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a b s t r a c t
Two waste products of the phosphate industry, phosphogypsum and phosphate waste rocks (PWR), 
were valorized for their use in wastewater treatment from the textile industry. Natural phosphate 
(PN) was also studied for comparison. First, these materials were characterized by chemical analy-
sis, powder X-ray diffraction, Fourier-transform infrared spectroscopy, thermogravimetric analysis– 
differential thermal analysis, scanning electron microscopy, and N2 adsorption isotherms. Next, they 
were tested as removal agents for Acid Red 88 (AR 88) dye from aqueous solution. The conducted 
experiments show that among the three materials, the PWR has the highest retention capacity of 
the dye (123.4 mg g–1), and a decrease in the amount of removed AR 88 dye occurs with an increase 
in pH. The kinetics data on the reaction between AR 88 and the three materials are described well 
by a pseudo-second-order model, and the Langmuir model is successfully applied to the experi-
mental data. The removal process is spontaneous and exothermic, accompanied by a greater dis-
tribution order of the dye molecules on the surface of the materials. Regeneration of the spent 
byproducts was performed by an environmentally method, and there is about an 80% removal effi-
ciency after four cycles, depending on the spent byproducts. A single-stage batch adsorber design for 
AR 88 removal has been suggested and based on the Langmuir isotherm model equation.

Keywords: Natural phosphate; Phosphogypsum removal; Acidic Red 88; Regeneration; Batch design

1. Introduction

The textile, leather tanning, plastics, paper, and pho-
toelectrochemical cell industries make use of dyes to add 
color to the products, and consequently, a huge amount of 
water is consumed [1]. Wastewater containing dyes is usu-
ally released into nearby drains, rivers, ponds, or lagoons. 

Such disposal damages the quality of water bodies, the 
aquatic ecosystem, and the biodiversity in the environment 
[2,3]. This necessitates the treatment of wastewater before 
it is released into water streams [4]. Furthermore, the treat-
ment of wastewater has been proposed as an alternative way 
to produce good-quality water for agricultural and indus-
trial uses [5,6].



411K. Boughzala et al. / Desalination and Water Treatment 202 (2020) 410–419

The removal of dyes from contaminated water can be 
carried out using different processes, such as ozonation, 
flocculation, membrane filtration, oxidation, coagulation/
flocculation, photochemical or electrochemical methods, 
biological or photocatalytic degradation, and adsorption 
[7,8]. However, each technology has limitations in applica-
bility, effectiveness, and costs [7,8]. The adsorption process 
is currently employed for water purification, but it remains 
constrained by the high price of the adsorbent materials, as 
well as their availability [8,9]. Proposed solutions include 
using alternative cheap adsorbents from agricultural res-
idues, such as corn cob, palm fruit parts, waste material 
from the chestnut peel, almond shell waste, rice husk, waste 
orange and lime peels, pine fruit shells, and others [10,11].

Natural materials, such as clay minerals, and the waste 
produced by mining industries have been proposed and 
used for the removal of dyes [11–16]. Tunisia is considered 
among the top countries that produce phosphate rocks [17]. 
Phosphate rocks are converted into phosphoric acid by the 
addition of sulfuric acid through the so-called wet process 
[18]. Phosphogypsum (PG) is a byproduct of this process; it 
is produced in huge quantities, has minimal market value 
and presents disposal and storage problems. Thus, it is a 
significant source of pollution in the environment surround-
ing mine sites [19,20]. In addition, certain wastes are radio-
active, containing different amounts of uranium and rare 
earth elements [21]. Some attention has been focused on the 
extraction of these metals for their high costs. However, the 
lack of an efficient and economical process to extract and 
recover these elements hinders efforts to reduce wastes from 
phosphate fertilizer production [22]. Another potential use 
for phosphate mining byproducts has been proposed in the 
last decades [23,24]. Indeed, the literature reveals the exis-
tence of a few studies related to the adsorption of some dyes 
in polluted textile water or adsorption of basic dyes and 
reactive dyes using natural phosphates (NP) [25–27].

