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ABSTRACT

Anovel method has been explored based on the recovery of two industrial wastes V,0,and phosphogypsum from
the fertilizer production industry, which also provide a significant challenge due to their toxicity and environmen-
tal impact. To solve the problem of these two harmful wastes, these residues have been transformed into valuable
resources, by the elaboration of Nanoparticles vanadate-hydroxyapatite (NPs-HAP/VAP) adsorbent, contributing
a sustainable solution without requiring expensive or highly skilled work. This comprehensive investigation ex-
plores the adsorption of the reactive red 141 dye (RR 141) on Ca (VO,) (PO,), (OH), with (x, =0, 1.5, 3, 4.5,
and 6). Using a Centered composite design (CCD), several parameters influencing the adsorption process were
examined. The optimal adsorption capacity is 50 mg. g — 1 under optimal conditions 57.5 mg of the adsorbent
dose, 152.5 mgL! for the RR 141, pH 8, 92.5 minutes of contact time, and incorporation ratio of 4.5 with an R? of
0.99. These results reinforce the effectiveness of our chosen CCD model. Kinetic analysis demonstrated a pseudo-
order reaction model with an R?> 0.92, while the Sips isotherm describes the adsorption process. Thermodynamic
studies revealed spontaneous adsorption, suggesting a physical character enhanced by a positive entropy variation.

Keywords: isotherm models, nanomaterial, kinetic analysis, valorization, thermodynamic studies.

INTRODUCTION

Water purification has become a global con-
cern in recent decades because of declining water
supplies and rising water pollution by industrial-
ization and urbanization (Liang et al., 2019; Lin
et al., 2022; Morin-Crini et al., 2022). Various in-
dustrial byproducts, including metals, lubricants,
chemicals, dyes, and others, are examples of
water pollutants (Ahmed et al., 2021; Ajiboye et
al., 2021). Water contamination is mostly caused
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by dye leakage, which is mostly produced by the
food, paper, textile, and printing sectors (Liu,
2020; Sharma et al., 2021; Singh et al., 2022).
Most commercial organic dyes fall under
the group of azo dyes, which is why they are
especially concerning (Bafana et al., 2011; Elta-
boni et al., 2022; Hashemi and Kaykhaii, 2022).
About 700,000 tons of azo dyes are produced
annually worldwide. 70% globally are used, for
instance, by the textile sector(Garg and Tripa-
thi, 2017; Ibitoye et al., 2022). Regretfully, a
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significant amount of these colors is not re-
tained by textile fibers and, without proper treat-
ment, end up in effluents, posing a substantial
risk to aquatic life and the delicate balance of
ecosystems. These azo dyes pose a cancer dan-
ger to living things since they are not only ex-
tremely poisonous but also non-biodegradable
(Bafana et al., 2011; Chung, 2016; Hashemi and
Kaykhaii, 2022; Ibitoye et al., 2022). It is es-
sential to search for novel and financially feasi-
ble techniques to eliminate these azo dyes from
textile wastewater due to their susceptibility to
destruction by sunlight and aerobic digestion
(Alabdraba and Bayati, 2014; Khan et al., 2013;
Saratale et al., 2011).

Over the years, the development of textile
wastewater treatment methods, including coagu-
lation, membrane separation, anaerobic-aerobic
treatment, photodegradation, electro-degrada-
tion, and adsorption, has drawn the attention
of scientists over time (Holkar et al., 2016).
Adsorption is one of these approaches that has
shown to be very promising because of its ease of
use, inexpensive operating costs, and capacity to
effectively remove contaminants from contami-
nated water (Sophia and Lima, 2018). One of the
major challenges in the field of adsorption is to
develop adsorbents that combine high adsorption
capacity and rapid reactivity while remaining
economically affordable and environmentally
friendly (Jebli et al., 2023; Joki¢ Govedarica et
al., 2024; Srikaew et al., 2023). Although low-
cost adsorbents have financial benefits, their ad-
sorption capacity is often lower. To overcome
these requirements, this studyfocused on the syn-
thesis of nanoparticle vanadate-hydroxyapatite
(NPs-HAP/VAP) adsorbents.

The dye RR141 is recognized for its pres-
ence in various industries, notably in the textile
sector. However, It’s well-known that its toxic-
ity causes harm to the environment, aquatic or-
ganisms, and human health. Therefore, it is cru-
cial to remove this dye from industrial waste-
water to reduce its harmful impact. However,
the current methods of detaching this pollutant
can be a costly process, often requiring expen-
sive adsorbents. To meet this challenge, our re-
search effectively transformed industrial waste
into nanocrystalline(Chajri et al., 2024). The
production of phosphoric acid produced two
wastes that were used to synthesize vanadate-
apatite HAP/VAP: phosphogypsum and vana-
dium pentoxide waste. Well known for their

toxicity, phosphogypsum (PG) was utilized as
a source of calcium, while vanadium was ob-
tained from V, O, waste (Chajri et al., 2024).
The proposed adsorbent was synthesized by
using a straightforward process that involved
combining sodium hydroxide, phosphoric acid,
and vanadium pentoxide with different amounts
of hydrated anhydrous gypsum, without adjust-
ing the pH. The reaction was allowed to run for
48 hours at room temperature. The process pro-
duces both phosphate and vanadate apatite with
high yields by experimenting with different
ratios of starting chemicals. Furthermore, we
varied the vanadium ratios in the synthesis to
explore different vanadate-apatite compositions
and optimize conditions to develop a material
suited for the adsorption of the Reactive-Red
— 141 dye (RR141) (Chajri et al., 2024). The
nanoscale hydroxyapatite Ca, (PO,),(OH), has
great potential as an adsorbent due to its spe-
cific structure, conferring ion exchange prop-
erties and high adsorption affinity exchange
properties and high adsorption affinity for many
pollutants(Ibrahim et al., 2020; Pai et al., 2021).

