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Abstract: Novel sorbents were produced using sustainable and eco-friendly methods, aimed at
minimizing environmental impact while utilizing industrial by-products and natural minerals. Olive
stones and molasses derived from olive mill and sugar industries, respectively, and an abundant,
natural and low-cost mineral, clinoptilolite, were combined in the following proportions: 80/20 clinop-
tilolite/stone, 80/10/10 clinoptilolite/stone/molasses, 50/50 stone/molasses, w/w. Then, physical
carbonization (CL80OL20C, CL80OL10M10C, OL50M50C) or chemical activation (CL80OL20A,
CL80OL10M10A, OL50M50A) took place. The adsorbents were characterized through Raman, FT-IR,
BET and SEM-EDS analysis. The CL80OL20A material presents the highest ratio of C/O in EDS
analysis and the lowest ID/IG in Raman spectroscopy. The increase in the specific surface area is as fol-
lows: OL50M50C < OL50M50A < CL80OL10M10C < CL80OL20C < CL80OL20A < CL80OL10M10A.
Three applications were conducted: two with dyes (methylene blue and methyl red) in aqueous
means and one in olive mill wastewaters for the removal of total phenols and their addition to rice,
increasing the total phenolic content and producing novel foods. The well-fitted application of the
pseudo-second order kinetic model to the experimental data has shown that chemisorption is the
prevailing mechanism. The adsorbed amount of the recovered phenols to rice ranges from 0.14
to 0.93 mg/g. Consequently, olive and sugar by-products can be used as filters either to adsorb
dangerous organic compounds or to recover bioactive compounds from wastewater, preventing their
disposal in the environment, which could otherwise lead to severe negative effects on the ecosystems.

Keywords: olive mill wastewaters; phenol recovery; food enrichment; sugar industry by-products;
circular economy; sustainable management

1. Introduction

Olive and olive oil production is one of the main economic pillars of the countries
of the Mediterranean basin due to their temperate climate, which favors the growth of
olive trees species. In fact, Spain, Italy and Greece are the three leading producers between
the countries of the European Union (EU), while Europe is in charge of 70% of the global
olive production [1]. In the last few years, the cultivation of olive trees (predominantly
species Olea europaea L.) has been expanded significantly in other countries as well, due
to the rising acknowledgment of the beneficial effects of the bioactive molecules that are
contained in olives, such as tocopherol (Vitamin E), phytosterols and flavonoids [1,2].
Nevertheless, parallel to this abundant and rising production of table olives and olive oil, a
large amount of waste and by-products are produced as well, primarily olive stones, olive
mill wastewater and olive pomace [1]. These residues are characterized by high chemical
oxygen demand (up to 200–220 g/L) and biochemical oxygen demand (up to 100 g/L), as
well as low pH (4–5) and high phenolic concentration, which render them harmful to the
environment and ecosystems, both aqueous and terrestrial [3,4].
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Another food industry with wide resonance in the global population is the sugar
industry, with a mean production of 160 million tons per year [5]. Sugar, also known as
sucrose, can be produced from sugarcane, sugar beet, cassava or other crops with a high
content of sugar. These crops thrive in countries with tropical or subtropical climates (e.g.,
South Africa) [6]. Among them, sugarcane and sugar beet contain the largest amount of
sucrose, and thus, they are preferred for cultivation when it comes to industrial purposes [7].

Sugar crystals are covered with molasses, giving them their brown-golden color,
which is the original color of raw sugar. The larger amount of raw sugar is used to
produce bleached, refined sugar. Sugar production consists of four main steps: crushing
sugarcane, juice clarification, crystallization and centrifuge. In each step, different by-
products occur. For instance, bagasse after crushing, pressed mud after clarification and
molasses after centrifuge [5,7]. Sugar industry wastes, whether solids or wastewater, have
negative environmental impacts, especially when they are not properly treated, and they
are disposed of in the ecosystem. For example, due to their high organic content and their
rapid decomposition, a wide amount of ammonia and heat is generated, which negatively
affects plant growth [6]. In addition, sugar-generated effluents adsorb most of the available
oxygen from the aquatic ecosystems, leading to death of the organisms that live in it [5].

Organic pollutants such as phenols form the part of effluents of many industries,
such as the petrochemical, petroleum refinery, coke-oven, steel foundry, insecticide and
herbicide industries [8]. Therefore, its presence is more and more frequent in the bodies
of water, and, due to its high toxicity, high oxygen demand and low biodegradability,
the phenolic compounds are considered high-priority polluting agents in wastewater
treatment [9–14]. The removal of toxic phenolic compounds from wastewater has become
a serious environmental concern. Exposure to phenolic compounds may lead to health
effects on the brain, digestive system, eyes, heart, kidney, liver, lungs and skin, as well as
genetic damages [15,16].

Different treatment methods have been applied to remove organic compounds from
wastewater, such as biological treatment, catalytic wet oxidation, photochemical treatment,
solvent extraction, incineration, reverse osmosis and adsorption [16,17]. Adsorption tech-
nology presents a lot of benefits in comparison to other methodologies such as effectiveness
and simplicity in its application. The adsorption of organics onto activated carbon has been
studied in the past, and the results demonstrated that the adsorption behaviors depend
mainly on the characteristics of the activated carbon, the molecular properties of the or-
ganics and the operational conditions. The characteristics of the activated carbon such as
surface area, pore size distribution and surface functional groups play an important role
in adsorption, as they determine the interactions between the organics and the activated
carbon at the interface [18,19].

Plant biomass represents one of the most abundant and underutilized biological
resources on the planet and is seen as a promising source of material for fuels and precursors
for activated carbon production [11]. Low-cost materials such as biomass and waste
materials are a renewable and inexpensive additional source of activated carbons. Typical
waste includes peach stones [20], olive stones [21], palm kernel shells [22], Arundo donax
Linn and pomelo peel [23], coconut shell [24], corn stalks [25], waste macadamia [26], apple
peels [27], rice husks [28], almond shells and apricot stones [29], yellow mombin fruit
stone [30], pristine gelatin and starch [31], radish press cake [32] and bamboo waste [33,34].
The conversion of such materials to activated carbons leads to the reduced cost of waste
disposal, increases their financial value and provides an inexpensive alternative to the
existing commercial activated carbons [35].

Carbonization is the process of the thermal degradation of raw materials at temper-
atures ranging between 300 ◦C and 1100 ◦C [36,37] in an inert atmosphere, e.g., under
nitrogen or argon gas flow [36,38]. During the carbonization process, a primary porosity
network is formed [39]. It is widely accepted that biomass pyrolysis consists of three main
stages over the whole temperature range, which are moisture elimination and drying of
the material (first stage), consecutive minor devolatilization and major degradation of the
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more unstable polymers (second stage) and the decomposition of a high-stability structure
(third stage) [37]. The degradation of lignocellulosic materials during carbonization usu-
ally follows the following order during temperature scaling: hemicellulose degrades at
temperatures ranging between 200 and 350 ◦C and cellulose at 200 and 500 ◦C, while lignin
is characterized by a slower decomposition rate and its degradation takes place in a wider
temperature range, more specifically, between 150 ◦C and 900 ◦C [40]. Carbonization and
pyrolysis use the heating of the material in an inert atmosphere (absence of air). Carboniza-
tion is used for the increase of carbon content in the initial raw material [41] but pyrolysis
is needed for the extraction of other products like char, volatile organic compounds, etc.

