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Abstract: Caffeine and diclofenac, two representative anthropogenic indicators for
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Revised 04 July 2023, wastewater pollution of surface waterways, have been adsorbed using agricultural acti-

Accepted 06 July 2023 vated carbon derived from argan nutshells (AN). Researchers have also focused on how
changing factors including starting concentration, pH, temperature, adsorbent mass, and

Keywords: contact time affect the solid's adsorption behavior. To reduce costs and increase effi-

v Caffeine ciency, models were developed using the data mining technique of response surface meth-
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v’ Adsorption,
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v’ Response Surface methodol-
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odology (RSM), which considers a number of different operational factors. In this study,
a variety of characterization techniques (FTIR, BET, and SEM) were utilized to analyze
the adsorbent's properties with precision, allowing for a deeper insight into the material's
structure and functionality. Adsorption was typically accomplished after a contact period

. . . of 90 minutes when 1 g of adsorbent material was added for both caffeine and diclofenac.
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As a further note, it has been shown that the adsorption of caffeine and diclofenac mole-
cules to the sites of powdered biochar is significantly influenced by the initial concentra-
tion of pollutants, temperature, and pH variation. The highest removal percentages in the
optimized step were obtained for RSM (Cf: Temperature 10 °C, adsorbent mass 0.8 g,
contact time of 50 min, and caffeine concentrations of 100 mg/L), (Dcf: Temperature 20

nut-shells, J. Mater. Environ.
Sci., 14(7), 762-784

°C, adsorbent mass 0.8 g, contact time of 50 min, and caffeine concentrations of 100
mg/L), and ANOVA analysis using the central composite design-response surface meth-
odology indicated good agreement.

1. Introduction

In terms of abundance, water is one of the most essential substances in the cosmos (Karimi-
Maleh et al., 2021b) (Karimi-Maleh et al., 2021a) (Karimi-Maleh et al., 2021c) Satisfying the ever-
increasing need for drinkable water is a major pressing problem of the 21% century. As a result of
climate change, overcrowding, industrialization, and environmental degradation, water demand is on
the rise (Karimi-Maleh et al., 2020a) (Karimi-Maleh et al., 2020b) (Karimi-Maleh et al., 2020c).
Massive quantities of drinkable water are discharged as wastewater, which, depending on the kind of
activity, includes different impurities (GracePavithra et al., 2019).

Recent years have seen a significant rise in the number of research suggesting novel treatment
methods for the removal of developing micropollutants, pesticides, fertilizers, medicines, plastics, and
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personal care items from waterways. Many people consume new substances without knowing what
impacts they may have on human health or what concentrations in water are safe for ecosystems, and
standard wastewater treatment methods aren't very efficient at disposing of them (Verlicchi et al.,
2013). Due to their toxicity, new forms of pollution present a significant threat to the ecosystem.

Among these contaminants, caffeine (Cf) is a non-regulated stimulant; after administration,
most of it is metabolized, and only approximately 3% of the consumed amount is eliminated as Cf
metabolites, theophylline, theobromine, and paraxanthine. Because of the high and human-related
quantities of this chemical in water (Sauvé et al., 2012). Several scientists believe it to be a possible
tracer of human pollution. In a study of 44 articles on the topic of the identification of emerging
pollutants in wastewater, Cf was found to have the highest concentration among the compounds
investigated, with an average value of 56.63 ng/L (Deblonde et al., 2011). Diclofenac (Dcf) is a
nonsteroidal anti-inflammatory medicine and one of the most often identified pharmaceutical
substances in wastewater treatment plant effluents (NSAID). Dcf has been shown in toxicology tests
to have negative effects on human, plant, and animal life, even at very low concentrations in aqueous
(Memmert et al., 2013).

It is feasible that species might acquire trace pollutants and pass them on to other creatures,
posing a risk to human health. Biochar, a low-cost and effective adsorbent, has been utilized to deal
with newly discovered toxins in water (Cheng et al., 2021) (Rout et al., 2021) (Delgado-Moreno et al.,
2021). Adsorption processes are often not species-specific; therefore, they may be used to remove or
significantly decrease a wide variety of pollutants (Gupta and Suhas, 2009).

Removal of drug substances from water may be accomplished through adsorption. There is a
lot of interest right now in using carbon adsorbents made from renewable natural resources like coconut
shells and husks, grape oil cakes, and other similar substances (Danish et al., 2021a; Bouhcain et al.,
2021; Boujibar et al., 2018; Bernardo et al., 2016; Bouhcain et al., 2022; Torrellas et al., 2015; Danish
et al., 2021b; Abo El Naga et al., 2019; Avcu et al., 2021; Jodeh et al., 2014; Kankou et al., 2021)). In
this work, we investigated the adsorption of Dcf and Cf onto activated carbon made from carbonized
Argan nutshells (AN).

Physical activation, chemical activation, or a mix of the two is used to create activated carbons
from a wide variety of basic materials. Thus, we set out to investigate the feasibility of creating
activated carbon from AN via the performance of relevant studies. During the process of extracting
argan oil, AN (from Argania spinosa) is produced as agricultural waste. The Argania spinosa tree is
native to Morocco and has spread to span an impressive 828,000 hectares of land. It produces 6,000
tons of argan oil per year and 27,000 tons of argan nut (AN) waste. As of right now, the AN waste is
used as a fuel source for the locals (Zbair et al., 2018). However, like coconut shell, almond, or olive
pomace, this biomass might be utilized as a renewable resource in the production of activated carbon.

