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INTRODUCTION

Approximately one-third of the world’s 
population relies on underground water sources 
for their supply [1]. Despite being perceived as 
a safe source by most users [2], it can naturally 
contain elevated concentrations of dissolved 
ions such as sodium (Na+), magnesium (Mg2+), 
nitrate (NO3

‒), and fluoride (F‒) due to direct 
contact with geological formations [3]. Fluo-
ride, along with nitrate and arsenic, are inorgan-
ic chemical compounds that typically occur in 
high concentrations in groundwater, with their 
excessive consumption posing significant health 
risks, hence limited to 1.5 mg L‒1 [4].

Occurrences of F‒ in groundwater above 
recommended concentrations have been docu-
mented worldwide [3, 5–7]. Various methods 
have been proposed to adjust F‒ concentrations 

to recommended levels, including precipitation 
using ultra-pure compounds as seeds for accel-
erating the crystallization process [8], reverse 
osmosis [9], electrocoagulation using aluminum 
electrodes [10], and electrodialysis [11]. Howev-
er, these methods may have limitations, including 
high operational and maintenance costs, poten-
tial for secondary pollution from toxic byprod-
ucts, and complex operational procedures [12]. 
In contrast, the adsorption technique employing 
powdered activated carbon (PAC) [13] is highly 
favored due to its satisfactory results, lower cost, 
and simplicity of design and operation compared 
to other treatment methods [14]. 

Nevertheless, using PAC as an adsorbent 
presents environmental challenges, mainly be-
cause it is typically sourced from nonrenewable 
coal [15] and involves high production costs [16], 
which can make it commercially impractical. 
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Consequently, alternative adsorbent materials to 
PAC, such as biochar, have gained increased at-
tention since 2005 [17].

Biochar, characterized by its porous and 
carbon-dense nature, is generated through the 
carbonization of cellulosic or noncellulosic bio-
mass in environments with restricted or no oxy-
gen [18]. In addition to its lower production cost 
compared to PAC, biochar offers high precursor 
material availability and is environmentally sus-
tainable [19]. Various raw materials, including 
agricultural residues, woody agro-industrial resi-
dues, and biosolids, can be utilized for biochar 
production, with lignocellulosic residues being 
the most prevalent in the literature likely due to 
their higher lignin content, which correlates with 
increased production yield and fixed carbon con-
tent in biochar [20]. However, biochar possesses 
limited properties such as small pore size and low 
surface functionality, which may restrict its effi-
cacy in water treatment as these properties influ-
ence contaminant adsorption [21]. Consequently, 
there is an escalating need to obtain materials 
with enhanced sorption characteristics to substi-
tute PAC in advanced water treatment [22]. The 
surface chemistry and morphological characteris-
tics of biochar significantly influence its proper-
ties, with precursor feedstock and biochar surface 
activation being crucial determinants [20].

Coffee residues, which are rich in organic 
compounds such as oxygen, hydroxyl, carboxyl, 
amino, sulfonic, and phenolic functional groups 
[23], can effectively adsorb inorganic compounds 
like fluoride. They are a promising raw mate-
rial for biochar production due to their substantial 
global output (6×10⁶ tons per year) [24]. Howev-
er, research on using biochar derived from coffee 
grounds for anion removal is limited [25]. When 
such studies are available, the biochar typically 
undergoes functionalization with acid, basic, or 
oxidizing compounds, which alters its chemical or 
surface structure. This process increases the num-
ber of oxygen-containing functional groups that 
can form specific bonds with the adsorbate, such 
as hydrogen bonding and π-π electron donor–ac-
ceptor interactions [26], or incorporating com-
pounds with opposite charges to the anion into 
biochar, resulting in electrostatic interactions [25].

The utilization of biochar derived from cof-
fee residues has garnered attention in various 
studies focused on anionic pollutant removal 
such as phosphate and nitrate [24, 25] and ra-
dioactive iodine [27].

While studies on F‒ adsorption using coffee 
ground biochar are scarce, there have been reports 
on the production of functionalized biochar from 
coffee grounds [28, 29]. Surface chemistry func-
tionalization was suggested to enhance F‒ adsorp-
tion, advocating for environmentally less aggres-
sive products [28]. Hydrogen peroxide (H2O2) 
has emerged as a promising agent for biochar 
functionalization due to its cost-effectiveness and 
environmentally benign nature [30]. Studies have 
shown that treatment with H2O2 increases the 
presence of acid, carboxyl, and hydroxyl func-
tional groups on the biochar surface, which can 
improve F‒ adsorption due to the affinity of F− for 
acid biochars [31–33].

The aim of the current study is the production 
of biochar from coffee grounds and functionaliza-
tion with hydrogen peroxide (H2O2) at 30 vol for 
F-removal. The physicochemical characteriza-
tion of biochar surfaces was conducted, and batch 
tests were performed to evaluate the impact of 
operational parameter.