Thus, our study is part of an effort to opti-
mize the adsorption efficiency of the RR141
dye on vanadate/hydroxyapatite using advanced
experimental approaches, paving the way for
more effective solutions for textile wastewater
treatment. To this end, we have taken a Design
of experiments (DOE) approach, in association
with the response surface methodology (RSM)
(Bezerra et al., 2008; Bouchelkia et al., 2023),
which enables us to identify possible interactions
and correlations between these crucial variables,
to obtain the optimal conditions for the removal
process. Specifically, we studied the adsorption
of the RR141 dye onto vanadate/hydroxyapatite,
examining key factors such as dye concentra-
tion, pH, adsorbent mass, time, and different ra-
tios of vanadate incorporated into the apatite. To
analyze these factors in depth, we used the cen-
tered composite design (CCD) to enhance the
nano-Hap-VAP as an effective adsorbent for azo
dye removal RR141. In addition, to measure the
correlation between dye concentration and ad-
sorbed quantity, our experiments also involved
an in-depth examination of adsorption isotherms
and an assessment of the thermodynamics of
the adsorption process. These results allow us
to have a deep understanding of the adsorption
behavior and pave the way for more precise op-
timization of the process.
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MATERIALS AND METHODS

Materials

The dye utilised in this work is Reactive Red
141, which is a commercial product, purchased
from BASF Germany. It is an azo molecule with
a very high molecular weight of 1774.2 g-mol"
and the formula C,H, CLN, Na O, S . Table 1
and Figure 1 show the properties and molecular

structure of Reactive Red 141.

Experimental methodology

The range of vanadate compounds incor-
porated into the calcium hydroxyapatite struc-
ture (VO,)’’HAP nanomaterial (Ca,(VO,)
(PO, (OH), with (x = 0, 1.5, 3, 4.5, and 6)

Table 1. Properties of reactive red 141(RR-141)

was synthesized from phosphogypsum waste as
a source of calcium, and vanadium pentoxide as
a source of vanadate in this novel study where
they are generated from the manufacturing sul-
furic acid. This innovative strategy is based on
the prudent use of accessible materials and in-
dustrial waste, contributing to resource sustain-
ability while opening new opportunities for the
applications of the produced materials. This work
includes detailed descriptions of the synthesis
methods and characterizations used (Chajri et
al., 2024). The findings of this study provide in-
triguing potential for resource management while
reacting to present environmental and technical
problems. The nanoparticles (VO,)*incorporated
calcium HAP were synthesized at ambient tem-
perature in an aqueous solution by dissolving
various quantities of CaSO,, V,0,, H,PO,, and

Parameter Value
Functional group Azo dye
Color index name Reactive Red 141(RR141)
Molecular mass (g-mol") 1774.2
Molecular formula C,,H,CLN,,Na,O,.S,
Wavelength absorbed (nm) 545
Solubility (g-L") 150
Composition Diazo (-N = N — bond)

Figure 1. Chemical structure of the azo dye reactive red (RR-141)
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NaOH in 100 mL, the mixture was agitated for
48 hours at room temperature using a mechanical
shaker. The produced NAPs-VAP/HAP was then
filtered out of the solution, and the resulting pow-
der was washed multiple times with water until a
clear and neutral supernatant was obtained. In the
end, the solid samples were dried at 105 °C for 24
hours before being calcined at 900 °C for 3 hours.

To prepare the synthetic wastewater, the RR-
141 dye was dissolved in distilled water to make
a stock solution of 1g-L"'. Each flask was filled
with 50 ml of the printing ink wastewater and
was continuously mixed based on the follow-
ing crucial parameter range presented in Table 2.
Specific amount of the sample Ca, (VO,),(PO,),
J(OH), with (x = 0, 1.5, 3, 4.5, and 6) was add-
ed to 50 mL of RR-141 dye solution of varying
concentrations (10 to 200 mg-L™"). The mixture
was stirred with a magnetic agitator to determine
the equilibrium time at 293 K. After stirring, 4
mL of the suspension was taken out and separated
by centrifugation at 4600 rpm for 15 min using
a BIOBASE BK-H2018J centrifuge. The deter-
mination of dye residual concentration was done
spectrophotometrically on a JASCO V-630 UV
Visible spectrometer by measuring absorbance at
a maximum wavelength 4 of 545 nm.

To investigate the effect of pH on adsorption,
a series of dye solutions were generated by vary-
ing the pH from (2-10) with dilute HCI (0,1N) or
NaOH (0,1N) solutions. Other factors tested were
adsorbent dosage (10 to 200 mg-L!), starting dye
RR-141 concentration (10 to 200 mg-L"), and
stirring time (10 to 120 min). Table 2 depicts the
various ranges and value conditions of the main
RR-141 adsorption property factors.

The removal percentage of RR-141 and the
adsorption capacity values at equilibrium at any
given time t and equilibrium were determined by
Equations 1 and 2 respectively.

% dye removal = ((C,—C)/C,)-100 (1)
q, (mg.g") = ((C;-C) (VW) (2)

where: C;(mg-1") — the initial RR-141 dye con-
centration, C, — the RR-141 dye concen-
tration at equilibrium, V' — the volume of
the solution, W(g) is the amount of the
adsorbent in the solution.

