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Abstract: The olive mill wastewater (OMW) treatment process is modeled and optimized through
new design of experiments (DOE). The first step of the process is coagulation-flocculation using three
coagulants (modeled with the mixture design) followed by photo-degradation (modelled with the
full factorial design). Based on this methodology, we successfully established a direct correlation
between the system’s composition during the coagulation—flocculation step and the conditions of the
photo-catalytic degradation step. Three coagulants are used in this study, Fe3* solution, lime, and
cactus juice, and two parameters are considered for the photo-degradation conditions: dilution and
catalyst mass. Utilizing a sophisticated quadratic model, the analysis of the two observed responses
reveals the ideal parameters for achieving maximum efficiency in coagulation—flocculation and photo-
degradation processes. This is attained using a quasi-equal mixture of limewater and cactus juice,
exclusively. To achieve an optimal photo-catalytic degradation, it is essential to maintain a minimal
dilution rate while employing an elevated concentration of TiO,. It was found that the experimental
tests validations were in good concordance with the mathematical predictions (a decolorization of
92.57 £ 0.90% and an organic degradation of 96.19 £ 0.97%).

Keywords: olive mill wastewater (OMW); sunlight photo-catalysis; coagulation; lime; cactus;

optimization

1. Introduction

The implementation of any industrial process requires optimization. In this context,
the application of the design of experiments (DOE) methodology emerges as an exception-
ally robust statistical and mathematical approach, consisting of four main steps: design
of the experiments, fitting the model, verifying the model fit quality, and optimization of
the studied response. DOE aims to simultaneously study the responses to experimental
parameters, overcoming the limitations of traditional experimental approaches that involve
parameter exchanges one-by-one, which are often time-consuming and fail to reveal com-
plex variable-response interactions. But even this, DOE, in a simplistic approach, is mostly
carried out individually for multi-stage processes. The mixture design, for example, is reg-
ularly used for the conception of many real mixtures composed of at least two components
to optimize the studied response versus the composition adjustments. Meanwhile, full
factorial design creates experimental points using all possible combinations of the levels
of the factors in each complete trial or replication of the experiments. Consequently, the
synergy between compositional variables and process factors cannot be exhibited. In fact,
DOE can be a very useful tool in industrial applications such in the olive oil industry.
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The global production of olive oil is experiencing a significant upsurge because of its
numerous virtues, as well as its significance as a foodstuff with associated health benefits.
According to the international olive oil council, the international production of this product
reached 3,398,000 tons in 2022. In the season of 2022 /2023, the prices reached a maximum
level, with an increase of 40% in the fourth week of March compared with the same period
of the previous year. This production is no longer limited to the Mediterranean Basin.
Many emergent countries are marking their presence in this field, like Chile (21,000 tons),
Australia (19,500 tons), the USA (15,500 tons), and Saudi Arabia (5000 tons). The classical
producers like Tunisia (240,000 tons), Turkey (235,000 tons), and Morocco (200,000 tons),
classed after the European union, are working on increasing their production. Despite
these important contributions to the national economy, it is important to highlight the
environmental impact of this industry. It generates approximately 5.4 x 10® m? of olive
mill wastewater (OMW) per year [1]. This quantity can vary depending on different
characteristics, such the variety of olive and maturity, climate and soil conditions, and
the oil extraction method [2]. For the traditional pressing system involving three-phase
centrifugation and continuous de-pitted extraction, the amount of wastewater produced
surpasses 47 kg for every 100 kg of olives [3,4]. This agro-industrial effluent presents
significant challenges in terms of weight and management complexity [5-7]. It comprises
a dark, malodorous, and turbid aqueous liquid containing emulsified grease and a high
organic content [8]. More than 80% of its composition includes dissolved sugar, phenols,
nitrogen, alcohols, organic acids, pectins, and tannins. Other inorganic materials are also
found [9]. The most phytotoxic effect of OMW is related to its high concentration of
total phenolic compounds and residual fats responsible for the inhibition of microbial
activity [10-13]. Regarding the large quantities produced in short periods of time, the
waste generated by this sector significantly contributes to greenhouse gas emissions [14,15].
Particular attention should be considered for its disposal [16], which is regulated by Norm
NT106-02.

Certainly, the recovery of valuable compounds such as specific polyphenols, phe-
nols, proteins, fats, cellulose, and lignin from these by-products and their conversion into
higher-value products is one of the most efficient alternatives to manage this source of
pollution [14,17-19]. But according to Donner et al. [20], the approach of managing this
problem via a circular economy is still complex to apply to certain Mediterranean countries
like Tunisia and Morocco, as well as France. On the other hand, it is important to relate
this question to the context of regions where a scarcity of water constitutes the greatest
challenge. In the current Mediterranean context, water recovery constitutes the first pri-
ority [21]. Working on saving a greater quantity of water from the oil production process
would be the best response to the needs of these highly productive regions. Promising out-
comes are being obtained for recovering the best quality and quantity of water through the
use of advanced oxidative processes and biological processes [10,11,13,18,22,23]. However,
high prices and imposing installation of these processes can sometimes be limiting to their
widespread use. Direct evaporation is still the most widely used technique, even though its
ecological drawbacks cause the diffusion of bad odors [24-26]. Coagulation-flocculation
can be a more effective technology regarding its ease of application and cost-effectiveness.
It is frequently used, and it remains a subject for further improvement [27-30]. This tech-
nology allows for good removal of suspended solids. The addition of coagulants serves to
neutralize the negative charges of oil particles and to decrease the electrostatic repulsion of
the electric double layer. Thus, the agglomeration of particles is favorable, and they glide
at the interface [31,32]. Commonly, the most widely used coagulants can be metallic, such
as aluminum and iron; inorganic, such as lime; or organic, such as polyacrylamidenatural
compounds including Moringa oleifera seeds and cactus [24]. Recently, studies have been
more oriented towards the use of a mixture of coagulants to improve the performance of
this process [33]. Nevertheless, this technology is still unsatisfactory for obtaining water
of acceptable quality. Coagulation—flocculation requires complementary treatments. It
generally constitutes the first step of a two- or three-stage treatment process. It can be
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followed by biological or oxidative treatments, or even a combination of these two pro-
cesses [33-35]. Among the advanced oxidative processes, sunlight photo-catalysis shows
strong potential for the degradation of organic pollutants due to its low cost and low energy
consumption [36].

