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ARTICLE INFO ABSTRACT
Keywords: Coffee processing generates significant amounts of wastewater rich in organic compounds and
Coffee Processing Wastewater Treatment sometimes also pesticides. This poses environmental challenges for producing regions. This study

Hydrochar and Biochar Adsorption
Polyphenol Removal

Pesticide Adsorption

Coffee Byproduct Valorization

aimed to assist coffee producers by providing local waste management solutions by examining the
adsorption efficiency of hydrochars and biochars derived from coffee pulps (CP) and coffee husks
(CH) in removing polyphenols and pesticides from coffee processing wastewater (CPWW). These
materials were tested for the adsorption of selected polyphenols and pesticides from CPWW.
Hydrochars exhibited high removal efficiencies for polyphenols (up to 100 %), primarily via
hydrogen bonding, while biochars effectively adsorbed hydrophobic pesticides (removal effi-
ciencies up to ~75 %) through hydrophobic interactions. Adsorption data fitted the Freundlich
isotherm, indicating multilayer adsorption, and kinetic analyses suggested complex mechanisms
involving both physisorption and chemisorption. These findings demonstrate the potential of
coffee waste-derived chars to serve as sustainable adsorbents for mitigating pollution from
CPWW, offering a promising local waste management strategy in coffee-producing countries

1. Introduction

Coffee is one of the most extensively traded commodities in the global market and the cultivation of coffee constitutes a major
global agricultural sector, with approximately 80 countries participating in its large-scale production and exportation (Hoseini et al.,
2021; Murthy and Madhava Naidu, 2012). Ten billion kilograms of coffee are consumed annually globally (ICO, 2023). The coffee tree,
a long-lived plant from the Rubiaceae family, produces a fruit with distinct layers. A fully mature coffee fruit has a vibrant red outer
layer (epicarp) that encases the distinctly pectic mucilage (mesocarp). This is followed by a delicate parchment-like layer known as the
endocarp, and finally, the last layer, called silverskin, that envelops the coffee bean (Esquivel and Jimenez, 2012; Hoseini et al., 2021;
Murthy and Madhava Naidu, 2012). To obtain the final coffee product, ripe coffee cherries undergo an extensive post-harvest pro-
cessing sequence designed to separate the coffee beans from the surrounding pulp, mucilage, and outer layers (Iriondo-DeHond et al.,
2020). Coffee fruits can be processed using either the wet or dry methods. The wet method has gained popularity, and many coffee
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producers utilise it to meet the market demand for higher-quality green coffee beans (Poltronieri and Rossi, 2016). It is standard
procedure in regions like Central and South America, East Africa, and certain areas of Asia (Alves et al., 2017; Esquivel and Jimenez,
2012; Iriondo-DeHond et al., 2020; Murthy and Madhava Naidu, 2012; Pandey et al., 2000). In the wet process, coffee fruits are sorted
and cleaned with water, and the epicarp layers are mechanically removed, generating coffee pulp (CP) as a byproduct. Depulped beans
are placed into fermentation tanks filled with water, where they ferment for 24-72 h (Esquivel and Jimenez, 2012). During this
fermentation stage, naturally occurring enzymes decompose the remaining mesocarp, a honey-like substance that adheres to the beans
(Da Mota et al., 2020). After fermentation, the beans are washed extensively with water to remove any remaining mucilage (Figueroa
Campos et al., 2020; Vinicius de Melo Pereira et al., 2017). The cleaned coffee beans are dried and then sent to mills for hulling. This
involves separating the coffee beans from the dried endocarp layer. Hulling is followed by dry milling, which entails removing the
seed's silverskin (Alves et al., 2017). In the dry method, the harvested fruits are dried and then dehusked (Arya et al., 2022).

Processing coffee generates a lot of waste; estimates show that almost 90 % of coffee fruits generate byproducts, primarily CP and
Coffee husks (CH) (Alemayehu et al., 2021). In addition, approximately 40-45 litres of coffee processing wastewater (CPWW) are
generated for every kilogram of coffee beans produced when using the wet method (Esquivel and Jimenez, 2012; Zayas Péerez et al.,
2007). CPWW is characterized by a high biochemical oxygen demand (BOD) of 14,200 mg/L, a chemical oxygen demand (COD) of 25,
600 mg/L, and total suspended solids (TSS) of 5870 mg/L, along with a low pH range of 3-4 (Alemayehu et al., 2021; Zayas Péerez
et al., 2007). CPWW are also rich in carbohydrates, minerals, proteins, and other organic compounds such as tannins, caffeine, and
phenolics, which can affect plants and aquatic life (Amare et al., 2023; Ameca et al., 2018). Similarly, CP and CH disposed of in the
environment emit unpleasant odours caused by phenols, methane and hydrogen sulfide from degradation (Genanaw et al., 2021; Laili
et al., 2022). In addition, pesticide residues may be washed out with CPWW during the depulping and washing steps (Merhi et al.,
2022). Pesticides are regularly applied at various stages of coffee cultivation to reduce and prevent diseases that impact production,
quality, and quantity (Leite et al., 2020; Merhi et al., 2022; Taghizadeh et al., 2022). De Queiroz et al. revealed that 44.7 % of surface
water and 23.7 % of groundwater were contaminated with pesticides used in coffee farming in Brazil (De Queiroz et al., 2018).