MATERIALS AND METHODS

Materials and reagents

Ultrapure water (1.35 µS·cm−1) produced in 
an LA 023 GEHAKA Master All Ultrapurifier 
was used in all experiments. Analytical grade re-
agents were utilized. Sodium fluoride (NaF) re-
agent solutions were prepared for the adsorption 
assays. Fluoride (F−) analysis was conducted us-
ing an 18AF ion-selective fluoride electrode, An-
alyzer® 550 M, with samples previously filtered 
through quantitative filter paper.

Coffee grounds were collected by brewing cof-
fee without adding any substances like sugar or 
sweeteners. Ultrapure water was used to wash the 
coffee grounds at 80 ± 5 °C, and after that they were 
rinsed at room temperature (26 °C ± 5 °C) [35]. Fi-
nally, they were dried in an oven (105 °C ± 5 °C) for 
24 h and kept in a desiccator until use.

Biochar preparation and surface 
functionalization

Biochar without functionalization (BC pristine) 
was produced in a rotary bipartite tubular furnace 
(Sanchis®) heated to 500 °C (10 °C min-1) for 2 h 
under a nitrogen flow (200 mL·min−1) [28]. To pre-
pare functionalized biochar (FBC), 1 g of pristine 
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biochar (BCP) was agitated in a rotating chamber 
(110 rpm) at room temperature with 20 mL of H2O2 
(30 vol) for 2 h [36]. The FBC was washed with 
ultrapure water, then dried in an oven at 105 °C for 
24 h. BCP served as a control for FBC in charac-
terization and adsorption studies.

Physical-chemical characterization

The adsorbent materials were characterized 
using various methods, including the determina-
tion of the pH at the point of zero charge (pHZCP) 
by the 11-point method [37]. Additional char-
acterization techniques included morphological 
surface analysis, elemental analysis, X-ray dif-
fraction (XRD), fourier transform infrared spec-
troscopy (FTIR), specific surface area analysis 
(BET), total pore volume, and mean diameter 
distribution (BJH). These parameters were deter-
mined using nitrogen (N₂) adsorption-desorption 
isotherms at -195.85 °C.

Adsorption tests

Analyses of pH, adsorbent dosage, tempera-
ture, adsorption capacity, and rate of F‒ adsorp-
tion were performed. Adsorption kinetics were 
evaluated, considering the influence of the initial 
F‒ concentration. All experiments were conducted 
in batches using a refrigerated shaker incubator 
set at a consistent speed of 100 rpm, with the tem-
perature maintained at 22 °C ± 1 °C. When neces-
sary, pH adjustments were made using 0.1 M HCl 
or NaOH solutions.

The influence of pH was assessed by adding 
0.5 g of adsorbent to 50 mL of NaF solution (7 
mg·F⁻·L⁻¹) with pH values ranging from 2 to 12. 
Adsorbent dosages from 0.1 g to 2.0 g were added 
to 50 mL of NaF solution (7 mg·F⁻·L⁻¹, pH 2). The 
suspensions were agitated for 24 hours, and out-
comes were quantified in terms of fluoride remov-
al efficiency and adsorption capacity. Equilibrium 
time and the influence of initial F⁻ concentration 
were evaluated. Solutions with initial concen-
trations of 7.0, 15.0, and 30.0 mg·F⁻·L⁻¹ at pH 
2 were agitated with 10 g·L⁻¹ of adsorbent. Ali-
quots were collected at predetermined intervals 
for analysis. Kinetic parameters were obtained by 
fitting data to pseudo-first order, pseudo-second 
order, Elovich, and Webber-Morris models [38, 
39]. The adsorption capacity was assessed using 
10.0 g·L⁻¹ of adsorbent at the previously men-
tioned temperature in 50 mL of NaF solution, 

with concentrations of 1.5, 3.0, 7.0, 14.0, and 30.0 
mg·F⁻·L⁻¹ at pH 2. Following a 5-hour incubation 
period, the concentration of F⁻ was measured, 
and adsorption capacity values were determined 
utilizing the Langmuir and Freundlich adsorption 
isotherm models [40].

Thermodynamic parameters (ΔG°, ΔH°, 
ΔS°) were calculated using Gibbs, van’t Hoff, 
and the plot of lnKd vs. 1/T equations based on 
adsorption isotherm tests conducted at 35 °C, 
45 °C, and 55 °C [41].

RESULTS AND DISCUSSION

Physicochemical characterization of BCP and 
FBC

The pH of FBC was 5.08, lower than the pH 
of BCP (6.74). This pH decrease after functional-
ization aligns with findings by [42], who reported 
a decrease in pH from 8.30 to 5.82 after oxida-
tion with H2O2 (10% w/v). The decrease in pH 
observed after functionalization can be linked to 
the generation and/or enhancement of carboxylic 
groups on the surface of the FBC, which possess 
mildly acidic properties [36, 43].