In this study, a new, green, and low-cost OMW treatment process was designed
consisting of two technologies: coagulation—flocculation and sunlight photo-catalysis. In
our approach, a combination of coagulant mixture design and a full factorial design was
chosen to optimize OMW treatments.

2. Materials and Methods
2.1. Reagents and Materials

Olive mill effluent was received (twenty-four hours after the olive trituration process)
from an oil mill.

Cactus rackets were sourced from a local farm at El Manar region (Tunisia). After
being rinsed with water and peeled, the pulp was ground into a greenish-yellow liquid
and then used without further dilution.

Ferric chloride (99%, Merck) and lime solutions were prepared at a concentration of
15g-L 'and 30 g - L1, respectively.

The TiO; catalyst was synthesized using the sol-gel method, involving the mixing of
titanium isopropoxide with isopropanol and acetyl acetate to form the sol. A solution of
0.1 mol - L~ nitric acid was used to induce gelation. The resultant gel was calcinated for
three hours at 673 K.

2.2. Solid Characterization

The morphology of the solid was investigated using a high-resolution scanning elec-
tron microscope from Thermo Fisher Scientific (SEM, 5 kV; 30 kV). The elemental com-
position was determined using a coupled Energy-Dispersion X-ray (EDX), extending the
capabilities of SEM in semi-quantitative detection mode, with a 30 kV acceleration voltage.
To conduct X-ray diffraction (XRD), a nickel monochromatic and CuK radiation-based
automatic Philips Panalytical diffractometer were used. Comparisons were made between
the calculated reticular distances and the Joint Committee on Powder Diffraction Stan-
dards (JCPDS) provided with the software used in the Philips Panalytical X-PERT PRO,
Dy993 XRPD.

IR spectra were collected using a Perkin Elmer PRAGON 1000 PC FTIR spectropho-
tometer across a range from 4000 to 400 cm~!. Samples pellets for the FTIR analysis were
made by diluting the materials with KBr.

UV-visible spectra in the range of 200-900 nm were recorded using a Perkin Elmer
spectrophotometer type Instrument lambda 45 linked to an integration sphere type RSA-
PE-20 with a speed of 960 nm - min~! and an aperture of 4 nm.

2.3. Physico-Chemical Analysis

Prior to use, the OMW was characterized by the following measurements after ho-
mogenization. Each measurement was conducted thrice.

The pH was measured according to the description of Rondinini [37]. The dry matter
(DM) and ash content (AC), both expressed in g - L~!, were determined as described by
Paredes et al. [38]. The chemical oxygen demand (COD, expressed in gO; - L~ 1) and the
spectrophotometer absorbance (288 nm) were determined following the method adopted
by ref. [39].

As described in the previous works of Raissi et al. [40], measuring the decolorization
of the solution involves applying an RBG color evaluation. Subsequently, the absorbance is

determined using Equation (1):
I
A =logy, (IO) 1)
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where the color intensity of the solution is denoted as “I”, while the color intensity of water,
used as a reference, is represented by “Ip”. This method is also employed for analyzing
treated samples and the OMW.

The decolorization (%D) and organic degradation (%OD), representing distinct responses
in this study, were accomplished using the following formulas (Equations (2) and (3), respec-
tively):

j 4y initial : ., final
WD — Color intensitysyw — Col(?f {ntenszty{)MW 100 -
Color intensity1iial
Organic amount™t. _ Oreanic amount/ "
%0D = g OMW 8 OMW % 100 (3)

: initial
Organic amount

2.4. Design of Experiments

The primary objective of the design of experiments (DOE) is to accurately identify
the optimal response(s) (dependent variable(s)) depending on multiple factors (as inde-
pendent variables) simultaneously. This goal could be achieved in a minimum number of
experimentally designed runs by using predefined statistical and mathematical design(s)
involving model(s) that could predict the experimental response(s). Additionally, we could
statistically analyze the quality of the model fit and assess the significance of the influence
of each factor and each interaction between them. Mixture design is generally used to
identify the optimal response(s) which depend(s) on the composition of the tested mixture,
typically consisting of at least two compounds. Nevertheless, the 22 full factorial design is
commonly employed for analyzing response(s) that could be affected by two factors, each
having two levels.

Given our objective to maximize the decolorization (%) and organic degradation (%)
of the OMW through a two-step process involving coagulation—flocculation and photo-
catalysis, we opted to examine all the independent variables that could influence the
responses. To achieve this, we employed two specific designs: (1) a simplex-lattice mixture
design to ascertain the optimal composition of the flocculant—coagulant used in treating
the studied OMW, consisting of lime water (A), Fe** solution (B), and cactus juice (C)—the
materials chosen for this study; and (2) a 22 full factorial design to govern the photo-
catalysis process, influenced by two factors, each with two levels: the mass of TiO; (X;)
as a catalyst added to the OMW (with masses of 20 or 40 mg) and the dilution factor (Xy)
(at ratios of 1/10 or 2/10). Indeed, using these parameters, the studied process could be
classified as green and low-cost.