In this study, the use of phosphate waste (PG and the 
solid waste phosphate waste rock (PWR) obtained from 
the washing process of NP) as removal agents of the Acid 
Red 88 (AR 88) dye was proposed. NP was used for com-
parison purposes. AR 88 was selected as a model dye due 
to its diverse applications, such as its use in the textile and 
leather industries. Prior to the removal study, the materi-
als were characterized using different techniques. Different 
parameters were varied to study their effect on the removal 
of AR 88. Furthermore, the removal of dyes from waste-
water produced spent materials, and a high-efficiency 
and the low-cost process were applied for the regenera-
tion and the reuse of the spent materials. In addition, sin-
gle-stage batch adsorber design for AR 88 removal has been 
suggested and based on the Langmuir isotherm equation.

2. Materials and methods

2.1. Materials

NP was collected from the Gafsa–Metlaoui Basin (denoted as 
the NP sample). PG is a by-product obtained from the reaction 
of sulfuric acid and phosphate rock. PWR is a byproduct of a 
phosphate company’s washing plant. Prior to use, the samples 
were extensively washed with distilled water and then dried 
in an oven at 105°C. The anionic AR 88 is an acid dye and was 

purchased from ATUL Limited, India; it exhibited a maximum 
absorption at the wavelength of 508 nm. Co(NO3)2 × 6H2O 
and oxone (2KHSO5·KHSO4·K2SO4) were used without fur-
ther treatment after purchasing from Alfa Aesar (4.7% active 
oxygen)(Alfa Aesar, Lancashire, United Kingdom).

2.2. Adsorption experiments

The removal of the AR 88 dye was performed by a batch 
equilibrium method. Different concentrations (varying from 
5 to 200 mg L–1) were obtained by diluting the stock solu-
tion (with a concentration of 1,000 mg L–1). Then, 0.1 g of the 
solid was added to a total volume of 200 mL (dye solution) 
under a shacking speed of 150 rpm, natural pH, and room 
temperature.

The removed quantity (qe, mg g–1) and the removal 
percentage (R, %) were determined by Eqs. (1) and (2), 
respectively.

q C C V
me i e= −( )  (1)

R
C C
C
i e

i

% =
−( )

×100  (2)

where Ci and Ce correspond to the initial and equilibrium 
concentrations of the AR 88 dye (mg L–1). V is the used solu-
tion volume (L) and m is the material mass (mg).

In order to evaluate the effect of different parameters on 
the removal of AR 88, the dosage of adsorbents, contact time, 
initial dye concentrations, pH, and temperature were varied 
independently.

2.3. Regeneration of spent byproducts

Pristine NP, PG, or PWR samples were added to 200 mL of 
a fresh solution of AR 88 (Ci = 200 mg L–1) and left overnight. 
The spent solid was collected by centrifugation and treated 
with a 10 mL solution of Co(NO3)2 × 6H2O and 12 mg of oxone 
(2KHSO5 × KHSO4 × K2SO4). The regenerated solid was cen-
trifuged, washed a few times with deionized water, and then 
reused in the next run. The mixture of Co and oxone solution 
was not discharged and utilized in the next recycle runs [27].