Figure 1 displays the XRD spectrum of FBC. 
The sharp 2θ diffraction peak near 25° indicates 
the presence of a phase abundant in carbon with 
minimal crystallinity [44]. The peak observed 
around 44° is indicative of the (100) plane in 
the graphitic crystal lattice of carbon, suggest-
ing minimal or absent stacking order among the 
small graphene planes [45]. Compared to [46], 
who produced biochar from coffee grounds at 
300 °C, no peak associated with cellulose crys-
tallographic planes near 20° was observed. The 
absence of this peak study suggests a high degree 
of cellulose degradation in FBC, likely due to the 
carbonization temperature used (500 °C) leading 
to total biomass stabilization [35]. The same be-
havior was observed for BCP.

As illustrated in Figure 2A to Figure 2D, the 
surface structure comparison between BCP and 
FBC shows that both surfaces exhibit a rough and 
heterogeneous texture, containing pores of vari-
ous shapes and sizes.

It is also notable that FBC exhibits a greater 
abundance of free pores compared to BCP, like-
ly due to the corrosive action of the oxidizing 
agent, facilitated by an acid mixture (CH3COOH 
+ H3PO4, 1:1), used to modify the biochar [47]. 
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The presence of particles blocking pores suggests 
relatively inferior pore properties in BCP [48].

The EDS spectrum in Figure 3 indicates a 
predominant presence of carbon in BCF, along 
with smaller quantities of oxygen, magnesium, 
aluminum, potassium, and calcium. Similarly, 
EDS analysis of biochar produced from spent cof-
fee grounds, pyrolyzed at 500 °C for 2 hours, also 

showed the presence of Mg and Ca [49]. These 
elements have the potential to form complexes 
with fluoride ions or precipitate [50]. Comparable 
results were obtained for BCP.

As depicted in Figure 4, the analysis of N₂ ad-
sorption and desorption isotherms at -195.85 °C for 
FBC revealed that these isotherms fall under type 
III classification. In such isotherms, the adsorbed 

Figure 1. X-ray diffractogram

Figure 2. Photomicrographs of BCP samples (a) and (c) and BCFs (b) and (d). Images (a) and (c) depict the 
surface of BCP with emphasis on clogged pores, while images (b) and (d) highlight free pores after treatment 

with H2O2
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molecules aggregate around the most favorable 
sites on the solid surface, which include pores of 
varying sizes [51].

The largest observed pore volume in the 
samples had a diameter of approximately 35 Å 
mesopore equivalent [51], exceeding the radius 
of F, which measures 1.33 Å [38], and its ion hy-
drated state at 3.52 Å [19]. The BET surface area 
of FBC was 12.7 m2·g–1, with a corresponding 
pore volume of 0.0318 cm3·g–1. For BCP, these 
values were 12.94 m2·g–1 and 0.0349 cm3·g–1, re-
spectively. These findings indicate that under the 
applied conditions, H2O2 did not generate or no-
tably modify the pore structure of BCP to aug-
ment its surface area [52]. Nonetheless, others 
[53] suggested that porosity had minimal impact 
on F– removal, with acid surface groups primarily 
responsible for F– removal. Figure 5A compares 
BCP spectra with FBC spectra before adsorption, 

while Fig. 5B compares FBC spectra before and 
after adsorption. Regarding functional groups, 
the FTIR spectrum following functionalization 
with hydrogen peroxide, depicted in Figure 5A, 
revealed a significant enhancement in the inten-
sity of bands associated with oxygenated func-
tional groups such as -OH and -CO (3418 cm⁻¹, 
1589 cm⁻¹, and 1383 cm⁻¹), which are highly ef-
fective in binding F⁻ ions [54]. On the other hand, 
in Figure 5B a comparison between pre and post 
absorption on functionalized BC.

In both spectra, at 3418 cm–1, a representa-
tive band of O–H stretching exhibited decreased 
intensity after F– adsorption, indicating interac-
tions via hydrogen bonds during the adsorption 
process [55], consisted with finding in similar 
studies [56]. At 1383 cm–1, a band attributed to C–
OH deformation associated with the oxygenated 
group was detected, which became more intense 

Figure 3. Energy dispersive spectroscopy of the FBC. *Incidence point of the electron beam; magnification of 350X

Figure 4. N2 adsorption and desorption isotherms (-195.85 °C) for FBC
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after functionalization, indicating the insertion of 
oxygen groups. However, after F– adsorption, this 
band weakened due to electrostatic interactions 
between F– and protonated OH groups (OH2

+), 
which are primarily responsible for F– adsorption 
[57]. The prominent peak at 1589 cm⁻¹ (within the 
range of 1565 cm⁻¹ to 1600 cm⁻¹) indicated the 
overlap of the stretching vibration mode (–C=C) 
of the aromatic ring of carbon with absorption 
bands attributed to carboxylic groups, esters, lac-
tones, and carbonyls (–C=O) [58]. The bands ob-
served at 876 cm⁻¹ and 748 cm⁻¹ are indicative of 
calcium and magnesium compounds, respectively 
[59], along with the band at 604 cm–1, which is 
characteristic of calcium oxides [60]. Overall, the 
spectra depicted in Figure 5 suggest that follow-
ing adsorption, there was a decrease in the inten-
sity of the bands and/or a shift in their positions, 
confirming the adsorption of F⁻ on the FBC [61].

