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A B S T R A C T

A substantial portion of the phosphorus utilized in crop and food production is dispersed into soil and water, 
posing a challenge to the management of eutrophication and sustainable nutrient recovery. This research focuses 
on the reclamation of phosphate from polluted water through affinitive adsorption on biochar derived from spent 
coffee grounds (SCG). SCG were subjected to pyrolysis within a N2-purged vertical furnace across a temperature 
range of 300–550 ◦C, with a 1-h holding time. The adsorption capability of SCG biochar was systematically 
investigated and experimental data were interpreted using Langmuir and Freundlich isotherm models. Notably, 
the biochar pyrolyzed at 450 ◦C and activated with a Fe/biochar mass ratio of 2:1 demonstrated the highest 
adsorption capacity (0.87 mg P/g biochar) when exposed to the highest initial phosphate concentration in the 
solution (15 mg P/L). Comparative analyses revealed that the removal efficiency of non-activated SCG biochar 
was considerably lower (5.7%) compared to the corresponding activated biochar (up to 17.3%). This highlights 
the significant increase in adsorption capacity facilitated by the introduction of ferric chloride. Furthermore, 
phosphate desorption experiments were conducted to assess the biochar’s phosphorus release characteristics and 
stability. The results demonstrate the positive outcomes of upcycling SCG waste material as a pollutant sorbent 
and the potential to diminish reliance on chemical fertilizers through the recovery of Fe-phosphate-enriched SCG 
biochar.

1. Introduction

Phosphorus (P) is a non-replaceable nutrient for the growth of all 
living organisms and essential for agricultural productivity, guarantee
ing food security to the growing world’s population (Schröder et al., 
2010). Every year, the world population generates, from the food 
consumed, about 3 million tons of phosphorus in urine and feces 
(Cordell et al., 2012) with an average of 0.5 kg P per person per year, 
that is in large part discharged in water and non-agricultural land, 
worsening the phenomena of eutrophication in aquatic systems. Human 
consumption in food represents only 20% of the total P extracted from 
the geological and not renewable reserves of phosphate rocks, the 
remainder is used for the production of fertilizers, zootechnical foods, 
pesticides, detergents (Cordell et al., 2012). Various estimates indicate 
that, at the current rate of extraction, phosphorus will prove to be a 
limited resource within 50–100 years, with costs destined to increase 
more and more (Cordell et al., 2012). Given the environmental and 

economic relevance of the matter, strategies that simultaneously protect 
the aquatic ecosystem from eutrophication, diminish the dependence on 
mineral phosphate rocks and support agricultural and food system 
productivity are mandatory.

Similarly to activated carbon, biochar is a carbon-rich material 
manufactured through the thermochemical conversion of carbonaceous 
material at temperature above 300 ◦C under negligible oxygen supply 
but over a significantly shorter period of time, 2 h and below.

To create an oxygen-depleted atmosphere within the reactor, the 
pyrolysis process is optimally performed under inert conditions, using a 
fluidizing gas such as nitrogen. While other inert gas like helium, and 
non-inert gases such as CO2, H2, and NH2 have been employed during 
pyrolysis, nitrogen is the most used gas due to its inert nature, cost- 
effectiveness compared to other inert gases, and ready availability 
(Sharma et al., 2024).

Biochar possesses highly desirable properties including a large sur
face area, porous structure, ion exchange capacity, and substantial 
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carbon content (Ahmad et al., 2014). These properties enable it to 
efficiently adsorb a wide range of contaminants from aqueous solutions. 
Furthermore, the surface of biochar is comprised of a certain number of 
functional groups, such as hydroxyl, carboxyl, and carbonyl (Chen et al., 
2008), which can be activated to be highly selective towards specific 
pollutants targets (Lu et al., 2020). For example, biochar can be func
tionalized to accommodate iron salts, enhancing its affinity towards 
phosphates. (Li et al., 2014). Through the formation of phosphate-iron 
complexes, phosphate can potentially be reclaimed from wastewater 
via affinitive adsorption. The resultant biochar, enriched with 
Fe-phosphate, can be recovered, and potentially reused for soil reme
diation (Sheperd et al., 2016). In addition, the costs of raw materials for 
biochar production are extremely lower than that of activated carbon 
since it may derive from waste feedstocks, such as wood chips, agri
cultural and sewage wastes.

At present, although the production process of biochar is robust and 
simple, the knowledge about adsorption and desorption properties of 
this material is in the early stages and further research is required, 
especially in view of future large-scale development. Indeed, although 
biochar exhibits similar properties as activated carbon, its heterogeneity 
leads to many uncertainties when applied in engineered plants (Gwenzi 
et al., 2017). Additionally, different feedstocks yield varying ratios of 
volatile and stabilized carbon in pyrolysis by-products, significantly 
influencing the morphological and physicochemical properties of the 
resulting biochar (Sahoo et al., 2021). Feedstoc-related properties that 
influence phosphate adsorption capacity include biochar’s surface area, 
porosity, surface functional groups, and mineral content (Luo et al., 
2023). Feedstocks that can withstand higher pyrolysis temperatures 
typically lead to biochar with increased surface area and porosity 
(Tomczyk et al., 2020), though this can also diminish the number of 
surface functional groups (Trazzi et al., 2016). Conversely, feedstocks 
rich in organic matter and nutrients produce biochar with a greater 
abundance of surface functional groups, such as carboxyl, hydroxyl, and 
phenolic groups (Rizwan et al., 2023). These functional groups enhance 
phosphate adsorption by forming bonds with phosphate ions (Luo et al., 
2023). Additionally, feedstocks with high mineral content, like animal 
manure or specific agricultural residues, produce biochar that facilitates 
the precipitation of phosphate as insoluble compounds, thereby 
enhancing its adsorption capacity (Luo et al., 2023). High ash content in 
biochar can also increase its pH and create additional adsorption sites 
through the presence of metal oxides and hydroxides in the ash (Guo 
et al., 2020).