As part of the study of reaction kinetics,
first-order and pseudo-second order (PFO, PSO)
respectively, were used to explore the adsorp-
tion mechanism of RR-141 on the synthesized
adsorbent Ca (PO,), (VO,), (OH), at intervals
of 5, 15, 25, 35, 45, 55 and 65 minutes. To as-
sess adsorption capacity, we used Langmuir,
Freundlich, and Sips isotherm methods. By fit-
ting a suitable adsorption isotherm model to the
experimental data, the relationship between the
adsorbed quantity and the quantity remaining in
the solution at equilibrium during the adsorption
process was studied, and characteristic parame-
ters for each isotherm were determined. Using
nonlinear regression curves, different equations
of isotherm models (Table 3) were considered
to predict the behaviors of RR141 dye concern-
ing the adsorbent. In the present study, factors
such as contact time of 65 min, pH = 8, the ad-
sorbent dosage of 57.5 mg, and the ratio of the
adsorbent Ca (PO,), (VO,), (OH),, providing
maximum removal of RR141, were kept con-
stant for each adsorption isotherm experiment.
Additionally, the temperature was varied from
20 to 50 °C to evaluate its effect on the adsorp-
tion phenomenon and deduce thermodynamic
parameters. It is important to note that all ad-
sorption data presented in this article are the av-
erage of three separate experiments.

DESIGN OF EXPERIMENTS

Point of zero charge

The experiments were conducted using a batch
method. First, 0.25 g of Ca, (VO,), (PO,), (OH),

Table 2. The experimental design conditions for RR-141 adsorption process

Factors Unit vgr?:ticejs -a -1 0 +1 +a
Ratios of fhe - X, 0 15 3 45 6
Dye concentration mg/l X, 10 57.5 105 152.5 200
Adsorbent dose mg X, 10 57.5 105 152.5 200
pH X, 2 4 6 8 10
Time min X 10 37.5 65 92.5 120
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Table 3. The kinetic model, isotherm, and thermodynamic equations

Models Non-linear equation Parameter Plot Ref
Isotherm model
. _ qulCe
Langmuir Qe =17 K.C, qm Ki ge vs Co [26], [27]
Freundlich g = KFC:/" ge Vs Ce [28], [29]
Y
C ns
Sips ge = e Gs a5, Ge vs C [30], (31]
1+a,C,'™
Kinetic model
Pseudo first order _ oKt
(PFO) qc = (qe exp L ) gt Vs t [32]! [33]
Pseudo second order Kqit
= t 34
(PSO) &= T3 Kyqut g vs [34]

was added to different closed conical flasks 50
mL containing a potassium nitrate (KNO,) solu-
tion that was 0.1 M in volume and had adjusted to
various pH levels (2, 4, 6, 7, 8, 10). NaOH (0,1 N)
and HCI (0,1 N) were used to modify the initial
pH solution (pH,). A magnetic stirrer was used to
mix the prepared solution for 24 hours at 25 °C
while operating at 2.5 Hz. The final pH solution
(pH,) of the supernatant was determined.

Experimental range delimitation

The experimental ranges for the five selected
parameters were determined based on preliminary
laboratory testing to optimize the purification pro-
cess, as shown in Table 2. Each of these factors
was assessed at three different coded levels: (-1) for
low, (0) for mid, and (+1) for high. Table 2 summa-
rizes the components used and their experimental
ranges. The coded variables, labelled X, (where i =
1,2,3,4,5), were determined using Equation 3:

X; = (x; £ xO)/Axi 3)

where: x, — representing real values and x, repre-
senting variation increments. The experi-
mental ranges for X, are 0-6, 10-200 mg.
L' for X, and 10-200 mg. L' for X, 2-10
for X, and 10-120 min for X_.

Mathematical model and
experimental matrix description

The CCD model was used to optimize the
removal of RR-141 by Ca (VO,) (PO, (OH),
(withx =0, 1.5, 3, 4.5, and 6) nanoparticles. This
model is represented in quadratic form, to fit the
response variables, a second-order mathematical
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model in the form of a quadratic polynomial
equation was used by the following Equation 4:
Y=+ SBX) + SEXD + SBXX) +e (4)
Y denotes the response variable to be modeled
in this equation, whereas X and X denote the in-
dependent parameters that influence Y. The terms
B, B B, and ﬂ[j denote the constant term, initial
linear coefficient, quadratic coefficient, and inter-
action coefficient, respectively. Table 4 shows an
experimental matrix based on Hadamard’s prin-
ciple, with 36 experiments based on the CCD
particular combinations. As dependent variables,
the experimental outcomes of adsorption capacity
RR-141 by (Ca (VO,),(PO,), ,(OH), withx =0,
1.5, 3, 4.5, and 6) nanoparticles.

Design of experiments and data analysis

JMP PRO v16.0 (SAS) (JMP 2023; Jones
and Sall 2011) and Stat Soft STATISTICA 12
(Hilbe 2007; Statsoft 2013) were used for the ex-
perimental design and statistical analysis of data.
CCD associated to response surface methods
were employed to optimize five essential param-
eters: ratio of the adsorbent, dye concentration,
adsorbent dose, pH, and time. The Fisher’s test
and the p-value of 0.05 for ANOVA (Driouich et
al., 2020) were used for statistical analysis, and
the coefficient of determination R? validated the
model by comparing computed values with pre-
dictions (R?= 0.995) as shown in Figure 2. The
CCD is a second-order response surface model
that includes extreme values and has three-point
types: cubic, axial, and central. Considering the
five variables, the total number of trials is N = 10
factorial experiments + 16 axial experiments + 10
central experiments.
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Table 4. Calculation of experimental data using a central composite design for the adsorption capacity qe (mg-g™)

