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20 Abstract
21 Excessive use of herbicides, pesticides, and fertilizers has enhanced agricultural 

22 productivity but has also generated significant environmental impacts and public health risks. 

23 Chlorpyrifos, an organophosphorus insecticide, is highly persistent in the environment due to its 

24 affinity for organic matter and its ability to be transported via runoff into water bodies, where 

25 conventional wastewater treatments fail to remove it. In response to this challenge, biochar has 

26 emerged as a low-cost adsorbent with high potential, owing to its physicochemical properties 

27 derived from pyrolysis. In this study, the adsorption capacity of biochar derived from coffee 

28 husks—an abundant agricultural residue in Southwestern Antioquia—was evaluated for 

29 chlorpyrifos removal in water samples. The highest biochar yield (20%) was obtained by oven-

30 drying the husks for three hours, producing a material with 9.50% moisture, 48.41% volatile 

31 matter, 15.85% ash, 26.24% fixed carbon, pH 10, and an electrical conductivity of 5.38 mS cm⁻¹. 

32 Scanning electron microscopy revealed a porous structure with diameters ranging from 3.31 to 

33 42.60 µm. The biochar achieved removal efficiencies of up to 96.28%, exceeding 80% in six of 

34 the nine treatments evaluated. These findings demonstrate the strong potential of coffee husk-

35 derived biochar as a sustainable and cost-effective adsorbent for agrochemical removal. Notably, 

36 treatments combining higher biochar doses with longer contact times achieved the best 

37 performance, underscoring the material’s applicability in real-world wastewater treatment 

38 systems.

39 Keywords: Biochar, coffee husks, chlorpyrifos, removal, water treatment.
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40 Introduction
41 Agrochemicals are synthetic compounds encompassing a broad range of products, 

42 including pesticides, herbicides, and fertilizers, each with specific functions directed toward pest 

43 and disease control, as well as improving crop quality and yield (1). However, due to the health 

44 and environmental risks associated with their uncontrolled use, the application of these compounds 

45 requires strict regulation and responsible management, particularly in countries with a strong 

46 reliance on agricultural activity (2).

47 In Colombia, this issue is particularly relevant since, according to the most recent 

48 agricultural census conducted by the National Administrative Department of Statistics (DANE), 

49 40.6% of the national territory is dedicated to agricultural activities, and 70.20% of agricultural 

50 production units reported the use of synthetic chemical compounds for insect and microorganism 

51 control, many of which exhibit high toxicity (3).

52 One of the most widely used compounds is chlorpyrifos, a broad-spectrum 

53 organophosphate insecticide commonly applied in crops in the department of Antioquia (4). Its 

54 mode of action is based on the inhibition of the acetylcholinesterase enzyme, leading to neurotoxic 

55 effects in humans and non-target species, even at concentrations as low as 0.1 µg L-1 (5). Moreover, 

56 its affinity for soil organic matter promotes persistence and facilitates transport into water bodies 

57 through runoff and leaching, thereby increasing its potential for bioaccumulation (5).

58 Despite the high toxicity and persistence of chlorpyrifos and other agrochemicals in aquatic 

59 systems, most wastewater treatment plants (WWTPs) in Colombia show limited performance, 

60 primarily due to economic and technological constraints. The most widely used treatments in the 

61 country—stabilization ponds, wetlands, and activated sludge systems—achieve average removal 
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62 efficiencies of around 60% for conventional pollutants such as Chemical Oxygen Demand (COD) 

63 and Biochemical Oxygen Demand (BOD), but are considerably less effective in eliminating 

64 emerging contaminants like agrochemicals (6)(7).

65 Consequently, advanced treatments such as chlorination, which relies on chlorine 

66 disinfection; ozonation, based on the oxidation of compounds using ozone; and chemical post-

67 precipitation, which removes impurities through the formation of secondary precipitates, have 

68 been implemented (8). Nevertheless, these tertiary treatments involve high investment, operation, 

69 and maintenance costs, which restrict their application in resource-limited contexts (9).

70 For this reason, biochar has been increasingly promoted as an alternative material. Biochar 

71 is a carbonaceous solid obtained through the pyrolysis of biomass, whose physicochemical 

72 properties—including high porosity, large surface area, and the presence of functional groups—

73 make it an efficient adsorbent (10). Several studies have reported removal efficiencies above 80% 

74 for pollutants such as heavy metals, nutrients, and agrochemicals (11)(12)(13). In addition, biochar 

75 stands out as a cost-effective, environmentally sustainable, and easily implementable alternative, 

76 particularly when produced from locally available agricultural or agro-industrial residues (14).

