Original Research Article
Elimination study of anionic dye by co-products of the phosphate industry: Ki-
netics and thermodynamic

Abstract

Water is essential for all living things however its pain has become serious. Many industrial
activities cause pollution by the release of polluting byproducts. Wastewater treatment is hence
necessary. In this context, the wastewater of the textile industry containing Red Acid 52 was treated
by the solid waste of the washed natural phosphate byproduct. Natural phosphate was also studied.
The solid materials were first characterized by chemical analysis, Fourier Transform Infrared
spectroscopy (FTIR), and X-ray diffraction (XRD). The phosphate materials were after that, tested
in the adsorption of the Red Acid 52. The experimental data indicated that the phosphate waste rock
allowed the removal of Red Acid 52. Its maximum retention capacity attained 18.4 mg.g™.
Calcinations of materials inhibit the removal capacity found reduced by 60 to 70%. The adsorption
kinetics of the Red Acid 52 on the material is well described by the pseudo-second-order model
while the adsorption isotherms are identified by the Langmuir model. Hereafter, the thermodynamic
study revealed that the adsorption process is spontaneous and exothermic. The obtained results
indicated that the adsorbent has the best adsorption capacity of 18.4 mg.g-1. The removal quantity
decreases when the adsorbent is calcined. The kinetics model most appropriate is the pseudo-
second-order model. As for the adsorption isotherms, they are well described by the Langmuir
model. The temperature effect indicates a decrease in the adsorbed amount with the increase of
temperature. Furthermore, the adsorption is spontaneous and exothermic and the reaction is physical
in nature for both materials
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1. Introduction

The activities of textile dyers are responsible for the significant pollution of residual water.
These water discharges, which are very loaded with synthetic dyes, usually exhibit a disturbing,
intense coloring and high toxicity, especially when they are discharged directly into nature or into
sewerage pipes. With the emergence of new standards and increasingly stringent environmental
legislation, water discharges will imperatively require treatment to reduce or even eliminate their

coloring and their pollutant load before being discharged into nature.



The literature reports several techniques for the treatment and de-pollution of waste textile
effluents. To quote membrane filtration techniques [1], coagulation/flocculation [2],
electrocoagulation [3], advanced oxidation techniques [4-6] and aerobic and anaerobic biological
processes [7-9]. For economic and technical reasons, most of these techniques have not given
satisfactory results. Moreover, adsorption is one of the most attractive remediation techniques in
recent decades [2]. Although activated carbon remains the most effective adsorbent, its price, still
considered high, prompts researchers to find other alternative and inexpensive materials. Most of
these materials are natural [10-16] or from waste agriculture and other industries such as, for
example, the food industry [17-21].

This last approach consists in recovering waste from various industries and applying it in the
decontamination of wastewater discharges. This become a very emerging ecological concept and
very widespread in the world of scientific research since it is part of the sustainable development
framework.

Solid waste from the phosphate industry found in abundance in Tunisia, is currently a national
environmental problem. This is why it seemed interesting to use it in the decontamination of
wastewater discharges. Indeed, the literature reveals the existence of few studies relating to the
adsorption of certain textile water discharges by phosphogypsum [22] or the adsorption of basic
dyes and reactive dyes by natural phosphate [23, 24].

In this work, we are interested in synthetic acid dyes, widely used in the dyeing of wool, silk,
polyamide, and even leathers and furs [25, 26]. Among these dyes, we have chosen an azo dye, Red
Acid 52.

2. Materials and methods

2.1. Materials

Phosphate waste rock is a byproduct of a phosphate company’s washing plant. Prior to use, the
samples have been considerably washed with distilled water and then dried in an oven at 105 °C.
The phosphate waste rock was exposed to thermal activation under nitrogen (150 mL/h) at the
temperature of 1000°C at 5°C/min for 2 h.