Although no established guidelines for the management of CPWW have been established, significant progress has been achieved in
its treatment, management, and valorization strategies (Tsigkou et al., 2025). Chemical treatments, including advanced oxidation
processes (AOP) like photocatalysis with oxygen, peroxide HyO2 and Fe? t (Ameta et al., 201 8), as well as UV catalysis with ozone or
ozonation (Takashina et al., 2018), have been applied to generate strong oxidants for organic compounds present in CPWW. However,
studies have reported that these methods require adequate pH control and high consumption of hydrogen peroxide
(Villanueva-Rodriguez et al.,, 2014; Yamal-Turbay et al., 2012). Electro-oxidation (Ibarra-Taquez et al., 2017) and
coagulation-flocculation methods have also been employed (Asefaw et al., 2024; Rattan et al., 2015). Biological methods like activated
sludge, anaerobic and aerobic methods, enzymes, etc., have been investigated (Hailemariam et al., 2021; [janu et al., 2019; Tsigkou
et al., 2025). Although they efficiently removed BOD and COD, they did not remove colour and acidic components (Alemayehu et al.,
2020; Jjanu et al., 2019). Different researchers have discussed the adsorption method in water and wastewater treatment (Dutta et al.,
2021; Satyam and Patra, 2024). Activated carbon has been widely utilized as an adsorbent in water purification owing to its large
surface area, porous structure and strong affinity for organic compounds (Dutta et al., 2021; Heidarinejad et al., 2020). Nonetheless,
activated carbon has certain disadvantages, including its high cost, low selectivity and challenges in regeneration (Heidarinejad et al.,
2020; Satyam and Patra, 2024). As a complement, alternative adsorbents have been investigated, including silica gel, metal oxides,
polymers, and several types of carbonaceous materials, for use in wastewater treatments (Satyam and Patra, 2024). These adsorbents
offer various characteristics and benefits compared to activated carbon, including greater adsorption capacity, enhanced selectivity,
improved stability, reduced cost and better recyclability (Dutta et al., 2021; Lawal et al., 2021; Singh et al., 2021). Especially
carbonized materials such as biochars and hydrochars produced during pyrolysis and hydrothermal carbonization (HTC) (Khan et al.,
2019; Tangmankongworakoon, 2019), respectively, are among the most promising adsorbents used in wastewater treatment. They
have been applied to remove organic and inorganic pollutants from aqueous solutions and in the soil to increase its fertility as soil
amendments (Bona et al., 2023; Tan et al., 2015).

Rwanda, an Eastern African country with a surface area of 22,338 km? and a population of about 13.2 million (NISR, 2023) has
cultivated coffee since the beginning of the 20th century. Coffee is primarily grown by small-scale farms with an average of 165 coffee
trees per farmer (NAEB, 2024). Currently, there are 245 coffee washing stations (CWS), of which 216 are operational. Many hectares of
plantations continue to be added, averaging 42,429 ha (NAEB, 2024). Coffee byproducts are often poorly managed, resulting in their
decomposition or incineration in open areas or being disposed of near those stations. Despite a growing number of coffee producers,
awareness of the benefits of carbonizing coffee byproducts and applying biochar and hydrochars in coffee waste management remains
limited and proper treatment of CPWW is lacking. Few, if any, studies have been conducted on this subject matter in Rwanda,
examining the impact of CPWW on one side and CP and CH on the other side on the environment, particularly on the nearest water
bodies, to assess the extent of the problem and suggest solutions and recommendations accordingly.

This study aimed to produce biochar and hydrochar from coffee pulps and husks using pyrolysis and hydrothermal carbonization
techniques. Subsequently, it intended to utilise these carbonised materials as adsorbents to remove organic compounds and pesticides
from wastewater generated during coffee processing at a washing station in Rwanda. As adsorption typically involves various
mechanisms, this study investigated the behaviour and mechanisms at play during the adsorption of organic compounds and pesticides
using the produced biochars and hydrochars. Finally, various kinetic and isothermal models were formulated to detail the kinetics and
adsorption equilibrium, providing further insights into the adsorption mechanisms involved.
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2. Materials and methods
2.1. Chemicals

This study includes polyphenols, including caffeic (CAF) and ferulic acids (FEA), as well as catechin (CAT), which are naturally
occurring organic compounds in coffee. The pesticides examined in the study were a subset of those most commonly utilised in coffee
cultivation: Acetamiprid (ACE), Azoxystrobin (AZO), Carbendazim (CRB), Cyproconazole (CYP), Dimethoate (DIM), Imidacloprid
(IMD), Metalaxyl (MET), Tebuconazole (TEB), and Triadimefon (TRI). Fig. 1 illustrates the molecular structures of all the compounds
included in this investigation. Physicochemical properties are displayed in Table S1 of the Supplementary Materials. Internal and
pesticide standards were designated as analytical grade (>95 %). Stock solutions for each pesticide were prepared using methanol and
stored at —18°C.

The methanol or acetonitrile used for standard solutions was of HPLC quality and sourced from Fisher Chemicals in Loughborough,
UK. Hypergrade methanol (LiChrosolv) intended for LC-MS applications was obtained from Merck in Darmstadt, Germany. Formic acid
(Fluka), used as an eluent additive, was acquired from Sigma-Aldrich in Steinheim, Germany. A Merck Millipore Advantage A10
system with Q-Pod unit equipment provided ultrapure water.

2.2. Preparation of hydrochars and biochars

Biochars and hydrochars were produced from two types of feedstock, coffee pulp (CP) and coffee husk (CH). These feedstocks were
collected from one washing station in Rwanda and transported to Umeé& University, where the biochars and hydrochars were produced.
Pyrolysis and hydrothermal carbonization were used to prepare the biochars and hydrochars, respectively. To prepare hydrochars, the
feedstock was placed in a small reactor with Milli-Q water added to facilitate hydrothermal carbonization (HTC). For 5 g of coffee
pulps and coffee husks, 5 ml and 20 ml of water were added, respectively. The reactor was then tightly closed and placed in a
Nabertherm muffle furnace B410, made in Germany, for carbonization. Two temperatures were used to produce hydrochars, 180°C
and 250 °C. The residence time was 4 h with a heating rate of 8 °C/min. It took 15-25 min to reach the desired temperature. After
carbonization, the mixture was allowed to cool to room temperature and then filtered. The solid material was washed until clear water
was obtained. Hydrochar was then dried in an oven at 105°C for 24 h, ground and sieved through a mesh of 0.5 mm to homogenize the
size of the hydrochar particles. The hydrochars derived from CP and CH at 180°C were designated as CP180 and CH180, while those
produced at 250°C were labelled CP250 and CH250.To produce biochars, coffee pulp hydrochars were pelletized and then pyrolysed at
two temperatures, 600 and 800°C, for 30 s (fast pyrolysis), resulting in biochars labelled as CP180-600 and CP250-600, as well as
CP180-800 and CP250-800. The same pyrolysis conditions were applied to coffee husks, producing CH600 and CH800. The biochar
particles were also harmonized at 0.5 mm. In total, four hydrochars and six biochars were produced.
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Fig. 1. Molecular structure of polyphenols; caffeic acid, catechin and ferulic acid, and the pesticides; acetamiprid, azoxystrobin, carbendazim,
cyproconazole, dimethoate, metalaxyl, tebuconazole and triadimefon that were selected for this study.
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2.3. Surface characterisation of hydrochars and biochars

Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) and Raman spectroscopy were conducted to analyse the
chemical functional groups on the biochar and hydrochar surfaces. For the DRIFTS analysis, 10 mg of the sample was mixed with
390 mg of KBr (Merck, Darmstadt, Germany), which is used for FTIR spectroscopy, and the mixture was manually ground in an agate
mortar. The spectra were recorded under vacuum conditions specific to diffuse reflectance, utilising a Bruker IFS 66 v/S FTIR spec-
trometer (Bruker Optik GmbH, Ettlingen, Germany). Data collection spanned from 400 to 4000 cm™! with a resolution of 4 cm ™.
Raman spectroscopy was conducted with samples placed in glass vials, using a Bruker Bravo spectrometer across the full range of
automatic settings. The spectra were trimmed to 300-1900 cm ! for data processing, a normalisation vector was applied across the
entire spectral range, and smoothing was performed using the Savitzky-Golay algorithm with 13 points. The procedures and analysis of
the spectra adhered to those described in our previous publication (Mukarunyana et al., 2023).

X-ray photoelectron spectroscopy (XPS) was performed to determine the atomic percentages of chemical elements on the surface of
the biochar and hydrochar samples. A clean spatula was used to press a powdered sample, forming a pellet on the sample holder.
Spectra were obtained using a monochromatic source electron spectrometer (Kratos Axis Ultra DLD) operating at 120 W. The analyser
passes energies of 160 eV for wide spectra and 20 eV for photoelectron lines, facilitating the acquisition of relevant data. The binding
energy scale was calibrated against the aliphatic carbon (C1S line), set at 285 eV. The spectra were analyzed using Kratos software.

The Brunauer-Emmett-Teller (BET) method was used to determine and calculate the specific surface area, volume, and pore size of
hydrochars and biochars. To this end, nitrogen gas adsorption-desorption was used.

2.4. pH determination

The pH of hydrochars and biochars was obtained by mixing a 1:10 ratio (mg/ml) of sample and MilliQ water. The solution was
shaken for 4 h at 34 rpm at room temperature (21°C), allowing it to equilibrate. Subsequently, the mixture was centrifuged for 15 min
at 3500 rpm. The pH of the supernatant was measured using a pH meter. The pH of CPWW was also taken.

2.5. LC-MS/MS analysis

The selected compounds for analysis in coffee processing wastewater (CPWW) samples collected in a washing station in Rwanda
were quantified using ultra-high-performance Liquid Chromatography coupled with tandem Mass Spectrometry (UHPLC-MS/MS). The
analysis was conducted using a Dionex UltiMate 3000 UHPLC system, which features two LC pumps (an Ultimate LPG 3400 SD
quaternary pump and an HPG 3400RS binary UHPLC pump) in addition to an analytical column (Thermo Scientific Hypersil GoldAq3,
100 x 2.1 mm, 3 pm) and a precolumn (Hypersil GOLD, 10 x 2.1 mm, 3 pm), all connected to a TSQ Quantiva triple quadrupole mass
spectrometer (Thermo Scientific). A heated-electrospray ionisation (HESI) source was employed, operating in either positive or
negative ion mode. Chromeleon Xpress (Thermo Scientific) was used to manage the UHPLC system. The chromatographic separation
process involved a gradient of Milli-Q water and methanol (LiChrosolv, Merck, Darmstadt, Germany). The mobile phase comprised a
gradient of 0.1 % formic acid in Milli-Q water and 0.1 % formic acid in methanol. The resolution for both quadrupole instruments was
set to 0.7 full width at half maximum height. The spray voltage was fixed at 3500 V, with sheath gas at 40 arbitrary units, sweep gas at
zero arbitrary units, ion transfer tube temperature at 350 °C, and vaporizer temperature at 338 °C. Two MS/MS transitions were
monitored for each analyte: one for quantification and the other for qualification. Details regarding MS/MS transitions, associated
collision energies, relevant internal standards, and retention times for each analyte are outlined in Table S2 (supplementary material).
Peak identification was achieved by comparing components from the samples with those of internal standards using Xcalibur™ 4.3
software (Thermo Fisher Scientific). A seven-point calibration curve ranging from 1 to 100 mg/L was employed to assess linearity and
perform quantification.

2.6. Adsorption experiments

Before the adsorption experiments, CPWW was analysed using the LC-MS/MS method, as explained in Section 2.5, to check the
concentrations of the selected 12 compounds. After checking concentrations in CPWW, solutions containing all compounds were
prepared for adsorption experiments. Specifically, six millilitres of a stock solution at one mg/ml were spiked into 144 ml of CPWW to
create a 150 ml solution with a concentration of 40 mg/L in a 250 ml Erlenmeyer flask. Experiments were conducted at 22 °C in
triplicate, utilising 25 mg (+ 2.5 mg) of hydrochar or biochar and 5 ml (£ 0.01 ml) of CPWW in 15 ml plastic (Falcon) tubes. The
hydrochar or biochar was weighed, and the CPW sample was introduced into the tube. The mixture was shaken for 1 h at room
temperature (220C) at 34 rpm. The experiments concluded with the centrifugation of the samples for 15 min at 4000 rpm. The su-
pernatant was transferred to a vial, into which internal standards were incorporated. The samples were analysed within 24 h. Trip-
licate blank samples (Milli-Q water without biochar) were also prepared and assessed. The adsorption of analytes onto the tube walls
was examined through a triplicate test with tubes (1 mg/L of each analyte added in Milli-Q water, without biochar). Interactions
between analytes were also tested using CPWW spiked with analytes (without adsorbent). The CPWW used to determine removal rates
in the experiments was similarly agitated for 1 h in test tubes (without adsorbent). The removal efficiency (R%) was calculated using
Equation (1).

R% = % x 100 (1) C, and Cf (mg/L) represent the initial and final concentrations. From these adsorption experiments, one

4
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adsorbent, CP250, was selected based on its removal efficiency in order to evaluate the impact of time on the adsorption process and to
determine its adsorption capacity. Five solutions with concentrations of 10, 30, 50, 75, and 100 mg/L were prepared, and 75 mg of
adsorbent was added to 5 ml of each solution. Aliquots were taken after 5, 10, 20, 30, 60, 90, and 120 min. Additional 10 mg/L so-
lutions were prepared using MilliQ water to evaluate changes in the surface chemical functional groups of CP250 before and after
adsorption. The analytes adsorbed per unit weight of adsorbent (adsorption capacity) at equilibrium, q. (mg/g), and at a given time, t,
during the adsorption process, q; (mg/g), were obtained using Eq. (2) and Eq. (3).