In this study, we aim to determine optimal adsorption parameters for the effective elimination
of emerging pollutants. Adsorption efficiency may be increased by enhancing the conditions in which
it occurs. The adsorbent's surface area, the nature of the adsorbate, the initial concentration, the
solution's pH, temperature, adsorbent dose, and contact time are all variables that might affect the
efficiency of the removal process (Netzer and Hughes, 1984) (Bendjabeur et al., 2017) (Chuang et al.,
2005).

The second part of our work involves modeling. Determining the ideal process conditions is, in
fact, one of the fundamentals for the pre-design scale of any wastewater treatment system. Adsorption
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is one of the water treatment procedures that involves a series of expensive and time-consuming studies
to determine how input factors impact the process. The process design parameters have been optimized
via the use of statistical and mathematical models to save time and money. In order to model and
optimize an adsorption system, operational data must be collected in the absence of real testing. Single-
variable, or classical, modeling approaches are laborious, expensive, and can't capture interactions
between variables. To address these concerns, a variety of statistical methodologies were compiled into
multivariate regression models to reveal the relationship between independent elements and provide
more insight into the behaviors of the adsorption system. Response surface methodology (RSM) is a
statistical tool for assessing the relationships between various inputs and the outcomes they produce
(Nayak and Pal, 2020) (Igwegbe et al., 2019). By expressing the relationship between factors and
responses using polynomial regression analysis, this mathematical method is able to find the optimal
values for these variables.

2. Materials and methods
2.1. Materials

The AN activated carbon was used in this experiment was prepared from last work (Bouhcain et
al., 2022), This sample was collected in Tafraout, Morocco (29°43'11.1" N 8°58'51.7" W), The
activated carbon prepared with H;PO4 was named ACA. All of the compounds listed below were
available commercially and were utilized without further preparation. Merck supplied phosphoric acid
at a concentration of 85 %. Acros Organics provided Diclofenac sodium 98% (Dcf), while PanReac
AppliChem supplied caffeine anhydrous 98.5% (Cf) (Belgium).

2.2. Methods
2.2.1. Characterization of the activated carbon

Surface functional groups have been identified using FTIR (Bruker Tensor II) spectroscopy. For
FT-IR measurements, the material was mixed with KBr (sample: KBr = 2:200, w/w) to enhance the
wavenumber range (400-4000 cm™!). To obtain a background spectrum, a pure KBr pellet was applied.

In order to examine the AN morphology, a surface emission scanning electron microscope SEM
(TESCON- Mira I XMU) was used in combination with an elemental analysis detector system (EDS)
(Oxford Inst. INCA).

Nitrogen adsorption at 196 °C was used to investigate the textural quality of activated carbon
using a Micrometrics ASAP 2420. (V2.09). Using the Brunauer—Emmett-Teller (BET) equation, the
specific surface areas (Sget) of the isotherms were calculated. In addition, the total pore volume (Vtp)
was estimated, which corresponds to the N> volume adsorbed at a relative pressure of 0.95 (P/P°).
Using the t-plot approach, the volume of the micropores (VuP) and exterior surface area (Sexr) were
calculated. Using the difference between Vrp and VP, the exterior volume (Vexr) was determined.
Utilizing the 4V1p/Sget ratio, the average pore diameter (Dap) was calculated.

2.2.2. Adsorption of emerging contaminants

For adsorption to occur, the adsorbate must remain on the surface of the adsorbent without
penetrating into the adsorbent's atomic structure. Batch adsorption tests were performed using IKA
magnetic stirrers (RO-15) fitted with a Digiterm 100 microprocessor-controlled digital immersion
thermostat and a thermostatic circulating bath. Also, a magnetic stir bar and a weight circle were
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included to keep the solution from rising to the surface. Adsorbate solutions (Co = 100 mg/L) were
added to a 50 mL-flask containing 1 g of activated carbon, and the time it took for the concentration of
the adsorbate to reach equilibrium was measured. The experiments were undertaken at a steady
temperature (10 °C) and a controlled shaking rate (200 rpm) until equilibrium was established. Qe

(mg/g) is the amount of material adsorbed at equilibrium time and is a measure of adsorption capacity.
__(Ce=cCo)*v

Qe Eqn. 1
" q

Qt _ (Ce—Ct)*V Ean. 2
—w q

where Co, Ct, and Ce (mg/L) represent the initial, time t, and equilibrium absorbate
concentrations; W is the weight of adsorbent (g); and V is the volume of solution (L).

Adsorbent was removed from the solution using 0.45 pm syringe filters after equilibrium was
attained, and the concentration of the adsorbate that was left behind was measured using a VWR UV-
1600PC spectrophotometer. Maximum absorbance wavelengths (Amax) 290 nm for Cf and of 300 nm
for Dcf were used throughout all tests.

2.2.3. Parameters influencing the mechanism of adsorption

Parameters which influence the mechanism of adsorption are:
2.2.3.1. pH of the solution

The adsorption efficiency is modified by the solution's pH. High adsorption of H" and OH ions
dissociate functional groups on the adsorbent's active sites, altering reaction kinetics and equilibrium
characteristics (Senthamarai et al., 2013) (Neeraj et al., 2016). Most contaminants have a negative
charge, allowing biosorption with carbon and the solution's increased acidity very simple. Adsorbents
are considered to be responsible for cation adsorption owing to the action of OH e ions at higher pH,
whereas they preferentially adsorb anions at lower pH due to the presence of H" ions (Saravanan et al.,
2020) (Foo and Hameed, 2010). When the pH is low, the concentration of H" ions increase, and the
sorbents' positively charged surfaces attract more H' ions. Due to the positive charge of the adsorbent
surface in acidic conditions, the adsorbate molecules become fully absorbed by the adsorbent. As the
pH of the process increases, the number of negatively charged sites increases while the number of
positively charged sites decreases. An anionic molecule can't immediately adsorb onto a sorbent with
a negative charge layer site, since these layers exert repulsive forces on one another (Senthil Kumar et
al., 2010).

