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Abstract: Spent coffee grounds (SCG) are produced in large quantities during coffee
brewing, contributing to environmental concerns. Additionally, cationic dyes from textile,
paper, and leather wastewater pose a major pollution issue. This study explores SCG as an
adsorbent for methylene blue (MB) dye. A novel comparison of SCG cleaning methods with
warm water, accelerated solvent extraction (ASE), supercritical fluid extraction (SFE), and
ultrasound-induced cavitation (US) is presented. In addition, the chemical modifications
of SCG using acetylation, acid (HNOj3), and base (KOH) treatment that have not been
reported before are presented. ATR-FTIR confirmed the inclusion of functional groups,
for example, the nitro group in SCG treated with HNOj3, and an increase in carboxylic
groups in the samples treated with KOH and HNO3. SEM analysis revealed a consistent
porous texture across samples, with SCG-SFE, SCG-US, and SCG-HNO3; showing smaller
pores, and SCG-ASE displaying elongated cavities. Adsorption isotherm tests followed
the Freundlich and Langmuir models, indicating favorable adsorption. The Langmuir
maximum adsorption capacity (qmay) varied among cleaning methods from 65.69 mg/g
(warm water) to 93.32 mg/g (SFE). In contrast, in base- and acid-treated SCG, a three- to
four-fold increase in adsorption capacity was observed, with 4,4y values of 171.60 mg/g and
270.64 mg/g, respectively. These findings demonstrate that SCG washed with warm water
and chemically treated achieves adsorption capacities comparable to other biosorbents
reported in the literature. Therefore, SCG represents a promising, low-cost, and sustainable
material for removing cationic dyes from wastewater, contributing to waste valorization
and environmental protection.

Keywords: spent coffee grounds; methylene blue adsorption capacity; cationic dyes;
wastewater; circular economy

1. Introduction

Coffee is one of the most consumed beverages worldwide, generating vast quantities
of waste in the form of spent coffee grounds (SCG) [1]. The amount of SCG generated
worldwide per year is approximately 6 million tons [2]. Traditionally discarded, these
residues contribute to environmental pollution and resource wastage [3]. Growing environ-
mental concerns and the need for sustainable waste management practices have prompted
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significant interest in the valorization of agricultural and food waste byproducts. In this
context, SCG has emerged as a promising candidate for various applications due to its
abundance, low cost, and unique physicochemical properties [3]. Notably, SCG possesses
inherent characteristics such as high porosity, large surface area, and rich functional groups,
making it suitable for absorbing a wide range of pollutants, including heavy metals, dyes,
and organic compounds [4]. Recent research highlights the potential of SCG as an ef-
fective and eco-friendly adsorbent material for the removal of contaminants from water
and wastewater [3-6]. Moreover, Ahsan et al. [7] indicated that the major components
of SCG include cellulose and lignin containing polar and non-polar functional groups
like hydroxyl, carboxylic, aldehydes, ketones, and ether, making them appropriate as an
adsorbent for pollutants [7]. Furthermore, SCG can be a good alternative to activated
carbon traditionally produced from non-renewable sources such as coal, for which the
production is costly and environmentally unsustainable [8], contradicting the principles
of sustainability and environmental preservation. From our perspective, utilizing SCG as
a low-cost and effective adsorbent is more attractive and can significantly contribute to
circular economy practices by transforming waste into valuable resources and addressing
crucial environmental challenges.

There are reports in the literature on using SCG [5,9], chemically treated SCG [6,7,10],
and the application of SCG as a raw material for the preparation of activated carbon [11-14].
Although, the latter practice is not consistent with environmentally friendly approaches.
In the studies reported using only SCG [5,9], the material is washed with distilled water.
However, warm water, accelerated solvent extraction (ASE), supercritical fluid extraction
(SFE), and ultrasound-induced cavitation (US) present promising cleaning procedures that
could enhance SCG adsorption capacity. To the best of our knowledge, no studies have
tackled this issue. Regarding SCG, chemical treatment, phosphoric acid treatment [6],
magnetic modification [10], and sulfuric acid [7] treatment have been reported. According
to our literature review, SCG acetylation, KOH and HNOj3 treatment of SCG have not
been reported.

In this study, we evaluated SCG, cleaned by different procedures and chemically
treated, as an adsorbent for methylene blue (MB) from aqueous solutions. MB is classi-
fied as a cationic dye. Such dyes include azo dyes, solvent dyes, carbocyclic dyes, and
methane dyes [15]. These dyes are known for their toxic effects, including mutagenicity,
carcinogenicity, and acute or chronic toxicity in both aquatic organisms and humans [16].
Specifically, MB represents an environmental problem, as it is toxic to aquatic life, hinders
photosynthesis by blocking sunlight, and some of its degradation products may be carcino-
genic [1,13]. Moreover, methylene blue (MB) is commonly used as a template or model
compound to evaluate cationic dye adsorption capacity of various materials due to its
well-known properties and straightforward detection methods [9]. MB is used for dyeing
fabrics in clothing and textile industries and for dyeing paper and leather, consequently, a
large quantity of MB containing wastewater is discharged into groundwater and surface
water [17].