. (Co—Ce)xV

e=—""m (2)
(G, =C)xV

q: = M 3)

Co (mg/L), Ce (mg/L) and C; (mmg/L) are the initial, equilibrium and final concentrations, respectively. V(L) is the volume of so-
lution, and M (g) is the weight of the adsorbent.

2.7. Adsorption models

Various adsorption models were utilised to determine adsorption characteristics. This study employed the Langmuir, Freundlich,
and Temkin isothermal adsorption models and pseudo-first-order and pseudo-second-order kinetic models.

The Langmuir isotherm model describes the process of monolayer adsorption at uniform sites on the surface of a solid adsorbent.
Essentially, the Langmuir isotherm is characterised by a consistent approach to maximum adsorption, signifying the complete coverage
of the solid's surface by a single adsorption layer (Langmuir, 1917; Mansoori et al., 2022). The Langmuir model parameters were
calculated using Eq. (4).

_ KL Jmax Ce

T 1+K.Ce @

qe

where Ce (mg/L) denotes the concentrations at equilibrium, qe and qmax (mg/g) represent the adsorption capacity at equilibrium and
the maximum amount of analytes adsorbed per unit weight of adsorbent, respectively. K;, (L/mg) is the Langmuir constant, which
pertains to the attraction between the adsorbate and adsorbent. The graph was plotted as C./qe against Ce, with qmax and Ky, derived
from the plot.

The Freundlich isotherm model, expressed as Eq. (5), is commonly used to describe the adsorption characteristics of heterogeneous
surfaces (Chiban et al., 2011; Lima et al., 2015).

qe = KzC,M/" 5)

Where q. (mg/g) is the adsorption capacity at equilibrium, and C, (mg/L) represents the concentration at equilibrium. Ky [(mg/g)(L/
mg)] is the Freundlich constant, while n is a constant related to the adsorbent surface heterogeneity and the intensity of adsorption. K¢
and n were determined using the slope and intercept of the graph of log q. versus log Ce.

The Temkin isotherm model expresses a linear relationship between adsorption energy and surface coverage. It includes elements
that directly reflect the interactions between adsorbents and adsorbates (Dada, A.O et al., 2012). Eq. (6) represents the model by
disregarding the very low and very high concentration values.

qe = BT ln(ATCe) (6)

e is the adsorption capacity at equilibrium, At is the Temkin constant related to binding energy, Bt is the Temkin constant related to
the heat of adsorption and C, is the concentration at equilibrium.
Equations (7) and (8) describe the pseudo-first-order (PFO) and pseudo-second-order (PSO) kinetic models, respectively.

Pseudo — first order : g, = q,(1 — e ™) @

gkt

1+ Foqt ®)

Pseudo — secondorder : q, =
where t represents time in minutes, k; and k; are the first- and second-order kinetic adsorption constants, and q; and q. denote the
adsorption capacity at time t and at equilibrium, respectively.

The model performance was evaluated using the coefficient of determination, R?, in terms of best fit.

Finally, the intraparticle diffusion model was applied to evaluate the contribution of intraparticle mass transfer to the overall
adsorption kinetics. The model is described by the Weber-Morris equation (9)

g: = Kigt'/? +C (9) The model describes the relationship between adsorbate uptake and the square root of contact time, where
g:(mg/g) is the amount of solute adsorbed at time t, Kid(mg.g’lmin’l/ 2 is the intraparticle diffusion rate constant, and C(mg.g’l) is
the intercept related to the boundary-layer effect. For each experimental concentration, g, values were plotted against t'/2. The pa-
rameters and C were obtained from the slope and intercept of the linear regression, respectively. The goodness of fit was assessed using



B. Mukarunyana et al. Environmental Technology & Innovation 41 (2026) 104739

the coefficient of determination (R?).
3. Results and discussions
3.1. Surface characterisation of biochars and hydrochars