2.4. Characterization

The chemical composition of the investigated materials 
was analyzed using atomic absorption spectroscopy (Perkin-
Elmer 3110, Waltham, Massachusetts USA). Powder X-ray 
diffraction (XRD) analysis of the materials was carried out 
using an X’Pert Pro, PANalytical diffractometer (Malvern, 
United Kingdom) operating with Cu Ka radiation. The 
samples were scanned from a starting angle (2q) of 5° to 
an end angle (2q) of 80°. The identification of the mineral 
phases was carried out using the data given in the American 
Society for Testing and Materials cards. Fourier-transform 
infrared (FTIR) spectra were obtained using a Perkin-Elmer 
1283 spectrometer (Waltham, Massachusetts USA) with the 
KBr pellet technique. Thermal gravimetric analysis was per-
formed using a Setaram Instrumentation (Caluire - France) 
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SETSYS evolution system with a heating rate of 10°C/min 
up to 1,000°C under an air atmosphere. The surface mor-
phology of the samples was examined by scanning elec-
tron microscopy (SEM, FEI Quanta 200, Hillsboro, Oregon, 
USA). The specific surface area values were estimated from 
nitrogen adsorption isotherms using the Brunauer–Emmett–
Teller (BET) equation. The isotherms were obtained using a 
Micromeritics ASAP 2020 system (Norcross, Georgia, USA). 
The samples were outgassed at 120°C for 8 h prior to the 
measurement. The pHzpc of the NP, PG, and PWR samples 
was measured in solutions of NaCl (0.01 mol L–1). The con-
centration of AR 88 at equilibrium was determined during 
the removal runs using a UV-visible spectrophotometer 
(Perkin-Elmer model LAMBDA20, Waltham, Massachusetts 
USA) at a maximum wavelength of 508 nm.

3. Results and discussion

3.1. Characterization of used materials

The results of chemical analysis are reported in Table 1. 
A high CaO content (45%) is present in the natural sam-
ple (NP), and it decreases to 36% and 26% in the treated 
samples. The NP sample exhibits a high P2O5 content com-
pared with the other byproducts. A low percentage of MgO, 
from 0.87% to 2.15%, is detected. The atomic ratio Ca/P is 
between 0.34 and 1.91 for these compounds. The Cd content 
is a magnitude of order higher in the NP materials.

Fig. 1 shows the powder XRD patterns of the NP, PG, 
and PWR samples. The NP and PG patterns exhibit similar 
patterns. Mineralogical identification reveals the presence 
of carbonate fluorapatite Ca9.55(PO4)4.96F1.96(CO3)1.28 and other 
materials, such as heulandite ((C2H5)NH3)7.85(Al8.7Si27.3)O72)
(H2O)6.92) and quartz (SiO2). The sample of PWR exhibits 
different phases, such as bassanite (CaSO4·½H2O) and anhy-
drite (CaSO4) compounds.

The FTIR spectra of different materials are presented 
in Fig. 2. The spectra of NP and PWR exhibit vibration 
modes of the PO4 groups. The bands of the PO4 groups 
were identified according to the literature [29]. The bands 
observed at 1,042 cm–1 are assigned to the antisymmetric 
υ3 stretching mode of the PO4 groups. The bands related to 
the antisymmetric bending υ4 modes are observed between 
520 and 570 cm–1. The other band at 470 cm–1 corresponds to 
the symmetric bending υ2 modes.

The FTIR spectrum of PG (sample PG) is characterized 
by the typical absorption bands reported for other gypsums 
or PG [30]. The bands of the SO4 groups are detected at 
1,120 cm–1, 600–660 cm–1 (υ4), and 470 cm–1 (υ2). The vibration 
modes of the CO3

2– groups are observed in the range between 

1,500 and 1,400 and at 863 cm–1 [31]. These bands indi-
cate the presence of CO3

2– anions in the material structure. 
The bands related to quartz materials overlap with those of 
the PO4 groups at 1,042 cm–1, with a shoulder at 474 cm–1. 
All of the samples exhibit broad bands in the range from 
3,700 to 3,000 cm–1 and at 1,640 cm–1, which is associated 
with water molecules adsorbed on the particle’s surface.