During the activation process, which acts complementary to carbonization, or it
can also be performed regardless of it, the existing pores are further developed while
parallel new pores are created as well. Thus, the specific area of the materials and the
pore volume are improved through activation and a well-constructed pore network is
finally settled. Therefore, the activation stage is considered to be the most crucial and
affects most of the properties of the formed adsorbent [37]. There are mainly three different
processes of activation: physical activation, chemical activation and physio–chemical.
Among them, chemical activation seems to form adsorbents with better characteristics and
higher performance. The principal factors that influence the process of chemical activation
include, among others, the type of activating agent, the mixing method, the mass ratio
of activating agent to carbon precursor, and the heating method as well [42]. Regarding
the type of activating reagent, these are clustered into four groups depending on their
acid–basic behavior: acidic, neutral, alkaline, and self-activating agents. Different activating
reagents tend to react with different polymers (e.g., lignin, cellulose etc.) [37].

Zeolites are hydrated aluminosilicates containing cations in their structure, such
as sodium or potassium, and other monovalent or multivalent metals such as calcium
and magnesium [43]. Their basic structure consists of a three-dimensional tetrahedral
framework of (SiO4)4+ and (AlO4)5+, where each oxygen is shared by two tetrahedra.
They present high porosity and ion exchange capacity and so are ideal as adsorptive
materials [44]. Clinoptilolite is one of the most abundant zeolites, with a Si/Al ratio
equal to 2.1 up to 5.3, leading to a stable mineral under high temperatures and acidic
conditions. Due to its unique properties, such as low cost, high surface area, recyclability,
high cation exchange capacity and wide distribution, it can be utilized in different sectors,
from agriculture and industry to medicine [45].

The aim of this current research was to make good use of agro-food industry by-
products that are discharged in the ecosystem, leading to negative effects, via using methods
that promote sustainability. The conversion of these materials in adsorbents, either through
carbonization or chemical modification, and their characterization through FTIR, Raman,
BET and SEM-EDS analysis, has resulted in multiple applications that contribute to the
elimination of various pollutants, such as synthetic dyes and phenols. On the other hand,
phenolic compounds in the human diet can promote health and well-being. Therefore,
reclaiming these molecules from agro-industrial sewage (e.g., olive mill wastewater) to
enrich food such as rice can favor both the environment and human health as well.

2. Materials and Methods
2.1. Materials

Solid wastes, especially olive stones of the Greek olive mill industry, were used in the
production of adsorbents. Sugarcane molasses (Fytro, Athens, Greece) was obtained from
the local market. The clinoptilolite used in this present study came from S&B company [46].
Methylene blue and methyl red dyes were bought from Merck Industry in Greece.

In the olive oil industry, olive stones are collected, washed to eliminate any residual
oil, dried and finally crushed into various sizes. In this experiment, ground olive stones
and clinoptilolite in standard powder form (100–500 µm) were sieved up to 300 µm. Then,
clinoptilolite, olive stone and molasses were mixed in different proportions: 80/20 w/w
zeolite (CL)/olive stone (OL), 80/10/10 w/w zeolite (C)/olive stone (OL)/molasses (M)
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and 50/50 w/w olive stone (OL)/molasses (M). Moisture content of the three mixtures
was determined according to ISO 11465/1993 [47]. Moreover, for the determination of ash,
samples were subjected to dry ashing according to John and Case, 1990 [38,48]. Volatile
matter was determined according to the European Standard EN15148-2009 [49]. Fixed
carbon content was later estimated by the difference. Elemental analysis was executed
using a Perkin Elmer 2400 CHN elemental analyzer using a combustion method to convert
the sample elements to simple gases (CO2, H2O, N2). The product gases were measured as
a function of thermal conductivity. Then, the specimens either followed a carbonization
process or a chemical activation process. The initial mass of the samples was 3.9 g for
olive stone and molasses (50/50 w/w) and 5.0 g for each of the rest materials. The samples
were placed in ceramic crucibles in a horizontal pyrolysis oven with a continuous flow
of nitrogen (500 mL/min). The carbonization program consists of the following steps:
there is an increase of the temperature up to 200 ◦C with an increasing temperature rate
of 10 ◦C/min; it remains stable for 10 min, heats up until 400 ◦C with the same rate and
then remains stable for 10 min; and, finally, there is an increase of temperature up to 650 ◦C
with 10 ◦C/min, the temperature remains stable for 10 min, heats up until 900 ◦C with a
temperature range of 10 ◦C/min, and remains stable there for 10 min. The carbonaceous
materials were weighed before and after the carbonization process. The chemical activation
(A) of the specimens includes the impregnation of 2.5 g of each one in a solution of 20 mL
of HCL acid 6 M for 1 day under stirring up to 170 rpm. The purpose of this experiment
was to use a strong acid such as HCL or H2SO4. Since we have not previously conducted
an activation process where a weak acid would be necessary for the increase of pores such
as H3PO4, it was necessary to use an acid like HCL in a middle concentration—for instance,
6 M—to create the necessary pore structure in the materials. High concentration of acid
such as 12 or 18 M will destroy the pore structure of the materials [50,51]. Moreover, it is
necessary to create the appropriate conditions for good contact between the acid and the
lignocellulosic material. For this reason, it is necessary to impregnate the lignocellulosic
material to the solution (20 mL) and to stay there for the appropriate time (1 d) to react
the acid with the material. Other researchers proposed the same period with the same
reaction agent [50]. To examine the best contact time between the samples and HCL acid,
we impregnated each one (CL80OL20A, CL80OL10M10A, OL50M50A) to HCL of 6 M for
12 h and 48 h, and then we conducted MB adsorption experiments. The results showed
that the adsorption in equilibrium was reached at higher time intervals in comparison with
the materials impregnated to HCL in 1 d; i.e., the materials reached an equilibrium after
10–15 min when impregnated in HCL 6 M for 12 h and after 20–30 min when impregnated
in HCL 6 M after 48 h. The specimens were then removed from the solution, rinsed with
deionized water until the pH of the filtrate became neutral and were finally dried in an
oven at 105 ◦C for 24 h to obtain a stable final weight according to the literature [52–54].
The final carbonized products were characterized as CL80OL20C, CL80OL10M10C and
OL50M50C for the proportion of 80/20 CL/OL, 80/10/10 C/OL/M and 50/50 OL/M
w/w, respectively. The chemically activated materials were mentioned as CL80OL20A,
CL80OL10M10A and OL50M50A for the proportion of 80/20 CL/OL, 80/10/10 CL/OL/M
and 50/50 OL/M w/w, respectively.

2.2. Characterization of the Adsorbents

An Agilent Cary 630 FTIR spectroscope, equipped with an ATR accessory, was used
with Microlab Pharma 5.8 software. All measurements were performed on the same day at
25 ◦C. The spectra were measured in the region from 400 to 4000 cm−1. The diamond ATR
sensor was cleaned with ethyl alcohol or acetone before each sample measurement.