As shown in Figure 1, the coagulation was carried out by mixing 50 mL of OMW—for
which we measured the initial hue and phenol concentration—vigorously with the same
volume (50 mL) of a mixture composed of lime water (A), Fe3* solution (B), and cactus juice
(C). The mixtures were prepared following the volume ratios specified in columns 2, 3, and 4
of Table 1 using solutions A, B, and C, respectively. The corresponding amount/percentage
(and volume) of each mixture composed of those three solutions are presented in Table 1.
The photo-catalytic test was carried out on the liquid phase after decantation followed by
1/10 or 2/10 dilution (presenting two levels of factor X;) and using 20 or 40 mg of TiO,
(presenting two levels of factor X3).

After one hour, the mixing operation was halted, and the mixture was transferred
into a cylinder for decantation. Over the course of approximately 5 days, decantation was
allowed to occur, ensuring a complete separation between the aqueous solution and the
sludge. After successful separation, the aqueous solution was diluted with water at a ratio
of 1 or 2 mL per 10 mL, describing the first process factor labeled as X;. The associated
high (1 mL/10 mL) and low (2 mL/10 mL) levels were indicated in Table 1 as coded levels:
—1and +1, respectively. Figure 2 shows the positions of all the experiments presented in
Table 1.
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- Lime water” X,: Dilution®
50 mL 50mL { - Fe¥* solution® - 1/10 or 1/20

rOMW r - Cactus juice” —

A=A = [|=
&3

X,: Adding TiO," Obscurity 1h
20 mg or 40 mg

TiO
20 mL

Figure 1. Diagram of the two-step process treatment of OMW. Notes: * Conditions were defined by
means of design of experiments (shown in Table 1).

Table 1. Combined design of experiments: mixture design (simplex-lattice; A, B, and C) and full
factorial design (22; X1, and Xy).

Run A* B* Cc* Xq ** Xy ** Decolorization Organic
(vol. in mL) (vol. in mL) (vol. in mL) (Dilution Ratio in (TiO; Mass in (%) Degradation
mL/mL) mg) (%)
12 0 (0mL) 1/2 (25 mL) 1/2 (25 mL) 1 (2mL/10 mL) —1 (20 mg) 57.14 95.90
4 0(0mL) 1 (50 mL) 0 (0 mL) —1(1 mL/10mL) —1(20 mg) 97.36 97.60
9 1/2 (25 mL) 1/2 (25 mL) 0(0mL) 1(2mL/10 mL) —1(20 mg) 79.33 96.56
18 0(0mL) 1 (50 mL) 0 (0 mL) —1 (1 mL/10mL) 1 (40 mg) 66.69 97.92
24 1/2 (25 mL) 0(0mL) 1/2 (25 mL) 1(2mL/10 mL) 1 (40 mg) 86.65 97.90
7 1/3 (16.7 mL) 1/3 (16.7 mL) 1/3 (16.7 mL) —1 (1 mL/10mL) —1 (20 mg) 90.84 98.02
17 1/2 (25 mL) 0 (0 mL) 1/2 (25 mL) —1 (1 mL/10mL) 1 (40 mg) 98.12 98.88
10 1/2 (25 mL) 0(0mL) 1/2 (25 mL) 1(2mL/10 mL) —1(20 mg) 90.53 97.50
6 0(0mL) 0 (0 mL) 1 (50 mL) —1 (1 mL/10 mL) —1(20 mg) 79.37 98.18
1 1 (50 mL) 0(0mL) 0(0mL) —1(1 mL/10 mL) —1 (20 mg) 67.63 99.02
27 0(0mL) 0 (0 mL) 1 (50 mL) 1 (2mL/10 mL) 1 (40 mg) 47.85 96.44
8 1 (50 mL) 0(0mL) 0(0mL) 1(2mL/10 mL) —1 (20 mg) 92.45 97.94
20 0(0mL) 0(0mL) 1 (50 mL) —1 (1 mL/10mL) 1 (40 mg) 78.75 98.46
13 0 (0mL) 0(0mL) 1 (50 mL) 1(2mL/10mL) —1(20 mg) 50.22 96.30
3 1/2 (25 mL) 0(0mL) 1/2 (25mL) —1 (1 mL/10mL) —1 (20 mg) 93.57 98.38
21 1/3 (16.7 mL) 1/3(16.7 mL) 1/3 (16.7 mL) —1 (1 mL/10mL) 1 (40 mg) 76.69 98.46
26 0 (0 mL) 1/2 (25 mL) 1/2 (25 mL) 1(2mL/10 mL) 1 (40 mg) 42.94 97.00
14 1/3 (16.7 mL) 1/3 (16.7 mL) 1/3 (16.7 mL) 1 (2mL/10 mL) —1(20 mg) 43.52 96.06
25 0 (0mL) 1 (50 mL) 0(0mL) 1 (2mL/10 mL) 1 (40 mg) 36.25 95.76
2 1/2 (25 mL) 1/2 (25mL) 0 (0 mL) —1 (1 mL/10mL) —1 (20 mg) 92.54 98.32
23 1/2 (25 mL) 1/2 (25 mL) 0(0mL) 1(2mL/10mL) 1 (40 mg) 75.04 97.28
5 0(0mL) 1/2 (25mL) 1/2 (25mL) —1 (1 mL/10mL) —1 (20 mg) 83.97 98.10
28 1/3 (16.7 mL) 1/3 (16.7 mL) 1/3 (16.7 mL) 1(2mL/10 mL) 1 (40 mg) 41.78 95.98
16 1/2 (25 mL) 1/2 (25 mL) 0 (0mL) —1 (1 mL/10mL) 1 (40 mg) 91.11 98.78

11 0(0 mL) 1 (50 mL) 0(0mL) 1(2mL/10 mL) —1 (20 mg) 40.26 95.80
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Table 1. Cont.