Feedstocks currently used at a commercial-scale or in research fa
cilities for the removal of phosphate from water and wastewater are 
mainly agricultural residues, food processing waste, municipal solid 
waste, and sludge. Raw materials include walnut shell and sewage 
sludge (Yin et al., 2019), coconut shell (Kopecký et al., 2020), wood and 
rice husks (Ajmal et al., 2020), and pig manure (Nardis et al., 2022). 
Careful selection of feedstocks, production parameters and modification 
methods is critical for optimizing biochar production and its specific 
applications.

This paper focuses on a promising waste material, spent coffee 
ground, for the production of biochar and its application as base sorbent 
for phosphate remediation from aqueous solution, in order to evaluate 
the potential application to wastewater. Coffee is the world’s second 
most consumed beverage next to water, with a consumption in 2021 of 
approximately 10 million tons (Johnson et al., 2022) but SCGs are 
mainly disposed of as waste in landfill. SCGs can be obtained in higher 
purity than other waste materials and SCG biochar has been function
alized for removing various pollutants. For these reasons, biochar pro
duced from spent coffee grounds is viewed as a low-cost and 
environmentally friendly substitute for activated carbon. Utilizing SCG 
biochar for phosphate removal and recovery presents several simulta
neous advantages, including the exploitation of a waste product to avoid 
disposal in unsustainable destinations, enrichment of this adsorbent 
with phosphates removed from polluted water, and availability of a 

phosphate-rich substrate as a sustainable alternative to chemical 
fertilizers.

The present research aims to advance our understanding of the SCGs 
biochar manufacturing process and activation treatments. The charac
teristics of the feedstock, such as its chemical composition, moisture 
content, and mineral content, may differ from that of biochar produced 
from other biomasses, which may lead to variations in the properties of 
the resulting biochar (Ahmed et al., 2024). Specifically, the research 
focuses on: (i) the impact of pyrolysis temperature on key SCG-derived 
biochar properties such as production yield, elemental composition, 
morphology, and functional groups, (ii) the efficacy of iron-coating 
activation treatment, (iii) the enhancement of adsorption capacity 
through temperature variation and activation treatment.

By providing a comprehensive analysis of biochar properties and its 
applications in phosphate recovery, this study serves as an additional 
contribution to the development of environmentally sustainable 
biochar-based materials aimed at promoting a circular economy.

2. Materials and methods

2.1. Biochar production and characterization

Moisture-laden coffee waste taken from Starbucks Coffee Shop was 
dried at 50 ◦C for 48 h to remove moisture and subsequently used as 
initial feedstock for biochar production. For the pyrolysis treatment, 
dried spent coffee grounds (SCGs) were placed in a quartz tube and 
heated in a vertical furnace, programmed to hold a desired temperature 
for a desired time, in the presence of nitrogen gas (N2). A temperature 
automation device (Automation Direct Solo 4848 Temperature Controller) 
was connected to the furnace heating system and encoded to provide 
ramp temperature, set by entering initial temperature, final tempera
ture, and time elapsed between the two values. In detail, the automation 
device provided a ramp temperature of 5 ◦C/min in the first ramping 
phase and a constant temperature in the second stage. SCGs were burnt 
for a holding time of 1 h and then the reactor was set to cool down to 
room temperature. A set of 5 different temperatures between 300 and 
550 ◦C were applied and the manufactured biochar is hereinafter 
referred to as 300 ◦C N2, 350 ◦C N2, 450 ◦C N2, 500 ◦C N2, 550 ◦C N2 SCG 
biochar to differentiate it from unheated SCG. After pyrolysis treatment, 
biochar was washed by organic solvent (dichloromethane, DCM) to 
remove polycyclic aromatic hydrocarbons (PAHs), and by distilled 
water (DW). Indeed, incomplete combustion or pyrolysis of organic 
materials leads to PAH formation (Wang et al., 2017). Nguyen et al. 
(2019) elucidated that the formation of PAHs during the pyrolysis of 
spent coffee ground occurs via direct temperature-induced dehydration, 
decarboxylation, and dehydrogenation reactions, leaving behind aro
matic rings. Biochar pyrolyzed at high temperature results in the loss of 
C, H, O and N content, leading to a higher yield of multi-aromatic ring 
PAHs. Although the total PAH concentrations of SCG biochar in Nguyen 
et al. (2019) study were found to be lower than safe threshold values for 
biochar as required by the International Biochar Initiative, a simplified 
and rapid solvent extraction with dichloromethane was applied to 
eliminate health risks of PAHs.

Production yield of biochar, starting from raw SCG, was assessed by 
measuring the weight before and after they have been pyrolyzed.

Values of pH were measured on wastewater collected in mason jars 
during pyrolysis and during wash procedure with DCM (dichloro
methane) and DW (deionized water). The final pH of the biochar surface 
is thus given by the pH of wash water.

Elemental (C, H, N) analysis was performed with an elemental 
analyzer (LECO mod. CHN628 Carbon/Hydrogen/Nitrogen Determi
nator). The levels of carbon (C), hydrogen (H), and nitrogen (N) in the 
manufactured biochar were measured as uniform compounds generated 
upon sample combustion. To measure element ratios, a carrier gas is 
used to facilitate the separation of the combustion gas into distinct 
infrared cells dedicated to detecting H₂O and CO, while a thermal 
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conductivity cell is employed for the precise detection of nitrogen.
The morphology and microstructure of biochar were analyzed using 

a scanning electron microscope (SEM, mod. JEOL JSM-IT300LV). Sur
face element analysis of biochar was performed simultaneously through 
energy-dispersive X-ray spectroscopy (EDXS), employing the Bruker 
Quantax spectrometer coupled with the SEM.

