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efficient removal: chemometric optimization by Box-Behnken response
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ABSTRACT

This work aims to optimize the ozonation/adsorption coupling system as an advanced technique
for the removal of the dye crystal violet (CV) in the presence of new innovative material based on
the Capparis spinosa L waste (CSLW). Data from operational parameters such as adsorbent dose (X,),
CV concentration (X,), and oxygen flow rate (X,) were used to optimize the dye removal rate (Y)
by the Box-Behnken design (BBD) response surface methodology. Under the ideal conditions of X,
(2 gL, X, (100 mg-L™"), and X, (4 L-min™), the rate Y exceeded 99.75%. The complete removal of
the CV dye by the ozonation/adsorption coupling results from the selective interactions between
the surface groups of the CSLW material, the ozone and the various charges present in the solution.
The coupling mechanism indicates that ozonation partially degrades the CV dye and the adsorption
process significantly increases the percentage of removal due to the different adsorbent-adsorbate
interactions. Due to the low power consumption of the oxygenator and ozonator and the lack of
CSLW cost, the treatment of CV by the ozonation/adsorption coupling could cost about $1.8518 L.
Thus, this process could be generalized through an industrial pilot-scale application.

Keywords: Box Behnken design; Capparis spinosa L waste; Cost; Mechanism; Ozonation/adsorption
coupling
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1. Introduction

Economic development and ecological safety are threat-
ened by the large volume of liquid discharges from textiles
that affect the environment and public health [1,2]. Chemical
pollution of water by industrial textile discharges is a major
threat to the aquatic ecosystem [3,4]. This contamination
is characterized by the presence of 20% of the consumed
dyes in the effluents following the use of large volumes of
water in textile production [5]. Dyes are among the chemical
pollutants present in various matrices and are not the only
compounds suspected of posing a threat to the environment
[6]. From an ecotoxicological point of view, they are muta-
genic, endocrine disruptors, and carcinogens [7]. On the
other hand, they are persistent, not very biodegradable, of
a complex chemical structure, and are easily water-soluble
[8]. In addition, they block the passage of light through the
water, which reduces the photosynthesis of plants [9,10].
Crystal violet (CV) is a cationic triphenylmethane dye
widely used in the textile dyeing, paper printing, leather
tanning, and plastics industries [5,11]. As a mutagen, the
presence of CV in water is a major threat to aquatic life as
well as a possible risk to human health [12]. Overall, aquatic
pollution is one of the most important existential challenges
of the Anthropocene era, since freshwater constitutes only
3% of the total quantity, of which less than 0.01% is usable
by humans [13]. Unfortunately, a tiny percentage of read-
ily accessible drinking water sources, including surface
and groundwater, have recently been polluted by a variety
of aquatic contaminants, including coliforms [14], harm-
ful metals [15], pesticides [16], radionuclides [17], tannery
effluents [18-20], hospital effluents [21], pharmaceuticals,
and personal care products [22]. Water contamination is a
major problem affecting public health and one that is pro-
gressively worsening in emerging countries. Assuming
that by 2050, 9.2 billion people, or 70% of the world’s pro-
jected population, will face problems with access to water,
electricity, and food, wastewater management will become
increasingly important [23]. Water pollution by dyes is a
complex issue that requires multidisciplinary approaches to
mitigate. As a result, environmental awareness and stricter
regulations are driving the search for original and innova-
tive methods for treating toxic-colored wastewater. Research
into methods for eliminating dyes before discharging tex-
tile effluents into water resources would be of great inter-
est in terms of developing pilot methods applicable on an
industrial scale, and also innovative in terms of economical
and ecological biomaterials. Indeed, some scientific stud-
ies have provided significant advances in the development
of promising and effective materials for the depollution of
water contaminated by dyes such as malachite green [24],
methylene blue [25-28], celestine blue [29], and acid green
50 [30]. In addition, the scientific literature mentions recent
techniques that offer promising solutions for the efficient
and selective removal of contaminants from wastewater,
such as alginate encapsulation [31], the liquid chromatog-
raphy-tandem mass spectrometry method [32], nanoporous
iron oxide/carbon composites [33], the use of carbon nano-
tubes in chromatography [34], membrane microfiltration
[35-37], and column filtration [38]. Many researchers have
studied the treatment of CV by different methods such as