Run A* B* c* Xq ** Xp ** Decolorization Organic
(vol. in mL) (vol. in mL) (vol. in mL) (Dilution Ratio in (TiO, Mass in (%) Degradation
mL/mL) mg) (%)
19 0 (0mL) 1/2 (25 mL) 1/2 (25 mL) —1(1mL/10 mL) 1 (40 mg) 78.57 98.42
22 1 (50 mL) 0(0mL) 0(0mL) 1 (2mL/10 mL) 1 (40 mg) 87.32 98.20
15 1(50 mL) 0(0mL) 0(0mL) —1 (1 mL/10 mL) 1 (40 mg) 99.59 99.36

Notes: *: proportion levels (0-1) of mixture design; **: coded variable for X; and X, of 22 full factorial design; A:
lime water (1.5 g - L™1); B: Fe3* solution (30 g - L™1); C: cactus juice (without dilution).

Lime water Lime water
15 22
R ”

16 & " 17 23 & . 24
Y avayy gave Y savay) yaven
18 19 20 25 26 27
Iron " Cactus Iron Cactus

=
-; E
-
=
Lime water Lime water
1 8
n n
/ ‘\\ X;: / \\
\ Dilution \
2 4 e 3 —_— [ I | e 10
/l - 4 v \
/ 7 X ; 14 \
P AVANANAY RONAVAYSNS » [” ARANANAVATSNAVATSNS »
4 5 6 11 12 13
Iron Cactus Iron Cactus

Figure 2. Implemented experimental approach. Combination: simplex-lattice mixture and 22 designs.
Notes: Numbers from 1 to 28 represent the runs conditions and positions of design of experiments
presented in Table 1.

A volume of 20 mL from the resulting mixture was combined with an appropriate
amount of the TiO, catalyst for every experimental condition listed in Table 1. Depending
on the level selected, the mass changed: 20 mg for the low level (X; = —1, Table 1) and
40 mg for the high level (X, = +1, Table 1). The solution was then left in dark for one hour,
and after that, it was subjected to sunlight exposure for 16 h, during which time the CO,
emissions were tracked.

The use of Minitab® 16.2.1 Software significantly enhanced the efficacy of designing
the experiments with 28 trials, as outlined in Table 1, Figures 1 and 2, as well as for deriving
the model coefficients. This comprehensive software package was used to proficiently
carry out a wide array of statistical tests. It not only computed the optimal responses and
corresponding conditions but also seamlessly generated detailed visual representations of
the various graphical elements.

We selected decolorization (%) and phenolic compound degradation (%) as responses
because of their high significance within this research. This choice underscored the impact
of the treatment on the interplay between the effectiveness of decolorization and the
reduction in organic substances simultaneously. Equation (4) provides the formulation of
the quadratic model that characterized both outcomes. This model functioned in relation to
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the constituents of the mixture, namely lime water (A), Fe** solution (B), and cactus juice
(C), as well as the variables of the process, denoted as X; (Dilution) and X; (TiO, mass):

¥ =01 XA+ X2 XB+ X3 XC + X2 - XA - XB + X3+ XA * XC + X3 * XB * XC
+(B1-xa+ B2 xB+P3-Xc+ P12 xa X+ P13 XA XCc+ Py Xp-Xc) X1 (4)
+(x1-Xa + X2 XB+ X3 XC +X12 - XA - XB +X13 - XA - XC +X23 - XB - XC) - X2

where:

y: the modeled response expressed as a decolorization or organic degradation;

xa, Xg and xc: proportions of lime water (A), Fe3* solution (B), and cactus juice (C),
respectively; they can take the values of 0,1/3,1/2, or 1.

Xj: the coded value of the dilution factor (independent variable) in the second process;
Xj: the coded value of the TiO, mass as second factor (independent variable) in the second
process;

i, &, Bi, Bij, Xis and Xij: model coefficients.

After the determination of the coefficients for both responses, a statistical study was
conducted in order to discuss the fitting quality of the model and determine the responses’
maximum simultaneously. The optimization was achieved using the determined model
given in Equation (4) with the help of the optimizer tool in the software Minitab® 16.2.1.
The corresponding algorithm was implemented to maximize the while using this concept
of desirability. The validation of the obtained optimum involving the maximum responses
within the same time was conducted experimentally in triplicate using the determined
level of each factor.

3. Results and Discussion
3.1. Catalyst Characterization

Figure 3 presents the X-Ray diffraction (XRD) spectrum of TiO;, displaying discernible
peaks at 20 (degree) values of 25.3°, 36.9°, 37.9°, 48.1°, 53.9°, 54.9°, and 62.9°. These peaks
are in concordance with the patterns found in the [JCPDS card no. 21-1272] for the anatase
phase of TiO,. Specifically, these peaks correspond to the (101), (103), (004), (112), (200),
(105), (211), and (204) crystallographic planes. Additionally, smaller peaks were evident
at 26 angles of 26.9°, 36.1°, 44.9°, 62.7°, and 69.0°, which aligned well with the presence
of the rutile phase. The existence of peaks at 25.3° and 48.1° serves as confirmation of the
anatase structure of TiO, in agreement with prior studies [41].