Data from DRIFTS show that nearly all bands ranging from 500 to 4000 cm™ decreased as the carbonisation temperature increased,
resulting in a wide range of vibration peaks in hydrochars compared to those in biochars, since HTC occurred at 180 and 250 °C, while
pyrolysis took place at 600 and 800 °C. A broad band between 3270 and 3520 cm™ was detected in hydrochars but not in biochars,
corresponding to the O-H stretching vibration, which might originate from hydroxyl groups of alcohols, carboxylic acids, or phenolic
compounds. Also, in hydrochars and biochars, the sharp peaks between 2800 and 3000 cm™ were assigned to symmetric and
asymmetric aliphatic carbon (C-H) stretching in methyl (CH3) and methylene (CHj) groups. Compared to hydrochars, the peak in-
tensities of O-H, CH3 and CH; chemical functional groups noticeably decreased in biochars produced at 600 °C and completely dis-
appeared in biochars produced at 800°C, as shown in Fig. 2(A) and (B). With the increase in carbonisation temperature, volatile
compounds are reduced due to dehydration, decarboxylation and the breakdown of nonpolar aliphatic components (Fu et al., 2019;
Janu et al., 2021). Furthermore, when carbonisation temperatures reach 600 °C, nearly all aliphatic functional groups in the biochar
are eliminated; these aliphatic structures tend to transform into aromatic ones, leading to an increased presence of phenolic and ether
groups (Fu et al., 2019; Janu et al., 2021; Zhang et al., 2020). Peaks at 1740 cm™ in hydrochars and biochars were attributed to
stretching vibrations from unconjugated and conjugated carbonyl groups (C=O0) in aldehydes or ketones (Sathish and Saraswat,
2025). Bands observed at 1500 and 1597 ¢cm™! suggested aromatic carbon rings, -C—=C- (Fu et al., 2019), and those observed at 889 and
873 cm ! indicated the aromatic bending vibration and stretching of aliphatic G-H. These peaks were very weak in biochars produced
at 800 °C compared to those produced at 600 °C. At higher temperatures (> 600 °C), numerous C—=C bonds break due to the ample
energy available; as a result, extensive carbonisation occurs, resulting in the formation of graphite-like structures within the biochar
that display less pronounced peaks (Elnour et al., 2019; Wan et al., 2024). Peaks at 1150, 1240, 1370, and 1460 cm™ in hydrochars and
biochars were associated with -C-O-C-, -C-O or C-N, -C-H, and bending C-H vibrations, respectively. Weaker peaks between 950 and
1100 ecm™ in hydrochars and biochars could be linked to sugar rings involved in carbohydrate motions, including those in poly-
saccharides. The same functional groups were identified in charcoal derived from spent coffee grounds, which were prepared and used
as an adsorbent (Milankovic et al., 2024; Romero et al., 2025). The findings from DRIFTS and Raman analyses suggest that, with
increasing carbonisation temperature, the organic matter was consistently decomposed, altering the structural composition of the
organic material and demonstrating that the breakdown became increasingly thorough and complete (Wan et al., 2024; Zhu et al.,
2023).
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Fig. 2. Spectra from DRIFTS (A) and Raman (B). (A) indicates the main chemical functional groups, O-H, C-H, C=0, C-O and C-N on the surface of
hydrochars and biochars produced from coffee pulp at 180 and 250°C (CP180, CP250, CH180, CH250) as well as biochars produced at 600 and
800°C from coffee pulp and husk (CP180-600, CP250-600, CP180-800, CP250-800, CH600 and CH800). (B) shows intensities of aliphatic, C-H and
aromatic, C=Cor C—=C=C groups.
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The X-ray spectroscopy data shown in Table 1 revealed differences in the elemental composition of hydrochar and biochar surfaces.
The carbon (C) content ranged from 72.7 % to 84.5 %, being lower in hydrochars produced at 180 °C (72.7 % and 77.8 % in CH180
and CP180, respectively) than in biochars (79.4-84.5 %). Conversely, the oxygen (O) percentage varied from 26.2 % to 7.42 %, with
26.2 % and 20.8 % in CH180 and CP180, and 17.6 % and 15.6 % in CH250 and CP250, respectively. The lower O values were observed
in biochars produced at 600 °C (12.2-8.35 %) and at 800 °C (7.74-7.42 %). These findings indicate that C content increases with
higher carbonisation temperatures, probably due to a greater degree of carbonisation at elevated temperatures. The reduction in
oxygen (O) content with increasing pyrolysis temperature may be attributed to the volatility of organic materials and/or the break-
down of weaker oxygen and hydrogen bonds, which are found in hemicellulose, cellulose, and lignin, during high-temperature py-
rolysis (Handiso et al., 2024; Romero et al., 2025; Toczydlowski et al., 2023). Consequently, the atomic ratio O/C, used as an indicator
of polarity, decreased as the carbonisation temperatures increased (De Jager et al., 2022; Handiso et al., 2024). The decline in the O/C
ratio at higher pyrolysis temperatures indicates the reduction of polar content, which can enhance the surface hydrophobicity of
biochar (Handiso et al., 2024; Vijayaraghavan and Balasubramanian, 2021).

The elemental analysis also revealed that some minerals were only present in biochars, such as K, which ranged from 4.12 % to
7.63 %, and Ca, spanning from 0.67 % to 3.14 %. It has been reported that the composition of essential elements increases with
pyrolysis temperature, mainly due to the concentration of these elements in biochar samples at higher temperatures (Al-Wabel et al.,
2013; Tang et al., 2019; Xu et al., 2021), 600°C and 800°C in the present study. This increase in alkaline elements could be responsible
for the slight rise in pH observed in this study, as detailed in Table S3 of pH in the supplementary materials.

The findings from the BET analysis showed that biochars had higher specific surface areas (ranging from 21.2 to 33.7 m?/g)
compared to hydrochars (which ranged from 4.70 to 15.7 m?/g), indicating that specific surface areas increase with higher carbon-
isation temperatures (Mobarak et al., 2024).

The increase in surface area in biochars results from chemical reactions caused by the carbonisation temperature, which removes
phenolic and hydroxyl groups attached to aromatic structures, as well as aromatic carbonyls and aliphatic alkyl and ester carbonyl
groups that cover the aromatic core (Oginni and Singh, 2020). During carbonisation, the loss of volatile components from the biomass
creates pores (Prahas et al., 2008).

3.2. Removal efficiency of hydrochars and biochars

Fig. 3 illustrates the removal efficiency (R%) of hydrochars (CP 180, CH 180, CP 250, and CH 250) and biochars (CP 180-600; CP
250-600, CH 600, CP 180-800; CP 250-800, and CH 800) for the polyphenols and pesticides studied. Hydrochars strongly adsorbed
CAF, CAT and FER, probably due to the linkage between hydroxyl groups of these polyphenolic compounds and those on the hydrochar
surface via hydrogen bonds (Mounia et al., 2009). The same reasoning applies to CAR. Conversely, AZO, CYP, and MET (fungicides)
were better adsorbed by biochars. DIM (organophosphate insecticide) and IMD (neonicotinoid insecticide) preferred hydrochars,
while biochars effectively adsorbed TEB and TRI (fungicides). Both hydrochars and biochars adsorbed ACE (neonicotinoid insecticide)
and TEB (fungicide) almost equally. Another key factor is the acid dissociation constant, pKa, which indicates how likely an acid is to
dissociate into ions in water. A low pKa means an acid dissociates easily in water (Pagni, 2006). Since the solutions were prepared
using CPWW, which is acidic (pH = 3.5), CAF, FEA, and CAT were in a non-ionised state; these compounds showed high R%, sug-
gesting that the lack of electrostatic interactions among molecules may have enhanced their adsorption (Solomakou et al., 2023).
Pesticides such as AZO, CYP, MET, TEB, and TRI, which were well adsorbed by biochars, generally have high molecular weights
(279-403.4 g/mol) and octanol-water partition coefficients, Kow (log Kow ranging from 2.19 to 3.7), compared to other selected
compounds. A high Kow indicates that these pesticides are hydrophobic. Consequently, they are likely to be adsorbed to biochars
through hydrophobic interactions, as the produced biochars had low O/C ratios (<0.2), indicating high surface hydrophobicity (Bakshi
et al., 2020). As shown in various studies on the adsorption of different pesticides onto biochars produced from various feedstocks,
pesticide adsorption might also involve n- n-electron interactions, especially for aromatic pesticides. Aromatic rings result in delo-
calised electrons, creating electron-rich and electron-deficient regions (Zhang et al., 2020). When aromatic pesticides approach the
aromatic rings on the biochar surface, n- & stacking interactions can occur (Celis et al., 2000; Dong et al., 2024; Mosquera-Vivas et al.,