adsorption [39-41], oxidation by thermally activated perox-
ide [42], and the electro-Fenton process [43]. Ozonation is a
pilot method known for several advantages because ozone
is a powerful oxidizing agent, a non-toxic disinfectant, and
environmentally benign. Also, it causes the solubilization of
sludge, which reduces the total biomass production [44,45].
In addition, the ozonation process is advantageous because
of the simplicity of the system installation, the non-neces-
sity of storing hazardous chemicals, and the easy decompo-
sition of the residual ozone into oxygen and water [46,47].
Based on previous research, ozonation has shown satisfac-
tory results in the removal of some dyes such as Reactive
Black 5 [48,49], Procyon Blue Reactive Dye [50], and Reactive
Orange 16 [51]. Adsorption is a mass transfer process that
results from the attachment of gases or solutes to solid or
liquid surfaces as a result of unbalanced forces that cause
molecules or atoms to retain some of their surface energy
in such a way that certain substances attract these unbal-
anced forces when they collide with the solid surface [52].
This technique is simple to handle, inexpensive, and does
not create harmful by-products [53]. The scientific literature
currently lacks a thorough overall understanding of the pos-
sible synergies and best practices between ozonation and
adsorption processes in the context of colored effluent treat-
ment, due to the main focus of previous research on certain
specific characteristics of the ozonation and adsorption pro-
cesses. The coupling of oxidation (ozonation) and separation
(adsorption) processes constitutes a strategic solution for the
sustainable management of wastewater and the problem of
micropollutants. Indeed, the application of oxidation on an
effluent simultaneously with a separation process allows for
attenuating the phenomenon of saturation of the active sites
and decreases the volume of concentrate to be managed by
an increase in the conversion rate [54].This coupling con-
stitutes an effective treatment on the retentate before dis-
charge in the receiving environment; moreover, it allows a
good degradation of the micropollutants concentrated in
the retentate [55]. This brings a double solution, firstly to
the problem of saturation of the adsorption pores and man-
agement of the often-voluminous retentate of the separa-
tion processes, but also ensures good retention of the often
toxic degradation by-products of oxidative processes [56].
Some authors have studied the coupling of these pro-
cesses and have underlined the major interests that the
latter provides. For example, the ozone/activated carbon
coupling is not the simple addition of the effects of ozona-
tion and adsorption processes on activated carbon taken
separately. Studies conducted on different compounds have
shown that the presence of activated carbon increases the
degradation rate of molecules and also improves the elimi-
nation of products that are refractory to conventional treat-
ment methods [57-59]. Francoeur et al. [60] used ozonation
coupled with magnetically activated carbon adsorption of
Sargassum sp for the degradation of erythromyecin, tetracy-
cline, and penicillin. Mojiri et al. [61] removed acetamino-
phen and amoxicillin from water using a combination of
ozone reactor and chitosan/bentonite. Rahimi et al. [62]
evaluated the sensitivity analysis and optimization of the
granular activated carbon adsorption process with ozona-
tion integration for wastewater treatment scale-up at the
ethyl acetate plant. The removal of organic compounds
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and their by-products by the ozone/activated carbon cou-
pling is the result of a complex combination of homoge-
neous reactions (within the liquid: direct ozonation due to
a molecular reaction between ozone and the pollutant and
Indirect ozonation due to a radical reaction by the radicals
resulting from the decomposition of ozone in water and
the degradation of ozone on the surface of the activated
carbon) and heterogeneous (on the surface of the activated
carbon: adsorption of pollutant molecules on the activated
carbon and direct and/or indirect ozonation of the products
adsorbed on the activated carbon) [63]. This study is part
of an authentic and original theme of the development of
innovative and economically viable methods for the treat-
ment of wastewater pollution refractory to conventional
processes. The idea of this work is to couple the ozonation
process to the adsorption process on Capparis spinosa L
waste (CSLW) simultaneously to create an advanced oxida-
tion process capable of removing bio-recalcitrant molecules
such as crystal violet (CV) dye. In simultaneous mode, the
combination of ozone with the adsorbent would increase
the decomposition of ozone into hydroxyl radicals. The
objective of this study was to develop hybrid methods cou-
pling ozonation as well as advanced oxidation and adsorp-
tion methods to remove colored organic micropollutants. It
is within this framework that this study aims to highlight
the synergistic effect between ozonation and adsorption
using CSLW to CV dye removal. The textural, structural,
and physicochemical characterization of the adsorbent
has been carried out with classical techniques including
SEM-EDX and FTIR. Moreover, the methodology adopted
is very original because it implements the use of advanced
chemometrics and more precisely the Box-Behnken design
of experiments (BBD). This mathematical and statisti-
cal methodology makes it possible to numerically search
for the optimum conditions for the ozonation/adsorption
coupling method, increasing its efficiency on the target
pollutant (CV) while minimizing operational cost, labor,
reduced operating time, and chemical consumption [64-68].

2. Materials and method
2.1. Crystal violet

The dye used in this study is 99% pure crystal violet
(CV) obtained from Sigma Aldrich (Merck, Germany), and
has the formula C,N,H, Cl with a molecular weight of
407.979 g-mol™. The dye was diluted with ultrapure water
to obtain 100, 300, and 500 mg-L" concentrations from a
stock solution of 1 gL' concentration. The absorbances
were then measured by UV-visible spectroscopy at the

maximum wavelength of 589 nm.

2.2. Adsorbent preparation

The leaf and root wastes of Capparis spinosa L (CSLW)
from the caper processing plant were washed with hot
ultrapure water, dried, and ground. To solve the different
organic compounds, the resulting 80 g of powder was sol-
vated with 1 L of ethanol (95%). Next, 0.5 L of hydrogen
peroxide (30%) was added to oxidize the unsolvated organic
debris. Both ethanol and hydrogen peroxide were obtained

from Sigma-Aldrich (Merck, Germany). Finally, the CSLW
was oven dried for 72 h at 60°C and sieved to obtain
grain sizes of less than 200 pm.

