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Abstract: In this study, porous activated carbon was produced from coffee waste and used as an
effective adsorbent for the removal of humic acid (HA) from seawater and methyl orange (MO) dye
from aqueous solutions. Phosphoric acid H3PO,4 was used as an activating agent for the chemical
activation of these agricultural wastes. The characterization of the activated carbon obtained using a
scanning electron microscope (SEM), Fourier-transform infrared (FTIR) spectroscopy analysis, X-ray
diffraction (XRD) and the Brunauer-Emmett-Teller (BET) method revealed that the activated carbon
products exhibited high porosity and the formation of various functional groups. The effects of
different parameters were examined using batch adsorption experiments, such as the adsorbent
masses, pH, initial pollutant concentration and contact time. The results show that the performance
increased with an increased adsorbent mass (up to 0.25 g/L) and decreased initial concentration of
the adsorbent tested. On the other hand, this study clearly showed that the adsorption efficiency
of the MO on the raw spent coffee grounds (SCGs) waste was around 43%, while no removal was
observed for the humic acid. The experiments demonstrated that the activated carbon synthesized
from the used coffee grounds (the efficiency was compared with commercial activated carbon (CAC)
with a difference of 13%) was a promising alternative to commercially available adsorbents for the
removal of humic acid from seawater. To understand and elucidate the adsorption mechanism,
various isothermal and kinetic models were studied. The adsorption capacity was analyzed by fitting
experimental data to these models. The experimental data for methyl orange dyes were analyzed
using Langmuir and Freundlich isothermal models. The Freundlich isotherm model provided a
superior fit to the equilibrium data, as indicated by a higher correlation coefficient (R?) than that of
the Langmuir model. The maximum adsorption was observed at pH 3. The Freundlich adsorption
capacity was found to be 333 mg/g adsorbent. The PAC showed a high adsorption capacity for the
MO and HA. The PAC showed the highest adsorption capacities for the HA and MO compared with
the other adsorbents used (SCGs and CAC) and would be a good material to increase the adsorption
efficiency for humic acid removal in the seawater pretreatment process. In addition, the prepared AC
BET surface area was 520.40 m? /g, suggesting a high adsorption capacity. This makes the material
potentially suitable for various applications that require a high surface area. These results indicate
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that high-quality sustainable activated carbon can be efficiently produced from coffee waste, making
it suitable for a wide range of adsorbent applications targeting various pollutants.

Keywords: spent coffee; activated carbon; adsorption; humic acid; methyl orange dye; chemical
activation; seawater; kinetic

1. Introduction

Recently, due to rapid development, organic and inorganic waste has become a major
threat to the natural environment and human health worldwide. However, poor waste
management, including storage, poses significant environmental risks, leading to water
and soil pollution [1-3]. The amount of waste and synthetic chemicals released into the
environment is increasing daily [4-6]. The diversity of pollutants in water complicates
the process of purifying different types of pollutants, which require different treatment
methods. Among these pollutants are dyes that are widely used in various industrial
processes, such as dyes, plastics, textiles, cosmetics, paper and food, which consume
significant quantities of water in their production [7-10]. Similarly, synthetic dyes, such as
methyl orange (MO), widely used in various industries, are another group of recalcitrant
organic pollutants commonly found in industrial wastewater [11]. MO is known for its
toxicity and potential carcinogenic effects and poses serious risks to aquatic life and human
health when discharged into water bodies without adequate treatment [12,13]. Of the many
techniques designed to remove dyes, adsorption is one of the most effective and has been
used successfully to remove dyes from wastewater. Growing concerns about environmental
pollution and the depletion of natural resources have prompted researchers to explore
sustainable, cost-effective solutions for water treatment. Adsorption has become a highly
effective and widely used method for removing organic contaminants from water [14-16].
The advantages of this technique include high efficiency, cost-effectiveness and the ability
to treat large volumes of water [17-19]. In particular, activated carbon is widely used as an
adsorbent due to its high surface area and porous structure, which facilitate the effective
adsorption of a wide range of contaminants present in aqueous solutions [20-22].