Lastly, Fourier Transform InfraRed (FTIR) spectroscopy analysis was 
conducted to assess the functional groups present on the biochar surface 
and responsible for the adsorption of certain ions. Infra-red spectra of 
the biomass materials in the 4000 cm-1 and 400 cm-1 spectral range 
were collected with Thermo Fisher Scientific Nicolet 6700 FTIR 
Spectrophotometer.

2.2. Biochar activation

Biochar was functionalized with ferric chloride (FeCl3) to enhance its 
selectivity toward phosphorus. Iron (hydr)oxides present a high affinity 
with oxy-anions such as phosphate (Li et al., 2014), suggesting that the 
main active sites for phosphorus adsorption can be provided by the iron 
coated onto the adsorbent. The activated Fe-biochar underwent a 2-h 
chemical impregnation in a mixed solution containing FeCl3 at three 
different mass ratios of iron to biochar. In detail, 2 g of pyrolyzed bio
char samples at each temperature range were coated with 17.9 mL, 53.7 
mL, 71.5 mL volumes of 1 M FeCl3, corresponding to a mass ratio of iron 
to biochar of 0.5, 1 and 2, respectively. The mixed solution was left to 
stand for 2 h at room temperature. The biochar was then filtered with a 
stainless-steel filter and washed with DW until pH 7 in the washing 
water was reached. Some biochar samples did not undergo chemical 
impregnation with FeCl3 to assess the sorption capacity of non-activated 
biochar in comparison with Fe-biochar. Fe-biochar is hereinafter 
referred to as: 0.5:1, 1:1, 2:1 SCG biochar to differentiate it from 
non-activated (NA) SCG biochar.

2.3. Adsorption batch tests

Batch tests were carried out to determine the phosphate adsorption 
capacity of the adsorbent. In each test, a fixed amount of biochar (0.2 g) 
was added to 100 mL of phosphate solution of known concentration in 
200 mL glass beakers. Phosphate solution was prepared by diluting a 
stock solution of KH2PO4 (1.0 g P/L) with DW to achieve the desired 
initial concentration.

To facilitate contact between the entire adsorbent surface area and 
the target pollutant, meticulous attention was given to various variables 
in the experimental setup, including vessel shape, contact time, stirring 
velocity, and adsorbent dose. In particular: (i) the beakers were stirred at 
a constant rate (300 rpm) for 4 h, in order to provide sufficient contact 
time between adsorbent and adsorbate; (ii) beakers had consistent di
mensions in terms of diameter, shape, and volume, with no internal ir
regularities; (iii) circular cross-section reaction vessels were employed 
to ensure a uniform distribution of gradient velocity (Pivokonský et al., 
2022); (iv) horizontal and circular stirring motions, centrally executed 
within the beakers, were employed to ensure adequate interaction be
tween the adsorbent and the target pollutant over the course of the 
experiments.

Biochar in the suspensions was separated from the mixed liquor 
using a cellulose membrane filter. The pH of the mixed liquor obtained 
from the combination of biochar, DW and phosphate solution was 
measured as approximately 6.6. For optimal phosphate adsorption onto 
chloride ferric hydroxide precipitates, a pH between 5 and 8 is recom
mended, as the solubility of FePO4 is minimum at pH equal to 5 (Nassef, 
2012). Phosphate adsorption capacity significantly decreases at high pH 
values because OH- ions competes with PO4

3− ions, reducing the avail
able adsorption sites for phosphate species on the adsorbent.

Tests were performed at room temperature to represent environ
mentally relevant conditions. The applied dose of biochar in this study, 
2.0 g/L constant in all runs, was selected according to Luo et al. (2023), 

who investigated phosphate sorption by biochar-based adsorbents from 
various precursors and indicated typical biochar dosages from 1.0 g/L to 
10 g/L.

Initial P concentration was set at concentrations around typical 
values found in municipal wastewater (15 mg P/L). Initial and final P 
concentrations were analytically determined according to Method 4110 
Phosphorus (IRSA-CNR - 29/2003) which refers to Standard Methods: 
4500-P E: Phosphorus by Ascorbic Acid. The method is a colorimetric 
analysis based upon the reduction of phosphomolybdic acid to blue 
molybdic oxide, followed by spectrophotometric quantification.

All the experiments were carried out in duplicate and the average 
result was used for further calculation.

In each test, the amount of P adsorbed per biochar mass unit at the 
equilibrium [qe, mg P/g] was calculated as: 

qe =
C0 − Ce

V⋅m 

where C0 and Ce [mg/L] are the concentrations of P in solution at the 
beginning of the test and at equilibrium of the adsorbate in the solution, 
respectively. V [L] is the volume of the batch test (constant) and m [g] is 
the mass of the adsorbent used. P removal efficiency [RE, %] was 
calculated as follows: 

RE=
C0 − Ce

C0
⋅100 

2.4. Adsorption isotherms

To compute adsorption isotherms, various adsorption tests were 
conducted with varying initial P concentrations (C0), while employing a 
consistent mass (m) of biochar type that exhibited the highest adsorp
tion capability (qe) based on the combination of temperature and acti
vation conditions (refer to section 3.4). Both Langmuir and Freundlich 
isotherm models were applied to interpret the experimental results.