Effect of initial pH and adsorbent dosage

Figure 6A and Figure 6B illustrate the ad-
sorption capacity at equilibrium (qe) and the re-
moval efficiency of F– from the BCP and FBC 
samples, respectively, in response to variations 
in initial pH. pH influenced significantly both 

the adsorption capacity and F– removal effi-
ciency. For BCP, the highest value of efficiency 
was 20.6% and the highest value of adsorption 
capacity was 0.124 mg·g–1 at pH = 2.0, while 
for FBC, they were 0.179 mg·g·g–1 and 25.5%, 
respectively at pH = 4.

The enhanced adsorption capacity at acidic 
pH values reinforces the mechanism of F– ad-
sorption through interactions with protonated 
OH groups (OH2

+), as indicated by the analysis 
of the FTIR spectra. Equations 1 and 2 eluci-
date the process [54].

	

1 
 

−𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐻𝐻+ ↔ 𝐶𝐶𝐶𝐶𝐻𝐻2
+  (1) 

−𝐶𝐶𝐶𝐶𝐻𝐻2
+ + 𝐹𝐹− ↔ 𝐶𝐶𝐶𝐶 + 𝐻𝐻2𝑂𝑂  (2) 

𝑅𝑅𝐿𝐿 = 1 (1⁄ + 𝐾𝐾𝐿𝐿 · 𝐶𝐶0)  (3) 
 
 

	 (1)

	

1 
 

−𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐻𝐻+ ↔ 𝐶𝐶𝐶𝐶𝐻𝐻2
+  (1) 

−𝐶𝐶𝐶𝐶𝐻𝐻2
+ + 𝐹𝐹− ↔ 𝐶𝐶𝐶𝐶 + 𝐻𝐻2𝑂𝑂  (2) 

𝑅𝑅𝐿𝐿 = 1 (1⁄ + 𝐾𝐾𝐿𝐿 · 𝐶𝐶0)  (3) 
 
 

	 (2)

However, elevated pH levels are linked to a 
reduction in both removal capacity and efficiency, 
likely due to competition between fluoride ions 
and hydroxyl ions for the available adsorption 
sites [44, 62, 63]. Another consideration is that 
at basic pH values, the surface of both adsorbents 
becomes negatively charged due to the pHZCP 
values of BCP (4.76) and FBC (3.85), promot-
ing electrostatic repulsion of F-ions [45], which 
are predominant in the medium due to the low 
pK value of HF (3.17). Because BCP served as a 

Figure 5. Infrared spectra of BCP and FBC a) and FBC before and after adsorption of F‒ (b)

Figure 6. Equilibrium adsorption capacity a) and F- removal, b) for BCP and FBC as a function of pH
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control for FBC and due to the minor difference 
in adsorption capacity between BCP and FBC at 
pH 2.0, adsorption characterization tests were 
conducted at this pH for both adsorbents.

Adsorption capacity and F- removal are shown 
in Figure. 7A and Figure 7B for BC and FBC, re-
spectively, plotted against adsorbent mass.

The adsorption capacity of biochar depends on 
the presence of active functional groups and pores 
on its surface [64]. Consequently, the removal ef-
ficiency increased with higher doses (Fig. 7A). 
However, a similar trend was not observed for the 
adsorption capacity (qe) because as the mass in-
creased, F– ions selectively adsorbed onto lower 
energy sites, leading to surface nonsaturation [38].

The adsorption capacity of biochar relies 
on the presence of active functional groups and 
pores on its surface [64]. Consequently, the re-
moval efficiency of both adsorbents increased 
with higher doses (Fig. 7A). However, a simi-
lar trend was not observed for the adsorption 

capacity (qe) because as the mass increased, 
F– ions selectively adsorbed onto lower energy 
sites, leading to surface nonsaturation [38].

BCP exhibited superior F– removal perfor-
mance regardless of the dosage. The highest ad-
sorption capacity for BCP was 0.358 mg·g-1 at a 
2 g·L-1 adsorbent dose, whereas for FBC, it was 
0.0308 mg·g-1 at a 40 g·L-1 adsorbent dose. Addi-
tionally, the F– adsorption capacity showed mini-
mal variation with increasing FBC mass; for doses 
of 0.5 g, 1.0 g, and 2.0 g, the qe values obtained 
were equal to 0.026 mg·g-1, 0.028 mg·g-1, and 
0.031 mg·g-1, respectively. Based on these results, 
adsorption tests were conducted using a dosage of 
0.5 g of adsorbent, equivalent to 10 g·L-1.