The most promising approach is to convert and valorize organic waste into value-
added products, such as activated carbon (AC). In recent years, there has been growing
interest in the production of AC from agricultural and industrial waste [23,24]. These
materials are often abundant and inexpensive, making them attractive raw materials for
AC synthesis. What is more, converting waste into a useful product is in line with the
principles of the circular economy [25,26]. A great deal of research has focused on the
development of activated carbon from organic waste, offering a sustainable and envi-
ronmentally friendly approach to water treatment. Alternatives aimed at reducing the
quantity of waste or finding new applications for it are therefore being sought. Organic
agricultural waste in particular has attracted attention as a promising raw material for
the production of activated carbon. They are available in abundance and have demon-
strated substantial adsorption capacity for a wide range of organic and inorganic pollutants,
making them a viable option for water purification applications [27]. Recently, several
review articles explored the potential of residue-based adsorbents for water and wastewater
treatment, with applications mainly focused on the removal of micropollutants, such as
heavy metals, dyes and pigments, pesticides, pharmaceuticals, other contaminants from in-
dustrial chemicals and even plastic residues, for environmental protection and sustainable
development [28-30]. Numerous studies examined the effectiveness of activated carbon
prepared by physical or chemical activation from various agricultural wastes in removing
pollutants from dye-contaminated wastewater [21]. These wastes include date, olive and
apricot pits [31,32]; corn cob residues [33]; rice husks and straw [34]; cocoa husks [35];
coconut husks [36]; lignin [37]; oil palm husks [38]; sunflower seed husks [39]; and jute
sticks [40]. Numerous studies focused on the optimization of activated carbon (AC) prepa-
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ration conditions, and used coffee grounds are attracting a great deal of interest due to their
high consumption and wide availability. Due to its particular characteristics, this waste
could represent a viable circular economic model for the large-scale production of activated
carbon for commercial applications, such as seawater pretreatment processes, wastewater
treatment and water purification [41-46]. Several researchers developed activated carbon
from coffee waste for the adsorption of various organic pollutants, including dyes, such as
methylene blue (MB), bromothymol blue (BB) and acid orange 7 (AO7), as well as toxic
inorganic pollutants, such as fluoride and phenol; the antibiotic lomefloxacin; and heavy
metals, such as iron (Fe), orthophosphate, lead (Pb(Il)) and cadmium (Cd(III)) [47-50].
Among the various approaches to removing dyes from aqueous solutions, adsorption on
activated carbon is one of the most effective and widely used techniques [48,51-53]. Jung, K
et al. [53] investigated a cost-effective method for removing methylene blue (MB) and acid
orange 7 (AQO7) dyes from aqueous solutions using activated carbon derived from SCGs.
The activated carbon was incorporated into porous calcium alginate beads to enhance its
performance. The results revealed that the adsorption efficiency was highly dependent
on the solution pH, which influenced the binding affinity between activated carbon and
dye molecules. However, the process was not affected by ionic effects. In addition, the
study indicates that the surface of activated carbon is energetically heterogeneous and
that the adsorption process follows an endothermic mechanism. Egle Rosson et al. [54]
evaluated the removal efficiency of phenol, chlorophenol and bisphenol-A by adsorption
using powdered activated carbon from used coffee grounds. Their results showed that
the removal efficiency was linked to the highest partition coefficients for methylene blue
and 3-chloropheno. On the other hand, the lower adsorption efficiency of bromothymol
blue and bisphenol-A was due to their different surface properties. The same results were
obtained by Popovici et al. [55] for the removal of phenol from aqueous solutions. For
the removal efficiency of total iron and orthophosphate (PO4-P), [53] Ching et al. [42]
studied the effect of the impregnation ratio (IR) of sulfuric acid on the physical properties of
prepared activated carbon. A high pore surface area and micropore volume were obtained
with IR = 2.5 and 0.5 for the adsorptions of total iron and PO4-P, respectively.

This abundant literature shows that activated carbon derived from used coffee grounds
is capable of removing many pollutants from aqueous solutions, whereas the removal of
humic acid from seawater has not yet been studied to our knowledge. However, very
few studies examined MO removal using activated carbon derived from SCGs as the best
adsorbent. In this context, the present work focused on the preparation and characterization
of activated carbon derived from spent coffee grounds (SCGs) waste as a cost-effective
adsorbent and its application to evaluate the efficiency of methyl orange (MO) removal
from aqueous solutions and humic acid from Mediterranean seawater through an experi-
mental batch adsorption process. The adsorbents used were also characterized using SEM,
FTIR and XDR. Several operational parameters, including the adsorbent mass, pH, initial
adsorbate concentration (pollutants) and contact time, which influenced the adsorption
process, were analyzed using kinetic adsorption isotherms. In addition, experiments were
carried out to assess the feasibility and performance of activated carbon (PAC) prepared
with phosphoric acid H3PO,4 and thermally activated at 550 °C. Depending on the waste
treatment method, SCG upgrading led to material products that enabled the virtually
complete removal of pollutants from water under optimal conditions. This work aimed
to provide more in-depth information on the adsorption of humic acid (HA) in salt water,
offering valuable insights for future work.

2. Materials and Methods

The chemicals used in this work were of analytical reagent grade. Methyl orange and
phosphoric acid were obtained from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany),
with the methyl orange having a purity of 85%, while the humic acid had a purity of
60-70% (Table 1). Pure water obtained from a Millipore Milli-Q Academic ultra-pure water
purification system was used for preparing all the solutions. A Quanta 250 Scanning
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Electron Microscope (SEM) from Thermo Fisher Scientific (TFS), Waltham, MA, USA, with
a tungsten filament was used to examine the microscopic morphology of the materials.
X-ray Diffraction (XRD) measurements were performed using a BRUKER D8 Advance A25
focus diffractometer from Bruker Corporation, Billerica, MA, USA, within a 2-theta angle
range of 20° to 80°. Fourier-transform infrared (FTIR) spectroscopy was performed on a
BRUKER spectrophotometer (500-4000 cm ! range) from Bruker Corporation, Billerica,
MA, USA, for the determination of various functional groups. The effect of absorbance
and concentration on the pollutant adsorption in the aqueous solution was evaluated
using UV-visible spectrophotometry (SHIMADZU UV-1800) from Shimadzu Corporation,
Kyoto, Japan. Thermal activation of the materials was performed in a muffle furnace
“Nabertherm”, heated at a rate of 10 °C/min from 50 °C to 550 °C. The specific surface area
of the activated carbon was measured using nitrogen adsorption isotherm data at 77.35 K
by utilizing the Brunauer—-Emmett-Teller (BET) method using an Automated ASiQwin
(Autosorb iQ) from Quantachrome Instruments, Boynton Beach, FL, USA.