The SEM-EDS studies of the adsorbents were carried out in a JEOL JSM-IT500 Scanning
Electron Microscopy (SEM), JEOL Ltd., Boston, MA, USA and simultaneously, elementary
analysis was determined by Energy Dispersive X-Ray Spectrometry (EDS) with the use of
an x-Act detector from Oxford Instruments, High Wicombe, UK. The 108C Auto Carbon
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Coater is the advanced sample coater available for coating non-conductive specimens prior
to SEM X-Ray analysis.

The micro-Raman spectra were obtained using an inVia Qontor Renishaw Raman
device Renishaw UK Ltd., Gloucestershire, UK, equipped with a microscope and a CCD
detector. As a source of excitation, a diode laser with a radiant emission wavelength of
λ = 785 nm was used. The beam size of the laser is of the order of ~1 µm. The power density
on the surface of the sample was ~1 mW/µm2 and the spectral resolution was ~4 cm−1.
Alignment and calibration of the spectrometer, before and after each measurement, were
achieved using crystalline silicon (Si) wafer adapted within the Raman device.

The specific surface area and the porosity of the adsorbents were analyzed with
the use of the Tristar II plus surface area and porosity analyzer. The carrier gases were
helium and nitrogen. Samples were weighed, placed in a sample container on the analyzer
and degassed individually for 24 h at 400 ◦C. The weight of the samples ranges from
0.1 to 0.3 g. More specifically, the sample weights were 0.3 g for CL80OL20C, 0.3 g for
CL80OL10M10C, 0.2 g for OL50M50C, 0.1 g for CL80OL20A, 0.1 g for CL80OL10M10A and
0.1 g for OL50M50A. They were then allowed to cool before being stored under nitrogen
gas at a pressure of 5 mmHg for 24 h. Characterization in terms of specific surface area, pore
volume and pore diameter of the obtained materials was determined by N2 adsorption–
desorption at −196 ◦C using the BET method. The micropore volume was calculated by
using t-Plot micropore volume. The pore size distribution was determined by using the
Barrett–Joyner–Halenda (BJH) model [55].

2.3. Applications of the Adsorbents

The materials were tested for their adsorptive properties using either different dye
aquatic solutions or olive mill wastewater.

Two different dye aquatic solutions were prepared in a concentration of 0.032 g/L as
studied previously [56,57]. The first one contains the cationic methylene blue dye, and the
second one the anionic methyl red dye. More specifically, 0.14 g of each adsorbent was
mixed with 14 mL of dye and placed in test tubes in a proportion of 10 g of adsorbent/L of
dye. Then, the samples were stirred at 240 rpm and 25 ◦C, and at different time intervals,
an amount was taken and centrifuged for 5 min at 5000 rpm. The absorbance of each sam-
ple was measured in the visible spectrophotometer ONDA V-10 Plus spectrophotometer
(λ = 664 nm for MB and λ = 419 nm for MR) [58]. The whole procedure lasts until the adsorp-
tion reached equilibrium. The above procedure was repeated three times for each sample.

The adsorptive ability of the samples was also examined in the removal of phenolic
compounds from olive mill wastewater (OMWW). OMWW samples were collected during
the oil-harvesting season from an olive mill located in the island of Lemnos (Greece). Sam-
ples were collected in PTFE plastic bottles and transported to the laboratory immediately
after sampling and stored at 4 ◦C. Subsequently, filtration was performed to remove any
solid particles from wastewater. The adsorption experiment procedure was followed: 0.1 g
of each adsorbent was mixed with 10 mL of olive mill wastewater and placed in test tubes
in a proportion of 10 g of adsorbent/L of wastewater. Then, the samples were stirred and
centrifuged for 5 min at 5000 rpm. Thereafter, the concentration of the remaining phenolics
in the supernatant of each sample was tested following the Folin Ciocalteu protocol [59].
The absorbance of each sample was measured in the spectrophotometer (λ = 765 nm).
The above procedure was repeated three times for each sample. The adsorbed amount
(qt) of the adsorbate onto the adsorbent was determined from the difference between the
initial amount of adsorbate (qo) in the solution and the measured amount of the adsorbate.
Then, the materials were dried at 40 ◦C for 24 h and weighed. Studies have shown that
the decomposition of certain phenolic compounds can increase with rising temperatures,
with some compounds becoming less stable over time. More specifically, phenolic com-
pounds that are present in olive oil and thus in olive mill wastewater (e.g., tyrosol) are
stable in temperatures that do not exceed 50 ◦C [60]. The time period was 24 h because
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this time was enough to receive a dry sample without losing phenolic compounds. This
temperature/time combination has also been used by other studies as well [61].

The dried materials were inserted into falcon tubes with deionized water in a pro-
portion of 0.1 g of adsorbent/10 mL of solution, stirred and centrifuged at 170 rpm at
different time intervals. After that, the solutions were filtered to remove the adsorbents,
and the supernatant was added to falcon tubes with rice in a proportion of 0.1 g of rice
/mL of supernatant. The above procedure was repeated three times for each sample. The
concentration of the desorbed phenolic compounds in the supernatant of each sample was
tested following the Folin Ciocalteu protocol [59]. The adsorbed amount (qt) of phenolic
compounds onto the rice was determined from the difference between the initial quan-
tity of phenolic compounds (qo) in the solution and the measured quantity of phenolic
compounds in the solution at different time intervals.

3. Results and Discussion
3.1. RAMAN, FTIR, SEM-EDS and BET Characterization of the Adsorbents

Table 1 gives the results for the moisture, proximate and ultimate analyses of the
samples. The amount of S and CL was calculated according to the rule of mixtures from the
values of olive stone and molasses obtained from the literature [62,63]. The values obtained
clearly indicate the different quality levels of these three samples. The CL80OL20 sample
has similar moisture, ash and volatile values as those of the CL80OL10M10. The olive stone
sample (OL50M50) presents the highest moisture, volatile matter and fixed carbon and
the lowest ash content compared to the other two samples, due to the lack of clinoptilolite.
According to the literature [64], the TG-DSC curves of clinoptilolite show a small, single
and broad endothermic peak from 120 ◦C or 140 ◦C up to 680 ◦C or 800 ◦C according to
the origin of clinoptilolite. The mass loss ranges from 9.48 to 9.87% [64]. The endothermal
effects are attributed to the dehydration of the zeolite minerals. Consequently, the total
structural decomposition of the clinoptilolite occurs at temperatures over 1000 ◦C [64].
Moreover, the elemental analysis has shown that OL50M50 presents the highest percentage
of C, H and N compared to the other samples due to the lack of C and N in clinoptilo-
lite. The general formula of clinoptilolite is as follows: (K, Na, Ca)6[(Si, Al)36O72] nH2O
(n = 20–24) [64]. Comparing olive stone and molasses from the literature [62,63], it seems
that molasses appears to have a higher amount of N, S and CL and a lower amount of
C compared to olive stones. Moreover, molasses and olive stones appear to have other
elements such as oxygen, potassium, sodium, calcium, magnesium, iron, phosphorus,
aluminum and silicon. The highest percentage of the above elements belongs to oxygen, i.e.,
41.97 wt% in db in olive stone and 42.60 wt% in db in molasses [62,63]. The high VM content
of molasses is most likely because it is mainly composed of low-molecular weight organics,
such as sugars [63]. Molasses has a higher FC content compared to olive stones, suggesting
that it may yield more CO gas than the rest of the fuels during gasification [63]. The same
behavior also happens when comparing the FC values of CL80OL20 and CL80OL10M10.
Olive stone and CL80OL20 samples have a rather low S value compared to molasses and
CL80OL10M10 samples, indicating low SO2 emissions [62].