F– adsorption kinetics

For both adsorbents, irrespective of the initial 
fluoride concentration (as shown in Fig. 8), the 
adsorption kinetics displayed two distinct phases: 

Figure 7. a) Adsorption capacity b) fluoride removal

Figure 8. For initial concentrations F- ranging equal to 6.5 mgL‒1, 15 mgL-1 and 32 mgL‒1, graphs show the 
adsorption capacity of pristine biochar BC a) and FBC b) over the time
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a rapid initial phase followed by a slower phase 
until equilibrium was attained. This pattern is 
consistent with previous studies on fluoride re-
moval using biochar derived from maize [40]. 
The initial rapid adsorption rate can be attributed 
to the concentration gradient between the solute 
in solution and the adsorbent, driven by the abun-
dance of available adsorption sites [38].

Removal capacities of 0.121 mg·g⁻¹ for con-
centration of 6.5 mg·L⁻¹, 0.407 mg·g⁻¹ for con-
centration of 12.0 mg·L⁻¹, and 0.569 mg·g⁻¹ for 
concentration of 32,0 mg·L⁻¹, occurred in the 
initial 15 min for BC as shown in Fig. 8A. Equi-
librium was attained within 30 min for concentra-
tions of 6.5 mg·L⁻¹ and 12.0 mg·L⁻¹, while for a 
concentration of 32.0 mg·L⁻¹, it took 180 min to 
reach equilibrium. In contrast, for FBC (Fig. 8B), 
assays with the same concentrations achieved 
the highest removal rates within the first 15 min, 
with values of 0.03 mg·g-1 and 0.06 mg·g-1, re-
spectively, reaching equilibrium after 180 min. 
For the initial F⁻ concentration of 32.0 mg·L⁻¹, 
the removal rate was 0.23 mg·g⁻¹ at 120 min, with 
equilibrium reached after 300 min. Notably, for 
FBC, the increase in the concentration of F- only 
significantly influenced the adsorption rate after 
30 min of testing. This observation may be as-
sociated with the predominant adsorption mecha-
nism. In this context, the adsorption kinetics are 

pivotal for illustrating the process of mass trans-
fer from the solute to the solid‒liquid interface, 
facilitating a better understanding of the removal 
mechanism involved [41].

As shown in Figure 9, due to the higher 
adsorption capacity observed, the pseudo-first-
order (PFO), pseudo-second-order (PSO), and 
Elovich models were employed to analyze the 
data from tests using solutions with a concentra-
tion of 32.0 mg·L⁻¹·F⁻.

The experimental data for both adsorbents 
fitted better to the PSO and Elovich models, as 
indicated by the R² values and the close similar-
ity between the equilibrium adsorption capacity 
predicted by the models and the experimentally 
obtained values presented in Table 1.

The PFO model adequately fits the experi-
mental data only during the initial 30–50 mins. 
Conversely, the PSO model thoroughly character-
izes the entire adsorption process by accounting 
for external liquid film diffusion, surface adsorp-
tion, and intraparticle diffusion [65]. Its fitting to 
the data signifies the predominance of chemical 
mechanisms in the adsorption process [41]. As 
described by PSO models, the reaction rate is in-
fluenced by the quantity of solvent adsorbed on 
the adsorbent surface and the equilibrium adsorp-
tion amount. Under these conditions, the adsorp-
tion rate is directly proportional to the square of 

Figure 9. Fit of the results obtained in the adsorption kinetics test for the PFO, PSO and Elovich models. 6 hours 
of agitation at 100 rpm, 22 °C, pH = 2 (duplicate).
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the number of unoccupied active sites on the sur-
face, while the number of occupied active sites 
correlates with the adsorbate concentration [66].

Numerous studies have recognized that PSO 
kinetics is the most appropriate model for char-
acterizing fluoride (F‒) removal in the adsorption 
process [45, 67, 68]. Additionally, the high R2 
value obtained for the Elovich model, along with 
confirming the predominance of the PSO model, 
suggests the energetically heterogeneous nature 
of the surfaces of the studied solids [45]. The ob-
tained α and β values for BCP (457.426 mg·g–1 
and 20.466 g·mg–1) and FBC (0.015 mg·g–1 and 
15.47 g·mg–1), respectively, indicate that in BCP, 
adsorption occurs faster than desorption (α >> β), 

whereas in FBC, the desorption rate surpasses ad-
sorption, indicating a lower affinity of F for the 
adsorbent surface (α << β) [69]. These results 
align with the lower qe values obtained for FBC.

To gain further insights into the adsorption 
mechanism, the intraparticle diffusion model, 
also known as the Weber–Morris model, was 
employed. This model explains the transport of 
the adsorbate from the solution to the adsorbent 
surface, with pore diffusion being the limiting 
step of the adsorption process [67, 70]. For this 
analysis, qt data over time were plotted against 
the square root of time (Fig. 10).