2.2.3.2. Contact time

Adsorption efficiency, for instance, rises as contact time increases. There is an initial, strong
increase in the quantity of adsorbate adsorbed onto the adsorbent surface, and then the process levels
out and stabilizes at a constant value (Foo and Hameed, 2010).

2.2.3.3. Dosage of adsorbents

Specifically, the influence of adsorbent dose is the most important aspect to examine, as it
determines the degree of adsorption and the cost of adsorbent per unit of solutions to process
(Yaashikaa et al., 2019). When adsorbent dosage increases while all other parameters remain constant,
the adsorption efficiency initially increases, reaches its maximum, and then begins to decrease
(Padmavathy et al., 2016).
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2.2.3.4. Initial concentration of adsorbate

A concentration gradient (the driving force) for mass transfer between the solution and the
adsorbent is established by the initial concentration of the adsorbate in the solution (Senthil Kumar et
al., 2014a). In the presence of a low initial adsorbate concentration, the adsorption rate and uptake
capacity are less dependent on changes in the solute concentration. This is because a larger fraction of
the solute molecules is attached to the adsorbate surface at the outset (Tharaneedhar et al., 2017). The
adsorption uptake capacity is concentration dependent. Therefore, increasing the concentration lowers
the ratio and increases the number of available adsorption sites for the adsorbate (Foo and Hameed,
2010). As a consequence, the uptake capacity will decrease with increasing initial concentration, but
only slightly (Padmavathy et al., 2016) (Senthil Kumar et al., 2014c) (Senthil kumar and Kirthika,
2009).

2.2.3.5. Temperature

Temperature is still another important factor, since adsorption is often an exothermic process;
hence, increasing the temperature would decrease the adsorption intensity. In general, temperature is
inversely related to adsorption capacity. As the temperature rises, the solubility of the solute increases
correspondingly; hence, the solubility of the adsorbate in the solvent will be greater than that of the
adsorbent, which inhibits adsorption (Saravanan et al., 2018). In summary, temperature may affect the
reversibility of the adsorption equilibrium by affecting both the adsorption and desorption processes
(Foo and Hameed, 2010).

2.2.3.6. Adsorbate’s nature

There is a strong correlation between the solubility of the adsorbate and the adsorption rate and
capacity. The affinity of the solute with the solvent is strong if the adsorbate can be dissolved entirely
in the solvent (S. and P., 2018). Consequently, the amount and rate of adsorption of this adsorbate are
reduced. Therefore, it is conceivable to infer that the degree of adsorption is inversely related to the
solubility of the solute (Grassi et al., 2012).

2.2.3.7. Surface area of adsorbent

Although adsorption occurs on surfaces, its strength depends on the available surface area, or the
total free surface area for adsorption. This high surface area per unit mass of adsorbent is a reflection
of the material's exceptionally fine and porous structure. In other words, if the surface area of the
adsorbent is larger, the adsorption will be more effective (Rathi and Kumar, 2021).

2.2.4. Design of experiments

Statistical methods fall into three broad classes when used for the study of chemical processes in
which several parameters influence the same response of interest. The circumstances of a process may
be predicted using some of these methods. One of the most often used approaches in statistics is the
response surface methodology (RSM). With RSM, we may examine the connection between a large
number of predictors and a single or many responses. The RSM centers on the concept of carrying out
a series of design experiments in order to arrive at the best possible result. Through the adjustment of
process parameters, the maximum yield of a target material may be calculated using this approach. The
essential aspects and properties of RSM are orthogonality, rotatability, and homogeneity. This method

Bouhcain et al., J. Mater. Environ. Sci., 2023, 14(7), pp. 762-784 766



often relies on experimentally designed data fits between empirical models and experimental data. In
this research, RSM was used to analyze the factors that affect the efficacy of Cf and Dcf removal. Both
the Central Composite Design (CCD) and the Box-Behnken Design (BBD) are included in RSM
(BBD). RSM modeling included the use of the central composite design (CCD), with the four critical
parameters being the initial concentration, the temperature, the contact time, and the mass of adsorbent,
to account for the whole of the removal process. Design Expert, a statistical program, was used to plan
a total of 29 trials. An analysis of variance (ANOVA) was performed to check the feasibility and
significance of the projected model by assessing the goodness of fit, the regression coefficient (R?),
and the value of the Fisher variation ratio (F-value). After the model has been verified, it is shown as
a three-dimensional graph that produces a surface response that may be used to determine the optimum
operating parameters.

3. Results and discussions
3.1. Characterization of activated carbon
3.1.1. Fourier transformer infrared-spectroscopy (FTIR)

Figure 1 depicts the FTIR spectrum of argan nut shell, which exhibits an IR band at around
3416 cm! associated with O-H vibrations in hydroxyl groups. The band situated between about 2923
and 2852 cm! corresponds to the C-H vibrations of methyl and methylene compounds (El-Nabarawy
et al., 1997) (Figueiredo et al., 1999). Furthermore, the band at 2349 ¢cm™! may be attributed to the
carbon dioxide O=C=0 stretching vibrations. The C-H bonds of aromatic compounds correspond to
bending between 1958 and 1691 cm!. The peak centered at 1619 cm™ corresponds to the aromatic
C=C ring stretch (Bouchelta et al., 2008). In addition, the band between 1584 and 1329 cm'! supports
the existence of aromatic C-H compounds.