Table 1. Moisture content (wt%, wet basis), proximate analysis results (wt%, db) and elemental
composition (wt%, db) of the mixtures (CL80OL20, CL80OL10M10, OL50M50) and raw materials
(olive stone and molasses).

Sample Moisture ASM VM FC C H N S CL

CL80OL20 6.80 75.01 22.95 2.04 9.81 1.98 0.46 0.06 × 10−1 0.05 × 10−1

CL80OL10M10 7.07 74.04 21.66 4.30 9.06 1.71 0.25 0.14 0.28
OL50M50 11.06 4.53 72.04 23.43 48.62 7.81 1.14 0.72 1.41

Olive stone *1 11.20 1.20 78.70 20.10 50.35 5.95 0.34 0.03 0.25 × 10−1

Molasses *2 13.00 19.00 53.00 28.00 37.90 5.20 0.50 1.40 2.80

*1 According to Castells et al., 2023 [63]. *2 According to Dirbeba et al., 2021 [62].
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The weight loss percentage of each carbonaceous material, i.e., CL80OL20C,
CL80OL10M10C, OL50M50C and commercial zeolite is presented in Figure 1. The OL50M50C
sample presents the highest weight loss percentage (75.2%), while CL80OL10M10C presents
the lowest (27.2%). CL80OL20C presents intermediate values (28.2%). All carbona-
ceous materials were compared to commercial zeolite (Z), which also undergoes the
same thermal process. The weight loss decreases in the materials in the following order:
OL50M50C > CL80OL20C > CL80OL10M10C > Z, respectively. Zeolite as a mineral presents
the lowest weight loss due to the evaporation of water molecules (free and crystalline wa-
ter) [65]. Zeolites and, more specifically, clinoptilolite are used as the matrix/template
for the development of the additional structure of carbons derived from olive stone and
molasses (CL80OL20C, CL80OL10M10C, OL50M50C) or the chemically modified structure
of olive stones and molasses (CL80OL20A, CL80OL10M10A, OL50M50A). Consequently, a
high amount of zeolite is needed compared to olive stone and molasses. Moreover, another
basic aspect is the effect of olive stone or molasses or both in the final carbonaceous or
chemically modified product. As a result, we proposed the production of three materi-
als, i.e., 80/20 w/w zeolite(CL)/olive stone(OL), 80/10/10 w/w zeolite (C)/olive stone
(OL)/molasses (M) and 50/50 w/w olive stone (OL)/molasses (M). The proportion of the
last material indicates the need to comprehend the behavior of the final products, i.e.,
carbonaceous or chemically modified, without the presence of zeolites.

Sustainability 2024, 16, x FOR PEER REVIEW 7 of 23 
 

CL80OL10M10 7.07 74.04 21.66 4.30 9.06 1.71 0.25 0.14 0.28 
OL50M50 11.06 4.53 72.04 23.43 48.62 7.81 1.14 0.72 1.41 

Olive stone *1 11.20 1.20 78.70 20.10 50.35 5.95 0.34 0.03 0.25 × 10−1 
Molasses *2 13.00 19.00 53.00 28.00 37.90 5.20 0.50 1.40 2.80 

*1 According to Castells et al., 2023 [63]. *2 According to Dirbeba et al., 2021 [62]. 

The weight loss percentage of each carbonaceous material, i.e., CL80OL20C, 
CL80OL10M10C, OL50M50C and commercial zeolite is presented in Figure 1. The 
OL50M50C sample presents the highest weight loss percentage (75.2%), while 
CL80OL10M10C presents the lowest (27.2%). CL80OL20C presents intermediate values 
(28.2%). All carbonaceous materials were compared to commercial zeolite (Z), which also 
undergoes the same thermal process. The weight loss decreases in the materials in the 
following order: OL50M50C > CL80OL20C > CL80OL10M10C > Z, respectively. Zeolite as 
a mineral presents the lowest weight loss due to the evaporation of water molecules (free 
and crystalline water) [65]. Zeolites and, more specifically, clinoptilolite are used as the 
matrix/template for the development of the additional structure of carbons derived from 
olive stone and molasses (CL80OL20C, CL80OL10M10C, OL50M50C) or the chemically 
modified structure of olive stones and molasses (CL80OL20A, CL80OL10M10A, 
OL50M50A). Consequently, a high amount of zeolite is needed compared to olive stone 
and molasses. Moreover, another basic aspect is the effect of olive stone or molasses or 
both in the final carbonaceous or chemically modified product. As a result, we proposed 
the production of three materials, i.e., 80/20 w/w zeolite(CL)/olive stone(OL), 80/10/10 w/w 
zeolite (C)/olive stone (OL)/molasses (M) and 50/50 w/w olive stone (OL)/molasses (M). 
The proportion of the last material indicates the need to comprehend the behavior of the 
final products, i.e., carbonaceous or chemically modified, without the presence of zeolites. 

 
Figure 1. Weight loss percentage of the carbonaceous materials in regard to carbonized commercial 
pure zeolite. 

Raman spectra for the adsorbents and, more specifically, the carbon structures that 
were developed in the zeolitic template exhibit mainly two bands at 1600 and 1330–1350 
cm−1, the former band being called the graphite band (G band) and the latter the defect-
induced band (D band) (Figure 2). 

Figure 1. Weight loss percentage of the carbonaceous materials in regard to carbonized commercial
pure zeolite.

Raman spectra for the adsorbents and, more specifically, the carbon structures that were
developed in the zeolitic template exhibit mainly two bands at 1600 and 1330–1350 cm−1,
the former band being called the graphite band (G band) and the latter the defect-induced
band (D band) (Figure 2).