According to Oladoye et al. (2022), several technologies including chemical/electroco-
agulation, oxidation, photocatalyzed degradation, biodegradation, biocatalytic degrada-
tion, and adsorption processes have been studied for cationic dyes and MB removal [17].
Recent developments in cationic dye removal include photocatalyzed degradation using
nanocomposite (CuWO4@MIL-101 (Fe)) [18], adsorption on graphene metal-organic frame-
works (ZIF-67@GO) [19], and the development of poly (vynilidene fluoride) membranes in
non-toxic and sustainable solvents [20]. Among the different techniques, adsorption has
attracted attention due to its flexibility and simplicity of design, initial cost, and operational
simplicity [21].



Processes 2025, 13, 1592

30f20

This contribution aims to assess the potential of SCG subject to several cleaning and
chemical treatments for removing cationic dyes, using MB as a template. These strategies
range from simple cleaning with warm water to accelerated solvent extraction (ASE),
supercritical fluid extraction (SFE), and ultrasound-induced cavitation (US). The chemical
treatment included three different approaches: acetylation, acid (HNO3), and base (KOH).
This study presents the first systematic comparison of the effects of multiple cleaning
methods on the adsorption performance of SCG. The chemically treated methods evaluated
have not been reported for SCG in the literature previously. More details on the cleaning and
chemical treatment selection are presented as an overview in the Results and Discussion
Section. The properties of the materials after the different treatments were studied by
Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR) and
Scanning Electron Microscopy (SEM) images. Finally, isotherm studies were performed
to determine the effect of the different treatments applied to SCG in the MB adsorption
capacity and compared with the literature.

2. Materials and Methods
2.1. Chemicals and SCG

Sulfuric acid (>98%), potassium hydroxide (>98%), acetic acid (>99%), sodium bi-
carbonate (>97.5%), and methylene blue (>95%) were purchased from Sigma Aldrich
(St. Louis, MO, USA). Nitric acid (69.5%,) and 1-propanol (>99%) were obtained from
J.T. Baker (Phillipsburg, NJ, USA). Potassium phosphate monobasic (>99%) and sodium
phosphate dibasic anhydrous (>99%) were purchased from Fisher chemical (Edmonton,
AB, Canada) and Fermont (Monterrey, NL, Mexico), respectively. Spent coffee grounds
(SCG) (<50% moisture, particle diameter range: 0.5-0.7 mm) was obtained from local coffee
shops and was cleaned and chemically treated as indicated in the following sections.

2.2. Cleaning Procedures
2.2.1. Water Extraction

Firstly, 25.0 g of wet SCG, as obtained after coffee drink preparation, was cleaned by
two successive extractions of 200 mL of hot water (70 °C) each. The process was performed
with a standard commercial drip coffee maker, Oster brand, equipped with a fabric filter.
Each extraction lasted approximately 3 to 5 min, corresponding to the time required to
brew 200 mL. The sample was identified as SCG-H;O.

2.2.2. Accelerated Solvent Extraction (ASE)

ASE was carried out on a Dionex™ASE™300 accelerated solvent extractor (ASE)
(Thermo Scientific™, Walthman, MA, USA). A total of 5 g of SCG previously dried at
105 °C for 24 h was inserted into a 34 mL cell and extracted using a method consisting of
3 cycles of 10 min static time each, at a temperature of 120 °C, using 1-propanol as solvent
without using diatomite. These conditions were selected based on previous experience of
the research group [22-24] and the conditions reported by Efthymiopoulos et al. [25]. The
sample was identified as SCG-ASE.

2.2.3. Supercritical Fluid Extraction (SFE)

SFE was performed using an SFT-110XW supercritical CO, extractor (Supercritical
Fluid Technologies, Inc., Newark, DE, USA), equipped with a 100 mL volume extractor
vessel. A total of 20 g of SCG previously dried at 105 °C for 24 h was placed inside the
extractor vessel. The porous stainless-steel mesh filters were placed at both ends of the
extractor vessel. Supercritical CO, extraction was carried out at 40 °C, 3625 psi, 14 mL/min
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flow for 2 h [26]. The material obtained was identified as SCG-SFE and stored in a desiccator
for further analyses.

2.2.4. Ultrasound-Induced Cavitation Process (US)

A total of 3 g of SCG-H,O was placed in a beaker containing 80.0 mL of distilled water.
Sonication was performed using a 20 Hz sonicator Q700 from QSonica (Newtown, CT, USA),
equipped with a 6 mm titanium probe. The solution was sonicated with an amplitude
of 40 for 30 min, using an on: off cycle of 45 s: 15 s to prevent excessive heating. The
temperature was maintained at 25 °C with a water bath surrounding the beaker containing
the solution [27]. The resulting solid was identified as SCG-US.