ACA After adsorption = —— ACA Before adsorption
[
Q
c
©
K]
S
3 C=C
2 —
< O-H
4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavelenght (cm™)

Figure 1. FT-IR spectrum of ACA before and after adsorption.

The strong peak recorded at 1105 cm™ might also be attributable to C-O stretching vibrations.
The 571 cm™ IR band is responsible for the in-plane ring deformation (Ji et al., 2007). Adsorption has
little effect on the FTIR spectra of ACA; the bands are comparable to those seen before adsorption, but
the intensity of the bands is lower after adsorption. As a result, the other peaks vanished. This result
suggested that the chemical activation method had successfully eliminated the majority of surface
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functional groups. The FTIR findings are in agreement with the surface chemistries of other agricultural
by-products such as raw cashew nut shell and pecan nutshell (Vaghetti et al., 2009) (Tangjuank et al.,
2009).

3.1.2. Scanning-electron-microscopy-(SEM)

The scanning electron microscopy graphs (Figure 2) reveal that the ACA's surface was
reasonably smooth and impermeable, except for the occasional crack. However, the chemical
activation of activated carbons causes significant changes in the surface porosity, as seen in the
morphology of the activated carbons. In addition, it seems that the roughness of the surface is
augmented by the activating agent H3POa. Porosity's growth is consistent with findings from the study
of textures (Table 1).

At
SEM HV: 10.0 kV WD: 15.42 mm RA3 TESCAN
h3po4-3
SEM MAG: 1.00 kx Det: SE, BSE Performance in nanospace

Figure 2. SEM image of ACA.

3.1.3. Specific Surface area analysis (BET)

At 77K, nitrogen physisorption was used to determine the ACA's textural properties. According
to IUPAC classification (Thommes et al., 2015), it was obvious that ACA displayed the type II
physisorption isotherm (Figure 3), which is typical of microporous materials. According to the data,
phosphoric acid exhibited the greatest specific surface area, pore volume, and pore size dispersion
(Table 1). These characteristics suggest that the generated activated carbon may be used as an effective
adsorbent.

3.2. Caffeine and Diclofenac adsorption study

3.2.1. Effect of pH of the solution

Figure 4 illustrates the influence of pH on ACA adsorption at five different pH levels: 3, 5,7, 9
and 11 for Cf (Figure 4.B) and five different pH levels: 4,6,7,8 and 10 for Dcf (Figure 4.A); utilizing
1 g of ACA with 100 mg/L of Cf and Dcf. 90 minutes were spent shaking the samples at 200 rpm at
room temperature. The concentration of Cf or Dcf was then determined by the calibration curve using
a VWR UV-1600PC spectrophotometer. Each study was conducted in duplicate.
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Figure 3. Nitrogen physisorption isotherm and pore size distributions of ACA.

Table 1. Textural properties of ACA.

Adsorbent BET surface area (m*g)  Total pore volume (cm’/g)  Average pore diameter (nm)
ACA 1007.76 0.85 3.38

Cf and Dcf adsorption is very dependent on the solution pH (Anastopoulos et al., 2020)
(Beltrame et al., 2018) (Portinho et al., 2017); and numerous adsorption processes, such as hydrogen
bonding, -interaction, etc., have been characterized. It has been shown that the ionization of pollutants
and the surface charge of certain adsorbents are affected by the pH of the aqueous medium. Figure 4.A
displays the results of an investigation into the efficiency of the Dcf adsorption process at pH values
between 4 and 10. Diclofenac removal is inhibited by pH levels above 6, where the maximal adsorption
capacity of the Dcf is maximized (89%). An adsorbent pHpzc of 6.5 was determined (Figure 4.C) Due
to the repulsive electrostatic interaction between the anionic species of the target pollutant and the
negative charge on the adsorbent surface, the adsorption capacity is reduced in an alkaline solution (pH
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approximately 10). These results correspond to the findings of Li et al (Li et al., 2018), who investigated
the feasibility of using activated carbon to precipitate sodium diclofenac from water.

A —&— Diclofenac

100

80

60

40

Removal %

20

B —&— Caffeine
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1,2
0,8

0,4 /\ —&— Diclofenac
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04 2 8\0 12
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-1,2
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A
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Figure 4. Effect of pH over adsorption process.
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Cf adsorption is shown to be affected by an initial pH range of 3-11 (Figure 4.B). Figure reveals
that between 5 and 7 pH, the adsorption is highest (81%). The adsorbent was measured to have a pHpzc
of 5, which is neutral (Figure 4.C). Therefore, the ACA surface will be mostly negatively charged at
pH > 5, and positively charged at pH 5. Electrostatic interaction between ACA and the neural form of
caffeine explains why the maximum adsorption capacity of caffeine on ACA was found at pH values
between 5 and 7, and why this capacity was dramatically decreased at pH values between 7 and 11.
Caffeine's microporous structure is less permeable at high pH because the molecule is mostly
negatively charged and more permeable at low pH because it is predominantly positively charged.