For BCP, F‒ adsorption occurs in two stages. 
The initial stage is primarily due to the rapid dif-
fusion of F‒ from the bulk solution to the external 
surface or boundary layer of BCP. The subse-
quent stage is characterized by intraparticle diffu-
sion, where F‒ ions are adsorbed at active sites on 
the inner surface of the adsorbent [71]. 

In this subsequent stage, the reduced slope of 
the linear segment signifies greater hindrance in F‒ 
diffusion within the pores, owing to the diminished 
concentration of these ions in the solution, which 
results in inadequate mass transfer [72]. Since the 
segments do not intersect at the origin, it suggests 
that the adsorption of F‒ ions follows a complex 
process characterized by multiple steps, where in-
traparticle diffusion is not the limiting factor. [73].

Three stages were discerned for FBC. The ini-
tial and second stages unfolded similarly to BCP, in-
volving immediate diffusion of F‒ from the bulk so-
lution to the external surface of FBC and subsequent 
diffusion of F‒ ions from the adsorbent surface into 

Table 1. Kinetic parameters for BC and FBC
Parameter Unit BCP FBC

qe (exp) mg·g–1 0.721 0.260

Pseudo-first order

qe (calc) mg·g–1 0.654 0.258

k1 min–1 0.3 0.021

R2 0.91668 0.91572

Pseudo-second order

qe (calc) mg·g–1 0.686 0.25

k2 mg·g –1 min–1 0.771 0.08526

R2 0.95579 0.95205

Elovich

α mg·g–1 457.4258 0.01543

β g·mg–1 20.465985 15.4728

R2 0.98881 0.98491

Figure 10. Data fitting for the intraparticle diffusion model
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the inner pores along the pore walls (intraparticle 
diffusion). In the third stage, F‒ ions are adsorbed 
onto the interior surface of the adsorbent [74]. Giv-
en that all three linear segments passed through the 
origin, it indicates that intraparticle diffusion consti-
tutes the limiting step of the process [75].

The intraparticle diffusion model fit re-
sulted in R² values of 0.966 for FBC and 0.53 
for BCP. The kd and C parameters for FBC and 
BCP were 0.016 (mg·g−1·min‒0.5) and 0.028, 
and 0.026 (mg g−1·min‒0.5) and 0.365, respective-
ly. A higher kd value for BCP indicates a faster 
F‒ diffusion rate compared to FBC, whereas lower 
C values suggest a lesser impact on the limiting 
boundary layer [73]. These data explain the lower 
adsorption rates obtained for FBC than for BCP.

The influence of temperature on F‒ adsorp-
tion was investigated for BCP (Fig. 11A) and FBC 
(Fig. 11B) at concentrations of 1.5, 3.0, 7.0, 14.0, 
and 30.0 mg·F‒·L‒1. It was observed that for initial 
F‒ concentrations of 1.5 mg·L‒1 and 3.0 mg ·L‒1, 
increasing the temperature did not influence the 
F‒ adsorption capacity for either adsorbent. How-
ever, at a concentration of 7.0 mg·L‒1, a rise in 
temperature led to an increase in adsorption capac-
ity, particularly for BCP, and this effect was even 
more pronounced at an initial F‒ concentration of 
30.0 mg·L‒1. For BCP (Fig. 11A), the qe value rose 
from 0.262 mg·g‒1 to 0.555 mg·g‒1 when the tem-
perature increased from 35 °C to 55 °C. In com-
parison, for FBC, qe increased from 0.03 mg·g‒1 
to 0.104 mg·g‒1 over the same temperature range. 
The variation in qe values, from 35 °C to 55 °C, 
represents a 2.1-fold increase in adsorption capac-
ity for BCP and a 3.5-fold increase for FBC. This 

indicates that the F‒ adsorption process for both 
adsorbents is endothermic and that FBC is more 
responsive to temperature changes than BCP. 
Similar F‒ adsorption behavior was reported for 
aluminum trichloride-modified biochar derived 
from corn stalks [40], where the authors noted 
that solution temperature impacts physicochemi-
cal surface adsorption, intraparticle diffusion rate, 
and internal chemical interactions.

To better understand the adsorption equilibrium, 
the F‒ adsorption capacity results were modeled us-
ing adsorption isotherms. These models help eluci-
date the distribution of the adsorbate between liquid 
and solid phases and determine the adsorbent’s ca-
pacity [75]. Figure 12 presents the fit of the experi-
mental data to the Langmuir and Freundlich models.

The Langmuir model characterizes mono-
layer chemical adsorption, where the adsorbate 
binds to finite adsorption sites with constant en-
ergy and without the mobility of adsorbent mol-
ecules on the surface [75]. Conversely, the Freun-
dlich model posits that adsorption occurs on an 
energetically heterogeneous surface, indicating 
that the heat of adsorption varies among the mol-
ecules adsorbed on the adsorbent surface [76].