The thermal features of the NP and PWR samples are 
given in Fig. 3. The thermogravimetric curves of the NP and 
PWR products display three successive mass losses. The 
first thermal event occurs between room temperature and 
150°C and is caused by water desorption. It is associated 
with an endothermic effect that is observed on the differen-
tial thermal analysis (DTA) curve at 85°C and 100°C, with 
a shoulder at 140°C. The second mass loss corresponds to 
the loss of water content and dehydroxylation from 170°C 

Table 1
Chemical analysis of the main elements in the three samples

Samples P2O5 (%) CaO (%) MgO (%) Cd* CaO/P2O5

NP 25.64 44.94 0.87 45 1.75
PG 4.06 36.68 0.53 15 0.34
PWR 14.01 26.72 2.15 51 1.90

*ppm
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Fig. 1. Powder XRD patterns of (a) natural phosphate, (b) phos-
phogypsum, and (c) phosphate waste rock. (A) corresponds to 
anhydrite, (B) to bassanite, (H) to heulandite, (F) to carbonate 
fluorapatite, and (Q) to quartz phases.
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to 450°C, with a broad endothermic effect that is evidenced 
on the DTA curve at around 350°C [32]. The third weight-
loss event, which starts at 400°C and continues to 1,000°C, 
is attributed to the decomposition of carbonates and other 
materials [33]. Two broad exothermal peaks are detected 
in the range of 700°C–750°C and are associated with 
the phase transformation of some resulting products.

The thermogravimetric and DTA features of the PG 
sample are represented in Fig. 3. The thermogravimet-
ric analysis results indicate one main mass loss between 
120°C and 350°C that corresponds to the elimination of the 
entire water of crystallization, accompanied by an endo-
thermal event at 207°C that is ascribed to the transition of 
anhydrite to different phases. A second weight loss starts 
at 300°C and persists until 450°C, and this is associated 
with the decomposition of CaSO4 to CaO [34]. The DTA 

curve exhibits broad peaks with low intensity, making their 
assignments difficult.

In the SEM micrographs, the NP and PWR samples 
exhibit nonporous particles of different sizes with spherical 
shapes or ovoid grains. However, for the PG sample, differ-
ent shapes, such as hexagonal, tabular, and needle-like, are 
observed (Fig. 4).

The specific surface areas (SBET) of the PG, NP, and PWR 
samples are 16.39, 11.35, and 26.02 m2 g–1, respectively, 
and indicate the nonporous character of these materials. 
The slight increase in the SBET value of the PWR mate-
rial could be related to the acid activation of these rocks. 
These values are close to those reported for NP rocks 
[35]. The average pore volumes are in the range of 0.023–
0.053 cc g–1 with an average pore diameter of 9.58–7.62 nm, 
which confirms the nonporous character of the used mate-
rials (Table 2).

3.2. Removal studies

3.2.1. Effects of solid dosage

A series of runs were carried out by varying the used 
solid mass from 0.05 to 2 g in 200 mL of AR 88 solution 
(Ci of 20 mg L–1). The removal efficiency (%) of NP, PG, and 
PWR improves as the amount of added solid increases; 
this is due to the greater availability of active sites on the 
solid’s surface (Fig. 5) [36]. In particular, the PWR mate-
rial exhibits a significant increase in AR 88 removal effi-
ciency, from 44% to 99%, as the added mass of the sample 
increases from 0.01 to 1 g L–1; further increasing the mass of 
the PWR dose (from 1 to 2 g L–1) does not affect the removal 
efficiency. However, the NP and PG materials exhibit 
similar removal efficiencies (99%) using a dose of 2 g L–1 
due to their low removal capacities compared with PWR.

3.2.2. Effect of pH

The effect of pH was assessed at room temperature by 
adding 1 g of the NP, PG, or PWR materials to 200 mL of AR 
88 solution (Ci of 100 mg L–1). The mixture was stirred for 
4 h. The pH was altered between 3 and 11 by adding either a 
solution of HCl (0.1 M) or NaOH (0.1 M).

As the pH controls the molecular structure of the adsor-
bates and regulates the charge distribution of the adsorbents 
[37], the zero charge point (pzc) was determined first. The 
point of zero charge (pzc) of NP, PG, and PWR is 6.89, 8.26, 
and 9.58, respectively. The results confirm that at pH values 
below pHpzc, the surface particles are positively charged, 
while they become negatively charged at pH values lower 
than pHpzc.