In the following sections, the phosphate waste rock and the phosphate waste rock calcined will be
assigned DS and DSC. Both compounds were intended for the removal tests of the Acid Red 52

dye. Red Acid 52 with a chemical structure developed in Figure 1. Its molar mass is 580.65 g.mol™.
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Figure 1. Chemical structure of Acid Red 52 dye
Its absorption spectrum is shown in Figure 2. According to this figure, its maximum absorbance

Anmax occurs for a wavelength Amax equal to 568 nm.
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Figure 2. Visible spectrum of the Acid Red 52 dye studied.

2.2. Removal experiments

The absorption experiments were carried out in batches with different amounts of dyes and
adsorbents. In addition, to the effect of the absorbent mass, we investigated the pH effect, dye
concentration, contact time, and temperature. Apart from the experiments studying the temperature
all the others were carried out at room temperature. After stirring at a given speed a fixed period of
time, samples were separated from the absorbent by centrifugation. After that, the samples were
analyzed using UV-visible spectrophotometer type UV-2401PC at a wavelength of 568 nm. The
residual dye concentration in each suspension was determined using a previously established
calibration curve. The amount of adsorbed dye on the surface of the powders at time t is given by
the following relationship and the percentage of discoloration by:

R(%) = 100 = (2= 1)
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Where Cy and C; are respectively the initial and residual concentrations of the dye at time t (mg.L™),
V is the volume of the solution (L) and m is the mass of the adsorbent used (g).

The pH measurements were carried out using a BPH 213 type pH meter.

2.3. Characterization

The Chemical analyses of the adsorbents were carried out using an atomic absorption spectrometer
type Perkin Elmer 3110. The DRX diffractograms were recorded using a PAnalytical X'Pert Pro
type diffractometer, in the 20 range 10-60° with a step of 0.02° and an equal counting time of 1s,
using the K, radiation of copper (A = 1.5406 A). The infrared absorption spectra were recorded
using a Perki Elmer 1283 Fourier transform spectrometer using the potassium bromide (KBr)
method. Gravimetric (GTA) and differential thermal analysis (DTA) were performed using a
Setaram instrumentation SETSY'S evolution system with a heating rate of 10 °C/min up to 1000 °C
under air atmosphere. The surface morphology of the samples was examined by scanning electronic
microscopy (SEM, FEI Quanta 200). The specific surface area (SSA) values were estimated from
nitrogen adsorption isotherms using the BET (Brunauer—Emmett—Teller) equation. The isotherms
were obtained using a Micromeritics ASAP 2020 system. The samples were outgassed at 120 °C for
8 h before the measurement. The concentration of AR-88 at equilibrium was determined during the
removal runs using a UV-visible spectrophotometer (Perkin Elmer model LAMBDAZ20) at a

maximum wavelength of 568 nm.

3. Results and discussion
3. 1. Characterization of adsorbents

The results of the chemical analysis, given in Table 1 showed that the concentration of CaO is
equal to 26% in the DS sample. This sample has a P,Os content of 14%. A small percentage of
MgO, close to 0.87%, was detected. The Ca/P atomic ratio is approximately 1.91 for DS. The Cd
content was close to 45 ppm. The heat treatment did not radically change the chemical composition

and a slight variation in P,Os was observed as for other phosphate rocks [27].

Table 1. Chemical composition of adsorbents

J Adsorbants %P,05 %CaO %MgO Cd (ppm) CaO/P,0s

DS 14 26,72 2,15 51 1,908




The crystallographic identification of the DRX diagrams given in figure 3 reveals that the powder
contained mainly as the major phase of carbonated fluorapatite (Cag s5(PO4)4.96F1.96(CO3)1.28), With
traces of heulandite ((C2Hs) NHs)7s5(Alg 7Si27,3)072)(H20)6.92) and quartz (SiOy). After calcination,
at 1000 °C, no variation of the major phase was observed. Also, it is noted that calcination improves

the crystallinity of the sample [27].

=)
7]
0

10 20 30 40 50 60
26 (%

Figure 3. X-ray diagrams of the adsorbents used.