Ratio of the Adsorption capacity g.(mg-g™)
Logical adsorbent RR141 dose Adsorbent dose ) .
order Ca,(VO,), (mg/l) (mg) PH Time (min) (v,
(PO,) 6 (OH), 2

X, X, X, X, X, X, X, X, X X | Experimental | Predicted
1 0 0 105 0 105 0 6 -2 10 9.32 11.39
2 -1 1.5 -1 57.5 -1 57.5 -1 4 -1 375 16.29 15.83
3 1 45 1 152.5 -1 57.5 -1 4 -1 37.5 8.69 7.81
4 1 45 -1 57.5 1 152.5 -1 4 -1 375 13.75 13.26
5 -1 1.5 1 152.5 1 152.5 -1 4 -1 375 4.87 4.56
6 1 45 -1 57.5 -1 57.5 1 8 -1 37.5 33.03 31.89
7 -1 1.5 1 152.5 -1 57.5 1 8 -1 375 18.05 17.09
8 -1 1.5 -1 57.5 1 152.5 1 8 -1 375 4.15 3.58
9 1 45 1 152.5 1 152.5 1 8 -1 375 31.15 30.15
10 3 105 0 105 -2 2 0 65 2.99 3.07
1 3 0 105 -2 10 0 6 0 65 21.91 23.27
12 0 3 -2 10 0 105 0 6 0 65 7.34 7.93
13 -2 0 0 105 0 105 0 6 0 65 3.56 3.79
14 0 3 0 105 0 105 0 6 0 65 0.46 0.82
15 0 3 0 105 0 105 0 6 0 65 1.76 0.82
16 0 3 0 105 0 105 0 6 0 65 0.37 0.82
17 0 3 0 105 0 105 0 6 0 65 1.57 0.82
18 0 3 0 105 0 105 0 6 0 65 0.59 0.82
19 0 3 0 105 0 105 0 6 0 65 0.98 0.82
20 0 3 0 105 0 105 0 6 0 65 1.01 0.82
21 0 3 0 105 0 105 0 6 0 65 1.18 0.82
22 0 3 0 105 0 105 0 6 0 65 0.69 0.82
23 0 3 0 105 0 105 0 6 0 65 1.22 0.82
24 2 6 0 105 0 105 0 6 0 65 17.5 18.94
25 0 3 2 200 0 105 0 6 0 65 17.65 18.73
26 0 3 0 105 2 200 0 6 0 65 4.44 4.74
27 0 3 0 105 0 105 2 10 0 65 16.05 17.65
28 1 45 -1 57.5 -1 57.5 -1 4 1 92.5 2.54 24
29 -1 1.5 1 152.5 -1 57.5 -1 4 1 92,5 20.15 20.19
30 -1 1.5 -1 57.5 1 152.5 -1 4 1 92.5 14.73 15.15
31 1 45 1 152.5 1 152.5 -1 4 1 92.5 6 6.01
32 -1 1.5 -1 57.5 -1 57.5 1 8 1 92.5 7.08 6.86
33 1 45 1 152.5 -1 57.5 1 8 1 92.5 50.01 49.36
34 1 45 -1 57.5 1 152.5 1 8 1 92.5 4.06 3.8
35 -1 1.5 1 152.5 1 152.5 1 8 1 92.5 0.88 0.8
36 0 3 0 105 0 105 0 6 2 120 6.9 6.5

Note: X, — coded factor; x, — real factor; Y, — responses.

RESULT AND DISCUSSION

Regression variance analysis ANOVA

Table 5 presents the results of the variance
analysis (ANOVA) applied to the quadratic

model for the RR141 adsorbance capacity, em-
ploying different materials of Ca (VO,) ,(PO,),.
(OH), with the variation of the incorporation
ratio of the (VO,*) by (PO,*») with (x =0, 1.5,
3, 4.5, and 6) nanoparticles. The quadratic model
studied is depicted in Table 5, based on ANOVA
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Adsorption capacity({mg/g){Obsened)
L)
=
|

Adscrpticn capacity(mg,/g) Predicted
RMSE=1,1671 Rsquare=0,99528 P-value=<,0001

Figure 2. The plot of the relationship between the predicted and actual
values for adsorption capacity (mg/g) of dye RR-141

with a 95% confidence level, and according to the
F-test, the result shows that the regression value
(p = 0.001) is below than the 0.05 criterion. Fur-
thermore, the experimental Fisher-Snedecor fac-
tor (experimental F = 158.1347) is highly exceed-
ing the tabulated critical value (critical F = 5.25

for F,, (20, 15)) (Esbensen et al., 2002). These
results demonstrate that the experimental value of
F is significantly higher than expected, validating
the significance of the CCF model (R? is near to
100%, indicating that the response models better

match the real data Figure 2) (Willmott 1981).