The amount of AR 88 removed by different materi-
als generally increases when the pH decreases: the high-
est quantity removed was at pH 2, and it significantly 
decreased at pH 9 (Fig. 6). This fact is explained by the pro-
tonation of the solid surface and dye structure [38]. Indeed, 
at a pH equal to 3 (acidic conditions), there are significant 
electrostatic attractions between the ϕ-SO3

– groups of the 
dye molecules and the positive surface charges of materials. 
However, at higher pH values, additional OH– anions are 
available and compete with the anionic AR 88 for available 
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sites on the NP, PG, and PWR surfaces. Thus, there is a 
reduction in the amount of AR 88 that can be removed.

3.2.3. Kinetics of adsorption

The effect of contact time on AR 88 removal is presented 
in Fig. 7. One gram of NP, PG, or PWR material was added to 
200 mL of a 100 mg L–1 dye solution with stirring. The reac-
tion time was set to 8 h, and 5 mL samples were taken at dif-
ferent time points.

The removal of AR 88 is rapid during the first time inter-
val and becomes slower with the longer contact time, reach-
ing a plateau after about 240 min for the NP, PG and PWR 
samples. This behavior can be attributed to a large number 
of available sites for the AR 88 dye during the initial stage. 

Close to equilibrium, there are fewer available sites, so 
they are difficult to access. In addition, the repulsive forces 
between the AR 88 anions on the solid and those in the 
solution cause the rate of adsorption to slow down [39].

Fig. 4. SEM mirographs of (a) natural phosphate, (b) phosphogypsum, and (c) phosphate waste rock.

Table 2
Micro textural properties of the different materials

Samples SBET (m2 g–1) Total pore 
volume (cc g–1)

Average pore 
diameter (nm)

NP 11.35 0.027 9.58
PG 16.00 0.031 7.65
PWR 26.43 0.052 7.62
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Fig. 5. Effect of dosage mass of (a) natural phosphate, 
(b) phosphogypsum, and (c) phosphate waste rock on the 
removal of AR 88 dye.
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3.2.3.1. Pseudo-first-order kinetic model

This model describes the rate of change that occurs 
for the dye uptake [40]. It is defined by Eq. (3):

log log
.

q q q
k t

e t e−( ) = − 1

2 3
 (3)

where qe and qt are the removal capacities at equilibrium 
and time “t”, respectively. k1 is the first-order rate constant. 
The linear plot of log (qe – qt) vs. time “t” shows the appli-
cability of this model for the removal of AR 88 dye. The 
values of k1 are summarized in Table 2 and vary from 0.010 
to 0.014 min–1. The regression correlation coefficients are 
close to 0.900. However, the experimental values of qe do 
not match the values predicted by this model.

3.2.3.2. Pseudo-second-order kinetic model

The pseudo-second-order kinetic model is represented 
by Eq. (4):

t
q k q

t
q

t e e

= +
1

2
2  (4)

where qe and qt are the amount of dye removed at equilibrium 
and at time t (mg g–1), respectively. k2 (g mg–1 min–1) is the 
pseudo-second-order rate constant. The different parameters 
of the pseudo-second-order model are summarized in Table 2. 
Figs. 10a–d depict the linear plot of the pseudo-second- order 
equation. The k2 values range in 0.005–0.008 g mg–1 min–1. 
The estimated regression coefficient (R2) is close to 0.9964.

The high values of the regression coefficients (R2) and 
the agreement between the experimental values of qe and 
the calculated ones (Table 3) indicate that the removal 
process of AR 88 by the NP, PG, and PWR materials is 
described by the pseudo-second-order model rather than 
the pseudo-first- order kinetic type. Similar results have been 
obtained for the removal of different dyes [41,42].