The FTIR spectra of the solid waste are shown in figure 4. The identification of bands was
made with reference to similar studies [28-30]. The characteristic bands of the phosphate groups
PO, appearing at around 1042 cm™ were attributed to the symmetrical' valence vibration mode, v;.
The bands recorded around 1090 cm™ were related to the antisymmetric valence vibration mode, vs.
Those between 520 and 570 cm™ correspond to the antisymmetric mode of deformation v, while
those located between 400 and 470 cm™ are associated with the symmetrical mode of deformation
v,. The bands located around 1453-1406 and 863 cm™ are associated with the COs* group,
indicating the presence of these ions in the structure of the materials [31-33]. The two bands around
3450 cm™ and 1640 cm™ are due to adsorbed molecular water on the surface of the particles [34-
35]. FTIR spectra of the calcined material at 1000 °C indicated that some changes occurred; the
intense peak of the phosphorus group around 1036 cm™ was shifted to 1081 cm™. Moreover, the
bands of the carbonate species and impurities have disappeared.
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Figure 4. Infrared absorption spectra of the adsorbents used.

The TGA and TDA of the DS samples are shown in figure 5. The TGA curve displayed three suc-
cessive weight losses. The first one occurred between room temperature and 150 °C and is related
to water volatilization. The second one is due to dehydration from 170 to 450 °C [28, 42]. The third
one, which started at 400 °C and ended at 1000 °C, was related to the decomposition of carbonates
and other materials [42]. The first weight loss is associated with the endothermic effect that is ob-
served on the DTA curve at 85 and 100 °C, with a shoulder at 140 °C. The second weight-loss coin-
cides with a broad endothermic effect that is evidenced on the DTA curve at around 350 °C. Re-
garding the third weight loss, two broad exothermic peaks were observed in the temperature range
of 600-1200°C and are associated with the phase transformation of some resulting products. The
DRX and FTIR data confirmed these weight losses.
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Figure 5. TGA analysis of the natural phosphate (a, a’) and phosphate waste rock (b, b’) samples

The TDA/TG curves of the DSC sample are shown in Figure 6. For the calcined sample, the pres-

ence of a single endothermic peak attributed to the loss of adsorbed water.
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Figure 6. DTA analysis of the natural phosphate (a, b) and phosphate waste rock (b, b’) samples

In the SEM micrographs, the DC and DSC samples show the presence of nonporous particles of
different sizes with spherical shapes. However, in the calcined sample, an improvement of

crystallinity, reduced grain size, and an agglomeration of particles was observed (figure 7).



Figure 7. SEM micrographs of DS and DSC samples.

The DS and DSC compounds showed specific surface areas of 26.02 m>.g™ and 19.35 m%.g™,
respectively. These values are near to those measured for natural phosphate rocks [43]. The
difference between the two SSA values of both materials could be related to the calcination process
allowing the easy insertion of N, molecules into the adsorbing sites. The average pore volume value
increased from 0.052 to 0.041 cc.g™ after calcination, associated with an average pore diameter of
9.58 and 8.02 nm for raw and calcined samples, respectively. This confirms the nonporous character
of the used materials. Upon calcination, a decrease of the surface area values was observed when
samples were heated at 1000 °C. These results are in good agreement with the data described in the
literature [44,45]. The decrease of the textural properties indicated that the thermal treatment has
modified the adsorption sites to N, molecules compared to the original materials.