Table 5. Regression variance analysis (ANOVA) for adsorption capacity q, (mg/g)

Source of

Degree of

variation froedom Sum of squares | Mean square Fexp P-Value Significance
Model 20 4307.7917 215.390 158.1347 <0.0001 e
Residual 15 20.4310 1.362
Total 35 4328.2227

Note: significant at a level of 0.1% (F

Adsorption

¥

irabilit

0,382293

Des
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0.001

(20, 15) = 5.25) (Esbensen et al., 2002).

e

N 5 S 5 o o S o w1 i

= o = = =i (8 ooy [

45 1525 57,5 ° o F
Ratio of the RR-141 dose Adsorbent & 02 5

adsorbent (mg.L-1) dose (mg) PH Time (min) Desirability

Figure 3. Main effects of parameters on the adsorption capacity (mg-g™")
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Graphical analysis of factor effects

Effect of pH

The effect of pH on the adsorption of RR141
was investigated in Figure 3. It is noted that the
pH affects the capacity for pollutant adsorption as
well as the adsorption rate. We also noticed that
a progressive increase in the adsorption rate from
pH 4 to pH 8, with an adsorption capacity 0f 49.36
mg/g at pH = 8. According to this pattern, slightly
basic circumstances increase effective contami-
nant adsorptions. As shown in Figure 4 (pH point
of zero charge indicates the impact of pH on zeta
potential), which leads to enhanced efficiency at
higher pH levels. This behaviour is in line with the
zero-charge point, where the adsorbent surface is
primarily positive at a pH below 8.73 and adsorbs
negative dye molecules (Hafdi et al., 2020a; Kos-
mulski, 2014; Sansenya et al., 2022).

Effect of adsorbent dose

The dose of adsorbent also has a significant
effect on responses. With increasing doses of the
adsorbent (Ca, (VO,),(PO,), ,(OH), with x = 0,
1.5, 3, 4.5, and 6) from 57.5 to 152.5 mg/L, the
capacity of adsorption starts to decrease from
47.13 to 30.15 mg/g. This implies that using the
right quantity of adsorbent is crucial to maximiz-
ing adsorption effectiveness. The efficiency can
be decreased by the agglomerated particles dis-
persing when there is too much adsorbent present
(Bonyadi et al., 2022).

Effect of dye dose

The dye dose has a significant impact on the
responses. the highest 47.13 mg/g and lowest

31.88 mg/g adsorption capacities were obtained
at concentrations of 152.5 mg/L and 57.5 mg/L,
respectively. This suggests that an appropriate
dose of dye is required to maximize adsorption.
On the other hand, a high RR-141 dye 152.5
mg/L, can match with fewer quantities of the
adsorbent 57.5 mg/L as shown in Figure 3 (op-
timal conditions).

Effect of ratio of the adsorbent

The adsorbent ratio, which has been identified
as a crucial component, has a considerable impact
on the observed results. By changing the adsor-
bent ratio of Ca, (VO,), (PO, (OH), from x =
1.5 to x = 4.5, a clear trend emerges. adsorption
capacity evolves significantly. Initially, at a ratio
of x = 1.5, the adsorption capacity is recorded at
27 mg/g, while an increase in the adsorbent ratio
at x = 4.5 propels it to 49.36 mg/g. This signifi-
cant variation in adsorption capacity as a function
of the adsorbent ratio plays a key role in improv-
ing the efficiency of the adsorption process.

Time effect

As shown in Figure 3 the duration of the ex-
periment had a significant impact on the response
of RR-141 adsorption capacity. For instance,
when the duration was increased from 37.5 min
to 92.5 min, the adsorption capacities rose from
47.13 mg/g to 49.36 mg/g (with a p-value < 0.05
indicating statistical significance). These results
imply that dye removal was faster initially due to
the availability of many active surface sites for
dye adsorption. However, as time progressed, the
removal process stabilized due to saturation of
the adsorption sites.

16

14 )

12 11,367 1168

9,54 9,79 P o A T

= 10 [y — . oy
=
= 8 pHzpc=8.73
£
= 6 o

4

2

0

0 2 4 6 8 10 12 14
Initial pH

Figure 4. The impact of pH on the zeta potential of the Ca, (VO,), (PO,), (OH),
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Optimum operational conditions

In this study, the results were analyzed using
the CCD to obtain the highest dye removal rate.
According to the quadratic model, the highest ad-
sorption capacity (50.01 mg-g') was found at the
pH of 8, an adsorbent dose of 57.5 mg-L!, contact
time of 92.5 min, the ratio of the adsorbent was
found to be Ca (VO,), (PO,), (OH),, and the
RR-141 dose of 152.5 mg L.

Statistical analysis of factors effects

The estimated regression coefficients, F — val-
ue, and P — values for all the linear, quadratic, and
interaction effects of the parameters are given in
Table 6. As observed, the linear effect of X, X, X,
X,, X,, the interaction effects X - X, X -X,, X' X,
XX, XX, X X, XX, XX, X,- X, and qua-
dratic effect X °, X2, X%, X,?, X.* are significant
model terms (P-value < 0.01). As a result, X -X, >
X, (57,5;152,5) > X X, > X > X, (4, 8) > X - X,
define the most significant model term influence of
the adsorption capacity of RR-141, with F-value
equal to 587.4252, 378.2426, 255.3661, 252.8391,
234.1624 and 229.8403 respectively. This study
validates the efficiency of RR-141 removal as a
function of those different factors. Similar observa-
tions were reported by (Hafdi et al., 2020b), which
supported the present finding.

Pareto diagram analysis

By using The Pareto chart, we can prioritize
the importance of factors in our RR-141 elimina-
tion experiment. The results of our model revealed
that twelve terms have a significant influence on
the adsorption capacity of RR-141 (explaining
more than 80% of the total effects). As illustrated
in Figure 5 we can observe from the statistics that
some factors have a bigger influence than others.
The adsorption capacity of RR-141 is most posi-
tively impacted by the component X* (the qua-
dratic effect of adsorbent dose), the combinations
X, X, (RR141 dose-adsorbent dose), X, -X, (ratio
of the adsorbent'pH), and X, X, (pH-time) and
X? (the quadratic effect of the adsorbent ratio)
among these parameters.