3.2.2. Effect of mass of adsorbent
Figure 5 demonstrates that both Cf and Dcf adsorption capacities improve with increasing

adsorbent dose. This has been shown by several studies (Portinho et al., 2017) (Ahmad et al., 2013)
(Gil et al., 2018) (Lujan-Facundo et al., 2019) (Melo et al., 2020) (Nam et al., 2014) (Westerhoff et al.,
2005). When the quantity of adsorbent rises, the availability of active sites increases, hence enhancing
the Cf and Dcf adsorption performance (Ahmad et al., 2013) (Al-Khateeb et al., 2014). However, the
expense of the adsorption process might rise with the use of large amounts of adsorbent. This means
that finding the right amount of activated carbon to use is crucial for cost-effectiveness (Portinho et al.,
2017). Moreover, Nam et al. (Nam et al., 2014) observed caffeine removal efficiencies of 80—90% at
activated carbon concentrations larger than 5 mg/L. Increasing the amount of activated carbon to 20
mg resulted in a negligible (5%) improvement in the removal efficiency for Cf.

100
2 g0
od
£
Z
£ 60
©
o
©
(&)
§ 40
a
s —8— Diclofenac
S 20
3 Caffeine
0 ¢
0 0,2 04 0,6 0,8 1 1,2 14 1,6

Mass of adsorbent (g)

Figure 5.-Effect of mass of adsorbent over adsorption process.

3.2.3. Effect of initial concentration of adsorbate

For the first adsorbate concentration tests, 1 g of ACA was mixed for 90 minutes at 10 °C with
solutions ranging from 10 to 120 mg/L. Figure 6 depicts the outcomes achieved. When the initial
concentration is low, the ratio of the number of solute molecules to the Dcf and Cf surfaces is low. The
initial concentration of the solute has minimal effect on the sorption rate and absorption capacity.
Eventually, the sorption capacity becomes independent of the original solute concentration (Thekkudan
et al., 2017). In addition, the ratio rises at high concentrations, showing that there are fewer vacant
adsorption sites for adsorbate, and the sorption capacity is dependent on the initial concentration (Foo
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and Hameed, 2010). As a consequence, the absorption capacity decreases as initial concentrations
increase (Padmavathy et al., 2016) (Senthil Kumar et al., 2014b) ( Senthil kumar and Kirthika,, 2009).

90
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70
60
50
40

30
—&— Diclofenac
20

Adsorption capacity (mg/g)

—0— Caffeine
10

iy .
0 20 40 60 80 100 120 140

Initial concentration (mg/L)

Figure 6. Effect of initial concentration over adsorption process.
3.2.4. Effect of contact time

Adsorption of Cf and Dcf onto the ACA was demonstrated to grow gradually over time and
achieve equilibrium after 90 min (Figure 7). The mass transfer resistance of the organic chemical
between the aqueous and solid phases is likely overcome by the concentration gradient. As a result, the
capacity for adsorption increases, up to a point when it becomes saturated. Adsorption occurred in two
phases: a short period of intense absorption occurring within minutes (up to 30 min), followed by a
prolonged period of significantly slower uptake. Adsorption was more rapid in the first phase because
of the abundance of active sites on the adsorbent and the contact between the adsorbent's surface and
the organic molecule. Repulsive forces between organic molecules already adsorbed on the solid
surface and those in the bulk phase may account for the eventual decreased adsorption.

100
-

80 D
X 60
w©
>
g
g 40

—&— Diclofenac
20 —0— Caffeine
0 ¢
0 30 60 90 120 150 180

contact time (min)

Figure 7. Effect of contact time over adsorption process.

Bouhcain et al., J. Mater. Environ. Sci., 2023, 14(7), pp. 762-784 772



2.5. Effect of temperature

The adsorption of Dcf and Cf by ACA may be affected by a number of factors, including
temperature, that are associated with the adsorbent and the gas being adsorbed. In this case, we
conducted studies at five distinct temperatures (at 10, 20, 30, 40, and 50 degrees Celsius) to observe
how these variables affected the effectiveness of waste removal. Figure 8 demonstrates that, as
expected, ACA's adsorption capability declined with rising temperature. Adsorption of Cf reduced
from 84% to 40%, while Dcf elimination efficiency dropped from 90% to 48%. Adsorption of these
pollutants may have decreased because of desorption brought on by an increase in thermal energy. The
balance between adsorption and desorption shifts as a result. Early on in the process of removing the
substance, adsorption occurred quickly. After 90 minutes, there was no discernible change in
adsorption capacity up to 150 minutes, when equilibrium was reached. The high BET surface area of
ACA suggests that it is responsible for the rapid initial adsorption rate. The rapid establishment of
equilibrium is beneficial for the application of ACA in the removal of pollutants at room temperature.

100
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>
° \‘
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(o] 10 20 30 40 50 60

Temperature (°C)

Figure 8. Effect of temperature over adsorption process.
3.3. RSM modelling and optimization

Table 2 illustrates the final experimental design matrix and response outcomes under various
experimental conditions. Table 2.A shows that adsorption efficiencies for Cf range from 31.04% to
98.79%, whereas Table 2.B shows that efficiencies for Dcf range from 27.55% to 98.90%. In Eqn. 3,
we offer the final studied (and coded) RSM model for Cf and Dcf adsorption, which allows us to assess
and anticipate the ideal circumstances for higher efficiency. The coefficient's positive sign in this
empirical equation denotes the component that positively affects adsorption, whereas the negative sign
denotes the term that negatively affects adsorption. Statistical research reveals that the removal
efficiency of Dcf and Cf is favorably influenced by interactions involving temperature and contact
time, temperature and mass of adsorbent, initial concentration, and contact time and initial
concentration, mass of adsorbent, and initial concentration. On the other hand, a negative effect is
shown in the interactions between initial concentration and contact time, temperature, and contact time,
as well as between contact time and adsorbent mass:

Adsorption = +47.11 - 2824 —0.06 B +0.23C +11448D + 0.004 AB —0.016 AC + 0.45 AD +
0.001 BC —0.01 BD + 0.27 CD + 0.074% — 0.0004 B2 — 0.001C? — 60.7 D* Eqn. 3
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Table 2.A. The central composite design's experimental Cf runs and responses.