3. 2. Effect of adsorbent mass

Different amounts of adsorbents were introduced into 200 ml of wastewater discharge with a
concentration of Acid Red 52 of 100 mg.L™. The solution was maintained under stirring at a speed
of 100 rpm for 4 hours. Figure 8 shows that the removal amount of the dye increased with the
increase in the adsorbent quantity. Indeed, 0.15 g of DS is sufficient to remove almost 99% of the
dye while it takes 0.35 g of DSC to achieve the same result. This behavior is related to the increase
in adsorption sites on the surface of the particles following the increase in the amount of adsorbent.
The better yield obtained with the DS can be explained by finer particle size and a larger specific
surface area of the material and therefore a greater number of adsorption sites. To avoid an

adsorbent overdose it is preferable to work with masses less than 0.1 g of DS and 0.35 g of DSC. In



fact, larger amounts can lead to agglomeration of the powders and to a reduction in their specific

surface.
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Figure 8. Percentage of Acid Red 52 retained as a function of the mass of the adsorbent

3. 3. pH Effect

Numerous studies have shown that when studying the adsorption of dyes by different adsorbents,
the pH of solutions is an important factor to be considered in any adsorption study [36, 37].

The suspensions used for the study of the pH influence were prepared by introducing 0.2 g of
powder into 200 mL of a solution with a dye concentration of 100 mg.L™. After adjusting their pH
between 3 and 9 using HCI solution (1M), the determination of the supernatant was carried out
under the same conditions as above.

Figure 9, representing the change in the amount of adsorbed acid as a function of pH shows that this
amount decreases when the pH of the suspension increases. The dye being acidic, its dissolution in
aqueous liberates the anionic ion ¢-SO*. As the charge of the adsorbent particles depends on the
pH, the increase in the latter is accompanied by an increase in the intensity of the repulsive forces
between the anionic fragment of the dye and the surface of the adsorbed particles, which is

negatively charged, where the decrease in active sites and in the amounts of adsorbed dye.
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Figure 9. Evolution of the adsorbed amount of Acid Red 52 as a function of pH.
3.4 Absorption kinetics

To approximate the mechanism of adsorption of acid red 52 on the materials used, two Kinetic
models were tested; first-order [38] and pseudo-second-order [39, 40]. These models were chosen
for their simplicity and for their application in the field of adsorption of organic compounds on
different adsorbents.

3.4.1. The first-order model

The first-order kinetic model is expressed by the following relation:

dg

-t :kl(qe _qt)
©)

Where ge and qt are respectively the quantity of dye (mg.g™) fixed on the particles of materials at

equilibrium and time t and k; is the rate constant (min™). Taking into account the boundary

conditions (att =0, g; =0 and at t = t,, g = q¢), the integration of the previous relation gives:

log-)-log, 5",
™ (4)

The graphical representation of log (ge - qt) as a function of t leads to a line from which the values

of k1 and ge are determined, respectively using the slope and the y-intercept.

3.4.2. The pseudo second-order model
This model is expressed by the following relation:

dg _
At (%) ©)
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ks, is the rate constant.

Integration, taking into account the boundary conditions, gives the following equation:

G k& G ©)
The rate constant k, and the amount of dye fixed at the equilibrium ge are deduced from the

t

curveq _f(t), respectively from the slope and the y-intercept.

The dye fixation kinetics, describing the reaction rate, allows the determination of the contact time
necessary to reach the adsorption equilibrium. This study was carried out using suspensions
prepared by mixing 200 mL of a solution of red acid 52 with a concentration of 100 mg.L™ and 0.2
g of adsorbent, kept under stirring with a speed of 100 rpm. 1 for 400 min.

The results obtained are presented in figure 10. It appears that the rate of adsorption is fast at the
start of the process and becomes slower over time until equilibrium is achieved. This behavior is to
be related to the decrease in active sites on the surface of the particles of materials, following the
attachment of increasingly large quantities of the dye. The times required for the establishment of
the absorption equilibrium of the materials are very close and equal to approximately 250 min. It is
also noted that the retention capacity of the raw solid waste is greater than that of the calcined solid
waste. The quantities used are respectively 14.48 and 11.75 mg.g™.

The values of the speed constants, deduced from the curves of figures 11 and 12 are grouped
together with the values of the adsorbed quantities ge and the regression coefficients R? in Tables 2
and 3.
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Figure 10. Evolution of the adsorbed quantity of Acid Red 52 as a function of the contact duration
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Figure 12. Linearization of kinetic curves using the pseudo-second-order model.