3.2.4. Effect of adsorption temperature

Temperature is a crucial parameter that affects the 
removal process and enables the determination of thermo-
dynamic parameters. A series of experiments in a tempera-
ture range of 30°C–70°C were performed while maintaining 
the concentration of AR 88 at 200 mg L–1. The removal of 
AR 88 decreased at equilibrium with an increase in tem-
perature, indicating that the removal is an exothermic pro-
cess [43]. Changes in thermodynamic parameters, such as 
(ΔG°), (ΔH°), and (ΔS°), were calculated by the following 
equations:

∆ ∆ ∆G H T S° = ° − °  (5)

∆G RT Kc° = − Ln  (6)

ln =  K S
R

H
R Tc

∆ ∆°







 −

°









1  (7)

where Kc is the distribution coefficient of AR 88 removal 
from aqueous solution by waste materials, “T” is the absolute 
temperature, and R is the gas constant.

Table 4 summarizes the estimated thermodynamic 
parameters. The negative values of ΔG° at various tempera-
tures indicate the spontaneous nature of the removal pro-
cess. The negative values of ΔH° confirm that the removal 
of dye using the various samples is an exothermic process. 
The negative ΔS° accompanying the removal of AR 88 indi-
cates a less disordered system accompanied by a reduction 
in the randomness of the dye molecules at the solid–liquid 
interface [44,45]. The ΔG° values are −15.33 kJ mol–1 (for 
PG) and −13.08 kJ mol–1 (for NP), and these values repre-
sent major physical adsorption [45]. On the other hand, the 
removal process with PWR occurs by chemical adsorption, 
with a ΔG° value of −83.13 kJ mol–1. This process involves 
strong forces of attraction [46,47]. The increase in ΔG° val-
ues with temperature could be associated with a decrease 
in the molecular order during the removal process.
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Fig. 6. Effect of initial pH on the removal of AR 88 dye by 
(a) natural phosphate, (b) phosphogypsum, and (c) phosphate 
waste rock.
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3.2.5. Adsorption isotherms

Fig. 8 shows the effect of Ci on the AR 88 removal pro-
cess in aqueous solutions. The obtained isotherms exhibit 
similar features to the enhancement in the amount of dye 
removed when the initial concentration was increased to a 
certain level, indicating the saturation of available sites on 
the surface of the used materials. The removed amount of 
AR 88 reaches 105 mg g–1 when the Ci of AR 88 is 200 mg L–1 
for the PWR sample. For the NP and PG materials, the dye 
uptake decreases to 40 and 43 mg g–1, respectively. This indi-
cates that the amount of AR 88 removed by the NP, PG, and 
PWR materials depends on the availability of binding sites 
for the AR 88 dye.

The analysis of the isotherm is an important step to 
optimize the design of the removal process [48]. Different 
isotherms models were proposed in the literature [48]. The 
Langmuir and Freundlich are often used to describe equi-
librium isotherms. The Langmuir model commonly applied 
to a complete homogeneous surface when the interaction 
between adsorbed molecules is negligible [49]. The linear 
equation of the Langmuir model is expressed in Eq. (8):

C
q q K

C
q

e

e L

e=
⋅

+
1

max max

 (8)

where qe and Ce are the removed amount of dye (mg g–1) and 
the concentration (mg L–1) in the solution at equilibrium, 
respectively. qmax is the maximum removed amount (mg g–1), 
and KL (L mg–1) is the Langmuir constant. The linear plot of 
Ce/qe vs. Ce was used to evaluate these constants.

The Langmuir constants obtained for the NP, PG, and 
PWR materials are presented in Table 5. The regression 
correlation coefficients (R2) are higher than 0.999. These 
results indicate that the removal of AR 88 by the NP, PG, 
and PWR materials is accurately described by the Langmuir 
model. The Langmuir model is also used to estimate the 
maximum removal capacity of the material. The estimated 

maximum removal capacities (qm) are 48.4, 49.0, and 
123.4 mg g–1 for NP, PG, and PWR, respectively. Moreover, 
the KL values range between 0.032 and 0.035 L mg–1.