The G band represents stretching vibrations with the basal graphene layers. The width
of the G band is correlated with the stacking ordering between the adjacent graphene layers.
The D band is related to disorder and is not present in pure graphite [66,67]. Its intensity
is strictly connected to the presence of six-fold aromatic rings [68]. The carbonaceous
adsorbents show inhomogeneity according to the optical microscope of the Raman system.
Raman spectra also present bands at approximately 215, 397, 488 and 590 cm−1. According
to the literature [69], these bands correspond to zeolite Raman signals. Consequently,
except for the main Raman spectra, other absorption wavenumbers, especially in the
CL80OL10M10C sample, are presented due to the appearance of traces of elements such
as CaO at 280 cm−1. As is evident from Figure 2, the Raman spectra show a distinct
increase in the intensity narrowing of the width of the 1330 cm−1 band compared to the
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1600 cm−1 band. The ratio between the peak intensities of the G and D bands (the so-called
ID/IG ratio) is a useful indicator of the sample crystallinity [70]. The lower the ID/IG
values, the higher the crystallinity will be. The values of ID/IG ratios follow the order
of CL80OL20C (1.22) < CL80OL10M10C (1.25) < OL50M50C (3.74). The observed ID/IG
ratios for CL80OL20C, CL80OL10M10C and OL50M50C are typical for amorphous carbon
materials [71].
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As it is known, the G band results from the optical zone center phonon of E2g symmetry,
while the D band is related to a disorder-induced mode resulting from a zone boundary
phonon of A1g symmetry [72,73]. The ratio of the D band intensity versus the G band
intensity is an indicator of the sp3 content in carbons. The carbonaceous materials present
a mixed structured of sp2 and sp3 carbon. A decrease in the ID/IG rato indicates a decrease
in the number of sp3 atomic sites in activated carbon, and such materials are more graphite-
like [72]. According to the ID/IG ratio of carbonaceous materials, the CL80OL20C adsorbent
presents the lowest ID/IG in all the produced adsorbents, having more sp2 atomic sites, and
is a more graphite-like material. The definition of graphitic carbons consists of the carbon
atoms that are three-coordinated and are bound by sp2-type hybrid orbitals [74]. According
to the literature [74], highly disordered carbons such as charcoal and coke have very broad
bands, as presented in Figure 2, whereas the lines are narrower in glassy carbon and
polycrystalline graphite. The chemically activated materials CL80OL20A, CL80OL10M10A
and OL50M50A do not show Raman peaks due to their different preparation compared to
carbonaceous ones.

A basic target of this present study is the comparison between the carbonization and
chemical modification methods. This comparison is achieved by studying the properties
and applications of the final carbonaceous or chemically modified materials. Key elements
that are studied are the chemical groups developed through FTIR analysis, morphological
imaging and elemental analysis through SEM-EDS analysis; the specific surface area and
the porous network through BET analysis; and, finally, an examination of the behavior of
the final products in various applications. All the above justifies the production of either
individually carbonized or chemically modified materials, but in no case justify the use of
carbonaceous and then chemically modified materials.

The FTIR spectra of carbonaceous and chemically modified materials are presented
in Figure 3. All materials show a strong absorption band at 1010–1030 cm−1, which
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corresponds to bending vibrations “in plane” of C–H or to Si–O in tetrahedral sheets of ze-
olite [75,76]. The spectrum of OL50M50A presents two weak bands at 2929 and 2873 cm−1,
which correspond to –C–H vibrations (such as –CH2– groups). Moreover, a weak band at
790 cm−1 was assigned to out-of-plane alkene (=C–H) bending or the out-of-plane bend-
ing of ring C–H bonds. Finally, the absorption bands at 600–610 cm−1 correspond to the
Si–O–AL bending vibrations of clinoptilolite [76]. Other studies of synthetic materials [77]
have shown similar results, indicating that the bands at 1046.25 cm−1 were assigned to
the framework stretching vibration band of Si (Al)–O, and 2920.149 and 2856.403 cm−1

indicate C–H aliphatic stretching and –O–CH3 of the aldehyde group [77]. The FTIR analy-
sis of commercial activated carbons [78] such as coal-derived granular-activated carbons,
coal-derived powdered activated carbons and coconut shell-derived powdered activated
carbons has proven the presence of C–H stretching of –CH3, –CH2 groups and C=O stretch-
ing. Most of the above absorption bands are weak, especially for carbons, showing that
the presence of many groups was difficult to identify due to their low concentration and
proportion in comparison with the element of carbon and due to the spectrum background,
which is caused by the absorption of the black color of carbonaceous materials [54].
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Scanning electron microscopy with EDS analysis is also presented for the six different
materials (Figure 4). SEM images are included in two magnifications, i.e., 1000× and 500×,
for carbonaceous and chemically modified materials. Comparing carbonaceous materials
CL80OL20C, CL80OL10M10C and OL50M50C with chemically modified CL80OL20A,
CL80OL10M10A and OL50M50A, it seems that the latter show well-formed pore struc-
tures with the corresponding free passages between the particles. Moreover, the materials
OL50M50C and OL50M50A, which contain molasses and olive stone, present more com-
pact structures with fewer free passages compared to the rest of the materials, in which
clinoptilolite prevails. SEM images of commercial activated carbons such as coal-derived
granular activated carbons, coal-derived powdered activated carbons and coconut shell-
derived powdered activated carbons have proven either the presence of a skeletal structure
with pores or a uniform morphology, while cavities in the activated carbon structure are
favorable for the adsorption process [78].
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Based on the EDS analysis (Table 2), the main elements are carbon from 67.8 up
to 89.9% and oxygen from 9.4 up to 30.6% for all materials. Carbonized adsorbents
CL80OL20C, CL80OL10M10C and OL50M50C appear at a higher concentration of carbon
and a lower concentration of oxygen compared to those that are chemically modified, i.e.,
CL80OL20A, CL80OL10M10A and OL50M50A, due to the carbonization process. Compar-
ing CL80OL20C with CL80OL10M10C and OL50M50C, it seems that it contains the highest
amount of carbon (90%) and the lowest amount of oxygen (10%), presenting similarities
with commercial activated carbon [54]. The increase in the ratio of C/O for all the mate-
rials follow the order CL80OL20A < CL80OL10M10A < OL50M50A < CL80OL10M10C
< OL50M50C < CL80OL20C. The samples contain other elements, such as Si and Al, the
main components of the zeolitic structure. Moreover, the zeolitic structure also contains
exchange cations such as Na, K, Ca and Mg, which are included in low percentages in
CL80OL20C, CL80OL10M10C, OL50M50C and CL80OL10M10A materials [79]. According
to Table 2, the presence of K, Ca, Mg, Na, P and S in the materials may also be explained
by the fertilizers used during the agriculture of olive trees [54] and presented strongly in
CL80OL10M10C and CL80OL10M10A materials, with the highest content of olive stone
(10%). Finally, molasses contains not only total carbohydrates, reducing sugars, protein, fat
and moisture but also potassium, sodium, phosphorus, magnesium and calcium, which are
basic elements in the adsorbents with the highest amount of molasses, i.e., OL50M50C [80].
Other studies [77] have shown the presence of C (28.01%), O (50.96%), Si (9.27%), Al (1.55%),
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Na (2.20%), K (1.26%) and Ca (6.57%) during the formation of activated carbon/zeolite
nanoparticles that were used for the adsorption of MB.

Table 2. EDS analysis (w/w) of the carbonaceous and chemically modified materials.