2.3. Instrumental characterization techniques

Some studies have shown that the interaction between
ozone and the surface groups of the adsorbents could lead to
the generation of hydroxyl radicals. To control and optimize
this process, it seems necessary to understand the role of
CSLW and the influence of their chemical and textural prop-
erties on the system studied. Scanning electron microscopy
(SEM) is a technique that allows to study of the surface state
of materials by direct observation of the diagrams and to
deduce the surface roughness. The scanning electron micro-
scope FEI Quanta 200 was manufactured by FEI Company
based in Hillsboro, Oregon, USA. The sample is bombarded
by an electron beam with an energy of about 20 keV. The
impact causes the emission of X-rays characteristic of the
elements constituting the sample. Infrared spectroscopy was
used to obtain information on the chemical structure and
functional groups of the prepared adsorbent materials and
also to determine the presence or absence of organic matter
on the surface of the CSLW material. Solid phase Fourier
transform infrared spectra were recorded with the FTIR-
VERTEX 70-BRUKER infrared spectrometer (manufactured
by Bruker Optics Inc, Billerica, USA) with a resolution of
4 cm™ in the frequency range between 4,000 and 400 cm™.

2.4. Ozonation system

The ozone system is made up of an assembly of an
oxygen generator and an ozone generator (ArcBull Ozone
Systems, Ankara, Turkey) (Fig. 1).

2.5. pH and electrical conductivity measurements

The pH was measured at room temperature by an Orion
PerpHecT logR meter (Inolab WTW, Germany). Electrical
conductivity was measured at room temperature by a hand-
held conductivity meter (Sension 5 model, HACH, CO, USA).

2.6. Color measurement
2.6.1. L%, a*, and b* parameters of the color

L*, a*, and b* parameters of the color were measured by
a Hunter Color Flex spectrophotometer (Hunter Associates
Laboratory Inc., Reston VA, USA). According to ISO/CIE
11664-4:2019, the color difference AE between the initial
and final treated solution is calculated via Eq. (1) [69]:

2

* 2 « . “ . \2
AE = \/( Linitia] - Lﬁnal) + (ainitial - aﬁnal) + (binitial - bﬁnal) @

2.6.2. Chroma (C*)
Chroma (C*) was calculated via Eq. (2) [70]:

C* = + b2 )
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Fig. 1. Ozonation system experimental setup.

2.6.3. Hue angle (H°)

Hue is the pure form of color and is calculated by a*
and b* values.

When a* and b* are both positive, the hue angle is
obtained by applying Eq. (3):

b*
H° =arctan| — 3)
a*

When a* is negative and b* is negative or positive,
the hue angle is obtained by applying Eq. (4):

H° =180+ arctan(b j 4)

u>(-

When a* is positive and b* is negative, the hue angle is
obtained by applying Eq. (5):

%

*
H° =360+ arctan( b j 5)
a

2.7. Calculation of the cost of the ozonation process

Used ozone volume was calculated by the volume of
ozone not used and which reacts with 2% potassium iodide
which is dosed in the presence of the 1% starch solution
by the 0.4 M sodium thiosulfate.

The reactions involved are expressed in Egs. (6) and (7):

O, +2I

o F2H 1,

+0,.,,+H,0 6)

() (aq) (8)

+25,0%

(aa) —2I7

()t S,02 7)

I2(*5)

From these chemical equations, we can see Egs. (8)
and (9):

Potassium
iodide

s 0o*¥) C. .,V
n(o3unused) = n(IZ) = n( 22 8 ) — 52032 S,03 (8)
V.
n(OSiniﬁal) = w o
3

where C (5,07) is equal to 0.4 M, V (5,02) is the titrated
volume, V, . "is the volume of the CV solution (0.2 L),
M(O,) is the molar mass of ozone (48 g:mol™), and C
(O,;4.) 1s the mass concentration of the initial ozone (g-L™)
and depends on the oxygen flow rate generated (L-min™).
The latter is calculated by Eq. (10):

c(o

=-0.0046 oxygen flowrate + 0.0296 (10)

3initial )

Then the volume of ozone used is obtained using
Egs. (11) and (12):

n (OSused ) = n(o3initial ) - n(OBunused )

V (OSused ) =n (03used )Vm

With V=224 L-mol’ the molar volume of the gas
at a temperature equal to 273.15 K and pressure equal
to1atm.

Finally, the total cost of the ozonation process is obtained
by adding the cost of ozone, which is about 0.0025 euros
per liter [71] on the electrical consumption of the oxy-
genator and the ozonator as well as the cost related to the
preparation of the CSLW powder in case of its use.

(11)

(12)

2.8. Box—Behnken design of experiments (BBD)

The Box-Behnken design-based response surface meth-
odology was used in this work to evaluate the influence of
the CSLW dose (X)), initial CV concentration (X,), and oxygen
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flow rate (X,), and to discover the effects of the interactions
between the factors on dye removal rate in % (Y) (Table 1).

Minitab 22 and Design—Expert 13 were used to random-
ize the tests and to create 3D visualizations showing the
interaction between the elements. Modeling of the experi-
mental data was performed using the least squares regres-
sion approach. To assess the adequacy of the model, it was
necessary to analyze its errors via the chi-square statistic
(x?), Marquardt’s percentage standard deviation (MPSD),
hybrid fractional error function (HYBRID), the absolute
sum of errors (EABS), the sum of residual squares (SRS),
mean relative error (ARE), and root means square deviation
(RMSD).