Table 1. Characteristics of MO and HA.

Property Value

TUPAC name (*) IS)Z:iZl;nme—;Léﬁfl(;i:?eethylamino phenyl diazenyl) Humic acid Na salts
Molecular formula C14H14N3NaO3S C9oHgNa,O4

Molecular weight (g/mol) 327.34 226.14

pKa 3.4 3-5

Amax (nm) 464 254

Purty % 85 60-70

Color and form Orange-yellow powder or crystalline scales Dark brown to black powder
Melting point (°C) >300 300

Solubility Less than 1 mg/mL at 18 °C

* JUPAC: International Union of Pure and Applied Chemistry.

In the experimental procedure, the experiments were conducted in triplicate to ensure
the high precision and reliability of the results. Sometimes several tests were repeated to
verify the reproducibility and confirm that the results were within an acceptable range
(usually below 5%).

2.1. Preparation of Synthetic Solutions (Sorbate)

In this study, two synthetic solutions were prepared to evaluate the adsorption effi-
ciency of the engineered activated carbon, which contributed to its optimization in water
treatment processes for the removal of simple dyes and complex organic compounds. The
first synthetic solution was prepared with methyl orange (MO), an anionic organic azo
dye obtained from Sigma-Aldrich (USA) (CAS No. 547-58-0). This dye was chosen for its
analytical quality with 100% purity, which guaranteed accurate and reliable results in the
adsorption tests. It is characterized by the presence of an azo group (-N=N-) linking two
aromatic rings, one of which contains a sulfonic acid group (-SOsH), which increases its
solubility in water and enhances its reactivity. The color of MO changes from red under
acidic conditions to yellow under alkaline conditions.

The second solution was prepared with humic acid (HA), which is a complex structure
comprising various functional groups, from Biochem Chemopharma (CAS no. 1415-93-6).
It is partially soluble in water and more soluble in alkaline solutions, making it useful in a
variety of applications. The chemical structures and properties are presented in Figure 1
and Table 1.
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(@) (b)
Figure 1. Chemical structures, (a) methyl orange (MO) and(b) humic acid (HA).

Stock solutions were prepared by dissolving 1 g MO in 1 L pure water, while 1 g humic
acid was added to 62.5 mL NaOH (2N) solution due to its complex nature, then made up to
1 L with pure water and placed under continuous magnetic stirring for 24 h [56]. NaOH helps
dissolve humic acid by neutralizing the acidic functional groups, forming a more soluble salt.
Test solutions were prepared by diluting the MO or HA stock solution with pure water to
obtain the appropriate concentration of the desired solutions. Four test solutions of different
Cy concentrations, namely, 5, 10, 20 and 40 ppm, were prepared and completed by dilution.
Absorbance calibration curves were plotted against the concentration of each pollutant used.

The degradation of methyl orange (MO) and humic acid (HA) was assessed by mea-
suring the absorbance using a UV-visible spectrophotometer (Shimadzu UV-1800). The
maximum absorption wavelengths were identified at 464 nm for MO and 264 nm for
HA. A correlation curve that related the concentrations of MO and HA to their respective
absorbance was established prior to the measurements. The absorbance response showed
excellent linearity over the concentration range of 2-100 ppm, with a high correlation
coefficient of 0.99. This strong linear relationship confirmed the reliability and precision
of the measurements within this concentration range, which ensured accurate quantifica-
tion in our adsorption studies. The equations and relative standard deviation (R?) were
y = 0.091x for the MO, with R? = 0.999, and y = 0.003x for the HA, with R? = 0.995, where
R? = 0.995 indicates an excellent fit and consistency.

The pH of each solution tested was adjusted to the required value with 0.1 M NaOH
or 0.1 M HCl immediately prior to the sorbent application. The solutions were subjected to
adsorption experiments to assess the effectiveness of the elaborated activated carbon in
removing the methyl orange and humic acid from the aqueous solutions. For the experi-
ments, we used seawater collected near Fouka beach, Wilaya de Tipaza, and its physical
and chemical properties are presented in Table 2. Seawater is particularly contaminated
with humic acid, making its removal crucial during the seawater pretreatment phase of
reverse osmosis desalination to ensure the efficiency of subsequent treatment processes. To
address this, in a real seawater pretreatment application, CA prepared from used coffee
grounds was used and tested to maximize the removal of trace organic and inorganic
substances, including humic acid, through adsorption [57].