Table 3
Constant rates of pseudo-first-order and pseudo-second-order for the removal of Acid Red 88 onto various samples

Pseudo-first-order Pseudo-second-order

k1 (min–1) qm (mg g–1) R2 k2 (min–1 g mg–1) qm (mg g–1) R2

Samples Calculated Experimental Calculated Experimental

NP 0.0107 3.343 8.75 0.903 0.006 8.849 8.75 0.998
PG 0.0109 3.536 9.26 0.904 0.080 9.216 9.26 0.997
PWR 0.0144 6.855 21.875 0.900 0.005 1.796 21.875 0.996
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Fig. 8. Variation of the removed amount of AR 88 (qe, mg g–1) as in 
the function of initial concentration (Ci, mg L–1) using (a) natural 
phosphate, (b) phosphogypsum, and (c) phosphate waste rock at 
room temperature.

Table 4
Thermodynamic parameters for the removal of Acid Red 88 onto various samples

Samples ΔH° (kJ mol–1) ΔS° (kJ mol–1) ΔG° (kJ mol–1) R2

NP –13.082 –37.805 −13.08 0.985
PG –15.335 –48.223 −15.33 0.992
PWR –83.133 –16.255 −83.13 0.997

Table 5
Langmuir and Freundlich constants, for the removal of Acid 
Red 88 onto various samples

Isotherm model Parameters NP PG PWR

Langmuir qm,exp (mg g–1) 48.40 49.00 123.45
KL (L mg–1) 0.032 0.033 0.035
R2 0.997 0.993 0.994

Freundlich KF (L mg–1) 0.729 0.671 1.459
n 0.83 0.85 0.84
R2 0.978 0.976 0.978
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A dimensionless constant separation factor or equilib-
rium parameter “RL”, a characteristic of a Langmuir isotherm, 
is defined in Eq. (9):

R
K CL
L i

=
+

1
1

 (9)

where Ci is the initial concentration (mg L–1), and KL is the 
Langmuir constant (L mg–1). Values of RL between zero and 
one (0 < RL < 1) indicate that the removal is favorable; the 
removal is linear for RL = 1, unfavorable for RL greater than 1, 
and irreversible when RL is equal to 0. In our case, RL val-
ues were determined to be between 0 and 1, indicating the 
favorable adsorption of the dye to all adsorbents [51].

The removal of AR 88 by the different materials was 
also fitted to the Freundlich model [51] with the linear 
equation in Eq. (10):

Ln Ln Lnq K
n

Ce F e= +
1  (10)

where the removed amount (qe, mg g–1) is linearly related 
to the concentration of the AR 88 dye at equilibrium (Ce), 
and KF and 1/n are the Freundlich constants. KF is a com-
bined measure of both the adsorption capacity and affinity, 
and 1/n indicates the degree or intensity of the removed 
AR 88 dye. The favorability of the removal is indicated 
by the magnitude of n, that is, values of 1/n less than 1 
(0 < 1/n < 1) [51].

The values of the Freundlich parameters are presented 
in Table 5. The AR 88 affinity coefficient (KF) is in the order 
PWR > NP > PG. The 1/n values are lower than 1, indicating 
that the removal of AR 88 dye is favorable under our experi-
mental conditions.

The R2 values obtained from the Freundlich model are 
around 0.971 (lower than those using the Langmuir model) 
indicating that the experimental data fit well to the Langmuir 
isotherm model. This fact reveals that, during the removal 
of AR 88, the dye is transferred to energetically equivalent 
sites, with the AR 88 molecules forming a monolayer on the 
outer surface of the NP, PG, and PWR materials.

3.3. Regeneration data

After the removal of AR 88, the regeneration and 
reutilization of the spent materials become significant to the 
feasibility of their use. As presented in Fig. 9, the removal 
efficiency is slightly reduced, from 90% to 85%, for the PWR 
sample for at least four runs. However, for the other two 
samples (NP and PG), their removal percentages decrease 
to 70% after three regeneration cycles. Overall, the removal 
efficiency is maintained at 60% for the seventh regenera-
tion cycle. This drop in efficiency could indicate that some 
AR 88 molecules do not completely decompose during the 
regeneration process [52].