Table 1
Atomic percentages of elements on the surface of biochars and hydrochars from XPS, and their specific surface area Sggr (mz/g) and pore size Ppgr
(nm) from BET analysis using N, gas.

c o N K Ca cl 0/C Seer Pper
(m*/g) (nm)
CP180 77.8 20.8 1.40 - - - 0.20 5.80 2.52
CH180 72.7 26.2 1.10 - - - 0.27 4.70 2.11
CH250 80.8 17.6 1.60 - - - 0.16 12.9 2.33
CP250 82.5 15.6 1.90 - - - 0.14 15.7 3.12
CH600 79.4 12.2 1.16 6.22 1.02 - 0.12 21.4 2.64
CP180-600 83.5 9.62 1.83 4.12 0.93 - 0.09 21.2 3.23
CP250-600 84.5 8.35 1.69 4.79 0.67 - 0.07 30.9 3.71
CP180-800 81.3 7.74 1.64 7.17 2.15 0.64 0.07 27.2 2.62
CP250-800 80.2 7.62 1.41 7.63 3.14 0.38 0.07 25.6 2.27
CH800 82.1 7.42 1.35 7.38 1.75 0.48 0.07 33.7 3.35
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Fig. 3. Removal efficiencies in percentage (R%) of hydrochars produced from coffee pulp and husk at 180 and 250 °C (CP180, CP250, CH180,
CH250), and biochars produced at 600 and 800 °C from coffee pulp and husk (CH600, CP180-600, CP250-600, CP180-800, CP250-800 and
CHB800) for Acetamiprid, Azoxystrobin, Caffeic acid, Carbendazim, Cyproconazole, Dimethoate, Ferulic acid, Imidacloprid, Metalaxyl, Tebuconazole
and Triadimefon considering 5 ml of 40 mg/L, 25 mg of adsorbents and a contact time of 60 min.

2018). This non-covalent force involves attractive interactions between parallel or nearly parallel electron-rich systems, helping to
stabilise pesticide molecules on the biochar surface (Dong et al., 2024). Furthermore, results from CP250 DRIFTS spectra before and
after adsorption of all analytes showed that peak intensities decreased in the 620-671 cm ™! region, which is characterized by aromatic
functional groups (Dong et al., 2024). This indicates their involvement in the adsorption process, as all analytes contain aromatic rings.
Furthermore, there was a reduction in spectral intensities at 1033 and 1120 cm-1, at 2870-2930 cm-1, and 3200-3550 cm-1, regions
characteristic of C-O or C-O-C in ether, ester, or phenolic groups, C-H aliphatic, and O-H groups, respectively (Mounia et al., 2009), as

-=-=--Cyproconazole+CP250 ——CP250

C-H

C-0, C-0-C,

Before

Absorbance

4000 3500 3000 2500 2000 1500 1000 500

Wavelength nhumber (cm-1)

Fig. 4. DRIFTS spectra of hydrochar derived from coffee pulp at 250°C (CP250) before and after adsorption of cyproconazole. Raw data and graphs
for all pesticides and polyphenols are presented in Table S5, in the supplementary material.
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shown in Fig. 4 taken as an example of DRIFTS graphs produced with CP250 before and after adsorption. This decrease may suggest
that these functional groups participate in adsorption via hydrogen bonding, with oxygen acting as the acceptor, and/or dipole-dipole
interactions (Solomakou et al., 2023). Raw data from adsorption experiments are provided in Table S4 of the supplementary materials,
and data from CP250 DRIFTS before and after adsorption are presented in Table S5 of the supplementary materials.

3.3. Adsorption isotherms

The data from batch adsorption experiments were analyzed using isotherm models. Studying adsorption isotherm models is
essential for understanding equilibrium data and gaining insights into the adsorption processes at the active surface sites of the
adsorbent. In this study, the non-linear representations of three equilibrium isotherm models, Langmuir, Freundlich, and Temkin, were
utilised on the experimental data for ACE, AZO, CAF, CRB, and CYP, DIM, CAT, IMD, MET, TEB, and TRI adsorption on CP250
absorbent. The adsorption isotherms and the fitting parameters for the Langmuir, Freundlich and Temkin models are presented in
Table 2 and Figure S1 in the supplementary material. The coefficient of determination (R?) indicated that the Freundlich model could
provide better adsorption descriptions of the studied compounds than the Langmuir model. The R? values for the Freundlich model
ranged from 0.865 to 1.000. Since the Freundlich model fitted the experimental data well (high R? values), it was suggested that the
adsorption of ACE, AZX, CRB, CAT, CYP, FEA, IMD, MET, TEB, and TRI onto CP250 hydrochar took place through multilayer
adsorption on the heterogeneous surface of CP250, which therefore contained various active sites. These findings align with those of
previous studies on pesticide adsorption onto different adsorbents (Chiban et al., 2011; Lima et al., 2015). Furthermore, Srikhaow et al.
(2022) reported that ACE and IMD experimental data were described by the Freundlich model when investigating the adsorption of
these pesticides on eucalyptus wood biochar; Fruehwirth et al., (2020) argued that the same isotherm model fitted atrazine pesticide
on three biochars derived from wood industry byproducts with R2= 0.998, 0.987, and 0.892. The same model explained the adsorption
of multiple pesticides on coconut shell modified biochar (Cao et al., 2023; Fruehwirth et al., 2020; Srikhaow et al., 2022). Although the
R? values for the Freundlich model were higher than those of the Langmuir model in this study, the adsorption of three compounds,
ACE, CRB, and IMD, could also be explained by the Langmuir model with a low contribution. R? ranged from 0.774 to 0.868 for the
Langmuir model. These findings demonstrate the complexity of the adsorption mechanisms of organic compounds (Elliott and Huang,
1979). Adsorption of DIM on CP250 was well described by the Temkin model, with R? = 0.993, whereas both the Langmuir and the
Freundlich models had low R? values, of 0.687 and 0.633, respectively.