Table 2. Results of physico-chemical analyses of Fouka Seawater, Tipaza, Algeria.

Parameters Value Parameters Value
Conductivity (mS/cm) 56.2 Bicarbonates HCO®~ (ppm) 134
Salinity 35.8 TH 450.3
pH 7.7 Calcium Ca?* (ppm) 220
Turbidity (NTU) 1.05 Magnesium mg2+ (ppm) 807
TDS (g/L) 36.1 Chlorides C1~ (ppm) 6532
MES (ppm) 4.6 Potassium K* (ppm) 145.7
Nitrite NO?~ (ppm) 5.8 Fe?* (ppm) 0.09
TAC 13.4 Sulfate SO, (ppm) 1100
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The complex structure of humic acid molecules can lead to membrane clogging and
increased resistance to feed flow, highlighting the need for effective removal techniques.
Below, we demonstrate the effectiveness of the Bou-Ismail seawater pretreatment process in
removing pollutants by evaluating the adsorption capacities of activated carbon developed
at different concentrations. The adsorption efficiency was tested using Bou-Ismail seawater
from Tipaza, Algeria, characterized by a salinity of 35 g/L and an electrical conductivity of
58 mS/cm (Table 2), which was enriched with humic acid at concentrations of 5, 10, 20 and
40 ppm.

2.2. Preparation of Activated Carbon (Adsorbent)

In our case, used coffee grounds, a common organic waste, were chosen for their
reuse and recovery potential as a precursor for activated carbon production due to their
abundance and carbon-rich composition. This raw material was collected from various
cafeterias in the city of Algiers, Algeria. They were cleaned several times with hot water,
air-dried for a week and then sieved. The first step in the process of obtaining carbon
adsorbents was chemical activation using SIGMA-ALDRICH’s phosphoric acid (H3POy).
Then, the impregnation ratio defined by the weight ratio of H3POj to coffee grounds was
used to control and ensure optimal activation. This process developed a porous structure,
which improved the adsorption capacity of the final activated carbon. Chemical activation
was carried out by impregnating used coffee grounds with 1! H3POy for 24 h, followed by
drying at 100 °C for 24 h. After chemical activation, the product was washed and filtered
several times with pure water, then dried in an oven at 110 °C for 24 h. The H3POj4-activated
materials were subjected to carbonization by heating in a high-temperature oven at 550 °C
(pyrolysis) [57].

During carbonization, organic matter undergoes pyrolysis, resulting in the formation
of carbon. This material has an increased porosity and surface area, making it suitable
for adsorption applications. In addition, for a possible comparison with activated car-
bons produced from used coffee grounds, the adsorption efficiency of a commercial AC
(CAC) and raw used coffee grounds (SCGs) was carried out. The adsorption experiments
were carried out in 250 mL beakers under constant magnetic stirring (350 rpm) at room
temperature in batch mode. The adsorption study was carried out in a natural solution
without pH adjustment. Each beaker that contained the initial sorbent concentration Cy of
MO and HA and the adsorbent weights of AC, CAC and SCG was used separately. For a
given time, the samples were filtered and analyzed by a “SHIMADZU UV-1800" UV-vis
spectrophotometer with UV absorption detection (Table 1). For the adsorption kinetics,
the effect of the initial concentration Cy, contact time (5-120 min) and sorbent weight were
evaluated. The E% efficiency of the adsorption process indicates the percentage of the
initial pollutant adsorbed by the adsorbent material. It was calculated from Equation (1).
In addition, the adsorption capacity Q; (mg/g) at time t reflects the amount of pollutant
adsorbed per unit mass of adsorbent. The adsorbed quantity Q; (mg/g) was calculated as
shown in Equation (2) using the difference between the initial pollutant concentration in
solution Cy (ppm) and the final concentration C; (ppm).

(Co—C)

E% =
% C

x 100 (1)
(Co—Cy)-V
Qr = B E— )
where C; is the concentration of the pollutant in the solution (ppm) at time ¢, V is the
volume (L) of the solution and m is the mass of the adsorbent (g) AC.

Adsorption isotherms are essential tools for understanding the interactions between
an adsorbate and an adsorbent. They describe how the amount of adsorbate on the
surface of the adsorbent changes as a function of its concentration in solution at a constant
temperature. Several models were developed to analyze the adsorption equilibrium data,
with each providing information on different aspects of the adsorption process.
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The linear forms of the Freundlich and Langmir isotherms equations are given by

1
InQe = InKy + - InC, 3)

1 1 1 1

oot () ¢ @
where Q. is the amount of adsorbate adsorbed per unit mass of adsorbent at equilibrium
(mg/g); C is the equilibrium concentration of the adsorbate in the solution (ppm); Ky is the
Freundlich adsorption constant (indicating the adsorption capacity); n is the Freundlich
constant related to the adsorption intensity; Qy, is the maximum adsorption capacity
(mg/g), representing the saturation capacity of the adsorbent; and K}, is the Langmuir
constant related to the adsorption energy (L/mg).