Cf i Run i Tem?oecr?ture ;rnlll:::; ; con(cl:{:l;tt:{;)tion E D(c;e ; Absorbance ; (ng?L) ; (?ni;:lf) ; efg:il:;):;lo ”
29 1 20 b 50 75 08 i 008 : 1042 : 64.58 | 86.10
18 2 30 50 ;50 108 ¢ 0022 i 267 ;4733 9467
I 3T 20 0 100 1081 0176 121337867 7867
26 4 720 150075 U081 0087 11054 | 6446 | 85.94

""" I 15 1 10 1107 75 1081 0046 1 558 6942 1 9257
12 6 | 30 150 f 75 L4 0028 | 339 716l 9548
""" § 7 1 20 150 ¢ 100 : 14! 0069 836 :9l.64 :  9L64
2 g 200 190 ¢ 75 1020 038 | 4678 | 28221  37.62
4 o T 30 19 75 081 0027 327 {71730 95.64
""" 7 010 0 20 150 0 50 L4 006 1 727 14273 8546
23 11 0 20 10 0 75 1140 0062 | 7.51 | 6749 1  89.98
10 12 30 150 075 1021 0401 | 4860 | 2640 1 3520
24 T3 200 7790 175 U4 L0062 1751 6749 1 89.98
25 14 20 50 ¢ 75 1081 0091 11036397 8529
2 5 0 30 1 100 75 108 ! 0106 : 1285 6215 8287
16 T 16 © 20 190 100 108 [ 0123 11491 | 85.09 | 85.09
""" 9 117 1 10 150 0 75 1021 0345 i 4181 : 3319 1 4425
""" 5 718 7 20 150 0 50 02 0243 | 29452055 4110
"""""""" 19 1 20 150 ¢ 100 :02: 0569 6896 i31.04 1 3104
17 720 0100 150 0 50 081 0024 1291 147091 9418
27 21 20 150 ¢ 75 108 1 0091 110316397 1 8529
20 2 T 300 50 T 100 108 | 0191 123157685 76.85
19 123010 150 0100 108 1 001 1121 9879 % 9879
21 24 20 1 10 0 75 1021 0397 148121 2688 3584
14 25 i 20 19 i 50 i 08 | 0072 | 873 {4127 82.55
I 26 0 10 150 075 147 0012 | ] 145 7355 1 98.06
3 127 0 00 o s 08 | 0012 1 145 173551 98.06
28 128 1 20 150 75 08 © 0113 1370 : 6130 : 8174
o e o 50 o8 0079 957 a0y [ 80.85

3.3.1. Analysis of variance (ANOVA)

Table 3 is a summary of the analysis of variance for ACA's effectiveness in removing Cf and
Dcf. The generated quadratic model was shown to be statistically significant (P 0.05) by the findings.
Table 3.A lists the most important model terms for Cf, and Table 3.B lists the most important model
terms for Dcf. In addition, Table 3 demonstrates that the quadratic model's lack of fit F-values is
statistically significant (p 0.05). When all other variables are maintained constant, the estimated
coefficient is the predicted shift in reaction per unit shift in factor value. In an orthogonal design, the
intercept represents the mean response over all iterations. Coefficients are scale factors that modify
that mean value. VIFs of 1 show that the factors are orthogonal; VIFs larger than 1 imply multi-
collinearity, with higher values indicating stronger correlations between components. VIFs below 10
are generally considered acceptable.
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Table 2.B. The central composite design's experimental Dcf runs and responses.

Temperature Time initial . : ! Ce Ci-Ce Removal

Decf Run ?”C) (min) con(clenngt/lzl)tlon Absorbance (mg/L) (mg/L) efficiency %
29 Lo 20 bo50 i 75 L 08 1 0132 10.14 1 6486 8648
18 2 4 30 .50 i 50 08 1 0163 i 1331 1 3669 | 7338
A5 3 20 ] 10 ;100 08 : 0335 __2..3091 : 69.09 : 69.09
26 4 1 20 .50 75 L 08 1 0119 & . 881 . 66.19 i 8826
Lo s oo 1010 75 P08 1 0198 . 1689 ' 5811 | 7748
12 6 1. 30 150 o 75 i l4 0107 i 758 1 6742 1 89.89
8 AR 20250 1100 14 i 0045 i 124 i 9876 i 98.76 .
22 8 20190 i 75 L 02 1 0488 | 46.56 | 2844 i | 3791
A9 30 90 i 75 L 08 1 0195 . 1658 @ 5842 @ 7789
T 10 ¢ . 20 50 50 14 i« 0052 . 195 @ 4805 : 96.09
< S 20 4] 10 & 5 14 0.041 i 0.83 . 74.17 i 9890
Mo P12 i 30 P50 b 75 102 1 0551 15301 1 2199 12932
24 13 20 .90 o 75 L4 0.049 i 1.65 i 7335 i ! 97.81
25 14 20 150 i 75108 1 0.09 i . 645 | 6855 | 9139
2 A5 30 10 i 75 L 08 1 0287 . 2600 @ 49.00 : 6534
ol de i 20290 i 10008 i 0211 & 1822 | 8178 | 81.78
N 17010 .50 : 75 102 0 0468 & 44.52 @ 3048 : 40.64
5 18 & .. 20 .50 50 102 4 0382 . 3572 . 1428 : 28.56
6190 20 50 i 100 102 % 0.741 1 7245 | 2755 i 2755
17 02000 1050 i SO 108 0049 | 165 : 4835 | 96.71
272l 20 .50 75108 1 0139 i . 1085 1 6415 1 85.53
20 220 30050 i 100 i 08 i 0392 i 3674 . 6326 i 6326
19 123 i 1050 i 100108 i 0056 . 236 9764 i 97.64
L2124 20 ] 10 4 75 $ 02 1 0509 . 4871 | 2629 : 35.05
14 s 20 .90 o 50 .08 0.048 @ 1.54 : 4846 : 96.91
Ao 20 1050 i 75 L4 0.047 . 144 . 7356 i ! 98.08
327 1090 i 75108 1 0045 ' 124 ' 7376 i 9835
28 128 20 150 75 108 1 0115 i 840 : 66.60 i 88.80