The Langmuir adsorption model is based on the following assump
tions: (i) uniform sorbent surface, meaning that each site of adsorption is 
equivalent; (ii) no interaction between adjacent adsorbed molecules; 
(iii) reversible adsorption and monolayer adsorption surface. The non- 
linear equation of the Langmuir isotherm is the following: 

qe =
q0 b Ce

1 + b Ce 

where b [L/mg] and q0 [mg/g] are the characteristics of the Langmuir 
equation and are the adsorption equilibrium constant, related to the 
binding strength of the adsorbate, and the theoretical monolayer satu
ration capacity, respectively. These parameters can be calculated by 
transforming them into their linear forms: 

Ce

qe
=

1
b q0

+
Ce

q0 

Langmuir isotherm can also be expressed in terms of a dimensionless 
equilibrium parameter, RL, defined by: 

RL =
1

1 + b C0 

Positive adsorption is demonstrated to occur when the mean value of 
RL for each different initial concentration is between 0 and 1 (Tan et al., 
2007).

The Freundlich model is an empirical model, usually implemented to 
assess the chemisorption on a heterogeneous surface. That is, the 
Freundlich isotherm assumes a heterogeneous surface with a non- 
uniform distribution of active sites and their energies over the surface. 
The non-linear form of the Freundlich adsorption model is given by: 

qe = Kf Ce
1
n 
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where Kf [mg/g] is the Freundlich adsorption constant that represents 
the adsorption capacity, whereas n is an empirical parameter related to 
the intensity of sorption, which varies with the heterogeneity of the 
material. Higher values of Kf indicate higher affinity towards the 
adsorbate, while adsorption is considered favorable when values of the 
empirical parameter 1/n are between 0.1 and 1 (Park et al., 2015). A 
good fit of the Freundlich model indicates that the adsorption of the 
adsorbate is mainly controlled by chemisorption and multiple processes 
(Fang et al., 2015). The above equation can be linearized to calculate the 
parameters of the isothermal model Kf and n: 

log qe = log Kf +
1
n

log Ce 

2.5. P desorption from biochar

To investigate the P release characteristics of biochar, phosphate 
desorption experiments were performed. A mass of 0.2 g P-adsorbed 
biochar, produced at various pyrolysis temperatures, was placed in a 
100 mL beaker with 50 mL of distilled water. The beakers were 
continuously stirred at 500 rpm on a magnetic stirrer for 2 h at room 
temperature. The mixed liquor was then allowed to settle for an addi
tional 2 h before filtration. A set of control desorption tests were con
ducted to verify the absence of phosphorus contamination in the work 
environment, or the water utilized in the experiments., which would 
have otherwise biased the desorption results. Furthermore, desorption 
experiments were performed using biochar that had not undergone prior 
adsorption experiments to examine P release from the raw biomass, 
considering phosphorus it’s one of its constituents.

3. Results and discussion

3.1. Characterization of SCG biochar and influence of pyrolysis 
temperature

Pyrolysis temperature plays a significant role in biochar production 
and the consequent properties of the manufactured material. Here, 
temperatures of 300 ◦C, 350 ◦C, 450 ◦C, 500 ◦C, and 550 ◦C were applied 
and the properties of the different types of biochar were analyzed, 
considering production yield, pH, elemental analysis (C, H, N), SEM, 
EDXS and FTIR spectra.

Regarding pyrolysis production yield, SCG yielded a higher quantity 
of biochar at a lower temperature (300 ◦C), achieving a production yield 
of around 60%. However, a sharp decrease occurred at 400 ◦C and 
beyond, attributed to the release of volatile matter and non-condensable 
gases, resulting in a reduced production yield ranging from 25% to 30%.

The pH of biochar increased as the pyrolysis temperature increased, 
ranging from 3.6 at 300 ◦C to 5.2 at 550 ◦C. Notably, despite the acidic 
nature of the wastewater collected during the heating process prior to 
washing, a significant rise was observed after the dichloromethane 
(DCM) and distilled water (DW) wash, reaching the range of 7.1–9.8, 
consistently with findings from various other studies involving biomass- 
based biochar.

Elemental (C, H, N) analysis, employed to assess the purity and 
chemical composition of biochar, revealed carbon as the predominant 
element in biomass, constituting over 72%–82%, with variations 
depending on the biochar production temperature (Table 1). As ex
pected, an increase in pyrolysis temperature resulted in higher carbon 
content.

Table 1 displays the H/C atomic ratio of different biochar, which 
varied from 1.022 to 0.546 as the pyrolysis temperature increased from 
300 to 500 ◦C (under N2 atmosphere). The decrease in the H/C atomic 
ratio with increasing heating temperature demonstrates that biochar is 
highly carbonized and exhibits higher aromaticity (Park et al., 2015). 
H/C atomic ratio serves as a suitable indicator for the heightened hy
drophobicity and aromaticity of biochar, as well as for assessing the size 

of aromatic clusters and the adsorption capacity (Ahmad et al., 2014; 
Xiao et al., 2016). Xiao et al. (2016) elucidated that a decreased H/C 
atomic ratio corresponds to a heightened aromatic skeleton structure of 
biochar, aligning with the rectangle-like polycyclic aromatic ring model 
proposed in their research. Additionally, H/C atomic ratio is a relatively 
accurate and stable parameter compared to other atomic ratios, such as 
the O/C value, which reflects various reactions occurring during the 
biochar ageing process, namely oxidation and reduction (Xiao et al., 
2016).

Hydrogen and nitrogen are present in the biomass in significantly 
smaller proportions, accounting for approximately 5% and 3%, respec
tively. The decline in hydrogen, from 6.15% at 300 ◦C to 3.8–3.9% at 
temperatures exceeding 450 ◦C, can be attributed to the gradual frag
mentation of the H-bonding network in lignocellulose as the heating 
temperature surpasses 400 ◦C and subsequent oxidation of the hydroxyl 
groups to carboxyl (Harvey et al., 2012). The residual percentage is 
ascribable to ash content.