Samples C O Si Ca Al Mg K Na P S C/O

CL80OL20C 89.9 9.4 0.3 0.2 0.1 0.1 - - - - 9.6
CL80OL10M10C 75.7 21.2 1.4 0.6 0.3 0.1 0.2 0.1 0.4 - 3.6

OL50M50C 74.9 10.0 0.3 4.5 - 0.4 8.3 0.4 0.4 0.8 7.5
CL80OL20A 67.8 30.6 1.0 - - - - - - 0.6 2.2

CL80OL10M10A 73.8 25.8 0.3 - 0.1 - - - - - 2.9
OL50M50A 73.0 22.4 0.6 2.4 - - - - - 1.6 3.3

Comparing Tables 2 and 3, it seems that the highest specific surface area is pre-
sented in adsorbents with the lowest content of carbon and the highest content of oxygen
(CL80OL20A, CL80OL10M10A). Similar results are mentioned elsewhere [81]. Initially,
the materials present a dense structure with a low specific surface area and pore volume.
After carbonization or chemical modification, the materials increase the pore structure,
which is occupied by disordered carbon and oxygen-containing functional groups. Then,
some oxygen-containing functional groups react with carbon materials producing gases
such as CO, CO2 and water vapor. The influence of oxygen-containing functional groups
increases significantly in the lowest pore diameters of the materials. Kim et al. (2019) [82]
reported that carbonyl groups are responsible for the increase in the specific surface area of
carbons, whereas the presence of carboxyl groups decreases the specific surface area of car-
bons. In general, the chemical activation of carbon materials increases oxygen-containing
functional groups [83]. These functional groups form chemical bonds through electrostatic
interactions, leading to various adsorbent applications [84].

Table 3. Characteristics of pore structure, i.e., SBET: specific surface area, Vtot: total pore volume,
Vmicro: micropore volume, daver.p.d.: adsorption average pore diameter, dBJH, aver.p.d.: BJH adsorption
average pore diameter.

Samples SBET (m2/g) Vtot (cm3/g) Vmicro (cm3/g) daver.p.d. (Å) dBJH aver.p.d. (Å)

CL80OL20C 33.12 10.68 × 10−2 0.60 × 10−2 128.99 210.82
CL80OL10M10C 28.12 9.14 × 10−2 0.54 × 10−2 130.03 228.73

OL50M50C 3.88 0.73 × 10−2 0.05 × 10−2 175.32 256.59
CL80OL20A 73.89 8.79 × 10−2 2.00 × 10−2 47.59 142.21

CL80OL10M10A 135.32 11.23 × 10−2 3.66 × 10−2 33.22 86.28
OL50M50A 4.17 0.67 × 10−2 0.12 × 10−2 64.11 95.58

The basic characteristics of the pore structure of all adsorbents are given in Table 3.
Comparing the specific surface area (Sbet) of the materials, it seems that the increase in
the Sbet follows the order OL50M50C < OL50M50A< CL80OL10M10C < CL80OL20C <
CL80OL20A < CL80OL10M10A. Comparing the carbonaceous and chemically modified
adsorbents with the same proportion of raw materials, e.g., CL80OL20C-CL80OL20A,
CL80OL10M10C-CL80OL10M10A and OL50M50C-OL50M50A, it seems that the chemical
activation process gave significantly higher specific surface area to the materials compared
to the carbonization process. In accordance with the classification adopted by the Inter-
national Union of Pure and Applied Chemistry (IUPAC) [85], the adsorbent pores are
classified into three groups: micropore (diameter < 2 nm), mesopore (2–50 nm) and macro-
pore (>50 nm). The adsorption average pore width according to the BET and BJH methods
shows that all materials mainly exhibit pores of diameter in the range of 3–25 nm, in which
the pore sizes become predominantly mesoporous. The porous features of the adsorbents
are analyzed using nitrogen isothermal adsorption/desorption measurements and pore
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size distributions (Figure 5). All samples show a type IV isotherm with a hysteresis loop,
indicating mesopore structures. The hysteresis loops of type H3 are characteristic of the
mesoporous material with slit-shape pores or wedge-shaped pores according to IUPAC
classification [86] and monolayer formation, which begins at low pressures, and multilayer
formation occurs at medium pressure. The pore size distribution measurements (Figure 5b)
also show that the addition of zeolite in the mixture of molasses and olive stone increases
the mesopore structure of the material, i.e., CL80OL20C, CL80OL10M10C, CL80OL20A and
CL80OL10M10A compared to OL50M50C and OL50M50A [87]. Other studies have shown
that the use of coal gangue-based zeolite granules in a fluidized bed confirmed that the
synthetic zeolite was microporous, with a pore size of 0.44–1.89 nm, and the specific surface
area, pore volume and average pore size of the synthesized zeolites were determined by
BET analysis to be 518.7 m2/g, 0.243 cm3/g and 1.61 nm, respectively [88]. Commercial
activated carbons [78], i.e., coal-derived granular activated carbons, coal-derived powdered
activated carbons and coconut shell-derived powdered activated carbons, showed high
surface areas of 700.57 m2/g, 542.33 m2/g and 1025.02 m2/g, respectively. The adsorption
isotherms of them presented a mixture of type I and type IV isotherms, while the average
pore sizes were 2.22, 3.25 and 5.01 nm, respectively. Commercial activated carbons were
derived primarily from soft or hard wood; soft, semi-hard or hard coal; and petroleum
coke [10], indicating that the raw materials come from fossil fuels and wood and not from
agricultural by-products.
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3.2. Environmental and Food Applications of the Adsorbents

Three different batch experiments were conducted to study the behavior of the car-
bonized and chemically modified adsorbents. During the first experiment, an amount of
cationic MB was placed in a test tube in a proportion of 10 g of each adsorbent/L of dye.
According to the results (Figure 6a), the decrease in MB adsorption on the materials follows
the order OL50M50C < OL50M50A < CL80OL10M10A < CL80OL10M10C ≈ CL80OL20A <
CL80OL20C. The results show that the materials with a high proportion of zeolite (80%),
i.e., CL80OL20C, CL80OL10M10C, CL80OL20A and CL80OL10M10A, have a maximum
percentage of MB adsorption of more than 99% after 2 to 5 min, while OL50M50C and
OL50M50A, which contain molasses and olive stone (50–50% w/w), reach an equilibrium
after 30 and 10 min, respectively. Consequently, the carbonized material CL80OL20C,
which consists of 80/20% w/w clinoptilolite/olive stone, adsorbs quicker (up to 2 min) and
with higher amounts of MB dye in comparison with all the other materials.
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Synthetic dyes can also be removed using activated carbons derived from olive indus-
try by-products with great success. In order to be more specific, methylene blue adsorption
reaches equilibrium at room temperature in less than one hour [89]. In other research,
olive stone-based activated carbons presented maximum adsorption of methylene blue
dye of approximately 1.2 mg/g, reaching an equilibrium after 80 min [90]. Moreover, new
research conducted in combination with carbonaceous materials with zeolites approved
that the use of coal gangue-based zeolite granules in a fluidized bed showed that the
adsorption of MB from aqueous solutions follows chemical absorption with an adsorption
saturation of 0.44 g/g and an equilibrium uptake of 108.04 mg/g [88]. Another study
examined the adsorption of MB on activated carbon/natural zeolite nanoadsorbents in
a batch experiment. According to the results, the pseudo-second order model fit well
with the experimental data, showing that chemisorption is the prevailing mechanism. The
maximum AC500/NZ adsorption capacity for MB dye was equal to 51 mg/g at an initial
concentration of 30 ppm [77]. Mesoporous carbons prepared by using acid- and alkaline-
treated zeolite X as the template and furfuryl alcohol as carbon source were used to adsorb
MB, showing that the maximum adsorption was reached at 223 and 380 mg/g, respectively,
and the pseudo-second order kinetic model better describes the adsorption data [91].