3.4. Batch design from Langmuir isotherm data

Adsorption isotherms can be used to predict the design 
of single-stage batch adsorption systems [53–55]. The design 

objective was to minimize the solid adsorbent for a specific 
volume of initial concentration [54–56].

Consider an effluent containing V (L) of the solu-
tion and let the dye concentration got reduced from C0 
to C1 mg dye L–1 solution. For an amount of adsorbent m 
(g), the solute loading changed from q0 to q1 (mg dye per g 
adsorbent). When fresh adsorbent is used, q0 = 0, the mass 
balance for the methylene blue (MB) dye in the single-stage 
operation under equilibrium is given by Eq. (11).

V C C m q q mqo e e e( ) ( )− = − =0  (11)

In the present case, the removal of MB fitted well the 
Langmuir isotherm. Consequently, the Langmuir equation 
can be substituted in the Eq. (5), and the rearranged form is 
presented in Eq. (12) [56].

m
V

C C
q

C C
q K C
K C

e

e

e

m L e

L e

=
−

=
−

+

0 0

1

 (12)

Figs. 10 and 11 depict the plots derived from Eq. (6) to 
predict the amount of PG and PWR required (g) to treat 
different effluent volumes of the initial concentration of 
100 mg L–1 for 60%, 70%, 80%, and 90% MB removal at dif-
ferent MB solution volumes from 1 to 12 L in 1 L increment, 
For a single design The amount of phosphate wastes can be 
predicted in the range of 11 to 78.78 g for PG and 4 to 24.97 g 
for PWR materials. In other words, the amount required for 
90% removal of MB solution of the initial concentration of 
100 mg L–1, was about 78.78 g of PG, and 24.97 g of PWR 
solids, respectively. The lower mass’s values for PWR solid 
were related to their higher efficiency to remove MB dyes 
compared to PG waste. These data indicated that these 
materials could promote their utility as removal agents 
for MB.
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Fig. 9. Percentage removal of AR 88 after different regenera-
tion cycles, (a) natural phosphate, (b) phosphogypsum, and 
(c) phosphate waste rock.
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4. Conclusions

The use of byproducts from the phosphate industry 
could create opportunities for the treatment of water con-
taminated by textile dyes. This study shows that NP, PG, and 
PWR are indeed appropriate for AR 88 removal. However, 
PWR (123.4 mg g–1) has a removal capacity that is higher than 
that of the NP (48.4 mg g–1) and PG (49.0 mg g–1) materials. 
The removal is dependent on the pH of the dye solution, with 
higher uptake of the dye at a lower pH.

The removal rate of the AR 88 dye fits the pseudo- 
second-order model for all three materials. The Langmuir 
isotherm model more appropriately explains the experi-
mental data compared with the Freundlich model, and it 
suggests the formation of a dye monolayer on the surface 
of the waste products. The increase in temperature resulted 
in a reduction in the amount of dye removed. The thermo-
dynamic parameters revealed that the removal process is 
spontaneous, exothermic, and occurred via chemisorption 

with the PWR. However, physisorption is the proposed 
mechanism of removal with NP and PG. The regeneration 
of spent byproducts indicates that about 80% of the removed 
dye was retained after four cycles for the PWR sample, and 
it was reduced to 60% after its reuse for seven cycles for all 
the materials. A batch design was proposed, based on the 
Langmuir model and the maximum removal capacity. The 
required mass of phosphate wastes to achieve a fixed per-
centage of MB dye removal could be readily predicted. The 
mass values depended on the used phosphate wastes. Due 
to their difference in their removal efficiency. Nevertheless, 
these reported data suggested that wastewater treatment is 
a potential application for the waste products of phosphate 
mining.
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Fig. 10. Predicted mass (m) of PG waste to treat different volumes 
(V) of AR 88 solutions, at an initial concentration of 100 mg L–1.
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Fig. 11. Predicted mass (m) of PWR waste to treat different 
volumes (V) of AR 88 solutions, at an initial concentration of 
100 mg L–1.
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