77 In this context, the production of biochar from agro-industrial residues represents a dual-

78 benefit strategy, simultaneously addressing water contamination while promoting the valorization 

79 of organic byproducts such as coffee husks (15). Coffee husks are particularly abundant in coffee-

80 growing regions such as southwestern Antioquia, where approximately 40 kg of residues—mainly 

81 husks and mucilage—are generated for every 100 kg of processed fruit, resulting in tons of waste 

82 at a commercial scale  (16).
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83 When inadequately disposed of, coffee husks can become an environmental contaminant 

84 due to their high caffeine (0.68–2.20%) and polyphenol content (4.00-4.60 mg of gallic acid g-1), 

85 compounds capable of acidifying nearby water bodies (16). Nonetheless, their high lignin, 

86 cellulose, hemicellulose, protein, and micronutrient content makes them a suitable feedstock for 

87 biochar production (17). Accordingly, the objective of this study was to evaluate the efficiency of 

88 biochar produced from coffee husks as an alternative treatment for wastewater contaminated with 

89 agrochemicals in southwestern Antioquia.

90 Materials and Methods

91 Biochar production

92 Coffee husks used as raw material were collected from the farm La Santiaga, located in the 

93 village of Serranías, Jardín (Antioquia, Colombia). The husks were obtained after the coffee 

94 pulping process, and 500 g of material were stored in a resealable plastic bag with an airtight 

95 closure and kept at 4 °C to prevent fermentation.

96 To evaluate the drying treatments that would maximize biochar yield, four experimental 

97 conditions were tested, as presented in Table 1. For each condition, 10 g of sample were subjected 

98 to slow pyrolysis in a muffle furnace (JP Inglobal, Ref. JPMN9, 2022). The furnace was preheated 

99 to 105 °C, followed by heating to 400 °C at a rate of 8 °C min⁻¹ and held at this temperature for 1 

100 h. To displace oxygen, 3.30 g of a commercial effervescent compound (Alka-Seltzer®) was added 

101 per 20 g of sample, generating CO₂ according to the method proposed by Gómez et al. (18).

102 Table 1. Husk drying treatments
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Treatment Experimental conditions

1 Coffee husk without drying treatment

2 Drying in oven at 80°C for 1 hour

3 Oven-dried at 80°C for 3 hours

4 Drying in oven at 80°C for 3 hours and maceration in mortar.

103 After pyrolysis, all samples were placed in a desiccator with silica gel for 10 minutes under 

104 identical conditions to standardize residual moisture removal. The resulting biochar was weighed 

105 on an analytical balance (Precisa XB 220 A), and the recovery percentage (%R) was calculated 

106 using Equation (1).

%𝑅 =
𝐵
𝐶0

× 100 (1)

107 Where:

108 ●  B: Biochar obtained (g)

109 ● C0: Initial husk (10 g)

110 Biochar characterization

111 Characterization included moisture content, volatile matter, ash content, fixed carbon, pH, 

112 and electrical conductivity. Moisture content (%H) was determined by drying 5 g of sample at 105 

113 °C to constant weight, following Equation (2).

%𝑀 =
𝑃𝑖 ― 𝑃𝑠

𝑃𝑖
× 100 (2)

114 Where: 
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115 ● Pi: initial weight (g)

116 ● PS: dry weight (g)

117 Subsequently, 1 g of the dried sample was heated at 750 °C for 7 minutes in a muffle 

118 furnace to calculate volatile matter (%V) according to Equation (3).

%𝑉 =
𝑃𝑠 ― 𝑃𝑣

𝑃𝑠
× 100 (3)

119 Where: 

120 ● Pv: post-treatment weight (g)

121 The same sample was then heated again at 750 °C for 90 minutes to quantify ash content 

122 (%A) using Equation (4).

%𝐴 = (𝑃𝑣 ― 𝑃𝐸) × 100
(4)

123 Where:

124 ● PE: ash weight (g)

125 Fixed carbon content (%Cf) was determined by difference, following Equation (5):

%𝐶𝑓 = 100% ― %𝑀 ― %𝑉 ― %𝐴
(5)

126 For pH and electrical conductivity, 500 mg of biochar were mixed with 10 mL of Type I 

127 water, centrifuged (1 h, 3500 rpm), allowed to settle, and analyzed using a multiparameter device 

128 (Multi 3510 IDS WTW).
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129 Surface morphology was analyzed using scanning electron microscopy (SEM) at the 

130 Advanced Microscopy Center (CAM, SIU) with a JEOL JMS 6490 LV microscope. Samples were 

131 mounted on graphite tape, coated with ~12.5 nm of gold (Denton Vacuum Desk IV), and observed 

132 under high vacuum using a secondary electron detector. Additionally, an elemental analysis 

133 (CHONS) was carried out at an external specialized laboratory to determine the chemical 

134 composition of the biochar. The methodology was based on UNE-EN-15407 and ASTM-D5622-

135 95 standards, as well as Application Note 42151 from Thermo Scientific. The analysis was 

136 performed using a FLASH2000 Elemental Analyzer (Thermo Scientific), which allowed for 

137 precise quantification of carbon, hydrogen, oxygen, nitrogen, and sulfur contents in the sample.