Fig. 1 shows the FTIR spectra of unheated SCG compared with the 
manufactured biochar type 300 ◦C N2 and 450 ◦C N2. All biochar spectra 
showed peaks in the wave number range of 2800–3000 cm− 1, indicating 
the presence of the C-Hn functional group. However, only unheated SGC 
and biochar 300 ◦C N2 showed broad peaks around 3362-3375 cm− 1, 
attributed to the stretching vibration of the hydroxyl group. This may be 
linked to the presence of lignin, cellulose, and hemicellulose in the raw 
SGC biomass. These constituents undergo degradation and decomposi
tion during the pyrolysis process, leading to a reduction in functional 
groups. Consequently, this confirms the observed sharp decline in 
hydrogen content in biochar pyrolyzed at temperatures exceeding 
450 ◦C. As the pyrolysis temperature rises, the total number of func
tional groups decrease, in accordance with what previous studies 
elucidated (Trazzi et al., 2016). Biochar subjected to heat treatment 
displayed medium peaks in the band range of 1580–1600 and 700-800 
cm− 1 (Fig. 1), possibly due to C=C stretching of cyclic alkene and 
bending of alkene, respectively. High-temperature (450 ◦C N2) biochar 
spectra displayed a broad peak at the wave range of 1292 cm− 1, 
attributed to C-O stretching of aromatic ester.

EDXS analysis of unheated SCG discloses oxygen as a predominant 
element (Table 2). Element contents by mass percent are given as an 
average value of five or more EDXS analysis samples along with corre
sponding standard deviation (σ). A greater standard deviation vari
ability entails that a specific element is distributed onto the biochar 
surface in a non-homogeneous way. Minerals, which are fundamental 
constituents of coffee, or coffee plant, are present in the SCG chemical 
composition, namely magnesium, phosphorus, potassium, and calcium, 
confirming the mineral characterization of spent coffee grounds referred 
to by De Bomfim et al. (2023). Sulphur was also found in the EDS spectra 
of unheated SCG, resulting from the amino acids in the coffee proteins 
and numerous sulphur-containing compounds, mainly volatile, that play 
an important role for the aroma and flavor of commercialized coffee 
(Lichtenberg et al., 2007).

As compared in the secondary electron detector (SED) images shown 
in Fig. 2, the surface of SCG appears coarse and homogeneous (Fig. 2A 
and B), while biochar produced from SCG presents a sponge-like 

Table 1 
Mass of C and H elements and H/C atomic ratio in biochar produced at 300 ◦C, 
450 ◦C, 500 ◦C (in presence of N2).

Type of 
biochar

Mass 
[mg]

C 
mass 
[mg]

C [No. 
atoms]

H 
mass 
[mg]

H [No. 
atoms]

H/C 
atomic 
ratio [-]

300◦C 
N2

103 71.79 3.586E+24 6.15 3.664E+24 1.022

450◦C 
N2

100 74.28 3.711E+24 3.86 2.301E+24 0.620

500◦C 
N2

103 82.21 4.107E+24 3.76 2.241E+24 0.546
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Fig. 1. FTIR spectra of unheated SCG in comparison with biochar type 300 ◦C N2 and 450 ◦C N2.

Table 2 
EDXS analyses of unheated SCG compared to biochar type 450 ◦C N2.

Biochar type O Mg P K Ca Cl Al S Sum

Unheated SCG Mass [%] 89.5 1.4 1.0 3.0 1.8 ​ ​ 3.3 100
σ 0.5 0.3 0.5 1.7 0.9 ​ ​ 0.5 ​

450◦C N2 Mass [%] 69.1 4.9 2.0 13.1 6.82 1.14 1.29 1.64 100
σ 0.6 0.6 0.1 0.1 0.03 0.08 0.08 0.08 ​

Fig. 2. SED images of (A) unheated SCG at magnification 50x and (B) 250x, in comparison with (C) biochar type 300 ◦C N2 at 250x and (D) biochar type 450 ◦C N2 
at 250x.
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morphology with increased porosity (Fig. 2C and D).
SCG is comprised of particles that exhibit relatively high purity and 

possess a uniform and well-graded structure. Srivastava (2020) inves
tigated the particle size distribution of SCG, revealing sizes ranging from 
0.1 to 2 mm, with the majority falling between 0.6 mm and 0.875 mm.

In contrast, biochar displayed a structure abundant in pores and 
possessing a large surface area, which provides numerous active sites for 
P adsorption and enhances the efficiency of the mass transfer process. 
The formation of this porous structure was facilitated by the rapid 
release of numerous volatile substances from the initial biomass struc
ture during pyrolysis. This is supported by EDXS analysis, which reveals 
a decrease in oxygen (from 89.1% to 69.1%) and sulphur content (from 
3.38% to 1.64%) from unheated SCG to pyrolyzed biochar (Table 2). 
This reduction can be attributed to the production of non-condensable 
gases as combustion byproducts during pyrolysis. Notably, higher py
rolysis temperatures result in a larger biochar surface area and, theo
retically, a higher adsorption capacity. However, extremely high 
temperatures can lead to a reduction in active sites due to the collapse of 
the porous structure and pores obstruction. Pyrolyzed biochar (Table 2) 
comprises two additional elements compared to unheated biochar: 
aluminum and chlorine. The presence of aluminum possibly originates 
from contamination from aluminium pans used to hold the biochar in 
the early stages of production, while the presence of chlorine is consis
tent with the use of dichloromethane during wash procedure.

3.2. Characterization of Fe-activated biochar

In FTIR analysis, the spectra of biochar coated with FeCl3 exhibited 
medium peaks at the wave number of 1351 cm− 1 (Fig. 3) attributed to 
the presence of O-H bending. Furthermore, medium sharp peaks around 
3682 cm− 1 were displayed by the Fe-activated biochar, indicating the 
presence of O-H stretching. The hydroxyl group is crucial for an effective 
sorption by biochar and its presence demonstrates the efficacy of the 
functionalization method implemented by biochar impregnation with 
FeCl3 solution.