3. Results and Discussion
3.1. Characterization of Adsorbent

To characterize the morphology of the activated carbon produced from used coffee
grounds, an analysis was carried out with a scanning electron microscope (SEM) at different
magnifications (50, 30 and 10 um) to examine the surface structures and structural changes
between the raw coffee grounds and prepared activated carbon. Figure 2 shows a rough
surface with narrow cavities, which is characteristic of lignocellulosic materials.

(a)

30 um 10 pm

Figure 2. SEM images of materials taken at different magnifications before and after chemical
activation with H3PO,4 and pyrolysis at 550 °C, (a) Spent coffee grounds (SCGs) before chemical
activation and (b) Prepared activated carbon from SCGs (after chemical activation).

This observation suggests that the original structure of the precursor material, namely,
coffee grounds, was largely preserved, even after the pyrolysis process (Figure 2a,b). The
cavities observed contributed to the porous structure required for efficient adsorption
and suggest that the carbonization process increased the surface area of the material
without completely altering its original morphology. The outer surface of the activated
carbon features uniformly distributed the cavities that were formed during the activation
process by the chemical additive H3PO,, which created a porous structure, and through
carbonization, freed up occupied space and increased the specific surface area. These
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results led us to select the prepared ACs for adsorption optimization tests of the HA
complex organic substances and MO dyes. The difference between the FTIR spectra of the
SCGs before and after the chemical activation with the H3OP4 is shown in Figure 2. The
broad band observed between 3000 cm~! and 3500 cm ™! corresponded to the stretching
vibrations of OH hydroxyl groups, which were associated with both the coffee grounds and
water structures. Typically, a broad peak around 3219.57 cm ! is attributed to the vibration
of hydrogen-bonded OH groups. However, in the activated carbon sample, this peak was
completely absent, indicating the removal of OH groups during the activation process [57].

The elemental content of activated carbon, particularly carbon (C); oxygen (O); and
other elements, such as hydrogen (H), nitrogen (N) and sulfur (S), can vary depending
on the source of the biomass, the activation process and the treatment conditions. The
elemental composition of activated carbon is predominantly carbon (70-90%), with oxygen
(5-20%) and small amounts of hydrogen, nitrogen and sulfur. The precise composition
depends on the raw material, activation method and temperature, and it plays a crucial
role in the adsorption capacity and surface characteristics of the material. The BET anal-
ysis indicated a calculated specific surface area of 520.40 m? /g, suggesting a significant
adsorption capacity. This makes the material potentially suitable for various applications
that require a high surface area.

Figure 3a shows a broad band from 2900 cm ! to 2700 cm ! associated with elongation
and the presence of the C-H group in the SCG raw material. After activation, this C-H
group was eliminated, indicating the removal of aliphatic hydrocarbon chains during
the activation process. Two peaks at 2919.57 cm ! and 2852.01 cm ! that corresponded
to the formation of the CH; group in SCGs, associated with C-H bond elongation, were
observed. In addition, two peaks of average intensity at 1644.40 cm~! and 1536.76 cm ™!
were observed that corresponded to the C=C bond, which is typical of alkenes or aromatic
structures in SCGs. Figure 3b shows the appearance of two peaks between 2000 cm ™!
and 2500 cm !, which were probably related to the C=C stretching vibrations of alkenes
and aromatic compounds. In the 2000-2500 cm~! range, two peaks were observed at
2185.84 cm~! and 1985.75 cm ™!, which were related to the C=C stretching vibrations of
the carbon—carbon triple bond in alkynes. A peak was observed at 1558.43 cm~! that
corresponded to C-H deformation (bending) vibrations. The peak observed at 1159.06 cm ™!
typically corresponds to stretching vibrations of phosphate groups. The two peaks with
average intensities of 474.60 and 402.28 cm ! corresponded to the phosphoric element.

100
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Transmittance [%)]
9 99 100
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90
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2000 1500
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Figure 3. Fourier-transform infrared (FTIR) spectra of materials: (a) raw spent coffee grounds and
(b) prepared activated carbon.

The crystal structure and phase purity of the materials used, such as the SCGs and PAC,
were examined by X-ray diffraction (XRD), which can provide valuable information on their
structural characteristics. The XRD patterns of the materials before and after the activation
are shown in Figure 4, with both the XRD patterns showing an amorphous structure. The
XRD pattern of the used coffee grounds showed a broad diffraction peak at 20 = 19.77°
and an intensity of I = 4993, which was attributed to the amorphous or poorly ordered
organic components in the SCGs (cellulose, lignin organic materials). A small peak at
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35.32° (I =2081) was attributed to the presence of crystalline components and may indicate
traces of inorganic phases or other mineral residues present in the SCGs. In addition, the
XRD pattern of the activated carbon showed a broad peak around 20 = 25.74° (I = 4455),
which was associated with the amorphous carbon structure and signified a disordered
arrangement of carbon atoms with some degree of graphitic character. When comparing
the intensity values of X-ray diffraction (XRD) analysis between the PAC and SCGs, we
observed that the intensity of the PAC started at 5458, while that of the SCGs started at
3079. This suggests that the PAC had more pronounced or concentrated crystalline features
than the SCGs [57].
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Figure 4. X-ray diffraction (XRD) of materials used: SCGs and PAC.