In fact, we find a considerable increase in
the percentage of contaminant elimination. when
these components are present at certain levels.
However, the important effects of the component
X2 (the square of pH), the interaction X - X (ratio
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of the adsorbent-time) are marginally less pro-
nounced. Importantly, these elements are essential
to comprehending and improving our adsorption
process. Using these findings, we can specifically
target these factors while optimizing our system
to maximize the adsorption capacity of RR-141.
The significance of these terms is also confirmed
by their corresponding P-values, which were less
than 0.05, as illustrated in Table 6.

Validation of the model

In this study, we analyzed the relationship
between the experimental and predicted values
of adsorption capacity using the design-of-ex-
periments method, as presented in Tables 7 and
8. It is noted that, experimental values for ad-
sorption capacity ranged from around 0.37 to 50,
while the values predicted by our model ranged
from 0.81 to 49.36. The residuals, indicating the
difference between predicted and experimental
values, show a significant dispersion, rang-
ing from -2.07 to 1.14 for adsorption capacity.
The most residuals are close to zero, indicating
reasonable agreement between predicted and
experimental values in many cases. However,
high residuals, particularly those above 2, sug-
gest significant divergence in some cases, these
data more closely and potentially improve our
model for more accurate predictions. Similarly,
Figure 2 is fully consistent with our previous
interpretations. In fact, the high coefficient of
determination R? = 0.993 for adsorption capac-
ity, indicates an extremely strong correlation
between the predicted values and experimental
observations. This high coefficient of determi-
nation confirms the validity and robustness of
the defined model in predicting ¢, (mg-g™) ad-
sorption capacity. It is consistent with the pre-
vious interpretations, and the experimental data
highlights the validity of our model in many
situations. Table 7 summarizes the definition of
appropriate locations for the best adsorption ca-
pacity (mg-g") for the dye RR141.

Two-dimensional iso-response plots and
three-dimensional response surfaces were gener-
ated using STATISTICA software to assess the
relative impact of two factors while keeping the
others constant (Driouich et al., 2020). These rep-
resentations, which are based on the regression
equation and generated from the quadratic mod-
el’s equations, seek to comprehend the influences
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Table 6. Estimated regression coefficients and corresponding F and P values for RR141 adsorption capacity q,
(mg-g")

Sou_rc_e of Es“”.‘?ted Erreur standard | Sum of squares F___ P-value Significances
variation coefficient experimental
Constant 0.8180947 0.3639

x, (1.5; 4.5) 3.7880458 0.238228 344.38299 252.8391 <.0001* b

x, (67.5; 152.5) 2.7006708 0.238228 175.04695 128.5160 <.0001* b

x, (57.5; 152.5) -4.633171 0.238228 515.19053 378.2426 <.0001* b

x, (4, 8) 3.6454542 0.238228 318.94407 234.1624 <.0001* e

x,(37.5; 92.5) -1.223771 0.238228 35.94276 26.3885 0.0001* e

X,*X, 2.5475313 0.291769 103.83865 76.2363 <.0001* e

X,*X, -0.147394 0.291769 0.3476 0.2552 0.6208 NS

X, X, -1.983131 0.291769 62.92495 46.1982 <.0001* e

X,*X, 7.0715563 0.291769 800.11052 587.4252 <.0001* e

X, X, 3.7102938 0.291769 220.26048 161.7108 <.0001* e

XX, -3.726106 0.291769 222.14188 163.0921 <.0001* i

XX -1.467806 0.291769 34.47128 25.3081 0.0001* bl

X, X 3.3180563 0.291769 176.15196 129.3272 <.0001* bl

XX -1.999069 0.291769 63.94041 46.9438 <.0001* bl

X, X -1.511694 0.291769 36.56349 26.8442 0.0001* bl

XX, 2.6370592 0.206312 222.53059 163.3775 <.0001* bl

X,*X, 3.1277842 0.206312 313.05708 229.8403 <.0001* bl

X, X, 3.2968967 0.206312 347.82488 255.3661 <.0001* bl

XX, 2.3846592 0.206312 181.97118 133.5996 <.0001* b

XXy 2.0321592 0.206312 132.14947 97.0215 <.0001* b

Note: non-significant; =*xx*: significant at a level of 0.1% (F,, (1, 15) = 16.59); *=: significant at a level of 1%
(F, 010 (1, 15) = 8.68); *: significant at a level of 5% (F) (1, 15) = 4.54) (Esbensen et al., 2002); ¥(¢g (mg/g)) =

0.8180947+3.6905417X,+2.7006708X, -4.633171.X,+3.6454542X, -1.223771X,+2.5475313X - X,-1.983131.X, X,
+7.0715563X X, +3.7102938X "X,  3.726106X,"X, -1.467806X X, +3.3180563X, X, -1.999069X X,
-1.511694X X, +2.6370592X > +3.1277842X* +3.2968967.X* +2.3846592X,* +2.0321592X*; with (8, =
0.8180947) being a constant that is independent of any factor.
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Figure 5. Pareto diagram for the RR141 adsorption capacity of analysis

55



Ecological Engineering & Environmental Technology 2024, 25(7), 46—62

Table 7. The scale of the desirability of the RR141

adsorption capacity

Value Adsorption capacity (mg-g") | Desirability
Hight value 55 0.9819
Mean value 275 0.5

Low value 0 0.066

of factors on response and identify optimal condi-
tions for the responses under study.