The comparison between backscattered electron detector (BED, 
Fig. 4) images of non-activated and Fe-activated biochar are useful to 
address the chemical composition of the granules. In Fig. 4B, white dots 
can be observed that indicate the presence of elements with heavy 
atomic mass, namely iron.

Confirmation of the presence of Fe coated onto the biochar’s surface 

was established through EDXS analysis of the biochar type 450 ◦C N2 Fe- 
activated (Table 3). In this activated biochar, Fe accounted for 3.87, 
while Cl content was measured at 4.65%, notably elevated compared to 
the Cl percentage of 1.14% in the non-activated biochar type 450 ◦C N2 
(indicated in Table 2).

Conversely, there are no significant differences in the content of the 
other elements before and after the chemical activation (Tables 2 and 3). 
The presence of various metal elements, namely Fe, Mg, Ca, Al, and 
numerous surface functional groups is fundamental for the adsorption 
capacity of biochar, serving as active sites for diffusion or through the 
formation of mineral precipitates or surface complexation.

The impregnation capability of biochar, based on impregnation ratio 
and activation method, was evaluated through EDXS spectra analysis, 
with the resulting Fe content values reported in Table 4.

Iron content rises as the Fe/biochar ratio increases, as expected (see 
Table 4). Biochar produced at different pyrolysis temperatures display 
comparable impregnation capability when the Fe/biochar ratio is the 
same. Varying depth of EDXS analysis, it was observed that Fe content is 
higher on biochar surface and decreases as the biomass is penetrated 
more.

The iron values impregnated on the biomass, as reported in Table 4, 
do not exhibit a direct proportionality to the Fe/biochar mass ratio and 
the percentages remain low. The limited impregnation can be attributed 
to the acidic conditions formed at weight ratio of Fe/biochar greater 
than 1. In such acidic environments, iron binding to biochar is pre
dominantly governed by adsorption (Anonymous Reviewer, 2024). As a 
result, only strongly bound Fe species effectively coat onto the biochar, 
while weakly adsorbed ones are possibly removed during the washing 
procedure following impregnation.

3.3. Phosphate removal from water by SCG biochar

A sequence of batch adsorption tests was conducted to evaluate the 
phosphate adsorption capacity of SCG biochar and establish the corre
sponding isotherms. Batch experiments are employed to assess varia
tions in adsorption efficiency, typically represented by constructing 
plots that depict the adsorbed quantity as a function of the initial con
centration. The shape of this plot provides insights into the nature of the 
adsorption, guiding the modeling of kinetics accordingly.

The first set of experiments was performed with an initial P con
centration of 15 mg P/L. The objective was to investigate the influence 

Fig. 3. FTIR spectra of Fe-activated biochar (450 ◦C N2 Fe-activated) in comparison with unheated SCG and non-activated biochar type 450 ◦C N2 NA.
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of the following operational factors on the adsorption capacity (qe): (i) 
the optimum heating temperature during pyrolysis, (ii) the activation 
level of biochar in terms of Fe/biochar mass ratio, (iii) the sorption 
capacity of the Fe-activated biochar in comparison with non-activated 
biochar. Results are shown in Fig. 5 and discussed below.

P adsorption capacity across all Fe/biochar ratios (Fig. 5A) increases 
with rising pyrolysis temperature beyond 300 ◦C, reaching its maximum 
at 450 ◦C and subsequently declining above 500 ◦C. One plausible 
explanation for this behavior is the reduction in active sites that occurs 
at higher temperatures, attributed to the collapse of the porous structure 
and obstruction of pores (Zhang et al., 2022). In addition, biochar pro
duced at 450 ◦C was found to display a slightly greater amount of Fe 
coated on its surface (3.9% by mass), compared to biochar produced at 

500◦ (3.0%), when the Fe/biochar ratio was the same (2:1). As shown in 
Fig. 5A, the higher adsorption capacity was found using the highest 
Fe/biochar ratio of 2:1; in this case, the values of qe were 0.58, 0.63, 
0.87, 0.78 and 0.51 mg P/g at pyrolysis temperatures of 300 ◦C, 350 ◦C, 
450 ◦C, 500 ◦C and 550 ◦C, respectively. The maximum qe (0.87 mg P/g) 
occurs at Fe/biochar ratio of 2:1 and pyrolysis temperature of 450 ◦C.

The upward trend of adsorption capacity in Fig. 5B confirms that the 
amount of P adsorbed by biochar activated under different Fe/biochar 
ratios rises as the rate of Fe increases. Chemical activation with 
increasing FeCl3 ratio enhances metal-ion availability for surface pre
cipitation and complexation. As regards the biochar produced at 450 ◦C, 
the values of qe were 0.43, 0.47, 0.71 and 0.87 mg P/g at Fe/biochar 
ratios of 0:1, 0.5:1, 1:1 and 2:1, respectively.

The value of qe of non-activated biochar produced at 450 ◦C (Fig. 5A) 
was 0.43 mg P/g, comparable with qe of 0.47 mg P/g obtained using 
biochar at Fe/biochar ratio of 0.5:1, which is an indication that the 
amount of Fe coated was not enough to achieve removal efficiencies 
significantly greater than that of untreated biochar. Instead, when bio
char produced at 450 ◦C was activated with Fe/biochar ratio of 2:1, qe 
doubled from 0.43 to 0.87 mg P/g, proving that the major adsorption 
sites of the biomass were provided by metal oxides coated onto its 
surface.