3.2. Adsorption Isotherms
Effects of Different Parameters on the MO Adsorption Process

The effect of different factors on the MO and HA removal by the SCGs, PAC and CAC,
such as pH, adsorbent mass (weight), initial pollutant concentrations and contact time,
was examined.

We examined the effect of the initial pH of the MO solution on the adsorption for an
initial concentration of 10 ppm at different pH values (3, 5, 7 and 9) using a PAC adsorbent
mass of 0.25 at room temperature T = 22 °C for 120 min. A significant change in the amount
adsorbed by the PAC for the pH values studied was noted (Figure 5). An efficiency (E%) of
52% for the MO removal was recorded in 5 min at pH = 3, which then increased to reach an
optimal value of 96% in 60 min, finally reaching 100% for a contact time of 90 min. On the
other hand, for pH values above 5, we observed decreases in the relatively low adsorption
rates of 94%, 98.6% and 100% for pH 5, 7 and 9, respectively. We found that when the
pH was above pHpzc (5.2), the activated carbon surface was positively charged, while the
anionic MO dye molecule in the solution was negatively charged. The adsorption resulted
from the electrostatic interactions between the charged activated carbon and the MO dye.
As the pH decreased, these interactions intensified, where the activated carbon surface
became more positively charged and the solution more acidic. Table 3 summarizes the
resulting data on the zeta potentials and surface charges at different pH values.

As shown in Table 3, the zeta potential of the activated carbon varied significantly
with the pH, which influenced the surface charge. At low pH (acidic conditions, pH 2), the
surface of activated carbon becomes protonated, resulting in a positive zeta potential. This
positively charged surface enhances the adsorption of negatively charged species, such as
humic acid and methyl orange. In contrast, at high pH, the surface becomes deprotonated,
leading to a negative zeta potential. This negative charge can reduce the adsorption
efficiency of anionic substances due to electrostatic repulsion between the similarly charged
surface and the adsorbates.
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Figure 5. Effect of initial pH on MO removal yield (Cy = 10 ppm, m = 0.25 g/L, T = 24 °C).

Table 3. Effect of pH on zeta potential and surface charge of activated carbon.

pH Zeta Potential (mV) Surface Charge
2 +30 to +40 mV Strong positive charge
4 +10 to +20 mV Moderate positive charge
6 +5to 0 mV Weak positive charge/neutral
8 —5to —15mV Weak negative charge
10 —20to =30 mV Moderate negative charge
12 —40 to =50 mV Strong negative charge

The effect of the adsorbent mass on the MO dye removal by the PAC was studied for
different adsorbent weights (0.01, 0.05, 0.125, 0.25 g), as shown in Figure 6. The curves
representing the variation in the removal rate (E%) show an increase over time for the
different adsorbent weights. The adsorption kinetics results indicate that with a low CAP
mass of 0.01 g, the removal efficiency increased from 16% (5 min) to 60% (60 min). It
was noted that with an adsorbent mass of 0.25 g, the MO adsorption efficiency increased
significantly, from 50% at 5 min to 86% at 60 min, indicating that the amount of adsorbent
was attributed to the increase in the number of active sites. The maximum efficiency was
achieved with adsorbent masses of 0.01 g and 0.25 g, which reached 61% and 90% at
120 min, respectively. An adsorbent mass of 0.25 g appeared to be optimal for the MO
removal experiments by the PAC.

The effect of the initial MO dye concentration was realized by increasing its concentra-
tion from 5 to 40 ppm. For the initial concentration Cy = 5 ppm, the adsorption removal
efficiency increased from 72% (5 min) to 100% (60 min), as shown in Figure 7. We note that
increasing the concentration of the MO dye in the solution from 5 to 40 ppm resulted in
a decrease in the adsorption efficiency from 100% to 70%. This indicates the progressive
saturation of the PAC adsorption sites for a given quantity. These experimental results
show that the MO adsorption by the PAC was dependent on the initial concentration.
Comparable patterns were observed in previous studies using activated carbon derived
from organic waste for dye removal.