Given the sample size and the number of variables in
the relationship, the chi-square statistic estimates the mag-
nitude of any disparity between the predicted and actual
outcomes via Eq. (13) [72]:

AN\2

v )
— 13
2% (13)
The Marquardt percentage standard deviation (MPSD)
error function is a distribution that follows the geometric
mean error that takes into account the number of degrees

of freedom of the system [73]. This statistic is obtained by
performing the calculation in Eq. (14):

MPSD = (14)

The hybrid fractional error function (HYBRID) was cre-
ated to improve the fit of the sum of squared errors [74].
This function is expressed by Eq. (15):

o
=

i

AN\2
1 V)
HYBRID = L

(15)

2
|

= |2

-

=

The error absolute sum (EABS) is the sum of the abso-
lute values of the vertical residuals between the points gen-
erated by the function and the corresponding points in the
data and is calculated by Eq. (16) [75]:

EABS=YlY,-Y, (16)
i=1

Table 1

Independent factors and their levels
Factor Levels

-1 0 +1

X,: CSLW dose (g'L™) 0 1 2
X,: Initial CV concentration (mg-L™) 100 300 500
X,: Oxygen flow rate (L-min™") 3 4 5

The sum of residual squares (SRS) is part of the variabil-
ity of the dependent variable that we cannot explain with
the model. This is the part where our independent vari-
ables cannot explain the dependent variable. Eq. (17) shows
that this statistic is calculated as the sum of squares of the
difference between the observed values of the dependent
variable (values collected in reality) and the values esti-
mated by the model (values calculated by the model) [76].

2

SRszi(Yi—f@) 17)

The average relative error (ARE) is the average of the
quotient of the absolute error by the quantity to measure
and it is calculated by Eq. (18) [77]:

ARE = @
n o

Y-V

7 : (18)

The root means square error (RMSD) is a measure of
the average magnitude of the error. The model can only
be considered accurate when this statistic tends to zero,
which is calculated using Eq. (19) [78]:

RMSD = (19)

With 7 is the number of observations in the experimental
data, Y; is the experimental value, YZ. is the predicted value
and p is the number of model parameters.

The adequate accuracy ratio must be greater than
4 so that the model can be used to navigate in the design
space [79].

3. Results and discussion
3.1. Characterization results

Scanning electron microscopy allows us to distinguish
the morphology of Capparis spinosa L waste (CSLW) and
to characterize the physical properties of its surface. The
images in Fig. 2 reveal a homogeneous surface possessing
neighboring pores of nearly the same size. Elemental analy-
sis reveals the presence of carbon (62.32%), oxygen (33.68%),
magnesium (0.36%), aluminum (0.39%), silicon (1.26%),
sulfur (0.18%), and calcium (1.82%), which is generally the
case in lignocellulosic materials.

The spectrum obtained by Fourier transform infrared
(FTIR) analysis of the CSLW sample is presented in Fig. 3.
Characteristic vibrational bands have been assigned, mainly
in agreement with data from scientific literature. The band
around 3,279 cm™ is generally attributed to the stretching
of hydroxyl groups [80]. The bands at 2,922 and 2,851 cm™
characterize the C-H stretching of the methylene and methyl
group [81]. The band at 1,730 cm™ can be attributed to the
C=0 stretching of the ketone carbonyl group in hemicellu-
lose [82]. The band at 1,626 and 1,543 cm™ corresponds to the
stretching of the aromatic ring C=C in cellulose and lignin
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Fig. 2. Elemental composition of CSLW by scanning electron microscopy and energy dispersive X-ray.
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Fig. 3. Fourier-transform infrared spectrum of CSLW.

[83]. A band at about 1,371 cm™ is produced by the bend-
ing of the aliphatic methyl and methylene groups [84]. Other
visible bands between 1,317 and 1,020 cm™ can be attributed
either to COOH stretching of carboxylic acid or ester in

hemicellulose or to C-O-O, C-O, C-OH stretching of lignin,
and/or polysaccharides in cellulose, lignin, and hemicellu-
lose [83]. Bending vibrations of the aromatic C-H group in
lignin lead to the band at 895 cm™ [85,86]. Si-O-5i bending
vibrations may be responsible for the band at 527 cm™ [87].

3.2. Physicochemical analysis

The average pH of the solution decreases from 7.52 + 0.43
to 4.46 = 1.40 after ozonation/adsorption coupling (Table 2).
This change is significant and highlighted by the one-way
analysis of variance and more specifically by a calculated
Fisher-Snedecor statistic F_,_, .. (28, 1, 0.05) equal to 64.69,
greater than the critical Fisher-Snedecor statistic F_,. (28,
1, 0.05) equal to 4.19, that is, a Fisher probability value equal
to 0 and thus below the 0.05 threshold. The average electri-
cal conductivity of the solution increased from 91.72 + 51.96
to 27540 + 166.98 after ozonation/adsorption coupling.
The one-way analysis of variance and, more specifically, a
calculated Fisher-Snedecor statisticF_,_, ., (28,1, 0.05) equal
to 16.55 greater than the critical Fisher-Snedecor statistic
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pH and electrical conductivity of the colored solution before and after ozonation/adsorption coupling

