned to two infrared active fundamental vibrations:
v, out-of-plane bending and v; asymmetric stretching
at 875 and 1,439 cm ™}, respectively. The latter vibration
shows a very broad band which results from large
splitting of the transverse and longitudinal compo-
nents of the vibration [42]. When a calcined dolomitic
solid is again exposed to air, i.e. to a minor amount of
CO, and H,O vapors, several spectral characteristics
that were eliminated by decarbonation, consequence of
the thermal treatment, are restored [43]. On this basis,
the bands at 1,439 and 875 cm ™! are due to CO, recov-
ered. The presence of the bands at 3,703, 3,660, and
3,447 cm™! could be caused by a hydroxyl (OH) associ-
ated with a metastable hydroxylated magnesium oxide
structure [43]. The formation of magnesium oxide is
the consequence of the Eq. (13). The frequency at
2,685 cm™ ! was ascribed to hydroxylated CaO [44]. The
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Fig. 6. FTIR spectra of D900, RB5, and RB5-loaded D900.

bands observed at 2,922 and 2,365cm prove the
presence of calcite and quartz, respectively. These
observations agree with those resulting from XRD and
SEM analyses.

The FTIR spectrum of RB5 before adsorption
(Fig. 6-RB5) exhibits a broad band in the 3,700-3,000
cm™ ' range, which may be due to the overlapping of
N-H and O-H stretching vibrations. The peak at
2929 cm ! and the shoulder at 2,851 cm ™ ' are assigned
to asymmetric and symmetric CH, groups, respec-
tively. Ones at 1,641 and 1,499 cm ! are indicative of

the skeletal vibrations of the aromatic ring, through
C=C bond. The medium band appearing at 1,226 cm™ "
may be linked to the amino C-NN stretching. The peaks
at 1,386 and 1,134cm™ ! characterize the asymmetric
and symmetric vibrations of sulfone groups (SO,),
while that at 1,045cm ™" is the consequence of the S=O
stretching. The 1,003 cm™' band represents the stretch
of the S-O-C species. The interval 900-650 cm™' con-
tains many bands related to the aromatic out-of-plane
C-H bending. The frequency near 531 cm™ ' belongs to
the N-H twisting mode. The assignment of the RB5
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bands was carried out from the book of Silverstein
et al. [45].

Fig. 6 (RB5-loaded D900) displays the results of
D900 after exposure to a solution of 400mgL™" of
RB5, at pH 6.9. The spectrum of the RB5-loaded D900
highlights a certain number of alterations of the
absorption bands: some vanish while others are found
to shift. These spectral features confirm the complexa-
tion of the RB5 molecule on the surface of D900,
through its functional groups. The strong and broad
bands at 3,445 and 526cm ! denote a deep involve-
ment of amino groups in the complexation of magne-
sium oxide, on the basis of the discussion above and
from Eq. (13), forming thereby inner-sphere surface
complexes. The latter are created as a result of the
weak chemical bond formation between anionic spe-
cies (Lewis base) and the metallic ions at the solid sur-
face (Lewis acid), and nitrogen atoms providing
nonbonding electrons to establish this bond. This form
of surface complexation is intermediate in strength
between ionic and covalent bonds. The bands at 1,134
and 1,045cm™" disappear almost completely, suggest-
ing that the sulfone (SO,) and sulfoxide (S=O) groups
are involved in the RB5 adsorption. This behavior
would indicate that an outer-sphere surface complexa-
tion also takes place via the oxygen atoms of SO and
SO,.

4. Conclusion

The heating of dolomite at 600°C for 2h does not
modify the structure significantly. On the contrary, the
products calcined at 800 and 900°C partially decom-
pose, leading to rigid porous calcite and fine pow-
dered magnesium oxide. Dolomite treated at 1,000°C
undergoes a total decomposition with the formation of
an oxide crystal network constituted of lime and peri-
clase. From 800°C, the SEM images evidence a more
porous structure with newly created pores and slots
so that the adsorption of RB5 by D800, D900, and
D1000 is favored.

A close agreement exists between the evolution of
kinetic, equilibrium, and thermodynamic parameters,
suggesting chemisorption, while maximum adsorption
occurs at isoelectric point. The process reflects for
D800, D900, and D1000, mainly, a weak chemical
interaction via a mechanism of inner-sphere complexa-
tion. The latter intervenes between nonbonding elec-
trons of nitrogen atoms associated with amino groups
and the surface oxides: MgO and/or CaO according
to treatment temperature.

The affinity of the dolomitic solids for RB5 is D900
> D800 >D1000 > D600 > raw dolomite. Knowing that

D900 adsorbs 125.9mgg ', it has the potential to act
as an adsorbent for the removal of reactive dyes from
wastewaters.
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