Both the Langmuir and Freundlich models had relatively low and almost exactly equal values of R? for DIM, 0.685 and 0.633,
respectively. However, the Temkin model provided the best fit for that pesticide with R? = 0.993, indicating that the heat of adsorption
for DIM molecules in the layer decreases linearly as coverage increases, due to interactions between the adsorbent and adsorbate. This
predictability in the reduction of heat of adsorption enhances understanding of the process. Furthermore, it shows that the adsorption
process involves a consistent distribution of binding energies, reaching a maximum binding energy (Hamdaoui and Naffrechoux,
2007). Both Temkin and Freundlich also gave a better fit for the experimental data for AZO, MET, and TRI, as indicated by the R?
values of those two models shown in Table 2. Experimental data for caffeic acid were not analysed using the considered isotherm
models because ge and qt were zero, demonstrating that the concentrations used in this study were low and all caffeic acid molecules
had been adsorbed on CP250. Furthermore, caffeic acid has a lower molecular mass (180.2 g/mol) than the other compounds
considered (which vary between 191.2 and 403.4 g/mol); this may favour the pore-filling mechanism on the adsorbent (Kalinke et al.,
2020), along with hydrogen bonding interactions from the hydroxyl groups of caffeic acid and those of CP250 (Solomakou et al.,
2023). Langmuir parameters indicated that the maximum adsorption capacities, qmax, of carbendazim and ferulic acids, both with low
molecular masses (191.2 and 194.2 g/mol), were high compared to those of other compounds (5.33 + 1.28 and 7.83 + 4.24 mg/g),
also suggesting the involvement of pore filling interactions on CP250 in addition to other adsorption mechanisms mentioned above.
Literature does not present many published articles on adsorption by hydrochars of the compounds considered in this study. The
available data relate to their adsorption by biochars in a distilled water matrix, rather than in a more complex matrix as was the case
here. This may explain why the qmax values obtained were relatively low. The chemical complexity, competing natural organics, and
inherent organic load of coffee wastewater are likely to cause a marked reduction in the quax of CP250 for externally introduced

Table 2
Parameters of the Langmuir, Freundlich, and Temkin isotherms for the adsorption of the chemicals under study on the CP250 adsorbent.
Langmuir Freundlich Temkin
Qmax (mg/g) Ky(L/mg) R? Kg(mg/g)(L/mg) n R? By Ar R?
Acetamiprid 3.06 0.06 0.77 0.53 2.63 0.96 1.00 1.00 -
Azoxystrobin 0.77 - - 0.51 3.85 0.87 0.31 2.20 0.94
Carbendazim 5.33 0.15 0.88 1.21 2.56 0.97 1.00 1.00 0.20
Catechin 3.87 0.33 - 1.96 5.56 1.00 0.64 9.18 0.95
Cyproconazole 0.19 - - 0.53 2.94 0.95 0.31 0.06 0.04
Dimethoate 2.37 5.29 0.68 1.65 9.09 0.63 0.22 1.91 0.99
Ferulic acid 7.83 1.69 - 5.00 1.82 0.99 1.20 4.45 0.90
Imidacloprid 3.23 0.32 0.88 1.23 4.00 0.99 1.00 1.00 0.34
Metalaxyl 1.55 - - 0.24 2.22 0.95 0.43 0.48 0.97
Tebuconazole 0.45 - - 0.79 4.76 0.87 1.00 1.00 -
Triadimefon 1.69 - - 0.30 2.33 0.96 0.47 0.55 0.97
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pesticides or polyphenolic pollutants compared to values obtained under simplified laboratory conditions. Table 3 shows reported qmax
values for various biochar and hydrochar.

3.4. Adsorption kinetics

The results from adsorption kinetics experiments showed that the adsorption of all selected compounds generally occurred rapidly
during the first 20 min and gradually approached the limiting adsorption after 60 min, as shown in Figure S2 in the supplementary
materials. Experimental data was described using PFO, PSO and intraparticle diffusion models. The PFO model is a clear and
straightforward tool that typically presumes a direct relationship between the adsorption capacity and the difference between the
concentration at a specific contact time and the equilibrium concentration. In this model, the rate of adsorbent site occupation is
directly governed by the quantity of unoccupied sites (Khamwichit et al., 2022; Liu et al., 2019). The PSO is frequently linked to
chemisorption, which involves stronger chemical bonds and can effectively represent the overall adsorption process, particularly when
chemical interactions play a role (Tran et al., 2020). Comparing the values of R? of those models, as shown in Table S6, it was found
that both PFO and PSO provided a good fit to the experimental data, apart from caffeic acid, catechin and imidacloprid at 10 mg/L,
where the PSO model described the experimental results (R? for PSO: 1, 1, and 0.888, respectively). This indicates that chemisorption
strongly dominated the adsorption process, suggesting that the adsorption process of selected compounds was complex and probably
involved diverse mechanisms. Although both the PFO and PSO models fitted the remaining adsorption data, the PSO model described
the data well at high concentrations (75 and 100 mg/L), as indicated by the R? values. Also, the intraparticle diffusion plots for all
studied analytes exhibited a clear multi-linear trend, indicating that the adsorption process occurs through multiple sequential kinetic
stages rather than being controlled solely by intraparticle diffusion (Tong et al., 2019). For all initial concentrations, the first linear
segment displayed a steep slope, corresponding to rapid adsorption onto the external surface of CP250. This phase is governed pri-
marily by boundary-layer (film) diffusion, during which analyte molecules migrate from the solution to the sorbent surface (Weber Jr
& Morris, 1963). Following this initial stage, the plots transition into a second region with a lower slope, indicating the slower diffusion
of molecules into the internal pore network of the CP250 matrix. According to the Weber—Morris intraparticle diffusion model, a
straight line passing through the origin (0,0) indicated that intraparticle diffusion is the sole rate-limiting step; however, none of the
linear portions in the present study extrapolated to the origin, as shown by Figure S3 in the supplementary materials. Kid and C values
are presented in Table S6. This deviation confirms that intraparticle diffusion is not the only rate-controlling mechanism and that both
film diffusion and pore diffusion contribute to the overall adsorption kinetics (Ho and McKay, 1999; Weber Jr & Morris, 1963). The
multi-linearity is more pronounced at higher initial concentrations (75-100 mg/L), suggesting that an increased concentration
gradient enhances the driving force for mass transfer. At extended contact times (from 30 min), the diffusion curves approach a
plateau, indicating that adsorption equilibrium has been reached and that the available active sites on the CP250 surface and within its

Table 3

The maximum adsorption capacities (qmay) determined in this study and those in the literature for biochars and hydrochars adsorbing the selected
compounds (Anicijevic et al., 2023; Ayeb et al., 2024; Chen et al., 2024; Davila-Guzman et al., 2012; Duran et al., 2024; Gomes et al., 2025; Lee et al.,
2021; Liu et al., 2018; Prelac et al., 2023; Soetaredjo et al., 2013; Srikhaow et al., 2023; Xiang et al., 2023).