Overall, the results of the adsorption batch tests confirmed that qe of 

Fig. 4. BED images of (A) non-activated biochar type 450 ◦C N2 NA in comparison with (B) functionalized biochar type 450 ◦C N2 Fe-activated.

Table 3 
EDXS analyses of functionalized biochar type 450 ◦C N2 Fe-activated.

Biochar type O Mg P K Ca Cl Al S Fe Sum

450◦C N2 

Fe-activated
Mass [%] 55.8 5.0 2.3 19.6 6.5 4.7 0.5 1.7 3.9 100
σ 1.5 1.4 1.3 4.2 0.1 0.4 0.3 0.6 2.1 ​

Table 4 
EDXS analyses of Fe content across different Fe-activated biochar types.

Biochar type Fe/biochar Element Mass Atom

[%] σ [%] σ

450◦C N2 05:1 Fe 2.69 1.954 1.08 0.787
450◦C N2 1:1 Fe 2.80 1.211 1.14 0.516
450◦C N2 2:1 Fe 3.87 2.125 1.50 0.777
500◦C N2 2:1 Fe 3.02 0.465 1.13 0.100

Fig. 5. Equilibrium adsorption capacity of Fe-activated and non-activated biochar as a function of (A) pyrolysis temperature and (B) Fe/biochar mass ratio.
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biochar was influenced by the pyrolysis temperature and activation 
conditions of the adsorbent. The introduction of ferric chloride effec
tively improved qe, through the formation of phosphate-iron complexes 
due to the functionalization, that is the enhancement of the surface 
functional groups and surface area of the adsorbent. However, the 
amount of P adsorbed by SCG biochar appears to be relatively low, even 
for activated SCG biochar. Findings align with reported P removal effi
ciency values of non-activated wheat straw biochar (approximately 
5.3%) reported by Li et al., (2014). The iron coated on SCG biochar, 
constituting around 3% by mass, is notably lower than the range of 25% 
and 65% reported in Li and coworkers’ research for activated wheat 
straw biochar. This discrepancy may account for the considerable dif
ference in total P adsorption between activated wheat straw biochar and 
activated SCG biochar. The observed low phosphorus adsorption ca
pacity may be reasonably explained by the biochar surface’s inherent 
negative charge, causing electrostatic repulsion with negatively charged 
ions like phosphate. Additionally, it has been demonstrated that 
different iron oxides possess varying adsorption capacities for phos
phate, which can be attributed to differences in manufacturing tem
peratures and production processes. This variability may arise from the 
diverse crystalline phases and locations of Fe oxides, whether on the 
surface or embedded within biochar (Zhao et al., 2006). During 
pre-pyrolysis activation, activating agents are introduced onto the 
biomass, facilitating the formation of complexes on the surfaces of the 
resulting biochar. Conversely, in post-pyrolysis activation, these agents 
are directly applied to the biochar, enabling the creation of new 
adsorption sites but potentially resulting in lower activation effective
ness (Pathy et al., 2023).

Although the post-pyrolysis chemical treatment with FeCl3 adopted 
in this study effectively generates more positive sites on the biochar 
surface, thereby enhancing qe values, the limited amount of Fe coated on 
the SCG biochar may remain the limiting factor for achieving high P 
removal efficiencies.

3.4. Adsorption isotherms of P on Fe-activated and non-activated biochar

Batch experiments were carried out in parallel with increasing con
centrations of initial P (2, 5, 10 mg P/L) and using 2.0 g/L of the 
following types of adsorbents: (1) activated biochar 450 ◦C N2 with Fe/ 
biochar ratio of 2:1, which gave the highest adsorption capability qe (see 
section 3.4), (2) non-activated biochar type 450 ◦C N2 NA. At the end of 
the adsorption tests, the equilibrium concentration of P in the solution 
(Ce) was analyzed and used for the calculation of the isotherms. The 
comparison between the adsorption isotherms equations, parameters 
and constants is summarized in Table 5.

For both biochar, higher qe values were observed when the initial P 
concentration in the solution was the highest (15 mg P/L). At an initial P 
concentration of 15 mg P/L, the activated biochar 450 ◦C N2 2:1 
exhibited a qe value of 0.87 mg P/g, corresponding to a removal effi
ciency of 11.5%. In comparison, the non-activated biochar type 450 ◦C 
N2 NA showed a qe value of 0.43 mg P/g, with a corresponding removal 
efficiency of 5.7%.

In contrast, the highest removal efficiencies for phosphorus were 
achieved at the lowest initial concentrations, reaching 13.8% and 17.3% 
(in relation to 450 ◦C N2 activated biochar) when the initial P concen
trations in the solution were 2.0 mg/L and 5.0 mg/L, respectively. This is 

possibly due to an increased resistance in the diffusion of the adsorbate 
onto the adsorbents’ surfaces and saturation of active sites at higher 
concentrations. The polynomial regression equations for determining 
the amount of P adsorbed are y = 0.056x + 0.0984 (R2 = 0.9296) for 
450 ◦C N2 2:1 SCG biochar and y = 0.0277x + 0.0038 (R2 = 0.9193) for 
450 ◦C N2 non-activated SCG biochar. The P adsorption behavior of 
activated and non-activated biochar was then addressed using the 
Langmuir and Freundlich isotherms expressed as linear form. Mathe
matical models’ parameters were estimated using linear regression.

Langmuir dimensionless equilibrium parameter RL, calculated as 
mean value for each different initial concentration, was found to be 
between 0 and 1, indicating favorable adsorption process. The same 
conclusion can be drawn from Freundlich n values of the both biochar: 
values between 1 and 10 generally indicates that biochar is conducive to 
phosphorus removal.