2.3. Chemical Treatment

The SCG samples subject to the water extraction procedure (SCG-H,O) were further
treated chemically as explained in the next sections.

2.3.1. Acetylation

Acetylated material (SCG-Acet) was prepared according to the procedure by Taleb
et al. for the modification of lignin derived from spent coffee grounds [28]. For this stage,
we used 10 g of SCG-H;O. The material was placed in a 500 mL flask and 34 mL of acetic
anhydride and approximately 1 mL of 98% (18 M) sulfuric acid were added. Then, the
flask was connected to a vertical reflux condenser equipped with a recirculation bath and
pump. The system was heated slowly until it reached boiling and maintained with a
magnetic stirrer for approximately 3 h. After this time, the sample was left idle for 12 h
and the water generated as a byproduct of the reaction was subsequently removed by
distillation. The obtained material was washed and excess acid neutralized with 50 mL of
sodium bicarbonate 10% solution. Neutralization was verified with pH paper after stirring
the solution.

2.3.2. Acid Treatment

For acid-treated material (SCG-HNOj3), 100 mL of nitric acid 6 M was added to 40 g of
SCG-Hy0O and placed in an ultrasound bath for 1 h [29]. The supernatant was neutralized
using sodium hydroxide and washed with water.

2.3.3. Basic Treatment

To obtain basic-treated material (SCG-KOH), 100 mL of potassium hydroxide 6 M was
added to 40 g of SCG-H,O and placed in an ultrasound bath for 3 h [30]. The supernatant
was neutralized using hydrochloric acid and washed with water.

2.4. S5CG-Based Materials Characterization
2.4.1. Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR)

ATR-FTIR spectra were collected using 32 scans at a resolution of 4 cm~! from a
Thermo Scientific Nicolet iS50 spectroscope (Waltham, MA, USA). The instrument was
equipped with a diamond attenuated total reflectance (ATR) accessory. The samples

were situated directly into the ATR device and measured in the range of 4000-600 cm !,

collecting 32 scans at a resolution of 4 cm 1.

2.4.2. Scanning Electron Microscopy (SEM)

The surface morphology of the samples was determined using a JSM-6390 LV micro-
scope from JEOL (Tokyo, Japan) operated at an acceleration voltage of 20 kV. The samples
were mounted on metal stubs using double-sided adhesive tape and vacuum-coated with
gold (350 A) using a Denton Vacuum Desk V coating system.
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2.5. Methylene Blue Adsorption Test

Duplicate adsorption isotherm experiments were carried out by placing different
adsorbent doses (1, 2, 4, and 8 gL_l) in contact with 25 mL of MB 100 mg/L solution
in 100 mL glass bottles. The MB solutions were prepared using KH,PO4 and NaH,POy,
both 0.067 M, in a 4:6 mixture, respectively, as indicated in standard K 1474-1991 from
Japan [31]. Before solution addition, solids were boiled with 3 mL of water to remove air
trapped in its porous structure and to prevent the material floating. Once the material was
observed at the bottom of the solution, the excess water was removed, and 25 mL of MB
100 mg/L concentration solution was added. The materials containing the solutions were
agitated at 100 rpm at 25 °C in a Thermo Scientific Solaris shaker for 24 h. These parameters
were defined based on Franca et al. (2009) [9]. The remaining concentration of MB was
determined utilizing a Thermo Scientific Genesys 150 spectrophotometer, at a wavelength
of 665 nm. The amount of MB adsorbed g, (mgg’l) was estimated using Equation (1):

c,—-C |4
o= LCo= GV (M)

m
where C, (mgL 1) is the initial MB concentration, C, (mgL~!) is the pseudo equilibrium
MB concentration, V (L) is the volume of the MB solution, and m (g) is the mass of the
adsorbent dry base.
The average values of g. and C, of duplicate test were used to determine the parameters
of the Langmuir and Freundlich isotherms models (Equations (2) and (3), respectively) [32]:

_ GmaxKr Ce

e @

where g, (mgg~!) and C, (mgL 1) are the adsorption capacity and the concentration of MB
in equilibrium, respectively. guqx and K, are the maximum adsorption capacity (mgg~?)
and the Langmuir constant (Lmg 1), respectively.

Freundlich’s model is given by Equation (3):

Je = KFCen (3)

where g, (mgg~!) and C, (mgL 1) are the adsorption capacity and the concentration of MB
in equilibrium, respectively. Kr (mgg~!)(Lmg~!)" is the adsorption coefficient and 7 is the
dimensionless exponent.
The best fit model was selected by applying a non-linear chi-square (x?) together with
the commonly used R? in Equations (4) and (5), respectively [33]:
(gecry — ecar)”
XZ _ 2 Geexp — Ye,cal )

Ge,cal

R2 — Y_(Ge,mean — qe,cul)z )

2
Z (qe,cal - qe,mmn)z + Z(qe,cal - qE,EXP)

where g, exy (mgg 1) is the amount of MB uptake at equilibrium obtained from Equation (1),
Ge,cal (mgg’l) is the amount of adsorbate uptake achieved from the model, and ge mean
(mgg’l) is the mean of the g, exp values.