i * Anatase
# Rutile
1000 -
800 4
=
8
>. 6001 |
5
=
8 | \
e
= 00 \ . .
L *
_ 4 % %
200 4 " it H \ # | # #
| I 1 1 1 1
10 20 30 40 50 60 70

2 0 (degree)

Figure 3. X-Ray diffraction pattern of the catalyst TiO5.
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SEM was used to describe the morphology of the solid, and EDX spectroscopy was
used to identify its elemental composition. Field emission scanning electron microscopy
(FE-SEM) was used to examine the morphology of TiO,, as shown in Figure 4a, with micro-
particles that are noticeably enlarged in size (~ 5 pm). This micrograph shows pebble-like
microscopic structures that agglomerate to form larger rocky and non-porous structures.
The solid has distinct fissures that are caused by the surface tension that builds up on the
pores during evacuation, causing their shrinkage. The EDX results reveal a purity of the
solid formed exclusively of titanium and oxygen with residual carbon (Figure 4b).

Full scale counts: 8761 Ti02(1) 4500 keV
Integral Counts: 238451 8761 Counts
x|
(b)
. Element Atomic (%)
C 15.19
(0] 46.49
el Ti 38.32
LS 9
Ti
o oy T T ’ T T T T T
0 1 2 3 5 7 8 9 0
Km-7-1 keV

Figure 4. Field emission scanning electron microscopy image (a) and X-Ray diffraction pattern (b) of
the catalyst TiO5.

In Figure 5, the IR transmission spectra of TiO; reveals distinct bands positioned at
435 and 526 cm ™!, aligning with the Ti-O stretching and Ti-O-Ti bridging stretching modes
inherent in the crystalline lattice of TiO,, as previously reported [42,43]. Notably, peaks
are also discernible at 795 and 956 cm ™!, characteristic of Ti-O-Ti interactions [44]. The
presence of bands at 1065 and 1224 cm ™! can be ascribed to organic compounds, specifically
C-O-C and C-OH functional groups in sol-gel prepared solids, consistent with findings
from prior studies [45,46].

50 A

n w &~
o o (=}
1 1 L

Transmittance (%)

=
o
1

04

T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm ')

Figure 5. FTIR spectra of TiO,.

The broad bands evident at 3401 and 1630 cm ™!, frequently observed in the spectra
of anatase nanocrystalline TiO;, are attributed to the stretching modes of Ti-OH bonds.
Additionally, the band spanning between 3292 and 3445 cm ! corresponds to O-H asym-
metrical and symmetrical stretching vibrations; a phenomenon that is well-documented
in the literature [47,48]. Furthermore, the band situated at 1640 cm ! corresponds to the
deformation vibration 8y_o_p, indicating substantial adsorption of water molecules, in
accordance with previous research [47,48].
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The optical band gap of the titanium dioxide catalyst was determined utilizing the
Kubelka-Munk method, which relies on the calculation of F(R). F(R) is directly proportional
to the extinction coefficient () and is determined from the Equation (5):

(1-R)?

7R ©)

F(R) =

where R represents the reflectance.

Considering an indirect allowed transition for TiO;, the band gap energy value could
be deduced by plotting (F(R) x hv)/2 against hv, where h is the Planck constant and v is
the frequency [49].

Figure 6 elucidates the band edge properties of this semiconductor. With a discernible
value of approximately 3.2 eV, this measurement is consistent with findings from prior
studies [47,48].

!
/ o
/'v
60 - )
/®
35 g
:, by
S
o
=
i ot
3
=,

hv (V)

Figure 6. Transformed spectrum reflectance plot for band gap energy determination. The intersection
of the blue line with x-axis indicates the band gap energy value.

Our decision to utilize titanium dioxide (TiOy), synthesized through the sol-gel process,
is based on its proven efficacy, as documented in the existing literature (Table 2). This
material, when harnessed in the treatment of OMW, consistently exhibited a commendable
level of efficiency, particularly when subjected to the stimulating effects of UV light. While
its activity under such circumstances is firmly established, the expanding ongoing scientific
exploration is now set on a course to amplify its capabilities even further. The focal point
of this activity revolves around optimizing this material to harness the abundant energy
of sunlight for excitation, a leap that promises to significantly broaden its practicality and
effectiveness in various applications.

Table 2. TiO, active photo-catalyst.

System Degradation Yield Reference
TiO, (P25)/UV365 nm Degradation of 94% phenols; 57% colored compounds [49]
Carbon-doped TiO, /visible light 400-800 nm More than 80% phenol degradation [50]
Doped TiO, /visible light 400-800 nm Quantitative degradation of organic compounds [51]
Nitrogen-doped TiO, supported on Total degradation of organic compounds [52]

Zeolite /visible light 400-800 nm
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3.2. OMW Characterization

OMW ranks among the most perilous effluents, presenting substantial environmental
risks due to its complex, pollutant-rich composition. Because of the high levels of con-
taminants such as phenolic chemicals and solid suspension, it is also one of the hardest to
treat [5,6]. These compounds are estimated to be present in concentrations of approximately
0.26 t0 10.70 g - L1, expressed as the gallic acid content [23]. Phenolic compounds are esti-
mated to be present in concentrations of approximately 6.92 g - L ™! in the treated OMW [53].
The measured pH is approximately 4.62 £ 0.01. This parameter varies between 4.60 and
6.50 in the literature [49]. The parameters of the studied effluent in this work are COD, ash
content, and dry matter. The COD was found to be equal to 52.1 + 0.02 gO, - L~!, while
the ash content and the dry matter were equal to 175+ 0.8 g- L' and 108.0 £ 05g - L},
respectively. These values are within the range of those reported in refs. [54-56].