Table 2 presents the parameters related to the 
Langmuir and Freundlich models for both BCP and 
FBC at temperatures of 55 °C, 45 °C, and 35 °C.

Except for the test performed with FBC at 
35 °C, all adjustments for both adsorbents at the 
three temperatures studied showed R2 > 0.91. 
This result suggested that the adsorption of F– 
on the adsorbents occurs through a combination 
of multiple processes, including physical and 
chemical adsorption [40].

Figure 11. F‒ adsorption capacity of BCP a) and FBC b) at different temperatures
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Figure 12. Adsorption isotherms of F‒ on BCP a) and FBC b) at different temperatures

Table 2. Freundlich and Langmuir parameters of fluoride adsorption at different temperatures
Isothermal model Temperature (°C) Parameter BCP FBC

Freundlich

35

KF 0.02966 0.00371

n 0.42365 0.36064

R2 0.98311 0.94029

45

KF 0.04362 0.0129

n 0.69749 0.36534

R2 0.99093 0.94052

55

KF 0.04817 0.0263

n 0.7402 0.71673

R2 0.99645 0.98654

Langmuir

35

q max 0.29601 0.03114

KL 0.20684 0.23508

R2 0.94469 0.82393

45

q max 0.85235 0.06863

KL 0.3659 0.20194

R2 0.97433 0.91904

55

q max 1.45727 0.26296

KL 0.02309 0.02101

R2 0.98715 0.96843

To assess the adsorption affinity of fluoride 
ions F‒ by the adsorbents, the Langmuir constant 
(KL) and the initial concentration of fluoride (Co) 
were utilized to calculate the separation factor 
(RL), as given by Equation 3.

	

1 
 

−𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐻𝐻+ ↔ 𝐶𝐶𝐶𝐶𝐻𝐻2
+  (1) 

−𝐶𝐶𝐶𝐶𝐻𝐻2
+ + 𝐹𝐹− ↔ 𝐶𝐶𝐶𝐶 + 𝐻𝐻2𝑂𝑂  (2) 

𝑅𝑅𝐿𝐿 = 1 (1⁄ + 𝐾𝐾𝐿𝐿 · 𝐶𝐶0)  (3) 
 
 

	 (3)

For BCP, the RL values at temperatures 
of 55 °C, 45 °C, and 35 °C ranged from 0.590 
to 0.966, 0.08 to 0.645, and 0.139 to 0.763, re-
spectively. For FBC, the RL values were between 

0.124 to 0.739, 0.141 to 0.767, and 0.613 to 0.969, 
respectively. According to the literature, RL val-
ues within the range of 0 < RL < 1 indicate favor-
able adsorption, with lower RL values reflecting 
a stronger interaction between the adsorbent and 
the adsorbate [54]. Additionally, as RL decreased 
with increasing initial F– concentration, it was 
observed that anion adsorption on the studied 
biochars improved with higher F– concentrations 
[76]. This relationship, along with the depen-
dence of adsorption on the initial F– concentration, 
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was further supported by the Freundlich constant (n) 
values being less than 1, indicating the favorable na-
ture of the adsorption process [77].

Table 3 compares the qmax values obtained in 
this study with those reported in the literature. 
As shown in Table 2, according to the Langmuir 
model, the lower qmax values for FBC, compared 
to BCP, corroborate the results obtained from the 
Elovich kinetic model, indicating a higher affinity 
of F‒ for BCP than for FBC.

In a previous study [32], biochar produced 
from sunflower husk was chemically modified with 
H2O2. The authors found that this modification did 
not significantly alter the adsorption capacity for 
tetracycline, with values of 7.26 mg·g‒1 for pristine 
biochar and 7.93 mg·g‒1 for modified biochar. The 
major change observed was surface oxidation of 
the biochar, which, despite increasing the content 
of oxygen-containing groups, also obstructed the 
pores, similar to the findings of the current study.

Generally, the qmax values reported in the liter-
ature are higher than those obtained in this study. 
However, it is important to note that fluoride 

adsorption is highly dependent on its initial concen-
tration, which was higher in many of the referenced 
studies, thus explaining the lower values observed 
here. Furthermore, when activating agents include 
metals, particularly aluminum and iron, the differ-
ence is more pronounced. The presence of metals 
reduces the electrostatic repulsion between the bio-
char surface and F‒ ions, thereby enhancing the ad-
sorption capacity in aqueous solutions [61].

Adsorption thermodynamics

A thermodynamic analysis was conducted 
to evaluate the effect of temperature on the ad-
sorption of F‒ ions in both BCP and FBC. The 
study assessed temperatures of 35 °C (308 K), 
45 °C (318 K), and 55 °C (328 K). Given that 
the Freundlich isotherm model best described the 
experimental data, the Kd from this model was 
used to calculate the thermodynamic parameters 
[83]. The thermodynamic parameters Gibbs free 
energy (∆G°), enthalpy (∆H°), and entropy (∆S°) 
are presented in Table 4.