The Langmuir adsorption equilibrium constant (b), related to the 
binding strength of the adsorbate, was 0.110 for activated biochar type 
450 ◦C N2 and 0.071 for non-activated biochar 450 ◦C N2. The b value 
shown by activated biochar is thus 1.56 times higher than that of raw 
biochar without FeCl3 chemical activation. Higher values of the binding 
strength constant b have been related to specific adsorption of phos
phate at high-energy surfaces with low dissociation constants (Park 
et al., 2015). On the other hand, lower b values are demonstrated to be 
related to sorption at low-energy surfaces with high dissociation con
stants (Park et al., 2015).

Greater Freundlich n and Kf values entail higher P sorption capa
bilities: the adsorption capacity of 450 ◦C N2 activated biochar was 
found to be greater than that of biochar prepared without FeCl3. How
ever, Freundlich exponent 1/n being close to 1, entails that the satura
tion point was not reached. The Freundlich model gave the higher R2 

values, meaning that the equilibrium adsorption data fitted the 
Freundlich mathematical model significantly better. From these results 
it can be inferred that phosphorus adsorption on SCG biochar is gov
erned by heterogeneous processes. Indeed, the Freundlich model is 
commonly employed to evaluate chemisorption on heterogeneous sur
faces characterized by a non-uniform distribution of active sites and 
their energies across the surface (Park et al., 2015).

3.5. P desorption from biochar

Phosphate desorbability was investigated to evaluate the stability of 
biochar, as it can affect the bioavailability of nutrients onto biochar- 
enriched composites and their potential to be reused as fertilizer for 
soil enhancement. Phosphate desorbability is defined as the ratio of the 
P desorbed to the total P adsorbed by the biomass, and it represents a 
suitable index to assess the degree of phosphate desorption from the 
adsorbent (Trazzi et al., 2016).

The control desorption tests conducted with biochar that had not 
undergone adsorption batch experiments, showed that no significant 
amount of P was released from biochar prior to P-adsorption. Results of 
desorption experiments from biochar prior to adsorption and P-adsorbed 
biochar produced at different pyrolysis temperatures and activated 
under different conditions, are reported as mean values (Table 6).

Mean value of P desorbability of the samples that underwent 
desorption experiment was 52%, consistently with P release values 
found by Trazzi et al. (2016), whose study elucidated that the rate of 

Table 5 
Langmuir and Freundlich isotherm parameters and constants for the adsorption of P on activated biochar type 450 ◦C N2 2:1 and non-activated 450 ◦C N2 NA biochar.

Biochar type Langmuir Freundlich

R2 q0 [mg/g] b [L/mg] RL R2 1/n Kf [mg/g] n

450◦C N2 

Fe/biochar 2:1
0.504 0.87 0.110 0.579 0.934 0.833 0.340 1.200
Equation y = 0.442x + 10.432 Equation y = 0.833x + 1.000

450◦C N2 NA 0.106 0.43 0.071 0.671 0.952 0.892 0.230 1.115
Equation y = 0.485 x + 32.899 Equation y = 0.892 x + 1.473
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phosphate desorption from biochar is highly dependent on the gradient 
of phosphate adsorbed and the concentrations of various ions in 
solution.

While the amount of P previously adsorbed by SCG biochar may 
appear relatively low, the effectiveness of P desorption from P-adsorbed 
biochar within 4 h of testing proved to be significant compared to raw 
SCG biochar. During desorption experiments with P-adsorbed biochar, 
phosphate salts – observed as insoluble particles - were released into the 
solution, indicating that P-adsorbed biochar presents an appropriate 
rate of P release. This characteristic is crucial in agricultural soils for 
practical application.

Specifically, Fe-activated biochar exhibited a higher phosphorus 
release rate (60%) compared to non-activated biochar (37%). Once 
again, the biochar modification step proves necessary to improve the P 
absorption and desorption capabilities of biochar. The resultant biochar, 
enriched with Fe-phosphate, can be recovered and potentially reused for 
soil remediation, contributing to increased soil fertility and enhanced 
crop productivity.

4. Conclusions

Spent coffee grounds demonstrated significant promise as a biomass 
to produce biochar, with yields ranging from 25% to 64% depending on 
the pyrolysis temperature within the 300–550 ◦C range. P adsorption 
capability of SCG biochar was found to be influenced by the pyrolysis 
temperature and activation conditions, as well as initial P concentration, 
in agreement with previous studies on biochar produced from Mis
canthus Giganteus (Trazzi et al., 2016), wheat straw (Li et al., 2014), 
sesame straw (Park et al., 2015). FTIR analysis conducted on both un
heated, pyrolyzed and activated biochar samples indicated the presence 
of C-H, C=O and O-H functional groups on the biochar surface. As the 
pyrolysis temperature rises, the total number of functional groups 
decrease. Notably, biochar activated with FeCl3 exhibited the presence 
of the hydroxyl group, which was absent in the FTIR spectra of 
non-activated SCG pyrolyzed at temperatures greater than 300 ◦C. This 
demonstrates that the functional groups of biochar can be functionalized 
to accommodate iron salts and, due to their high affinity with phosphate, 
this results in an enhanced adsorption capacity of P by Fe-activated 
biochar.

SCG biochar exhibited an upward trend of adsorption capacity when 
the pyrolysis temperature and/or the Fe/biochar mass ratio increased, 
confirming that the heating process and chemical activation contribute 
to a greater availability of active sites for adsorption. Nonetheless, the 
limited amount of Fe coated on the SCG biochar remains a significant 
limitation in achieving optimal P removal efficiencies. The low Fe 
content values are attributed to the impregnation procedure adopted in 
this study, which occurred post-pyrolysis. While this approach offers the 
advantage of adaptability to pre-existing biochar, it results in a 
restricted Fe impregnation. This limitation underlines the need for 
further optimization of activation techniques to enhance the effective
ness of SCG biochar in P recovery applications.
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