3.3. Coagulation—Flocculation Trials

Given the importance of the effluent’s dry matter concentration, coagulation appears
to be the most suitable initial treatment option. This method makes it easier to turn solid
suspensions into materials that have been composted or pyrolyzed. Recent studies in this
field have revealed a clear trend toward the acceptance of natural ingredients as important
participants in the coagulation process, which is consistent with the growing interest in
environmentally friendly elements. Among the natural coagulants, notable mentions
include chitosane [57], seeds of Moringa oleifera [27,58], and cactus [59]. For this study, we
opted to use cactus as our flocculent agent; a choice informed by its affordability within the
Tunisian context [60] and its straightforward cultivation process.

According to Ndabigengesere and Narasiah [61], the cationic concentration has consid-
erable effects on coagulation, while the anionic impact appears insignificant. In light of this,
our exploration delved into the potential enhancement of the cactus’s efficacy when used
in combination with lime and ferric solutions. Notably, the utilization of metals for odor
reduction, as highlighted by Lagoudianaki et al. [62], reinforced the positive contributions
of such elements. The final pH showed differences after the coagulation procedure and
decantation, ranging from 5.92 with cactus juice alone to 11.67 when lime alone. A synthesis
of Fe3* solution, lime, and cactus juice yielded minimal sludge generation (approximately
48%), while the maximal production of sludge (70%) was observed when relying solely
on lime.

The findings after the coagulation—flocculation step, presented in Table 3, demonstrate
the variations in the percentage of decolorization and organic compound degradation.
The values outlined in Table 3 were derived from the supernatant without any dilution.
The coagulation—flocculation using a ternary mixture achieved a phenolic compound
degradation of 56.7%, whereas the degradation was higher, reaching 85.4% while employing
lime only.

Table 3. Decolorization percentage and organic degradation after the coagulation—flocculation step.
Composition Lime Fe®* sol. Cactus Lime: Fe>* sol. Lime:Cactus Fe®* sol.:Cactus Lime:Fe®* sol.:Cactus
m (50 mL) (50mL) (50 mL) (25 mL: 25 mL) (25 mL: 25mL) (25 mL: 25 mL) (16.7 mL: 16.7 mL: 16.7 mL)

Decolorization (%) 53.8 14.6 22.8 46.7 60.0 23.9 17.4
Organic degradation (%) 85.4 80.2 83.3 71.0 71.0 84.6 56.7

In terms of decolorization, different trends were observed, with the Fe3* solution
yielding the lowest result of 14.6%, while the mixture of cactus and lime achieved the
highest decolorization rate of 59.9%. The use of lime alone resulted in a decolorization rate
of 53.8%. These results highlight the need for adding lime to the photodegradation process
throughout, as well as during the coagulation—flocculation step.

The role of lime in coagulation—flocculation may not be highly effective, but it still
contributes significantly to the overall process.
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However, this treatment remained insufficient, necessitating further processing for the
liquid fraction due to its lingering harmful compounds, particularly soluble polyphenols.
Herein, photo-catalysis with sunlight emerges as an economic and effective method that
is prominent for its efficiency in effluent treatment. Employing TiO, and allowing for
a 1 h adsorption period followed by roughly 16 h of daylight in August, the resultant
mixtures attained a final pH of approximately 8.50. The COD of the central data point was
7.64 £ 0.02 gO, - L1, In terms of gallic acid, the phenolic compounds were remarkably
decreased to 0.2 +0.01 x 10> mg - L~ 1.

This streamlined operational process boasts energy efficiency, capitalizing on the direct
and passive utilization of the abundant solar energy accessible within the Mediterranean
region. A significant operational challenge encountered in this approach involved ensuring
optimal light exposure to the active centers. This goal was achieved through the procedure
of flocculation and coagulation, which reduced the suspended matter and solids.

In the quest to model and optimize this dual-stage process, we devised an experimental
design that combined a mixture design with a full factorial one. The synergistic application
of these two designs enabled an in-depth exploration into the interplay between mixture
formulations and independent physic-chemical factors.

3.4. Design of Experiments Results

Table 1 reports the experimental matrix derived from the combination of two kinds
of design: a simplex-lattice mixture and 22 full factorial designs. All the experiences are
regrouped in Figure S1 (Supplementary Materials) before the start and after the achievement
of the photo-catalytic process.

This tabulation effectively showcases the intricate interrelationship between the
28 distinct experimental conditions and the two designated responses: decolorization
(%) and organic degradation (%).

The decolorization values exhibited a range stretching from 36.25% to 99.59%, with
a central tendency characterized by a mean of 73.79 4+ 20.52%. Similarly, the spectrum
of phenolic compound degradation showed spans between 95.76% and 99.36%, with the
average resting at 97.59 £ 1.09%. These outcomes served as a compelling validation of the
process’s efficacy, particularly in terms of phenolic compound degradation.

Table 4 compiles the results of the t-tests for both the decolorization and degradation of
phenolic compounds, as well as each coefficient of the model in Equation (4). With regard
to decolorization, the results unequivocally underline the sole significant yet negative
influence, a consequence of the interaction between the proportion of Fe?* solution (B)
and dilution (X;) (p < 0.05). This seemingly counterintuitive effect can be attributed to
the original yellow-brown color of the Fe3* (I1I) solution due to the hexaaquairon (III)
ion [Fe(H,O)g** upon undergoing chemical changes [63]. Conversely, in the context of
the phenolic compound degradation response, six terms stand out with significant effects
(p < 0.05): the relative proportions of the constituent components, along with three linear
terms representing the interaction between these component proportions and dilution (X;)
(p < 0.05). This confluence of findings distinctly underscores the pivotal role played by
these factors in driving the degradation of phenolic compounds.