Figure 8 shows the comparison of the adsorption kinetics in terms of the evolution of
the adsorption efficiency (E%) as a function of time for the different adsorbents considered,
namely, the SCGs, CAC and PAC. The MO removal rates increased with the contact time
for the CAC and PAC sorbents, which reached saturation in 60 min. On the other hand, the
adsorption on the SCGs increased within 10 min, then stabilized at around 43% efficiency.
We can see that the rate of the MO removal by the used coffee grounds was much lower—a



Sustainability 2024, 16, 9308 11 of 19

difference of 52%—than that recorded with the PAC at 60 min. In this work, we note that the
efficiency of the PAC we developed exceeded that of the commercial CAC by around 13%.
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Figure 6. Effect of the adsorbent mass of the PAC on the MO elimination rate (Cy = 10 ppm, T = 24 °C).
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Figure 7. Effect of initial MO dye concentration on efficiency E% of MO removal (mpsyc = 0.25 g,
t=5-120 min, T =24 °C).
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Figure 8. Evolution of the adsorption efficiency of the MO as a function of time for the different
adsorbents: SCGs, CAC and PAC (Cyp =10 ppm, m =0.25g, T =19 °C).
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Figure 9 shows the adsorption isotherm for the MO on the PAC, describing and illus-
trating the interaction (adsorbent/adsorbent) between the amount of the MO dye adsorbed
and its equilibrium concentration in the solution. The adsorption capacity increased pro-
gressively with the initial MO concentration. The resulting isotherm curve resembled an
L-type isotherm, indicating strong adsorption properties between the adsorbent and adsor-
bate at low concentrations. However, as the MO concentration increased, the adsorption
capacity decreased due to the progressive saturation of the adsorbent material. The pa-
rameters of the MO adsorption isotherms and those of the pseudo-first- and second-order
model kinetics were calculated and are presented in Tables 4 and 5. From Table 4, we
obtained a maximum adsorption capacity of 333 mg/g for the Freundlich model, with an
R? value of 0.944. Furthermore, we found that the equilibrium adsorption quantity Qt
in both the pseudo-first-order (PFO) and second-order (PSO) models increased with the
initial concentration, while the rate constant Kv decreased, as shown in Table 5, where
Kv is an indicator of the adsorption capacity of the MO. Furthermore, we observed that
the R? values for the PSO model were higher than those calculated using the PFO model.
Therefore, we suggest that the PSO model was more appropriate to describe the adsorption
kinetics of the MO on the PAC [57].
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Figure 9. Adsorption isotherm curve for MO on prepared activated carbon.

Table 4. Langmuir and Freundlich isotherm constants in case of MO.

Langmuir Model Freundlich Model
K; (Lmg™1) Qmax (mg g—1) R? K¢ (L mg~1) n R?
0.096 333.33 0.904 26.76 3.05 0.944

Table 5. Kinetic parameters of the pseudo-first- and second-order models.

MO Dye PFO PSO

Co (ppm) Ko (min—1) Qe (mgg1) R? Kv (min—1) Qe (mgg1) R?
5 0.063 4.85 0.873 0.052 8.84 0.999
10 0.046 13.58 0.933 0.0097 19.60 0.995
20 0.065 22.80 0.931 0.0092 33.33 0.998
40 0.045 37.07 0.850 0.0030 62.5 0.994

Table 6 provides a comparative analysis of the different agricultural waste materi-
als used for the removal of methyl orange (MO) dye. Additionally, it emphasizes the
importance of utilizing waste as a sustainable source for new products and applications.
This analysis highlights the effectiveness of these adsorbents, offering key insights into
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their potential for cost-effective and environmentally friendly water treatment solutions.
Notably, the adsorption efficiency and isotherm models are significantly influenced by the
type of raw material used. In our case study, the comparison revealed that the MO dye was
removed with the highest adsorption efficiency.

Table 6. Comparative study of activated carbon derived from various waste sources for methyl
orange dye removal.

Agricultural Waste Materials as

Sources of AC Fitted Isotherm Model  Fitted Kinetic Model Efficiency (%) Reference
Date Stones Freundlich isotherm Pseudo-second-order 76.6 [58]
Prickly Pear Seed Cake Freundlich isotherm Pseudo-second-order - [59]
Waste tire rubber Langmuir isotherm Pseudo-second-order 80 [60]
Popcorn - Pseudo-second-order 48.5 [61]
Coffee grounds Freundlich isotherm - 60-65 [62]
Spent coffee grounds Freundlich model Pseudo-second-order 99.01 Present study

3.3. Adsorbent for Seawater Pretreatment Application
Humic Acid Removal from Seawater

Figure 10 shows the effect of the PAC adsorbent mass and solution pH on the humic
acid removal efficiency for the concentration Cy = 10 ppm. The HA removal rate from the
seawater reached its maximum value (60%) at m = 0.25 g, as shown in Figure 10a. As the
adsorbent mass increased, the HA removal rate rose from 22.22% to 60%, demonstrating
the complexity of the structure of humic acid molecules. The most efficient adsorption
process was demonstrated at pH 3, as shown in Figure 10b.

HA solution pH

60 60
—_— g
-B‘!; 30 W an
T 30
20 n
B I )

0.01 0.05 0.125 0.25 ) 3 5 7 9

Mass of PAC (g) - - ' -

(a) (b)

Figure 10. Effect of CAP carbon mass (a) and (b) solution pH on HA acid removal rate (Cy = 10 ppm,
t =90 min).