Response surfaces and iso-response curves il-
lustrate the correlation between the independent
factors (pH, adsorbent ratio, dye RR141 concen-
tration, and adsorbent dose) and the dependent
response (the adsorption capacity). These curves

Table 8. Experimental RR-141 adsorption capacity ¢, (mg-g"') with experimental, predicted and residual values

Adsorption capacity g, (mg-g™)

Logical order Experimental Predicted Residual
1 9.3218 11.39427 -2.07247
2 16.2875 15.83166 0.45584
3 8.6869 7.80594 0.88096
4 13.7506 13.25546 0.49514
5 4.8716 4.56004 0.31156
6 33.0309 31.88901 1.14189
7 18.0498 17.09149 0.95831
8 4.1476 3.5751 0.5725
9 31.1523 30.15469 0.99761
10 2.9948 3.06582 -0.07102
1 21.9075 23.27202 -1.36452
12 7.335 7.92789 -0.59289
13 3.5645 3.79024 -0.22574
14 0.4597 0.81809 -0.35839
15 1.7644 0.81809 0.94631
16 0.3743 0.81809 -0.44379
17 1.569 0.81809 0.75091
18 0.5948 0.81809 -0.22329
19 0.9832 0.81809 0.16511
20 1.01467 0.81809 0.19658
21 1.1808 0.81809 0.36271
22 0.6921 0.81809 -0.12599
23 1.21684 0.81809 0.39875
24 17.4993 18.94242 -1.44312
25 17.6546 18.73057 -1.07597
26 4.435 4.73934 -0.30434
27 16.0498 17.64764 -1.59784
28 2.5434 2.40224 0.14116
29 20.1508 20.19321 -0.04241
30 14.7257 15.15393 -0.42823
31 6.004 6.00711 -0.00311
32 7.0797 6.86118 0.21852
33 50.0075 49.36386 0.64364
34 4.0571 3.79928 0.25782
35 0.8765 0.80225 0.07425
36 6.9028 6.49919 0.40361
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for adsorption capacity are displayed in Figure
6a along with the interaction impact between pH
and adsorbent dose at fixed time points of 92.5
minutes, 4.5 adsorbent ratio, and 152.5 mgL! dye
concentration (RR141). The findings indicate that
when the adsorbent dose is decreased, the adsorp-
tion capacity significantly increases. Addition-
ally, when the adsorbent dose is between 5 mg-L"!
and 60 mg, and the pH is between 8 and 11, the
optimal zone for maximal adsorption capacity is
attained.

Figure 6b shows that, with a 152.5 mgL"
RR141 concentration, 57.5 mg of adsorbent,
and 92.5 minutes of contact time, the adsorp-
tion capacity increases as the pH rises. Accord-
ing to these results, with little fluctuation in
these responses when the adsorbent ratio varies.
Consequently, Figure 6¢ shows that an increase
in concentration corresponds to an increase in
adsorption capacity, which explains the results
observed. In summary, these findings indicate
that the higher concentration of RR141 is due
to the higher surface area of the adsorbed dose
present in the solution, which in turn creates a
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<S55 <SS
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stronger driving force to accelerate the migration
of RR141 dye molecules to the active adsorbent
(binding) sites of Ca, (PO,), 5(VO,), (OH),. The
study has revealed the remarkable efficacy of the
adsorbent material developed from waste materi-
als in removing the dye RR141 from wastewater.
In comparison to other frequently utilized adsor-
bent materials such as activated carbons, Nick-
el oxide doped natural phosphate (NP/NiO) or
chitosan and zeolitic imidazolate framework — 8
(Z1F-8), the Ca (VO,) (PO,), (OH), showed a
significant adsorption capacity. Table 9 shows a
comparison of waste-based adsorbents and their
adsorption, highlighting the superior performance
of this study.

Kinetic study

The pseudo-first order (PFO) and pseudo-sec-
ond order (PSO) kinetic models’ relative R? val-
ues are displayed in Table 10. The results reveal
that R? values for the PFO are below 0.8, while
those for the PSO are predominantly above 0.92,
even reaching close to 0.99. These results indicate

Adsorbant dose (m

3 4 s 6 7o <
tatio of the adsorbant Ca10(VO4) x (PO4) (6-x) (OH)2 <

RR141 doss (mg/h)

Figure 6. Contour plots and the surface response of adsorption capacity q_ (mg-g"') according to the
main effect factors: (a) pH, adsorbent dose, (b) ratio of the adsorbent, pH; (c) pH, RR141 dose
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Table 9. Comparison of adsorbent performance for RR141 removal

Adsorbent Adsorption capacity (mg-g™) Reference
Activated carbon 38.74 (Behloul et al. 2022)
NP/NiO 38.91 (Hafdi et al. 2020c)
Chitosan/ZIF-8 6.51 (Phonlakan et al. 2023)
Ca,(VO,),(PO,) (OH), 50 This study

a better fit of the pseudo-second-order model to
describe RR141 adsorption. these experimental
studies were carried out over a range of concen-
trations from 5 to 150 mg-L'to assess the kinetics
of the 4.5V-apatite adsorbent towards RR141.

Adsorption isotherme

Following the evaluation of the Freundlich,
Sips, and Langmuir adsorption isotherms, the
values obtained for the coefficients of determi-
nation (R?) are 0.87, 0.80 and 0.97 respectively
as shown in Table 11. Although the R* values for
the Langmuir and Freundlich models are slight-
ly lower, the Sips model has a high R? of 0.97.
In comparison to the other models, these results
point to a better match between the theoretical
Sips model and the experimental data. The rela-
tionship between adsorbent concentrations and
amounts absorbed in the system under study ap-
pears to be better represented by the Sips model.
Even so The Sips model is a combination of the
Langmuir and Freundlich models. This approach
combines elements of both multilayer adsorption
(described by the Freundlich model) and mo-
no-molecularity (represented by the Langmuir
model) in a single model. Thus, the suitability of
the Sips model with a higher coefficient of deter-
mination (R?) suggests that this model may better
represent the variety of adsorption mechanisms

Table 10. Pseudo- first -order, pseudo- second -order

present in the system studied, encompassing both
monomolecular and multilayer layer formation
on the adsorbent surface.