As these tables show, the values of R?, obtained by applying the first-order model are relatively
low. On the other hand, those deduced from the pseudo-second-order model are greater than 0.99.
This indicates that the latter model is the most suitable for determining the order of the absorption
kinetics of Red Acid 52 on the used materials. In addition, the values of ge calculated using this
latter model are close to those determined experimentally, confirming the idea that the absorption

kinetics of Red 52 acid by the various adsorbents are of pseudo-second order.

Table 2. Kinetic adsorption parameters according to the first-order model

Ky (min_l) Qe théo Qexp R2
(mg/g) (mg/g)
DS 0,129 14,20 11,18 0,976
DSP 0,169 12,00 13,24 0,988

12



Table 3. Kinetic adsorption parameters according to the pseudo second-order model

K’ (min' Qe théo Qexp (mg/g) R?
‘gmg ™) (mg/g)
DS 1,69 10° 14,200 15,41 0,998
DSC  1,7910° 12,00 13,23 0,996

3.5. Adsorption isotherms

For this study, varying amounts of dye and 0.2 g of adsorbent were dispersed in distilled water.
After stirring at a speed of 100 rpm for 4 h, the measurements were carried out according to the
protocol indicated above.

The curves shown in figure 13, show that the quantity of dye fixed on the adsorbents increases
rapidly in low concentrations and decreases as the latter increases. It becomes constant near 150
mg.L™. For this value, there is a saturation of the adsorption sites and the equilibrium is reached.
Efficiency was significantly reduced from 18.4 to 15.2 mg.g™ when the sample was heat-treated at
1000 ° C.

The variation in the removal properties could be related to the changes on the surfaces of the
materials obtained with some loss of the groups necessary for the removal of the acid dye. Indeed, it
has been reported that the calcination process generally decreases the capacity to remove other solid
wastes [41, 42].

The curves' modeling was carried out using the classic models of Langmuir and Freundlich. To
develop his model, Langmuir put forward three hypotheses: the adsorption of the adsorbate on the
surface of the adsorbent occurs in a single layer, the adsorption takes place at defined sites on the
surface of the adsorbent, assumed to be uniform, and the absence of interactions between the
adsorbed molecules [43].

According to this model, at a given temperature, the adsorbed quantity ge is related to the
maximum adsorption capacity gm, to the concentration equilibrium Ce of the adsorbed dye, and to

the constant equilibrium characteristic of the adsorbent K by the relation

5 -G
I+K G

; (7)
Whose linear transform is [44]:

% :E +L

G dm Kigm @)
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The values of gm and K, are determined respectively from the intersection with the y-axis and the

Ce
slope of the line % = f(Ce).

Unlike Langmuir's, Freundlich's model [45] assumed that the adsorption occurs in multilayers, the

surface of the adsorbent is heterogeneous and there are interactions between the adsorbed molecules
[46]. It is expressed by the following relation:

G :KF(%/H (9)

Where K¢ is the Freundlich constant (1.g™%) characterizing the adsorbing power of materials and
n is the heterogeneity factor.

The linearization of absorption isotherms according to this model is carried out using the

following equation:
1
Lnge = InKg + NInC, (10)
The curves in figure 13 show significant adsorption at low concentrations of the dye. The graphical

representation of In(ge) as a function of In(C,) is a line whose slope is 1/n and the intercept is In

(Kp).
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Figure 13. Adsorption isotherms of Acid Red 52.

From figures 14 and 15, it appears that for the two materials, the Langmuir model (figure 14)

leads to a good correlation with the experimental results. The linearization of the absorption

14



isotherms of Red Acid 52 on the two samples is perfect, the correlation coefficients are greater than

0.99 (Table 4).
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Figure 14. Modeling of adsorption isotherms according to the Langmuir model.
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Figure 15. Modeling of adsorption isotherms according to the Freundlich model.