The fitting quality of the model describing the experimental value of decolorization
(%), with its coefficients shown in the first column of Table 4, was determined based
on four statistical criteria: a high coefficient of correlation (R?> = 81.70%), an adjusted
coefficient of correlation (Rzadj = 50.59%) very close to 51%, a low RMSE (14.42%—unit
of decolorization), and a level of significance (p = 0.062, very close to the critical value of
significance—0.05). These results allow us to accept the model’s fitting of the experimental
data of decolorization and to adopt it in this work. The fitting of the model applied to
phenolic compound degradation appears to be more powerful than the model applied to
decolorization, as evident from the statistical parameters. Specifically, the regression for
phenolic compound degradation boasts a substantial level of significance (p = 0.001 < 0.01),
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a strong coefficient of correlation (R? = 93.71%), a high adjusted coefficient of correlation
(Rzad]- = 83.03%), and a low RMSE (0.448%—unit of phenolic compound degradation) [27].

Table 4. Statistical parameters and model coefficients obtained for the two responses: decolorization
and organic degradation.

Decolorization (%) Organic Degradation (%)
Term Coef. SE Coef. t P Coef. SE Coef. t P
Component Only
Linear
Lime water (A) 88.18 7.18 — 0.054 98.68 0.22 — <0.001
Fe3* solution (B) 61.58 7.18 — 0.054 96.82 0.22 — <0.001
Cactus juice (C) 65.48 7.18 — 0.054 97.39 0.22 — <0.001
Quadratic
A xB 15.50 33.02 0.47 0.649 —-0.79 1.03 —0.76 0.462
AxC 38.54 33.02 1.17 0.270 —-0.22 1.03 —0.21 0.838
BxC —14.50 33.02 —0.44 0.600 0.27 1.03 0.26 0.801
Component x Xj: Dilution
Linear
A x X 3.99 7.18 0.56 0.591 —0.53 0.22 —2.38 0.039
B x X —21.03 7.18 —2.93 0.015 —0.96 0.22 —4.31 0.002
C x X —14.16 7.18 —-1.97 0.077 —0.95 0.22 —4.24 0.002
Quadratic
A x B x X —8.83 33.02 —-0.27 0.794 —-0.73 1.03 —-0.71 0.492
A xCxXp —7.81 33.02 —0.24 0.818 0.64 1.03 0.62 0.548
B x C x X —5.71 33.02 -0.17 0.866 —0.26 1.03 —0.26 0.804
Component x Xp: TiO, mass
Linear
A X Xp 6.81 7.184 0.95 0.365 0.17 0.223 0.75 0.469
B x Xp —8.57 7.184 -1.19 0.261 0.09 0.223 0.39 0.702
Cx Xy —0.64 7.184 —0.09 0.930 0.12 0.223 0.55 0.594
Quadratic
A X B xX; —3.89 33.02 —0.12 0.909 0.38 1.03 0.37 0.718
A XxCxXy —13.34 33.02 —0.40 0.695 0.03 1.03 0.03 0.976
B xCxXp —2.86 33.02 —0.09 0.933 0.71 1.03 0.69 0.504

Notes: — Not given by the Minitab® 16.2.1 Software.

Based on the component proportions and process factors, Figure 7 shows the progres-
sion of iso-responses for decolorization (Figure 7a) and organic compound degradation
(Figure 7b). This graph demonstrates that the decolorization and decomposition of organic
compounds are both enhanced by high lime concentrations (>40%).
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Figure 7. Iso-responses of OMW's decolorization (a) and organic degradation (b) after treatment
utilizing a mixture (composed of lime water, Fe3* solution, and cactus juice) as the coagulant-
flocculant and 2 process variables, the dilution rate and TiO, mass, as factors influencing the photo-
catalysis process.

As evident in Figure 7, the positive effect of lime is distinctly observed across all
considered dilution levels (X;) and TiO, catalyst masses (X2). Moreover, the negative effect
of the factor dilution rate (X;) can be clearly observed in Figure 7a for decolorization and in
Figure 7b for the organic compound degradation. This is valid for all the factor TiO, mass
(X1) levels and all the mixtures. Additionally, the graph demonstrates that the optimal
decolorization (>92%) and phenolic compound degradation (>98.5%) percentages are
attainable through the application of a low dilution rate (X1) and either a low or high TiO,
catalyst mass (X3). This outcome is achievable by employing a ternary mixture composed
predominantly of lime in conjunction with the three utilized components, as emphasized
by the research of Karatasios et al. [64].

The contribution of lime to the enhancement of the water treatment process is intri-
cately tied to the significant influence of the solution pH, as expounded by Dong et al.,
in 2015 [65]. At the heart of this effect lies calcium hydroxide, the primary constituent of
lime, which acts as a potent alkaline entity that is able to release two hydroxide ions OH™.
Consequently, the emergence of the highly reactive OH' radical results from augmentation
in an alkaline environment. In a classical scenario, the generation of this radical stems from
the interaction of water with the positive hole on the valence band, denoted as h™ (VB),
within TiOj, as depicted in Equation (6) followed by Equation (7). In an alkaline medium,
the direct interaction of the positive hole with OH" also contributes to the creation of this
active species in alignment with the findings elucidated in Equation (8), as highlighted in
the investigations conducted by Karatasios et al. [64].