Experiment Before ozonation/adsorption coupling After ozonation/adsorption coupling
pH Conductivity (uS-cm™) pH Conductivity (uS-cm™)
1 8.227 +1.204° 32.567 +12.608"i 4.287 +1.744°% 130.189 + 8.156°""
2 7.077 +1.50370cde 37.500 + 12.500M 4.882 +1.428f% 59.692 + 37.517"i
3 8.013 + 0.150" 127.856 + 8.297¢f8h 3.168 + 0.013% 604.444 + 38.559°
4 7.103 + 1.2277bcde 217.033 + 159.508fh 5.058 + 1.506d<fs 287.611 + 146.852¢4¢
5 7.890 + 0.6327< 75.911 + 1.1868" 2.775 + 0.6038 391.000 + 43.670°
6 6.997 + 1.1642b<de 118.233 + 76.413¢fs"5 4.702 +1.268%f 165.644 + 95.953"¢h
7 7.813 + 0.650°* 81.444 + 7.4818h5 3.533 +1.041% 442 444 + 22 .433%%e
8 6.837 £ 1116 133.389 + 91.785¢s" 7.108 + 0.2272b<de 168.933 + 94.888¢fsh
9 7.877 + 1174 29.844 + 7.697" 5.948 + 0.553¢bedet 92.822 +11.928¢¢h
10 7.920 +0.277%* 129.356 + 3.821°"eh 5.273 + (0.127°bcdefg 474.111 = 76.473®
11 7.077 + 0.41470c 28.678 + 3.850 6.987 + 2.263¢bcde 99.922 + 22.435"¢h
12 7.737 +0.476% 132.861 + 2.151eh 3.673 +0.0288 478.778 + 64182
13 7.330 + 0.2807"< 78.156 = 2.7558" 3.210 £ 0.240% 213.967 + 29.554%8n
14 7423 +0.189% 76.611 = 4.3058" 3.320 £ 0.100% 244.967 + 43.830%"
15 7.493 + 0.476° 76.400 + 3.6128" 3.100 + 0.280% 276.589 + 25.556%

*Data in the same row with a different superscript letter before and after ozonation/adsorption coupling is significantly different (p < 0.05).

F i (28,1, 0.05) equal to 4.19, that is, a Fisher probability
value equal to 0 and thus below the 0.05 threshold, highlight
the significance and importance of this change. Physically,
the decrease in pH could be caused both by the formation
of acidic degradation products and by the consumption of
hydroxyl anions during ozone decomposition [88]. pH plays
a considerable role in the degradation of recalcitrant com-
pounds, and the electrical conductivity reflects the total min-
eralization of the solution, thus, making it possible to assess
the dissolved mineral substances in the ionic form [12,89].
Similar findings were made by De Souza et al. [90] using
Remazol Black B dye at a concentration of 500 mg-L. They
found that the initial pH values of 5, 7, 9, and 11 decreased
with ozonation time until a steady state was achieved at
pH 3, and this occurred after 20 min of ozonation time.
Physically, the increase in electrical conductivity could be
attributed either to the accumulation of ions or to the for-
mation of deprotonated organic acid groups as a by-prod-
uct of the ozonation of the dye molecules [91]. Venkatesh et
al. [92] also observed the decrease in pH of Reactive Black
5 dye from 10.13 to 3.30 and the increase in electrical con-
ductivity from 2,000 to 2,500 pS-cm™ after ozonation lasted
for 25 min.

The colorimetric analysis of the effluent before and
after ozonation/adsorption coupling allows us to highlight
and describe the visual changes associated with the process
through the characteristics measured, calculated, and col-
lected in Table 3. The initial values of L* ranged from 0.423°
to 3.221° and corresponded to a dark hue, but they were
measured as 28.452° to 60.906° after ozonation/adsorption
coupling, which implies that the colored solutions become
significantly lighter. Indeed, the average value of L* increased
significantly from 1.12 + 0.89 to 41.74 + 10.32 and this dif-
ference was statistically reflected by a calculated Fisher—
Snedecor statistic F_ (28, 1, 0.05) equal to 230.71 less than

the critical Fisher-Snedecor statistic F_,. , (28, 1, 0.05) equal
to 4.19 and a probability value equal to 0 less than 0.05. The
mean initial value of a* decreased slightly from 11.65 to 5.10
after ozonation/adsorption coupling. Statistically, ozonation/
adsorption coupling did not affect a* color parameter since
F_,(28,1,0.05) was equal to 2.85 less than 4.19 and the proba-
bility value was equal to 0.102 higher than 0.05. After ozona-
tion, the average value of b* increased slightly from —-11.30 to
-0.13. In addition, the probability value of 0.091 was greater
than 0.05, and F_ (28, 1, 0.05) was equal to 3.05, which was
less than 4.19, confirming that the color parameter b* was
not affected by ozonation/adsorption coupling. The average
value of chroma C* increased from 16.25 to 19.75 with a very
small increase after ozonation. In addition, F_, (28,1, 0.05)
was equal to 0.37, which was less than 4.19, and the prob-
ability value of 0.54 was greater than 0.05, demonstrating
that ozonation had no impact on the chroma C* parameter of
the color. The hue angles before ozonation/adsorption cou-
pling were all approximately 359.26°, while the hue angles
after ozonation/adsorption coupling varied depending on
the experimental conditions in each trial. The hue angles of
trials 1, 3, 4, and 5 ranged from 90° to 180°, indicating that
their hue was between yellow and green. The hue angles for
tests 2, 6,8,9, 10, 11, 13, 14, and 15 are between 270° and 360°,
indicating that their hue was between blue and red. For test 7,
the hue angle was between 0° and 90°, indicating that its hue
was between red and yellow. For test 12, the hue angle was
between 180° and 270°, indicating that its hue was between
green and blue. The average hue angle changed from 359.257°
to 251.403°, and this difference translated statistically into
a calculated Fisher-Snedecor statistic F_, (28, 1, 0.05) equal
to 14.78 less than the critical Fisher-Snedecor statistic F_,,
(28, 1, 0.05) equal to 4.19 and a probability value equal to
0.001 less than 0.05. The difference in color between the
non-treated and treated solutions also depended on the
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operating parameters of the test and was explained by the
degradation of the dye.