13 29 20 10 50 0.116 850 ' 41.50 83.00

Table 3.A. Analysis of variance for the central composite design (Cf).

Source ; Sum of Codf Mean i F-value | p-value
. Squares | . _Square | . .

Model 1 1362486 1 14 : 97320 : 6595 i <0.0001 : Significant
| A-Temperature ____: 180.19 : 1 2 18019 : 12.21 ;. 0.0036 __: Significant
| B-Time ;6608 Lo 66.08 . 448 . 0.0527 : Non-Significant
| C-Initial concentration : 4235 & 1 4235 . 287 ;...0.1124  : Non-Significant
| D-Dose 9078.74 : 1 : 9078.74 : 61525 i <0000l : Significant
|AB_ ] 1322 1 1322 ;1 0.8959 i 03599 ! Non-Significant
AC 16893 1 1 | 6893 | 467 1 00485 ! Significant
AD 73019 b1 % 3009 i 205 i 01746 i Non-Significant
'BC 559 1 1 1 55 & 0.3785 i 0.5483  : Non-Significant
'BD 0.7900 : 1o 0.7900 : 0.0535 i 0.8204 : Non-Significant
¢ 16594 1o 6594 . 447 00529 : Non-Significant
A 387.88 : 1o 387.88 . 2629 . 00002 :Significant
1 S 291 & 1y 291 & 0.1975 i 0.6635 : Non-Significant
S 7.14 1 1y 714 & 04838 i\ 04981 ' Non-Significant
I 3101.09 : 1 : 3101.09 : 21016 1 <0.0001 _ | Significant
| Residual @ 20659 1 14 ¢ 1476 & 4
| Lackof Fit 1 19376 : 10 : 1938 . 6.04 00489 : Significant
| Pure Error ] 12.83 @ 4 321
Cor Total 1 13831.45 : 28
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Table 3.B. Analysis of variance for the central composite design (Dcf).

Source ! Sum of G | Mean i F-value | p-value
. Squares . . Square . : :

Model | 1790172 1 4 1 127869 | 2830 <0.0001 _: Significant
| A-Temperature 0.1485.04 ;1 1485.04 : 32.86 . <0.0001 : Significant
| B-Time i 41778 1 L 41778 9.25 00088  Significant
| C-Initial concentration : 17471 : 1 : 17471 . 3.87 ___:...0.0694 : Non-Significant
| D-Dose 13351731 1113351731 29548 <0.0001 _ Significant
AB___ 15130 1 1 5130 1 L14 i 03047 ! NonSignificant __
AC__ 12514 1 G 2514 1 05563 i 04681 | NonSignificant __
AD __ 268 i 11 268 1 0.0593 i 08111 i NonSignificant ___
BC i 03769 | 1 _: 03769 : 0.0083 i 09285 _: Non-Significant ___
BD 02280 i 1 _: 02280 : 0.0050___: 09444 Non-Significant ___
CD 507 i 1+ 507 & 0.1121 i 07427 __: Non-Significant ___
(A’ 3868 . 1 3868 @ 0.8561 i 03705 __: Non-Significant ___
B 4256 1 1 1 4256 1 09418 0.3483 ! Non-Significant __
G 3660 1 1 3660 1 08099 i 0384 | NonSignificant __
D 2367.11 1 1 1 236701 | 5239 i <0000l ! Significant
| Residual i 63261 1 14 1 4509 o
| Lackof Fit i 1 61201 1 10 : 6120 & 11.88 i 00146 __: Significant
 Pure Error i 2060 4 2 SIS n e
Cor Total 1 18534.33 : 28

Table 4 shows a satisfactory fit between the experimental and projected data, reflecting the
significance of the variance around the mean described by the model. Meanwhile, the normal
probability curves of the residuals (% normal probability compared to the residuals examined
internally) show (Figure 9) that the estimated values are extremely close to the experimental values.