Table 3. Maximum adsorption capacity according to the Langmuir model from various studies
Adsorbent/Treatment qmax (mg·g−1) T (oC) C0 de F‒ (mg·L‒1) Reference

BC coffee grounds/pristine
0.296
0.852
1.457

35
45
55

1.5 – 30.0 This study

BC coffee grounds/H2O2

0.031
0.069
0.263

35
45
55

1.5 – 30.0 This study

Activated carbon (GAC) 0.55 25 2.5 -10.0 [66]
BC pinecones/FeCl3
BC pinecone/AlCl3

9.95
12.10

25
25 0.5 – 40.0 [78]

BC corn stalk/AlCl3
73.51
74.14
81.65

15
25
35

10.0 – 100.0 [40]

BC of wood residue (T. hispida)/LaCl3 164 50 20.0 – 70.0 [79]

BC wood residues/FeCl3
7.81
9.04
7.58

25
35
45

1.0 – 60.0 [80]

BC Kenaf (Hibiscus cannabinus)/AlCl 3 13.93 25 5.0 – 150.0 [38]
BC Raw sawdust/formaldehyde
BC sugarcane bagasse/H2SO4
BC produced from raw wheat straw/
formaldehyde

1.73
1.15

1.93

28 2.5- 15.0 [81]

BC Pine tree sawdust/H3PO4 0.885 25 10.0 – 300.0 [82]

Table 4. Fluoride adsorption thermodynamic parameters of F ‒ for BCP and FBC

T (K)
Kd ∆G (kJ mol-1) ∆S (kJ mol-1K-1) ∆H (kJ mol-1)

BC FBC BC FBC BC FBC BC FBC

308 0.02966 0.00371 9.0085 14.3316

0.1121 0.0363 20.4849 20.2812318 0.04362 0.0129 8.2811 11.50215

328 0.04817 0.0263 8.2710 9.9213
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The positive ΔH values, 20.4849 kJ·mol−1 for 
BCP and 20.2812 kJ·mol−1 for FBC, along with 
the increase in Kd values with rising tempera-
tures, indicate that the F‒ adsorption process is en-
dothermic between 35 °C and 55 °C. Higher tem-
peratures boost the kinetic energy of the adsorbate 
molecules, enhancing heat and mass transfer [83]. 
This aligns with the higher adsorption capacities 
observed at increased temperatures. Additionally, 
ΔH values between 2.1 and 20.9 kJ·mol−1 suggest 
that physical adsorption is dominant, with hydro-
gen bonding forces being the primary interactions 
between the adsorbent and adsorbate [84].

Positive ∆G values denote that the process is 
nonspontaneous [37]. The entropy change (∆S) 
serves as an indicator of the attraction or repul-
sion forces within the system, relating to the spa-
tial configuration at the adsorbent interface [41]. 
Positive ∆S values suggest a favorable affinity 
between the adsorbent and F‒ ions, indicating that 
the randomness at the solid/solution interface in-
creases during the F‒ adsorption process [85].

CONCLUSIONS

This research examined the adsorption of flu-
oride (F‒) on biochar derived from coffee grounds 
and modified with H2O2 (30 vol) (FBC). The sur-
face physicochemical characterization showed 
that FBC had a lower pH than pristine biochar 
(BCP), indicating a higher presence of acid func-
tional groups on the FBC surface, as confirmed 
by FTIR analysis. The pH played a crucial role 
in F‒ adsorption, with FBC achieving its high-
est adsorption capacity and removal efficiency 
at pH 4 (0.179 mg·g−1 and 25.5%, respectively), 
whereas BCP exhibited the highest values at pH 
2.0 (0.1235 mg·g−1 and 20.6%, respectively). The 
kinetic analysis revealed that the initial F‒ con-
centration significantly affected the time to reach 
adsorption equilibrium and the maximum adsorp-
tion capacity. The pseudo-second-order and Elov-
ich models provided the best fit for the kinetic 
data of both adsorbents, indicating that chemi-
cal mechanisms predominated in the adsorption 
process. Furthermore, the intraparticle diffusion 
model indicated that FBC’s F‒ adsorption oc-
curred in three stages, with intraparticle diffusion 
being the rate-limiting step. As both chemical and 
physical interaction were involved, the adsorption 
isotherms were well-represented by both Langmuir 
and Freundlich models. The maximum adsorption 

capacities for F‒ in BCP and FBC were 1.46 mg·g−1 
and 0.26 mg·g−1, respectively, at 55 °C. The adsorp-
tion process was determined to be endothermic 
and nonspontaneous for both adsorbents, affect-
ing their affinity for F‒.
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