3.3. Application of the Box—Behnken (BBD) response surface
methodology for ozonation/adsorption coupling process
optimization

For proper experimental design, we performed pre-
liminary tests for an initial crystal violet concentration of
500 mg-L™ for 30 min of reaction. Ozonation with an oxygen
flow rate of 5 L-min™ gave 62.51%, adsorption with a CSLW
dose of 2 g-L gave 85.55%, and ozonation/adsorption cou-
pling gave 97.07% reflecting complete dye removal. Based
on this, we considered investigating the optimization of the
coupling of the two processes of ozonation and adsorption
operating simultaneously in a closed reactor through the
Box-Behnken design of experiments (BBD).

The one-factor-at-a-time method is time-consuming
and requires a large number of experiments. Chemometrics
is known for its various advantages, including cost-effec-
tiveness, time savings, efficient decision-making, accurate
predictions, reliable interpretation and presentation of multi-
variate data, and optimal experimental design (Table 4) [93].

3.3.1. Statistical analysis of the Y model

To decide which model is best suited for Y responses, it
was essential to consider the statistics that indicated its qual-
ity. First, the cubic model was aliased. Second, the sequen-
tial p-value of the two-factor interaction model was equal to
0.9367 was not significant. The linear model was significant
(sequential p-value equal to 0.0139). However, it is recom-
mended to use the quadratic model to navigate the design
space since it was more significant (sequential p-value less
than 0.0001). Furthermore, the latter had a coefficient of
determination R? = 0.9999, a standard deviation of 0.167018,
a sum of squares of the lowest predicted residual error

Table 4
Experience and response matrix

Experiment X, X, X, Y

1 2 100 4 99.75
2 0 100 4 86.83
3 2 500 4 97.14
4 0 500 4 76.28
5 2 300 3 93.93
6 0 300 3 76.54
7 2 300 5 9291
8 0 300 5 76.09
9 1 100 3 88.73
10 1 500 3 84.82
11 1 100 5 90.29
12 1 500 5 81.98
13 1 300 4 74.98
14 1 300 4 74.94
15 1 300 4 74.93

equal to 2.21, an adequate accuracy ratio equal to 181.3912,
a chi-square probability of 1, and the following errors sta-
tistics: HYBRID (0.0174), EABS (1.315), SRS (0.1835), ARE
(0.1012) and RMSD (0.1106). In addition, the predicted R?
of 0.9980 was in reasonable agreement with the adjusted R?
of 0.9996, that is, the difference was less than 0.2. Analysis
of variance (ANOVA) was used to assess the fit and signif-
icance of the Y quadratic model (Table 5). The model was
statistically significant with a Fisher value of 4341.47, and
there was only a 0.01% probability that such a high Fisher
value was due to noise. Model terms were significant if the
probability value was less than 0.05, in which case X , was
the only non-significant model term. These results could be
confirmed by some scientific research studies that used the
Box-Behnken design (BBD) demonstrated and underlined
by analysis of variance, the statistically significant impor-
tance of the adsorbent dose, and the dye’s initial concentra-
tion in the dye removal process [64-66,94-96]. Multivariate
regression analysis yielded the following quadratic form
for Y as a function of the uncoded factors before and after
non-significant terms elimination in Eqgs. (20) and (21),
respectively:

Y =144.82 -7.371X, —0.12857 X, — 24.041X,,
+6.7313X} +0.000208X + 3.1863X

+0.009925X,, —0.1425X , —0.0055X,, (20)
Y =145.39 -7.941X, —0.12857X, —24.184X,

+6.7313X} +0.000208X + 3.1863X

+0.009925X,, —0.0055X,, (21)