Compound Adsorbent Qmax (mg /g) Remarks Source
Azoxystrobin Hydrochar from coffee pulp 0.77 CPWW* This study

Activated biochar Molinga Oleifera 1.66-11.2 DW" Gomes et al., (2025)
Acetamiprid Hydrochar from coffee pulp 3.06 CPWW* This study

Eucalyptus-wood biochar 4.87 DW" Srikhaow et al., (2022)

Optimized vine-pruning hydrochar 5.02 DW" Duran et al., (2024)
Caffeic acid Biochar from grapevine residues 5.73 DW" Prelac et al., (2023)
Carbendazim Hydrochar from coffee pulp 5.33 CPWW* This study

Peanut shell biochar 17.7 DW" Lee et al., (2021)
Catechin Hydrochar from coffee pulp 3.87 CPWW* This study

Cellulose powder 2.70-2.82 DW" Liu et al., (2018)

Activated carbon 73.6 DW" Soetaredjo et al., (2013)
Cyproconazole Hydrochar from coffee pulp 0.19 CPWW* This study
Dimethoate Hydrochar from coffee pulp 2.37 CPWW* This study

Viscose fibre-derived biochar <15 DW" Anicijevi¢ et al., (2023)

Agricultural-waste biochars 3.57 DW" Ayeb et al., (2024)
Ferulic acid Hydrochar from coffee pulp 7.83 CPWW* This study

Magnetic lignin-based biochar 20.5 DW" Xiang et al., (2023)

Activated carbon from pine 127.3 DW" Davila et al. (2012)
Imidacloprid Hydrochar from coffee pulp 3.23 CPWW* This study

Eucalyptus-wood biochar 14.75 DW" Srikhaow et al., (2022)
Metalaxyl Hydrochar from coffee pulp 1.55 CPWW* This study

Pristine vine pruning biochar 1.73 DW” Duran et al., (2024)
Tebuconazole Hydrochar from coffee pulp 0.45 CPWW* This study

Peanut shell biochar 20.5 DW" Lee et al., (2021)
Triadimefon Hydrochar from coffee pulp 1.69 CPWW* This study

Biochar-based MgO, composite 8.89 DW" Chen et al., (2024)

@ Coffee processing wastewater (CPWW), b Distilled water (DW)
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pore structure have become progressively saturated. Overall, the kinetic behaviour observed was consistent with adsorption mech-
anisms reported for other organic contaminants on biochar and carbonaceous adsorbents, where a rapid surface-controlled phase is
followed by slower intraparticle diffusion due to the heterogeneous pore structure of the sorbent (Ebelegi et al., 2020; Hwang et al.,
2015; Tong et al., 2019; Wu et al., 2009).

3.5. Novelty of this study and implementation opportunities

The production of biochar and hydrochar from coffee processing by-products offers a promising and largely unexplored oppor-
tunity for sustainable wastewater management in coffee-producing developing countries such as Rwanda. While coffee husks and pulp
contain abundant lignocellulosic compounds, they remain underutilized and can contribute to environmental degradation when left to
decompose. At the same time, coffee washing stations produce large volumes of highly polluted wastewater rich in organic load,
phenolic compounds, and caffeine, yet affordable and decentralized treatment solutions are scarce. This study introduced a novel
circular bioresource approach by converting coffee waste (husk and pulp) into biochar and hydrochar through pyrolysis and hydro-
thermal carbonization respectively, and subsequently applying these locally derived adsorbents to treat wastewater generated during
coffee processing. While existing research, typically addresses waste management, biochar and hydrochar production, or wastewater
treatment independently, this study integrates these elements into a closed-loop system specifically tailored to the technical and so-
cioeconomic realities of coffee cooperatives. Pyrolysis and hydrothermal carbonization not only align production methods with the
moisture characteristics of each feedstock but also generate adsorbents with distinct surface chemistries that can target complex
contaminants in coffee processing wastewater. This constitutes a significant contribution to both scientific literature and practical
environmental management, offering a low-cost, decentralized, and context-appropriate technology that supports Rwanda’s emerging
circular economy agenda and enhances sustainability across the value chain. Production of biochar from solid waste through pyrolysis
is a technology that is already commercially available worldwide (IBI, 2024), and this process generates a heat surplus when con-
verting dry biomass into biochar. The management of spent filter material is an important issue to consider in further development. If
stored in soil, biochar provides long-term carbon sequestration, bringing a climate benefit (Lehmann et al., 2021). However, the fate of
the organic pollutants adsorbed to the biochar would require careful monitoring. Another option is to dry filters and use them as fuel,
providing renewable energy, but again requiring careful consideration of organic pollutants.

4. Conclusion

In this study, four hydrochars and six biochars were produced from coffee pulps and husks using respectively HTC at 180 °C and
250°C and pyrolysis (N3 gasification) at 600 °C and 800°C. Characterisation of these materials with DRIFTS showed that the surface of
hydrochars were richer in OH and aliphatic groups than biochars. Additionally, XPS analysis confirmed these findings, demonstrating
that the oxygen content was higher in hydrochars than in biochars. The results of the adsorption experiments demonstrated that
hydrochars and biochars derived from coffee waste can remove selected polyphenols and pesticides from CPWW under the tested
conditions. Generally, polyphenols were well adsorbed onto hydrochars, achieving R% varying between 76.1 % and 100 %, probably
by involving hydrogen bonding interactions. Conversely, pesticides were predominantly adsorbed onto biochars, possibly through
hydrophobic interactions. The adsorption isotherm analyses performed with CP250 showed that the Freundlich model best described
the experimental data. In contrast, kinetic model analyses indicated that both PFO and PSO fitted the adsorption data, demonstrating
the complexity of the adsorption mechanisms. The intraparticle diffusion model parameters also indicated that diffusion was not the
only rate-limiting step in absorption. Further research could include a field study to investigate the loading of polyphenols and pes-
ticides from coffee washing stations and optimise adsorption conditions to determine qmax for coffee-based biochars and hydrochars.
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