Figure 11 shows the effects of the SCGs, CAC and PAC on the rate of the HA removal
by adsorption as a function of time (120 min contact time). In this case, there was a big
difference between the results obtained, where the raw coffee grounds had no effect on this
elimination process. Thus, the SCGs absorbed practically no humic acid, which may be
explained by the complexity of the organic substance HA. However, we observed that the
commercial PAC and CAC show promising capabilities for humic acid removal, with their
performances being quite similar during the initial contact times ¢ < 10 min. Our developed
carbon, however, outperformed the commercial CAC for contact times above t > 25 min. For
short contact times, the removal rate reached over 20% at t = 5 min and 35% at t = 25 min.
This efficiency increased with time, exceeding 50% at ¢ = 60 min, and the best E = 60% results
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were obtained for a contact time of ¢ = 90 min. The activated carbon produced showed
good adsorption affinity with the humic acid, a highly complex element characterized
by the highest humus fractions. The resulting isotherm models and kinetic parameters
obtained are summarized in Tables 7 and 8. The kinetic adsorption models applied to
describe the experimental data by non-linear regression include the pseudo-first-order and
pseudo-second-order models are presented in Figures 12 and 13 for HA adsorption into
PAC. The analysis indicates that the pseudo-second-order model provides the best fit for
the adsorption of HA, with a high correlation coefficient (R? = 0.999) as shown in Figure 13.
The adsorption behavior of activated carbon can be explained by several mechanisms.
Physical adsorption through Van der Waals forces is significant due to the high surface
area and porous structure of the carbon. In addition, chemical adsorption can occur via
functional groups on the carbon surface, particularly for compounds like humic acid that
can form hydrogen bonds or undergo ion exchange. Electrostatic interactions, influenced
by pH, and 7— interactions between the aromatic rings of methyl orange and the carbon
structure, further contribute to the adsorption process.
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Figure 11. Evolution of humic acid adsorption yield versus time for different adsorbents: SCGs, CAC
and PAC (Cp =10 ppm, m =0.25 g, T =20 °C).
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Figure 12. Pseudo-first-order kinetic variation for the HA for the adsorption by the PAC.
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Table 7. Isotherm models used for the adsorption of the HA by the PAC.
Langmuir Model Freundlich Model
K (Lmg™1) Quax (mg g=1) R? K n R?
0.789 3.134 0.178 6.800 4.016 0.916
Table 8. Kinetic parameters and correlation coefficients for the removal of the HA.
Humic Acid PFO PSO
Co(ppm)  Ki(min-1) Qe(mgg) R? Ky(min-!) Qe(mgg!) R
5 0.038 6.13 0.974 0.017 7.87 0.990
10 0.071 9.99 0.972 0.014 12.04 0.992
20 0.019 11.43 0.516 0.0016 17.54 0.795
40 0.034 17.32 0.972 0.0016 21.27 0.892
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Figure 13. Pseudo-second-order kinetic variation for the adsorption of the HA by the PAC.

4. Conclusions

Adsorption is widely regarded as one of the most effective techniques for treating wa-
ter contaminated with organic substances and dyes due to its simplicity, high efficiency and
cost-effectiveness. Humic acids (HAs), which are complex organic compounds commonly
present in seawater, brackish water and surface water, must be removed for effective water
treatment. The development of novel adsorbents derived from agricultural waste, such
as spent coffee grounds (SCGs), offers a promising alternative for removing humic acids
and methyl orange (MO) dyes. These substances can clog reverse osmosis membranes,
reduce the desalination efficiency during pretreatment and pose serious health risks. In
this study, the properties and adsorption capacity of activated carbon (AC) produced from
SCGs by chemical activation with H3PO4 were compared with those of commercial acti-
vated carbon (CAC). The adsorbent materials were characterized using SEM, FTIR, XRD
and BET techniques, which revealed porous structures and functional groups beneficial
for adsorption processes. The specific surface area of the SCG-derived activated carbon,
determined by the BET method, was 520.40 m?/g, indicating a substantial adsorption
capacity. Under optimized conditions, the maximum adsorption of the MO on the PAC and
crude SCG biosorbents reached 95.51% and 47.57%, respectively. Furthermore, the humic
acid removal from seawater reached 60% with the PAC, compared with 55% with the CAC.
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These findings indicate that the biosorbent (crude SCGs) was more effective at removing
the MO dye than the HA from the seawater. The adsorption kinetic studies confirmed that
the pseudo-second-order kinetic model and the Freundlich isotherm model best described
the adsorption process for both the methyl orange and humic acid on the PAC adsorbent.
These results suggest that valorizing coffee waste to produce activated carbon not only
provides a sustainable waste recovery solution but also represents an environmentally
friendly method for improving water treatment. The SCG-derived activated carbon shows
great potential as a reusable bioadsorbent by positively impacting both the environment
and treatment costs. Future research will focus on enhancing the adsorption characteristics
of SCG-based activated carbon and demonstrating its scalability in commercial applica-
tions. The repurposing of spent coffee grounds for activated carbon production offers a
sustainable approach to agricultural waste management, while producing materials with
valuable properties for adsorption and other environmental technologies.
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