Table 4. Equilibrium parameters according to the Langmuir model

Adsorbants g (Mg/g) Ko(L.g?h R’
DS 16.732 0,272 0,999
DSC 14.615 0,155 0,999

As expected, the implementation of the Freundlich model leads to low correlation coefficients
(Table 5). The values of gm determined by the Langmuir model are given in Table 4, the Freundlich

constants K¢ and n; are grouped together in Table 6.
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Table 5. Equilibrium parameters according to the Freundlich model

Adsorbants 1/n Ks(L.g™h) R?
DS 0,141 175,822 0,917
DSC 0,154 90,964 0,974

3.6. Temperature effect

The influence of temperature was studied in the range 35 to 80 °C, using a Mathis type
Labomat consisting of 12 bottles. 0.1 g of each of the two adsorbents was dispersed in 100 mL of a
solution with a dye concentration of 100 mg.L™. Before use, the suspensions were kept under
stirring at 40 rpm™ for 1 hour.

Figure 16 shows the influence of temperature on the adsorption of acid by different materials. It
shows that the adsorbed amount decreases with increasing temperature. This decrease suggests that
the adsorption process is exothermic.

The thermodynamic quantities AG®°, AH® and AS° of the adsorption of the dye on the different
adsorbents were determined using the following equations [47, 48]:

AG®ags = AH® g5+ TAS® 55 (12)

AG®,gs = -RTInKc (12)

w858

with :
K. : Distribution coefficient of the dye between the adsorbent and the solution
R : Ideal gas constant (J. mol™™.K™)

T : Absolute temperature (K).

16
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By taking InKc as a function of 1/T, we obtain a line with the y-intercept R and slope R
(figure 17).
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Figure 17. Determination of the enthalpies and entropies of the Red Acid 52 adsorption.

The results obtained are grouped in Table 6. The negative values of the three quantities AG®,
AH° and AS° indicate that the adsorption of red acid52 on the various adsorbents is spontaneous,
exothermic and that the order of distribution of the molecules of the dye on the adsorbent is greater
than that in the solution [49, 50]. Furthermore, the AH° values obtained for DS and DSC of the

order of 1 kJ.mol-1) are in favor of physisorption.
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Table 6. Thermodynamic adsorption parameters

Adsorbants  AH° (kJl.mol")  AS° (J.K.mol™) R2
DS -1,10 -16,20 0,999
DSC -1,13 -18,08 0,998

The increase in AG® values with temperature is related to the increase in disorder during
adsorption (Table 7).
Table 7. Standard free enthalpy of adsorption

AG® (kJ.mol™)
T 308 323 338 353
(K)
Adsorbants DS -6,09 -6,33 -6,57 -6,81
DSC -6,70 -6,97 -7,24 -7,51

4. Conclusion

The solid wastes of the phosphate industry resulting from the washing of rock phosphate, studied in
this work, are found in abundance in Tunisia country and are free, their inconvenient of expensive
storage. This shows that it is possible to recover these harmful materials in the de-pollution of
wastewater from the textile industry, loaded with dyes. Indeed, the tests revealed that Red Acid 52
has been successfully retained on the solid waste of the phosphate industry used. The results
obtained also indicated that the solid waste from washing the uncalcined rock phosphate has the
best adsorption capacity of 18.4 mg.g™. The retained quantity decreases when the adsorbent is
calcined. The most appropriate model to understand the experimental results of the adsorption
kinetics on the two adsorbents is the pseudo-second-order model. As for the adsorption isotherms,
they are well described by the Langmuir model. The study of the effect of temperature on the
adsorption of 52 acids by solid waste from the washing of calcined and uncalcined rock phosphate,
shows a decrease in the amount adsorbed with increasing temperature. Furthermore, the
determination of the thermodynamic quantities shows that the adsorption is spontaneous and
exothermic. The values of the enthalpy of adsorption indicate that this reaction is physical in nature
for both materials.
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