The second experiment examines the adsorptive behavior of the six materials with an
anionic dye, i.e., methyl red (MR). The conditions of the experiment are the same as the previous
one. Figure 6b shows the plot of the adsorption percentage and the amount of MR adsorbed
versus the time for the six materials. It is observed that the adsorption of MR on all materials
reaches an equilibrium at higher times than that of MB (approximately 30 min). The adsorption
capacity increases according to the following order: OL50M50A < OL50M50C < CL80OL10M10C
< CL80OL10M10A < CL80OL20A ≈ CL80OL20C. The adsorptive behavior of the materials
on MR is similar to that of MB. It seems that the materials with a high proportion of zeolite
(80%), i.e., CL80OL20C, A4CL80OL20A, CL80OL10M10C and CL80OL10M10A, have a
maximum percentage of MR adsorption up to 98.0% for CL80OL20C and CL80OL20A and
93.7% for CL80OL10M10C and CL80OL10M10A, while OL50M50C and OL50M50A, which
contain molasses and olive stone (50–50% w/w), present an adsorption percentage of MR
equal to 46.5 and 42.2%, respectively. The activated carbons derived from Moringa oleifera
shells (PMOS), activated with ZnCL2 and calcined at different temperatures, were used
for the adsorption of methyl red from aqueous solutions [92]. According to the results,
the maximum MR sorption capacity was equal to 28.67 mg/g at ambient temperature.
The process used exothermic chemisorption, and the pseudo-first order kinetic model was
found to be suitable for describing the adsorptive kinetics of all prepared activated carbons.
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Another study [93] examined the MB and MR dye adsorption on activated carbons derived
from the chemical activation of caraway seeds using three different activators: Na2CO3,
K2CO3 and H3PO4. The activation with potassium carbonate led to activated carbons with
the highest specific surface area developed and the greatest sorption capacity, i.e., 296 mg/g
for methylene blue and 208 mg/g for methyl red sodium salt. The pseudo-second order
kinetic model better described the adsorption rate for both dyes in carbons.

Four kinetic models were applied to explain the adsorption of dyes in carbonized
and chemically modified materials: the pseudo-first order, the pseudo-second order, the
intraparticle diffusion and the Elovich model. The mathematical equations of each model
are described in Table 4.

Table 4. Mathematical expression of the four kinetic models applied to the experimental data of dyes
in the adsorbents [54].

Model Name Mathematical Expression

Pseudo-first order log
(
qe − qt

)
= logqe −

KLt
2.303

Pseudo-second order t
qt

= 1
KSEq2

e
+ t

qe

Intraparticle diffusion qt = KD t1/2 + Z
Elovich model qt = 1

p ln(mp) + 1
p lnt

where qe: adsorption at equilibrium (mg·g−1), qt: adsorption of dye (mg·g−1) at any time, t (min), KL: Pseudo-
first-order rate constant (min−1), KSE: Pseudo-second order rate constant (g·mg−1·min−1) KD: Intraparticle
diffusion coefficient (mg·g·min−1/2), Z: constant (mg·g−1) showing that adsorption is controlled by multiple
processes, m: initial adsorption rate constant of the Elovich model (mg·g−1·min−1) p: Desorption rate constant of
the Elovich model (g·mg−1).

The adsorption kinetic study provides information on the adsorption rate, the perfor-
mance of the used adsorbent and the mass transfer mechanisms. The pseudo-first order,
pseudo-second order and Elovich models indicate that the chemisorption phenomenon
takes place, while the intraparticle diffusion model stands more for physical sorption. Addi-
tionally, the identification of the experimental data with the pseudo-first order model means
that the initial adsorbate concentration is high and that the active sites on the adsorbent are
confined. On the other hand, the pseudo-second model indicates that the initial adsorbate
concentration is low and that the adsorbent is abundant with numerous active sites [94].
The Elovich model is more often used in order to describe the sorption of gases onto a
solid surface. The basic assumptions of the Elovich model are that the activation energy
increases with adsorption time and that the surface of the adsorbent is heterogeneous.
Finally, intraparticle diffusion basically stands for the transfer of the adsorbate into the
pores of the adsorbent and best describes this stage of adsorption [95].

The kinetic models were used to investigate the mechanism of dye adsorption in the
materials. The experimental data were fit to each model so that the best-fit equation was
selected based on the correlation coefficient factor, R2. According to the results (Table 5),
the adsorption of dyes on carbonized CL80OL20C, CL80OL10M10C and OL50M50C and
chemically modified CL80OL20A, CL80OL10M10A and OL50M50A materials are best
described by the pseudo-second order model. The pseudo-second order model shows that
the adsorption process proceeds via chemisorption or is controlled by chemical reactions,
as mentioned above [96]. The other models, i.e., the pseudo-first order, Elovich and
intraparticle diffusion models, are not presented due to the low correlation coefficient
factors during their application to the experimental adsorption data of MB and MR on the
materials. Other studies, which have been reported above [77,91,93], have shown that the
prevailing model that better describes the experimental adsorption data of MB and MR on
carbons is the pseudo-second order model.
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Table 5. Kinetic parameters of pseudo-second order model based on the adsorption of MB and MR
on carbonaceous and chemically modified materials.