The calculation of Equations (2)—(5) was performed using the user interface (UI) for
solving the non-linear adsorption isotherms and calculation of statistical parameter on
Excel software for Microsoft 365 MSO (Version 2504) provided by [33].
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3. Results and Discussion
3.1. Cleaning and Chemical Treatment Selection Overview

Adsorption phenomenon and its mechanisms depends on, among other factors, the
characteristics of the adsorbate and the media, operation conditions, and, remarkably, the
physicochemical characteristics of the adsorbent material [34]. Among the latter character-
istics, the most important are large surface area, porosity, surface reactivity or chemistry,
particle size, thermal and chemical stability, and hydrophilicity or hydrophobicity [35].
These attributes are crucial in designing and selecting adsorbent materials for specific ap-
plications, such as water purification, air filtration, and industrial waste treatment [34,35].
Therefore, to improve the SCG-based adsorbent’s material properties, various cleaning and
chemical treatment processes were evaluated.

In this context, since SCG is obtained after coffee drink preparation, substances such
as caffeine, tannins, polyphenols, fatty acids, and others remained in the solid [36] which
can interfere with the adsorption process [37]. Therefore, the first and most straightforward
treatment to obtain an SCG-based material was the application of cleaning procedures.
From the simplest extraction with hot water to advanced techniques such as ASE and
SFE, these techniques were applied mainly for impurity removal, an increase in poros-
ity, surface modification, improvements in selectivity, and chemical stability [38]. These
could also be achieved by the unique properties of supercritical fluids as well as the high
pressure and temperature applied to the solvents during ASE [39], which allow them to
penetrate materials more effectively and rapidly than traditional solvents and solvent ex-
tractions [39,40]. This contributes to the removal and dissolution of impurities in a uniform
way, modifying the surface and internal structure of the adsorbent [40]. Furthermore, the
precise control over the extraction process in both techniques enabled the selective removal
of specific compounds [41-43] that might interfere with adsorption [37]. Finally, these
controlled conditions help in preserving the structural integrity and chemical stability of
the adsorbent material, making it more durable and effective [39,40]. On the other hand,
the US process, through its cavitation effect, enhances chemical reactions and ensures the
efficient removal of contaminants. This process can increase adsorption sites and create
or enlarge pores in SCG [44]. This technique has been successfully applied to improve the
adsorption capacity of biochar derived from diverse biomass sources, effectively capturing
and removing harmful substances [45].

Several chemical treatments have been extensively applied to improve the adsorption
capacity of biosorbents [46]. For instance, the inclusion of several functional groups like
carboxyl groups (COOH), carbonyl, and hydroxyl by nitric acid-treated rice husk residue
has been reported [47]. In addition, depolymerization via nitration and oxidation was
observed in lignin-based material treated with nitric acid [48]. Meanwhile, alkali treatment
decomposes the covalent bonds between lignocellulose components by the depolymer-
ization of hemicellulose and lignin [49], so that higher functional groups (hydroxyl and
carboxyl groups) can be observed [50]. Furthermore, potassium hydroxide is widely used
as an activating agent to create porous carbon-based materials due to its exceptional ability
to produce a high specific surface area and significant pore volume [51]. Introducing acetyl
groups has been shown to not only increase hydrophobicity and enhance surface area and
porosity but also improve the binding efficiency of adsorbent materials [52]. This process
enhances non-polar surface properties, thus improving the material’s adsorption capacity
for non-polar substances [53].

In sum, the selected treatments emphasize improving adsorption capacity by enlarging
surface area, increasing porosity, enhancing surface reactivity or chemistry, and modify-
ing hydrophilicity or hydrophobicity. This can be achieved by introducing or altering
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functional groups on the material’s surface, as well as improving adsorbate-adsorbent
binding efficiency.

3.2. Attenuated Total Reflectance-Fourier Transformed Infrared Spectroscopy (ATR-FTIR)

Infrared spectroscopy is a powerful analytical technique widely used to identify
functional groups and characterize chemical bonds in materials [54]. This method is
particularly useful for assessing surface modifications, as it provides insights into molecular
interactions and structural changes. In this study, infrared spectroscopy was employed to
monitor the surface modification process of the SCG after cleaning and chemical treatment.