3.3.2. Response surface morphology (RSM)

As shown in Figure 10.A and 10.B, the three-dimensional response plots and their related
contour lines for Cf and Dcf removal efficiency illustrate the effect of the selected factors and their
interactions on the response. Two of the four parameters were changeable, while the other two were
fixed. Figure 10.A illustrates the impact of initial concentration on Cf adsorption. As observed, the
adsorption effectiveness improved as the initial Cf concentration. When the adsorbent mass and
temperature are held constant, the adsorption falls as the Cf concentration increases. The impact of
solution temperature on adsorption is seen in Figure 10.A. It was clearly shown that the adsorption of
Cf decreased as the temperature decreased. Even though the mass of the adsorbent increased at a fixed
initial concentration, its adsorption effectiveness decreased owing to the saturation of its active sites.
While the greater initial concentration at a lower mass of ACA increases its adsorption, the converse
is not true. Figure 10.A depicts the influence of adsorbent mass on adsorption efficiency and its
relationship with contact time. When the initial concentration and temperature are held constant, it is
shown that more than 98% of Cf is adsorbed in the first 50 minutes with an adsorbent mass that ranges
from about 0.8 g. A response surface approach was used to determine the appropriate proportions of
the various independent factors for Cf elimination. Maximum adsorption was attained at an initial
concentration of 100 mg/L, adsorbent mass of 0.8 g, temperature of 10 °C, and contact time of 50
minutes. After optimizing the independent variables, the final adsorption test was conducted at the
ideal level to validate the model's validity. The effect of initial concentration on Dcf adsorption is seen
in Figure 10.B. As can be observed, a higher initial concentration of Dcf improves adsorption
efficiency.
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Figure 9. Study of the adsorption of caffeine (A) and diclofenac (B) onto ACA, as measured by their

respective normal % probability residuals and studentized residuals.

Table 4.A. Fit summary of the polynomial deviation around the mean explained by the model (Cf).

Source i Sequential p-value '  Lack of Fit p-value | Adjusted R> : Predicted R?
______ Linear : <0000l . 00004 . 06235  : 05024
_______ 2KL i 0999 i 00002 & 05187 i 00099
| Quadratic_:  <o0.0001 | 00489 . 09701 . | 09179

Cubic 0.0749 0.1202 0.9875 0.7469

Table 4.B. Fit summary of the polynomial deviation around the mean explained by the model (Dcf).

Source ! Sequential p-value ' Lack of Fit p-value ! Adjusted R* | Predicted R?
______ Linear __ : <0000l __ . . ..00023 _ . 08045 _ . 07540
L 2FL 09972 i 00013 . :...07465 . | 05343 .
| Quadratic_: 0.0001 .. 00146 . 09317 . | 0.8081

Cubic E 0.0420 0.0516 0.9772 0.4536
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Figure 10.A. Cf removal efficiency surface and contour plots.
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Figure 10.B. Dcf removal efficiency surface and contour plots.

Given a certain amount of adsorbent mass and a fixed temperature, a higher Dcf concentration
results in lower adsorption. Figure 10.B shows how the solution temperature affects adsorption.
Adsorption of Cf was seen to decrease when the temperature was lowered, supporting the hypothesis
that Cf is temperature sensitive. Since the active sites were saturated as the adsorbent mass increased
for a given initial concentration, the adsorption efficiency decreased. While ACA's adsorption is
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enhanced by a smaller mass at a greater initial concentration, the converse is not true. Figure 10.B
depicts the interplay between adsorbent mass and contact time with regards to adsorption effectiveness.
More than 98% of Cf is adsorbed in the first 10 min with a mass of adsorbent that changes about 0.8 g
when the initial concentration and temperature are held constant. With the help of the response surface
approach, we were able to determine the ideal ranges for all of the variables in the process of
eliminating Dcf. At an initial concentration of 75 mg/L, the adsorbent mass of 1.4 g, a temperature of
20 °C, and a contact time of 10 min, 98.90% adsorption was obtained. As a last step in ensuring the
model's accuracy, the adsorption assay was conducted with all independent variables set to their best
possible values.

3.3.3. Optimization

An initial Cf concentration of 100 mg/L, temperature of 10 °C, a contact time of 50 minutes, and
an adsorbent mass of 0.8 g were found to be optimal for Cf adsorption. The experiments were run under
ideal circumstances to ensure that the optimization held up. Response values under ideal circumstances
were measured and compared to projected values. The experimental data was the observed value, and
the anticipated value was determined by using Eq (3). A good agreement between the anticipated and
observed values was found, with a 90.67% observed value and a 95.83% projected value. As a result,
the efficacy of the model was verified. Initial Dcf concentration of 75 mg/L, temperature of 20 °C,
contact time of 10 min, and adsorbent mass of 1.4 g were determined to be optimal for the adsorption
of Dcf. In order to verify the optimization, experiments were conducted under optimal circumstances.
The contrast between observed and expected response levels under ideal circumstances was
investigated. The experiment's observed value was the measured data, and the anticipated value was
determined using Eqn. 3. The actual value was 79.92% whereas the expected value was 92.14%
indicating that the predicted and observed values were in excellent agreement. Consequently, the
performance of the model was verified.

Conclusion

Finally, two emerging contaminants, caffeine and diclofenac, have been removed from aqueous
solutions by adsorption using activated carbon from argan nutshells (ACA). Considering the large
surface area available to the chemical compounds, it is not unexpected that the material has a similar
sorption capacity for the two adsorbates. After 90 minutes of contact, equilibrium was often reached
in the compound/carbon systems. This study explores its potential as a tool for purifying water systems
by removing caffeine and diclofenac. ACA was characterized using BET, SEM, and FTIR to explain
its structure and surface properties. RSM was used to determine the optimum values for the process
variables involved in the elimination of caffeine and diclofenac by ACA (solution pH, initial
concentration, adsorbent mass, temperature, and contact time). As part of the RSM strategy, the cubic
regression model was developed. The RSM designed for describing the elimination of diclofenac and
caffeine passed the ANOVA test, showing its suitability for the task. The findings showed that the
model's predictions were in excellent agreement with the experimental data, with a high correlation
value (R? = Cf(0.9701), Dcf (0.9317)). The high adsorption capacity and their cost-effective synthesis
demonstrated the significant potential of ACA for use in practical settings.
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