The 3D response surface plots show the effects of two
independent factors on the response (Y) in the tested ranges
while all other factors were held constant, which helps us
to better understand the effects of factor interactions on Y.
The relationship between dye removal rate and oxygen flow
rate, dye concentration (L-min™), and CSLW dose (g-L?)
was shown in 3D in Fig. 4. From the results, the decrease
in CV concentration and the increase in CSLW dose led to
the improvement of the dye removal rate from 75% to 95%.
Dadban Shahamat et al. [97] confirmed that the concentra-
tion of red-60 azo dye significantly affected the efficiency
of its removal by the ozone/UV advanced oxidation pro-
cess, but in such a way that when the concentration of red-
60 azo anionic dye was increased from 25 to 100 mg-L7, it
resulted in an increase in the rate of dye removal to 100%
after 60 min of reaction. Furthermore, the research of Babar
et al. [98] supported our findings as they found that the low-
est clearance rate of the cationic methylene blue dye was
64.66% at 600 mg-L™ and the maximum yields were found
at 100 mg-L™ or 88.2%. Thus, they demonstrate that as the
initial concentration of cationic dye increases, the amount of
organic charge in the solution also increases. However, the
interaction between the oxygen flow rate and the adsorbent
dose is not statistically significant. According to the previ-
ous model, it is assumed that when the oxygen flow rate
decreases (ozone dosage increases), the dye removal rate
increases from 75% to 85%.
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Table 5
Analysis of variance of the quadratic Y model
Source Degree of freedom Adjusted sum of squares Adjusted mean of square F-value P-value
ANOVA before non-significant terms removal
Model 9 1,089.95 121.105 4,341.47 0.000
Linear 3 659.29 219.764 7,878.27 0.000
X, 1 577.83 577.830 20,714.47 0.000
X, 1 80.52 80.518 2,886.47 0.000
X, 1 0.95 0.945 33.89 0.002
Square 3 409.97 136.657 4,898.98 0.000
X2 1 167.30 167.297 5,997.40 0.000
X2 1 255.51 255.514 9,159.84 0.000
X2 1 37.49 37.485 1,343.79 0.000
2-way interaction 3 20.68 6.894 247.14 0.000
X, 1 15.76 15.761 565.01 0.000
X, 1 0.08 0.081 291 0.149
X, 1 4.84 4.840 173.51 0.000
Error 5 0.14 0.028
Lack-of-fit 3 0.14 0.046 65.75 0.015
Pure error 2 0.00 0.001
Total 14 1,090.09
ANOVA after non-significant terms removal
Model 8 1,089.87 136.233 3,703.67 0.000
Linear 3 659.29 219.764 5,974.57 0.000
X, 1 577.83 577.830 15,709.02 0.000
X, 1 80.52 80.518 2,188.98 0.000
X, 1 0.95 0.945 25.70 0.002
Square 3 409.97 136.657 3,715.19 0.000
X2 1 167.30 167.297 4,548.19 0.000
X 1 255.51 255.514 6,946.45 0.000
X2 1 37.49 37.485 1,019.08 0.000
2-way interaction 2 20.60 10.300 280.03 0.000
X, 1 15.76 15.761 428.48 0.000
X, 1 4.84 4.840 131.58 0.000
Error 6 0.22 0.037
Lack-of-fit 4 0.22 0.055 78.32 0.013
Pure error 2 0.00 0.001
Total 14 1,090.09

3.4. Process cost accounting

Table 6 summarizes the cost analysis for each process
(ozonation, adsorption, and then coupling the two pro-
cesses). The cost of ozonation is strongly related to the cost
of power consumption of the oxygenator ($0.0352) and ozo-
nator ($0.0158) and slightly related to the cost of the aver-
age volume of ozone used ($0.0006) as determined by the
iodometric assay described above. Therefore, the cost of
ozonation alone is approximately $0.0516 per liter of efflu-
ent. The cost of the adsorption process depends primarily on
the chemicals required to wash 2 g/L of CSLW ($0.0002) and
drying operations ($1.8). Therefore, the adsorption of one
liter of effluent costs $1.8002. The cost of the two coupled

processes is, by analogy, the total of their costs ($1.8518/L
of effluent).

3.5. Proposal of the ozonation mechanism

Ozone is a powerful oxidizing agent because of its elec-
trical potential E, = 2.07 V (standard hydrogen electrode)
[99]. Due to the hybrid structure given by the shared elec-
trons of the three oxygen atoms, ozone interacts electro-
philically [100]. Ozone binds to organic molecules during
the electrophilic substitution of ozone and displaces some
of it. The hydroxyl group, nitrogen dioxide, and chloride
functional groups all have an impact on the reactivity of
ozone with aromatic rings [101]. Since ozone is a gas at
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Fig. 4. 2D and 3D surface contour analysis.

Table 6

Y

Result of the calculation of the total cost of the reaction

Process

Cost estimation details

Ozonation

Adsorption

Coupling

Oxygen generator:

- Electricity consumption = 0.4 kWh

- Cost of 1 kWh = $0.088

- Cost of electrical consumption for 30 min of reaction = $0.0352

Ozone generator:

- Electricity consumption = 0.18 kWh

- Cost of 1 kWh =$0.088

- Cost of electrical consumption for 30 min of reaction = $0.0158

Ozone used:

- Cost of 1 L of ozone = $0.0025

- Average volume of ozone used = 0.2389 L

- Cost of ozone used = $0.0006

Total cost of ozonation = $0.0352 + $0.0158 + $0.0006 = $0.0516/L of effluent
Cost of the raw powder of CSLW = $0

Cost of ethanol (95%) required to treat 1 g of CSLW = $0.0125

Cost of hydrogen peroxide (30%) required to treat 1 g of CSLW powder = $0.0063
Cost of the adsorbent for a 2 g/L dose = 2(0.0125 + 0.0063) = $0.0002

Cost of drying the adsorbent (60°C, 72h) = $1.8

Total cost of adsorption = $0.0002 + 1.8 = $1.8002/L of effluent

0.0516 + 1.8002 = $1.8518/L of effluent

normal pressures and temperatures, mass transfer of ozone  once in solution, either directly at acidic pH as molecular
into a liquid is required to produce reactions in the aque-  ozone or indirectly at alkaline pH by decomposing and
ous phase. Ozone interacts with organic contaminants contributing to the generation of oxidizing radicals [102].
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Fig. 5. Proposed mechanism for the synergistic effect of coupling ozonation/adsorption (CSLW) system for crystal violet dye removal.