The ATR-FTIR signals identified in the SCG-H;O material were similar to those previ-
ously reported in the literature for SCG of the Arabica coffee type [5,50,55,56] (Figure 1).
The broad band at 3319 cm ™! related to O-H stretching of alcohols, phenols, and carboxylic
acid groups [57,58] is characteristic of pectin, cellulose, hemicellulose, and lignin presence
in this material [5,55]. Furthermore, SCG-H;O showed a small and sharp peak at 3010 cm™!
related to =C—H stretch; two bands at 2921 and 2852 cm ™! associated with —C—H stretch;
and bands at 1744 cm~! and 1644 related to C=0 stretching of the carbonyl groups of
carboxylic acid, aldehydes, and esters functional groups [57,58]. Meanwhile, a broad band
at 1529 cm ™! corresponded to the double bonds C=C of the aromatic structures [57,59].
In turn, signals at 1240 and 1156 cm~! correspond to ester type -C-O stretching while
1030 cm ! corresponds to alcohol type stretching [57,59]. Finally, bands at 864 and 815 cm ™!
are distinctive of substitutions in aromatic structures present in lignin [57,59]. All these
mentioned signals align with the presence of the main components of coffee waste: cellu-
lose, hemicellulose, and lignin [5,54,55,60]. These signals were observed in the materials
obtained through all cleaning procedures. However, SCG cleaned using ASE (SCG-ASE)
exhibited an absence of the sharp peak at 3010 cm ! related to =C~H stretching; a decreased
intensity of peaks at 2921 and 2852 cm ! related to aliphatic hydrocarbons stretching; and a
disappearance of the band at 1744 cm ™! related to C=O stretching of the carbonyl groups in
carboxylic acids, aldehydes, and esters. As reported by [25], such differences suggest that
unsaturated fatty acids, ester linkages in lignin, and other carbonyl-containing compounds
have been effectively removed by ASE [25]. Meanwhile, the signals associated with C=C
stretching of aromatic double bonds at 1644 and 1529 cm~! showed more intensity, in
agreement with the more exposed lignin structure in the materials’ surface. Unlike the
cleaning process using ASE, the ATR-FTIR spectra of SCG-SFE and SCG-US showed in-
tensification of the signals at 2921 and 2852 cm™~! and 1744 cm ™!, respectively, suggesting
that both techniques were less efficient in removing fatty acids [26]. In this sense, Couto
et al. (2009) have reported that the extraction of lipids from SCG using SFE is temperature
and pressure dependent [26]. It is possible that the conditions used herein were unable
to remove these compounds. Indeed, Couto and colleagues reported that the highest oil
extraction yield was achieved at 50 °C and 4350 psi, which are higher temperature and
pressure conditions than those used in this study (40 °C, 3625 psi). Additionally, the bands
at 1644 cm ™!, associated with C=C stretching in lignin, along with the bands at 1380 and
1460 cm™!, corresponding to C-H bending, and the band at 1030 cm ™!, related to C-O
stretching in cellulose and hemicellulose, were also intensified in both SCG-SFE and SCG-
US. This suggests that the SFE process, which employs CO,, may selectively extract certain
lipophilic compounds [42,43] while also inducing modifications in the functional groups
present on the SCG surface. In line with these structural changes, the intensification of the
signal at 3319 cm~! observed in SCG-SFE and SCG-US further supports the occurrence
of alterations in the hydrogen bonding network. This may be attributed to the removal
of specific phenolic compounds from the SCG matrix by SFE, leading to the exposure of
hydroxyl groups from polysaccharides such as cellulose and hemicellulose [41]. Interest-
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ingly, ultrasonic cavitation may have induced comparable surface changes. The collapse of
cavitation bubbles can facilitate the breakdown of hydrogen bonds and the rearrangement
of the polymeric matrix [44], potentially exposing functional groups in a manner analogous
to SFE. This parallel behavior indicates that, despite the different mechanisms of action,
both SFE and US treatments led to similar structural modifications in the SCG matrix.
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Figure 1. ATR-FTIR spectra of SCG-based materials after different cleaning procedures. (Ar-Sb refers
to aromatic substitution).

Regarding chemical treatments, such as ATR-FTIR of the acetylated material, SCG-
Acet in Figure 2 reveals the arising and increasing of new signals characteristic of the acetyl
group. For example, an increase can be observed in the signals related to C-H bending
at 1372 cm~! in acetoxy moiety (-O(C=0)-CH3) and—O-C stretching of the acetyl group
(-C-O-CH3) at 1240 cm ! indicating the formation of ester linkages between the OH of
SCG and acetic anhydride [52,61]. The signals in these two regions are key for determining
successful acetylation of the material [52,61]. Acid treatment, on the other hand, is expected
to add functional groups [47], cause oxidation, and, in this case, nitric acid can produce
nitration [48] in the SCG surface. ATR-FTIR of SCG-HNO; showed signals consistent with
these reactions. First, the lack of the signal at 3010 cm !, associated with =C-H stretching,
indicated the breakdown of alkenes. Peaks associated with carbonyl groups around 1710
and 1740 cm ™! increased in intensity which is evidence of carboxylic acids formation.
In addition, a new signal at 1540 cm ! related to the N=O stretching vibrations of nitro
compounds [57] suggests the nitration of the aromatic rings indicating the attachment of
nitro groups (-NO,) to the lignin structure. The oxidation of alcohols and the formation of
new oxygen-containing groups were observed with the increment of intensity in signals at
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1315, 1160, and 1030 cm ™! corresponding to C-O stretching in polysaccharides and other
oxygenated groups [62]. In turn, alkali treatment (SCG-KOH) is estimated to provoke
the breakdown of ester bonds, lignin degradation, deprotonation of acidic groups, and
hydrolysis of organic matter. Ester bonds breakdown results in the formation of alcohols
and carboxylate groups. Accordingly, an increase in the 3319 cm~! band associated with
O-H stretching of alcohol, the appearance of a band at 1572 cm ™! related to C=O stretching
of carboxylate anions, and an increment in the signal at 1030 cm ™! associated with C-O
stretching alcohol type [57] were observed, consistent with ester group saponification. The
decrease in the small peak at 3010 cm ! (=C-H stretching) and the signal around 2921 cm ™!
corresponding to —-C—H stretching in aliphatic chains can be attributed to the degradation
of lignin, leading to lignin’s aliphatic side chains or unsaturated linkages fragmenting [63].
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Figure 2. ATR-FTIR spectra of SCG-based materials after different chemical treatments.