Electron-hole pair formation: TiO, + hv — e~ (CB) + h* (VB) (6)

Water splitting by photo-hole to produce OH" radicals: h* + H,O — H" OH"  (7)
Direct OH' radicals’ production on a photo-hole: h* + OH™ — OH' 8)

The Minitab® 16.2.1 Software optimizer was used to find the settings that would
maximize both responses simultaneously, as shown in Figures 7-9. This is an important
phase, since it finds the ideal levels of each process variable as well as the ideal composition
of the ternary mixture. The outcomes of this pure mathematical optimization reaffirm that



Water 2024, 16, 327

14 of 19

the inclusion of iron holds no practical advantage. The apex of coagulation—flocculation
efficiency is realized through a blend comprising 48.48% lime and 51.52% cactus juice. Sim-
ilarly, the paramount outcome in photo-catalytic performance necessitates a low dilution
rate and a high mass of TiO;, as illustrated in Figure 8. Moreover, the desirability to achieve
maximum responses was 0.931 and 0.987 for decolorization and organic degradation, re-
spectively (Figure 8). Due to this high desirability, the outcomes for both responses could
be considered as highly satisfactory and convergent.

New [ J:Lime wat [ J:Iron [ J:Cactus X1: Dilu X2: TiO2
p M [0 }18481 [(1)‘01 [0 15‘152] [11'%] [%'8
ur 5 . I =1 .
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Maxmum |[_ =1 — " [ —~—
y = 98.6991 \
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Figure 8. Optimization plot. Dash blue lines indicate the optimum responses simultaneously (written
in blue in the right); Continuous red line is useful to determine level of each factor giving the optimum

responses (written in red in the top).
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Figure 9. Three-dimensional response surface plot of OMW’s decolorization (a) and organic degrada-
tion (b) depending on the different variables of the studied two-step process.

4. Conclusions

According to the calculated prediction deduced for this particular combination, as
displayed in Figure 9, an optimum result indicating a decolorization of 93.06% and an
organic degradation of 98.70% can be achieved. To validate this computed optimum,
a series of experimental trials was conducted in triplicate, yielding a decolorization of
92.57 £ 0.90% and an organic degradation of 96.19 & 0.97%. These results indicate that the
experimental outcomes are replicable given to the low standard deviations and close to the
mathematical optimization calculus.

An alternative combination of factors that stands as a strong contender against the
determined optimum can be found in the experimental conditions specified in run 15 of
Table 1. This scenario involves the utilization of 100% lime, coupled with a low dilution
rate and a high TiO, mass, culminating in a remarkable decolorization rate of 99.59% and
an organic degradation rate of 99.36%. However, despite important achievements in terms
of water quality enhancement, this particular solution falls short when considering the
magnitude and quality of the generated sludge. Notably, it is worth mentioning that the
use of lime as the sole coagulant agent results in the production of the highest quantity of
sludge, reaching a substantial value of 69.9%.

Coagulation—flocculation, recognized for its simplicity and cost-effectiveness, brings
satisfactory outcomes when dealing with particle-charged wastewater. Its effectiveness
when used alone, meanwhile, could occasionally fall short of expectations. Therefore, the
goal of our work was to develop a two-stage method combining coagulation—flocculation
with sunlight photo-catalysis to increase the effectiveness of this procedure.

A combination of mixture and complete factorial design approaches was used to
enhance this original tandem process, focusing on decolorization and phenolic compound
degradation by adjusting the composition of the coagulant and the photo-catalytic condi-
tions, respectively. Among the prevalent families of coagulants, metals, lime, and organic
agents held our primary focus. Applying the efficiency of the mixture design technique,
we methodically investigated the effects caused by iron, lime, and cactus in the area of
coagulant composition. We also simultaneously investigated photo-catalytic testing while
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modifying the mass of the TiO, catalyst and dilution rate at two different levels. Guided by
this comprehensive optimization, we pinpointed better conditions: the omission of Fe3*
solution and the inclusion of 48.48% lime water and 51.52% cactus juice, coupled with a low
dilution rate and a high TiO, catalyst mass. Subsequent experimental testing, conducted
independently in triplicate, yielded a remarkable decolorization rate of 92.57 & 0.90% and
an organic degradation rate of 96.19 £ 0.97%, close to the mathematical predictions of
93.06% decolorization and 98.70% organic degradation.

A significant decolorization rate of 99.59% and an organic degradation rate of 99.36%
were obtained when we investigated the possibility of coagulation using 100% lime. How-
ever, this high efficiency came at the cost of generating a considerable amount of sludge,
prompting thoughtful consideration from a practical standpoint.

In conclusion, the two-step process involving coagulation—flocculation and sunlight
photo-catalysis, optimized by the combination of mixture and full factorial designs method-
ologies, led to successes in decolorization and organic degradation.

The best conditions we identified, alongside the alternative employment of 100% lime,
stress the effectiveness of our treatment approach. However, when assessing the 100% lime
approach’s overall viability, one must take into account the considerable sludge output
generated. The proposed process can be implemented directly within the olive oil plant
on site, avoiding the transport step to the wastewater treatment plant. The first step of the
process is coagulation—flocculation, which can be conducted using cheap and local Tunisian
compounds: cactus juice and lime. The next step is also feasible on-site, since in Tunisia,
sunlight is predominant year-round. Therefore, the photocatalysis step is also possible.
With this two-stage process, we showed in this study that it is possible to treat olive oil mill
wastewater, thus reducing its negative environmental impact while using local and cheap
compounds via a green and low-cost process.
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I: Iron; I + L + C: Iron + Lime + Cactus; L + C: Lime + Cactus; I + C: Iron + Cactus; I + L: Iron + Lime;
Xj: dilution rate and Xp: TiO, Catalyst mass.
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