Adsorbed Dye Samples qe (mgg−1) KSE
(gmg−1min−1) R2

MB

CL80OL20C 3.03 1.98 1.00
CL80OL10M10C 3.22 1.56 0.99

OL50M50C 2.99 0.70 1.00
CL80OL20A 3.65 0.47 0.99

CL80OL10M10A 3.41 0.50 0.98
OL50M50A 2.97 2.03 1.00

MR

CL80OL20C 3.32 0.09 0.99
CL80OL10M10C 3.05 0.38 0.99

OL50M50C 1.72 0.29 1.00
CL80OL20A 3.19 0.18 0.99

CL80OL10M10A 3.07 0.68 1.00
OL50M50A 1.36 4.01 0.99

The third experiment was conducted using olive mill wastewater to examine the
capacity of the materials to adsorb the phenolic compounds that are present in it. The
proportion of adsorbent to adsorbate was equal to 10 g of each adsorbent/L of wastewater.
The results show that the material CL80OL20A adsorbs the maximum amount of total
phenols (159.8 mg/g) after 30 min, while CL80OL10M10A adsorbs the maximum amount
of 170.9 mg/g after 60 min, respectively (Figure 7). Then, the materials continue to adsorb
total phenols, i.e., at 120 min, but in lower amounts (53.3 and 66.0 mg/g for CL80OL20A
and CL80OL10M10A, respectively). The concentration of total phenols in the solution
increases after 120 min (explaining the low adsorption values of the materials) due either to
the desorption behavior of the materials (especially zeolite) or the release of polyphenolic
compounds from the adsorbents into the solution [97].
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The concentration of the desorbed phenolic compounds of each material in the deion-
ized water versus time is presented in Figure 8. It seems that OL50M50A presents the high-
est desorption of phenolic compounds, equal to 264.2 mg/L, while the CL80OL10M10C
material presents the lowest desorption, equal to 122.7 mg/L after 120 min. Accord-
ing to the results, the desorption process depends strongly on the type of raw mate-
rials and not the physical or chemical process. It seems that materials, which consist
only of olive and sugarcane molasses (OL50M50A, OL50M50C) presented the highest
phenolic desorption compared to materials with the highest percentage of clinoptilolite
(CL80OL10M10C, CL80OL10M10A). Consequently, the adsorbents can be categorized into
three groups: OL50M50A and OL50M50C (first group), CL80OL20A and CL80OL20C (sec-
ond group) and CL80OL10M10A and CL80OL10M10C (third group) compared to phenolic
compound desorption.
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After 120 min, the solutions were filtered to remove the adsorbents and the supernatant
was added to falcon tubes with rice in a proportion of 0.1 g of rice/mL of supernatant.
The adsorbed amount of the phenolic compounds from rice (mg of phenols/g of rice)
after 60 min shows the following order: first solution (0.93 ± 0.03 mg/g) prepared by
OL50M50A > second solution (0.74 ± 0.08 mg/g) prepared by CL80OL20C ≥ third solution
(0.73 ± 0.03 mg/g) prepared by OL50M50C > fourth solution (0.54 ± 0.13 mg/g) prepared
by CL80OL10M10A > fifth solution (0.41 ± 0.07 mg/g) prepared by CL80OL20A > sixth
solution (0.14 ± 0.03 mg/g) prepared by CL80OL10M10C. It seems that the solution with
the highest concentration of phenolic compounds (first group of adsorbents) leads to the
highest adsorption of phenolics from rice. The adsorption–desorption method of phenolic
compounds derived from olive mill wastewater provides an eco-friendly, sustainable, easy
to apply and low-cost method to isolate bioactive molecules (phenols) and to add them into
food, such as rice, to enrich it and to increase its content in these compounds. Phenols and
sewage rich in it can cause severe environmental damage if they get discharged into it. By
reclaiming phenolic compounds from industrial (olive mill) effluents, the environment and
ecosystem are protected, while by using these compounds to enrich food, human health is
promoted [98,99]. Consequently, this method provides an efficient way for the production
of novel foods with high phenolic content.
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Other studies have also used olive mill effluents as raw sources rich in bioactive
compounds, like phenols. The isolation techniques that have been applied differ among
studies, with extraction using chemical reagents such as acetone, to be the most com-
mon [100,101]. Therefore, adsorption is an efficient, low-cost and eco-friendly method, easy
to apply. Studies that have used olive residues like olive stones to prepare activated car-
bons noted a phenol adsorption capacity of 58.8 mg/g after 60 min, while physiochemical
activation generated activated carbons that reached total phenol adsorption of 158.7 mg/g
after 24 h [102,103]. Commercial activated carbons such as coal-derived granular activated
carbons, coal-derived powdered activated carbons and coconut shell-derived powdered
activated carbons were used as adsorbents to study the effective removal of phenols from
wastewater. The results show that the maximum adsorption capacity was 169.91, 176.58 and
212.96 mg/g for the three different commercial carbons. The chemically modified materials
that were prepared in this current study by olive stones in addition to clinoptilolite and
molasses (CL80OL20A and CL80OL10M10A) reached a maximum absorbance of phenols
166.8 mg/g after 60 min. The adsorption technique could be used not only to diminish the
pollutant load of wastewater but can also be applied to make good use of the removed
compounds. For instance, adsorption–desorption seems to be an efficient way of enriching
food and drinks with bioactive compounds, such as phenols and antioxidants. This method
has not been used extensively in these terms, so it is deemed to be a novel venture.

The adsorption of dyes and total phenols in the materials should be explained by the
following factors: the specific surface area of adsorbents, the functional groups of adsor-
bents and adsorbates and the molecular structure of each adsorbate [104]. As it was men-
tioned previously, the specific surface area of each adsorbent follows the order OL50M50C
< OL50M50A < CL80OL10M10C < CL80OL20C < CL80OL20A < CL80OL10M10A. Fur-
thermore, the molecule of MB involves the aromatic rings, which include the functional
groups of S+ and N+(CH3)2 (electron donors), while the molecule of MR presents the aro-
matic ring, which contains the functional groups of N=N, COOH (electron acceptors) and
N+(CH3)2 (electron donors) [105]. The molecule of phenol involves the aromatic ring of the
phenol that acts as the electron acceptor [10,78]. These functional groups are responsible
for electron donor–acceptor interactions between the functional groups of adsorbates and
each carbonaceous or chemically modified material [105]. The functional groups of the
materials were described in FTIR and RAMAN analysis, showing that the carbon coating
on zeolitic surfaces led to high MR adsorption, i.e., CL80OL20C material up to 98% of
MR adsorption, compared to zeolite itself (less than 20% of MR adsorption), as observed
elsewhere [106]. This happens due to the negatively charged zeolitic surface, which repels
the negative groups of MR, leading to low adsorption rates. Moreover, the different sizes
of the molecules influence the adsorption process. MB and MR dyes present three and
two aromatic rings in their molecules, respectively, indicating large molecules in diameter,
which need materials with a mesopore structure in order to be adsorbed. Finally, the
medium in which the adsorption takes place is also a factor that influences the whole
process, i.e., the adsorption of dyes takes place in an aqueous solution, while the adsorption
of total phenols in wastewater with other organic compounds may or may not facilitate the
adsorption process.

4. Conclusions

New adsorbents were prepared by using by-products derived from the olive mill and
sugar industry in combination with natural minerals, such as zeolite.

Regarding the characterization of the spectroscopic analysis of the materials: Raman
spectroscopy presented two main characteristic bands in carbonaceous materials developed
on zeolite, corresponding to G and D bands. Meanwhile, FTIR analysis showed absorp-
tion bands that corresponded to bending vibrations “in plane” of C–H or to Si–O bonds,
out-of-plane alkenes (=C–H) or out-of-plane bending of ring C–H bonds and Si–O–AL
bending vibrations.
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Moreover, SEM analysis has shown that chemically modified adsorbents, i.e., CL80OL20A
and CL80OL10M10A, appear to have a well-formed pore structure in comparison with
carbonized ones, i.e., CL80OL10M10C and OL50M50C.

According to EDS analysis, the material CL80OL20C presents the highest ratio of C/O
in EDS analysis and the lowest ID/IG in Raman spectroscopy.

Comparing the specific surface area (Sbet) of the materials, it seems that the increase
in Sbet follows the order OL50M50C < OL50M50A < CL80OL10M10C < CL80OL20C <
CL80OL20A < CL80OL10M10A. All samples show a type IV isotherm with a hysteresis
loop, indicating mesoporous structures.

Regarding the batch experiments, the increase in the adsorption of MB or MR on mate-
rials follows the order: OL50M50C ≈ OL50M50A < CL80OL10M10A ≈ CL80OL10M10C <
CL80OL20C ≈ CL80OL20A. According to the kinetic data, the well-fitted application of the
pseudo-second order kinetic model to the experimental data has shown that chemisorption
is the prevailing mechanism to both experiments. In addition, the adsorbed amount of the
recovered phenols in rice range from 0.14 to 0.93 mg/g.

In conclusion, olive and sugar by-products can be transformed to filters either to
adsorb dangerous organic compounds or to recover bioactive compounds from wastewater.
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