3.3. Scanning Electron Microscopy (SEM)

The surface morphology of all treated SCG samples was examined using SEM, with
the resulting images presented in Figure 3. In addition to modifications in the chemical
structure, the treatments performed could increase the surface area and porosity, thereby
contributing to the adsorption capacity [6,44,50]. Almost all samples exhibited a consistent
porous texture, characterized by the presence of holes and cavities, along with variations in
surface smoothness and edge sharpness. Regarding the porous texture, SCG-SFE (Figure 3c),
SCG-US (Figure 3d), and SCG-HNOj (Figure 3f), exhibited more holes and smaller pores
compared with SCG-H,O (Figure 3a).
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Figure 3. SEM images of SCG-based materials: (a) SCG-H,O, (b) SCG-ASE, (c) SCG-SFE, (d) SCG-US,
(e) SCG-Acet, (f) SCG-HNO3, (g) SCG-KOH.
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Notably, SCG-ASE (Figure 3b) exhibited elongated cavities, distinct from those ob-
served in most of the other samples. This could be attributed to the selective interaction
of 1-propanol with the material, where its directional flow under high pressure may have
followed specific pathways, acting more aggressively in certain areas such as fiber bundles
or lower density regions, ultimately resulting in pore elongation [64].

The acetylated sample (SCG-Acet, Figure 3e), and the sample modified with KOH
(SCG-KOH, Figure 3g) showed a mixture of both angular and round shapes. These findings
align with the effects of the treatments, which may have modified the surface morphology
by closing the pores or forming a protective layer, while also removing soluble components
and reducing pores size. Additionally, the treatments may have altered the cellulose
structure, leading to decreased pores formation [65].

3.4. Adsorption Isotherms

The Langmuir and Freundlich data isotherm, including the statistical parameters, is
shown in Table 1. Commonly, the best fitting isotherm model is determined with the coeffi-
cients of determination R%2. However, more statical parameters should be evaluated [33].
Tran et al. recommend calculating the chi-square (x?) together with the commonly used
R? (Equations (4) and (5)) [66]. Accordingly, (x?) being close to zero indicates that the
experimental and modeled data are similar. On the contrary, a high (x?) represents high
bias between the experiment and the model. For all materials’ isotherm data (Table 1),
the Langmuir model R? (0.864-0.999) and x? (0.35-13.21) were slightly higher and lower,
respectively, than those of the Freundlich model (0.814-0.976 and 1.64-14.52, respectively).
Thus, the Langmuir model vaguely better describes the MB adsorption in all the SCG sam-
ples tested. However, considering that the Freundlich and Langmuir statistical parameters
are relatively close it is suggested that the binding sites on the adsorbent surface are both
homogeneous and heterogenous [67], thus, both models are applicable.

Table 1. The Langmuir and Freundlich parameters for MB adsorption by the SCG materials studied.

Modification Adsorbent Langmuir Ky Freundlich
Ky, Qmax 2 2 2 2
R X (mg/g)/ n R X
(L/mg) (mg/g) (L/mg)"
SCG-H,O 0.051 65.69 0.993 0.35 7.03 0.48 0.958 1.64
Cleanin SCG-US 0.045 84.43 0.999 0.38 7.87 0.51 0.945 2.24
& SCG-ASE 0.041 83.19 0.995 0.33 8.23 0.48 0.949 2.46
SCG-SFE 0.027 93.32 0.895 421 7.96 0.47 0.831 5.23
Chemical SCG-Acet 0.062 84.13 0.992 0.51 9.06 0.50 0.976 1.74
emica SCG-KOH 0.015 171.60 0.978 1.96 4.24 0.73 0.959 3.11
treatment  goG pNO;  0.011 27064 0864 1321 416 075 0814 1452

Consequently, some important insights can be obtained from the Freundlich data (Table 1).
The Freundlich adsorption coefficient, Kr, was between 4.16 and 9.06 (mg/g)(L/mg)"/". The
higher this parameter is, the higher the adsorbent loading [32]. The dimensionless 7 coef-
ficients, a measure of adsorption intensity, ranged from 0.47 to 0.75 indicating favorable
adsorption (n < 1) in all the materials [32]. Moreover, 1 below one indicates a high het-
erogeneity of the SCG surface materials and the existence of numerous binding sites with
changing strengths on the adsorbent surface [68]. In general, both parameters, Kr and n
indicate a good ability of the materials tested to remove MB from aqueous solutions.