Using non-linear regression curves (Figure
7), several isothermal model equations (Table 3)
were considered to predict how the RR141 dye
will behave in relation to the adsorbent. The de-
tailed results for the three isothermal model cal-
culations are presented in Table 11.

Adsorption thermodynamics

Understanding thermodynamics is necessary
for sorption processes. It offers details on the ad-
sorption as well as the kind of adsorption heat. This
includes entropy (AS®), thermal adsorption (AH®),
free energy (AG®), and the equilibrium constant
K. The thermodynamic parameters of the adsor-
bents were obtained using the Langmuir adsorption
isotherm constant, K, and the van’t Hoff equation,
with conventional equations Table 12.

The adsorption experiment with the RR141
dye on the adsorbent was carried out at different
temperatures (308, 313, and 318 K). The adsorp-
tion capacities of adsorbents showed a linear in-
crease when the temperature was raised from 20 to
50 °C. This observation suggests that the dye mol-
ecules have a greater propensity to interact with the
adsorbent surface at higher temperatures, leading
to increased adsorption capacity. Thermodynamic

kinetic model for the adsorption of RR141 onto prepared

adsorbent (pH = 8, adsorbent dose = 57.5 mg, ratio of the adsorbent = 4.5)

Value of the dye RR141
Kinetic model Parameter
s5mgL' | 10mgL' | 20mgL' | 50mgL* | 100 mg-L | 150 mg-L"
Pseudo first order (PSO)

4,0 (M3-g7) 0.0699 0.9575 0.8286 2.552 18.827 15.386

PFO K, (min”) 0.00156 -0.0006 0.0003 -0.0012 -0.0017 -0.0014
R? 0.0361 0.237 0.0628 0.3139 0.6137 0.8281

Pseudo second order (PSO)

q,., (Mg-g") 4.4984 4.2571 6.1728 21.598 42.1940 46.9483

PSO K, (min"") 0.1137 0.2800 0.0312 0.0074 0.0024 0.0051
R? 0.9977 0.9909 0.9926 0.9266 0.9885 0.9966
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Figure 7. Adsorption isotherm of nonlinear; (a) Langmuir, (b) Freundlich, and (c) Sips

Table 11. Isotherm parameters for RR141 adsorption
on the Ca, (PO)), (VO,), (OH),

Isotherm model Parameter Value
Qoo (MGg7) 53.7759
Langmuir K, (mg-L") 0.02119
R? 0.8701
K.mg-g" (mg-L")" 4.34385
Freundlich N 2.19632
R? 0.80949
q, 91.5059
Sips Ky 0.00215
N 1.39348
R? 0.98434

parameter values are listed in Table 12. Negative
values of AG®, at all operating temperatures, in-
dicate spontaneous adsorption. The fact that AH®
(-11.599 kJ-mol') is negative, indicates that the
adsorption process is exothermic. Utilizing AH,
we can infer the adsorbent-adsorbate interactions,
where physisorption is often associated with val-
ues less than 40 kJ-mol'. Positive values of AS®
(19.0922 J-K-'*mol™) signal an increase in disorder
at the interface between adsorbent and adsorbate.

Adsorption mechanism

The investigation identified the point of zero
charge (PZC) of Ca (VO,) (PO,), (OH), at 8.73,
indicating that above this pH value, the adsorbent
surface becomes negatively charged, while below
it, the surface carries a positive charge. As the
RR141 dye is anionic, this results in an electro-
static interaction between the adsorbent and the
negatively charged dye molecules. Notably, the
results demonstrate that the adsorption capacity
for RR141 dye reaches its maximum at pH 8, with
a capacity of 50 mg-g™.

CONCLUSIONS

We conclude that this study highlights the crit-
ical need for developing a novel adsorbent for the
removal of the RR141 dye using NPs-HAP-VAP
adsorbents derived from solid waste. The results
reveal a coefficient of determination (R?) of 0.995,
confirming the robustness and accuracy of the
adsorption model developed using the CCD. The
optimal conditions determined, including a spe-
cific incorporation ratio of 4.5, adsorbent dose of
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Table 12. Formulas and thermodynamic parameter for RR141 adsorption on the Ca

o(P 04)1.5(VO4)4.5(OH)2

Equation
K AG® AH° AS°
- 2
v 139:5623;822-)2964 R T(K) (mg-LL'1) LnK, (kJ-mol) (kd-mol ) (J-K"-mol ")

Van't hoff equation: 293.15 1132.293801 20.8475 -50.810 -11.5996 19.0922

L”’fé =_1”§dc+1/ T 303.15 1032.698825 |  20.7554 -52.311

AG® = _,%T. LK, 313.15 847.5982817 20.5579 -53.523
AG® = AH*-T.AS® 323.15 739.2219038 20.4211 -54.864

57.5 mg, dye concentration of 157.5 mg-L"!, pH of
8, and contact time of 92.5 min, played a crucial
role in achieving maximum removal capacity of
the RR141 dye. This study demonstrated an ad-
sorption capacity of 50 mg-g"', with a percentage
removal reaching 100%. The RR-141 removal fol-
lows the pseudo-second order and the SIPS model.
Thermodynamic calculations showed spontaneous
adsorption, suggesting that the physical character
is enhanced by positive entropy variations. These
findings demonstrate the remarkable effectiveness
of this approach to pollution control, which offers
hopeful prospects for sustainable waste manage-
ment and environmental protection.
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