When dye molecules in a solution are exposed to ozone,
the ozone first destroys the chromophoric group of the dye,
resulting in the breakup of the chromophoric structure. As
a result, the removal of the dye caused by the interaction
of the ozone molecules is oxidized. Ozone can attack the
dye at the nitrogen-carbon double bond by a nucleophilic
process for direct ozonation [103]. Wang and Chen [104]
stated that ozone can attack direct blue 71 and reactive
red 239 in the nucleophilic position and replace some of
the dyes. However, the functional group of aromatic mole-
cules significantly affects their reactivity with ozone. Wang
and Chen assume that Direct Blue 71 contains hydroxyl
and nitrogen dioxide anions (an activating group), which
promotes substitution in the ortho and para positions.
The same research study states that Reactive Red 239 has
both activating groups and a deactivating group (chloride
anions), which encourages substitution in the meta posi-
tion [104]. When the pH exceeds 7, hydroxyl ions react with
ozone to initiate the decomposition process, as the hydroxyl
radical negates the impact of the ions that stabilize molec-
ular ozone in water [105]. As the pH of the solution has
an impact on the mechanism and course of the reactions
by generating direct or radical oxidation of organic mat-
ter, it becomes a crucial parameter for ozonation processes.
In addition, the structure of the target pollutant has a sig-
nificant impact on which reaction has the highest reaction
rates. For example, while radicals are less selective and
attack both dye molecules and by-products of dye oxida-
tion reactions, molecular ozone prefers to react with aro-
matic-type structures. The removal of azo dyes is improved
by increasing the pH, while the removal of anthraquinone
dyes is improved by an acidic pH [106]. This could be due
to the rigid structure of the anthraquinone dye, which
makes it resistant to oxidation reactions; the possibility

that anthraquinone turns into leuco-form (less colored) in
an acidic medium, thus reducing its color content; or the
ionization of the amine groups to -NH; in anthraquinone
at low pH, which may increase the solubility of the dye
[46]. For the symmetric achiral molecule of CV, the ozono-
lysis mechanism that relies on orbital interactions between
ozone and unsaturations through a dipolar cycloaddition of
ozone onto the double bond is proposed. Then, an unstable
primary ozonide is formed and rapidly decomposes into
seven fragments shown in Fig. 5: two fragments of oxalal-
dehyde, two fragments of N,N-dimethyl-2-oxoacetamide,
one fragment of N-(1,3-dioxopropan-2-ylidene)-N-methyl-
methanaminium chloride, one fragment of 2-oxomalonal-
dehyde, one fragment of 2,3,4-trioxopentanedial and one
fragment of N,N-dimethyl-2-oxoacetamide. Referring
to the functional groups deduced from the FTIR analy-
sis, these aldehyde moieties and excess CV molecules are
found to react with the CSLW surface mainly through
hydrogen bonding interactions and m—mt interactions.

4. Conclusion

The objective of this scientific research paper is to
study the process of ozonation/adsorption coupling for the
elimination of crystal violet (CV) in the aqueous medium.
The aim is to propose an innovative solution allowing the
respect of water quality objectives. First, the characteristics
of Capparis spinosa L waste (CSLW), both chemically and tex-
turally, were determined by FTIR and SEM-EDX analyses. In
all the conditions used, the ozonation/adsorption coupling,
based on different actions taking place in a homogeneous
phase or on the surface of CSLW, allowed a more efficient
removal of the CV pollutant. The coupling process was
optimized using the Box-Behnken (BBD) response surface
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methodology, with the input parameters studied being
CSLW dose (X,), CV concentration (X,), and oxygen flow
rate (X,) to determine their impact on the CV dye removal
rate (Y). The results of the experimental design obtained
after 30 min of reaction showed that the dye removal rate
depended on all the input parameters and that this coupling
allows fast removal (99.75%) of the target compounds and
leads to a significant decrease in the toxicity related to the
advanced mineralization of the pollutant under the optimal
conditions: adsorbent dose (2 g-L™), initial dye concentration
(100 mg-L") and oxygen flow rate (4 L-min™). In addition,
the results of pH, electrical conductivity, and color analysis
changed significantly, showing that the solution becomes
mainly acidic and clearer. It was also highlighted that, under
all conditions, the degradation of the pollutant by the cou-
pling is mainly radical in nature. These mechanisms could
be perhaps due to the interactions between the oxidant
and the surface groups of CSLW. The efficiency of the cou-
pling is thus closely related to the chemical (high number
of surface functions) and textural (developed microporous
volume and external surface) properties of CSLW In addi-
tion, it has been shown that CSLW mainly acts as an adsor-
bent and reaction carrier, as well as a radical initiator and
promoter. The analytical accounting of the process shows
that the treatment of one liter of CV effluent by ozonation/
adsorption coupling could cost about $1.8518 due to the
low energy consumption of the oxygenator and ozonator
and the use of inexpensive raw materials for the prepara-
tion of CSLW. Therefore, this technique seems to have many
advantages for the treatment of dyes in the aqueous phase.
However, some improvements or additional studies need to
be made and further scientific research could be designed to
put the following points into perspective: On the one hand,
the present work was carried out in a batch mode. It is now
necessary to consider continuous treatment. The realization
of an ozonation pilot could be envisaged by using the data
previously obtained. This pilot will have to be dimensioned
according to the industrial constraints (in particular the con-
tact time) and the reaction kinetics. A study of its operation,
and the operating conditions (flow rates, ozone concentra-
tion, height of the CSLW bed) should be carried out. In addi-
tion, the evolution of CSLW in time (regeneration, aging in
time) will have to be followed to confirm the potential of
this method for the in-situ regeneration of the adsorbent.
A complementary study concerning the effect of ozone on
the properties and performances of CSLW as an adsorbent
or for its use in coupling could be performed.
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