The Langmuir model is related to equilibrium conditions of homogeneous monolayer
adsorption [33,69]. Figure 4 presents the experimental data fitted to the Langmuir model
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(best fitting one) of all the materials cleaned by different methods. Accordingly, they present
similar actual experimental capacities in all the aqueous equilibrium MB concentration
ranges. That is corroborated by the Langmuir model g4y values, within the same mag-
nitude, between 65.69 and 93.32 mg/g (Table 1). However, the gy of the SCG-H,O is
relatively lower than that obtained with other cleaning procedures; the application of such
procedures could be limited due to higher energy, solvent consumption, or specialized
equipment requirements. Therefore, the use of ASE, SFE, or US techniques is not justified
given the minimal difference compared with water-extracted material.

A SCGH,O
- -=-- SCG-H,0O model

0o SCG-US

—— SCG-US model

¢ SCG-ASE

----- SCG-ASE model

SCG-SFE

————— SCG-SFE model

T T T T T T T T T T 1

20 30 40 50 60 70
C, (mg/L)

Figure 4. Adsorption isotherm and the Langmuir fitting model of MB by SCG cleaned by several
procedures. Co: 100 mg/L, pH 7.0, T 25 °C, 130 rpm, 24 h contact time. Mean values and standard
deviation error bars of duplicate tests are presented.

The chemically modified SCG is compared with the SCG-H,O in Figure 5 and Table 1.
Acetylation treatment produced materials with similar adsorption capacity to SCG-H,O.
The treatment with base and acid (KOH and HNO3, respectively) was more effective and the
adsorption capacity was increased around three- and four-fold, respectively. SCG-HNOs
data must be used with caution, as the Langmuir and Freundlich data present lower R? and
x? values, indicating that the modification in the material surface and the incorporation of
new functional groups (e.g., nitro) likely impact the isotherm model fit. Overall, according
to the experimental and the modeled data, both acid and based treatment look promising.
However, it is necessary to consider the chemical cost and the environmental and human
health risks of handling dangerous chemical products.



Processes 2025, 13, 1592

13 of 20

q. (mg/g)
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Figure 5. Adsorption isotherm and the Langmuir fitting model of MB by chemically treated SCG
compared with SCG-H,O. Co: 100 mg/L, pH 7.0, T 25 °C, 130 rpm, 24 h contact time. Mean values
and standard deviation error bars of duplicate tests are presented.

The adsorption capacity observed in the different materials can be explained by the
MB mechanism of adsorption influenced by the chemical composition of the adsorbent
and chemical properties of MB. As shown by the ATR-FTIR spectra, the materials present
hydroxyl, carbonyl, carboxyl, and aromatic moieties. Therefore, several interactions be-
tween MB and the different materials tested could be observed. Like other biosorbents,
the predominant adsorption interactions include electrostatic and van der Waals interac-
tions, hydrogen bonding, hydrophobic interaction, and 7t-7t interactions [15]. As shown in
the ATR-FTIR results (Figure 2), the HNO3; and KOH treatment increased the formation
of carboxylic groups (pKa 2.0—4.0) that can undergo dissociation and become negatively
charged at pH above its pKa value. In this study, the adsorption experiment was performed
at pH 7, while MB (pKa 3.8) was positively charged, favoring electrostatic interactions and,
consequently, MB adsorption—as observed in the increased gy, values with respect to the
non-treated SCG.

Table 2 shows the MB maximum adsorption capacity of various biomass adsorbents.
The capacity of SCG-H,O is close to the gy reported by Dai et al. [70] and higher than
other SCG studies (e.g., [9]). This can be explained by the differences in coffee species
and roasting conditions, which result in different chemical compositions [2]. Moreover,
the cleaning and testing procedures present some differences (e.g., pH and MB initial
concentration). Compared with other biosorbents, SCG-H,O capacity was higher than
several other biosorbents listed in Table 2. Regarding the chemically treated materials,
the gyuqx values of the SCG modified in this research were comparable, and in some cases
superior, to the values reported in the literature (Table 3). In general, modified and non-
modified SCG has the advantage of having a granular form, which is ideal for column
filtration. On the contrary, most of the other materials are in powdered form, therefore, a
granulation stage would be needed.



Processes 2025, 13, 1592 14 of 20

Table 2. Langmuir-based maximum adsorption capacity (Qm) of several biosorbents.

Bioadsorbent Conta(;t)Tlme Temf:)ecr)ature pH C, (mg/L) AdSOI‘(l;E/!]I_Il)t Dose (Z:’g;; ) Reference

Sawdust from the European‘ fan palm tree, ’ 5 8.0 20 NA. m7 [71]
Chamaerops humilis

Waste orange peels 24 25 9.0 5-1000 6 40.13 [72]

Walnut shell 24 20 4.8 25-100 2.5 41.5 [73]

Peanut shell 24 20 4.8 25-100 2.5 46.8 [73]

Algerian Zean oak sawdust 0.75 25 7.0 20 1 52.376 [74]

Wild carob Ceratonia siliqua 24 20 N.A. 10-300 1 79.19 [75]

Waste pomegranate peels 24 25 9.0 5-1000 6 98.08 [72]

Waste banana peels 24 25 9.0 5-1000 4 112.35 [72]

Rubia tinctorum seeds N.A. 25 5.0 N.A. N.A. 125 [76]

Osage orange, Maclura pomifera 24 20 N.A. 10-300 1 146.92 [75]

Cowpea (Vigna unguiculata subsp. unguiculata) vines 30 N.A 0.5 149.25 [77]

Common bean (Phaseolus vulgaris L.) vine 30 N.A. 0.5 181.82 [77]

Grape pomace powder (GPP) N.A. 20 N.A. N.A N.A. 183.96 [78]

Black cumin seeds 24 20 6.4 10-500 1 346.1 [79]

SCG 0.3 20 10 10-100 20 4.68 [80]

SCG 24 25 7.0 10-100 0.6 86.6 [70]

SCG 24 25 7.0 10-100 0.6 78.6 [70]

SCG 1 25 5.5 20-250 N.A. 40.85 [81]

SCG 12 25 5.0 50-500 10 18.7 [9]

SCG-H,O 24 25 7.0 100 1,2,4,8 64.56 This study

NL.A.: not available.
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Table 3. Langmuir-based maximum adsorption capacity (§uax) of several chemically modified biosorbents.
Modified Bioadsorbent Contact Time Tem;:)erature pH C, (mg/L) Adsorbent Dose Gmax (mg/g) Reference
(h) €O (g/L)
Abies marocana needles chemical treatment with
sulfuric acid (H,SO,) 1 25 8.0 20-60 4 18.81 [82]
Modified peanut husk with KMnOy4 6 20 7.0 200 1 226 [83]
Magnetic sweet potato (Ipomoea batatas L.) peels 0.33 15 N.A. 100 20 38 [84]
Olive oil pomace, defatted with ethyl acetate 3.3 20 7.0 5-460 1 269 [85]
Sulfuric acid lignin (SAL) extracted from SCG 24 25 N.A. 10-100 1.2 66.225 [28]
Phenolated SAL extracted from SCG 24 25 N.A. 10-100 1.2 93.457 [28]
Acetylated SAL extracted from SCG 24 25 N.A. 10-100 1.2 71.942 [28]
Phosphorylated SCG (PSCG) (H3PO4/P,0s) 2 25 7.0 5-200 N.A. 188.68 [6]
Modified SCG with citric acid and polydopamine
PDA@SC 24 25 7.0 60-100 0.33 291 [86]
SCG-Acet 60.14
SCG-KOH 24 25 7.0 100 1,2,4,8 165.47 This study
SCG-HNO3 221.51
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4. Conclusions

In this study, the valorization of SCG as a carbonaceous adsorbent for MB was eval-
uated. Different cleaning procedures and chemical treatments for SCG not previously
reported in the literature were applied to SCG. The former did not show any relevant
changes in the morphology and chemical structure, supported by SEM images and ATR-
FTIR spectra. However, an increase in carboxylic groups was observed in SCG treated with
KOH and HNOj3;. MB adsorption experiments showed favorable adsorption in all the mate-
rials (the Freundlich n coefficient was less than 1) and slightly best fitting of the Langmuir
model to the data. The Langmuir maximum adsorption capacity of the SCG cleaned with
water was comparable with other cleaning procedures like US, ASE, and SFE. Therefore,
the water cleaning procedure is recommended, as less energy and no special equipment are
needed. An increase in adsorption capacity was observed after treatment with KOH and
HNOg, likely related to the increase in carboxylic functional groups. Additionally, HNO3
treatment generated more holes and smaller pores, as observed in SEM images, which may
have contributed to its adsorption capacity. Overall, the non-treated and the chemically
treated SCG samples presented MB adsorption capacities comparable with values reported
in the literature for biosorbents. An economic, environmental, and human health risk
assessment is recommended in the case of pursuing the chemical modification of SCG. In
general, SCG presents in a granular form, making it ideal for wastewater column filtration
without requiring additional granulation processes.
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