138 Clorpirifos removal from contaminated water using biochar

139 To evaluate biochar efficiency in removing chlorpyrifos, an aqueous solution with a final 

140 concentration of 200 µg L-1 was prepared from the commercial insecticide Lorsban® 4 EC 

141 (SODIAK S.A.). Treatments were carried out in 250 mL Erlenmeyer flasks containing 100 mL of 

142 contaminated water, to which biochar was added in the amounts specified in Table 2. The flasks 

143 were homogenized in an orbital shaker incubator (JPSHID40, 2022) at 100 rpm for the hydraulic 

144 retention times (HRTs) defined in Table 2.

145 Table 2. Removal test treatments.

Treatment Amount of biochar (g) HRT (min)

1 0.50 30

2 0.50 60

3 0.50 90

4 1.00 30
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5 1.00 60

6 1.00 90

7 2.00 30

8 2.00 60

9 2.00 90

146 After treatment, samples were filtered through sterile gauze to separate the biochar from 

147 the aqueous phase. The filtrates were stored in screw-cap vials and refrigerated at 4 °C for 

148 subsequent analysis. All treatments were performed in triplicate, and a control without biochar—

149 consisting of 100 mL of pesticide solution agitated at 100 rpm for 90 minutes—was included. 

150 Chlorpyrifos concentrations in the filtrates were then quantified using Gas Chromatography 

151 coupled with Mass Spectrometry (GC–MS).

152 Statistical analysis of chlorpyrifos removal efficiencies was performed using Rstudio 

153 (version 4.3.1, open-source license). Assumptions of normality, homoscedasticity, and 

154 independence were first verified. Once validated, an analysis of variance (ANOVA) was applied 

155 to compare removal efficiencies among treatments. Post-hoc multiple comparison tests (Tukey’s 

156 HSD) were subsequently conducted to identify statistically significant differences between 

157 treatments. A significance threshold of p < 0.05 was used.

158 Results and discussion

159 Biochar production

160 Coffee husks demonstrated potential for biochar production, achieving up to 20% recovery 

161 of dry biochar per unit of raw material, as shown in Table 3.
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162 Table 3. Percentage of biochar recovery per treatment

Treatment Biochar obtained (g) % Recovery

1 0.60 6

2 1.20 12

3 2.00 20

4 0.20 2

163 Treatments 1 and 4 yielded the lowest recovery percentages (6% and 2%, respectively), 

164 which can be attributed to the physical characteristics of the husks (19)(20). In Treatment 1, the 

165 presence of residual moisture increased the apparent particle size, thereby hindering efficient heat 

166 and mass transfer during pyrolysis (21). In contrast, maceration in Treatment 4 promoted greater 

167 disintegration of the material, which limited the decomposition process, the release of volatile 

168 compounds, and the effective formation of the solid product due to the accelerated heating rate 

169 (22).

170 Conversely, Treatment 3 achieved the highest recovery (20%), a value close to the expected 

171 yield for coffee husk biochar production, which typically ranges from 25% to 30% according to 

172 Van Limbergen et al. (23). In their study, a specialized pyrolysis reactor with a continuous nitrogen 

173 supply was used to maintain an anoxic atmosphere. Despite employing a simpler methodology in 

174 the present work—namely, a conventional muffle furnace combined with effervescent tablets to 

175 displace oxygen—a comparable yield was obtained, this finding highlights that pyrolysis can be 

176 effective even under basic operational conditions (23).

177 Such operational simplicity positions pyrolysis as a technically and economically viable 

178 alternative compared to other biochar production methods. For instance, gasification requires 

179 stringent operational parameters and primarily produces syngas (24), while hydrothermal 
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180 carbonization involves the use of aggressive chemical agents (e.g., H3PO4, FeCl3, FeSO3, or KOH) 

181 and generates additional waste streams (25).

182 Biochar characterization

183 Physicochemical parameters evaluated during biochar characterization (Table 4) are 

184 critical for understanding its structure and adsorption capacity. A low moisture content indicates 

185 greater pore availability, whereas high values may block active sites (26). The volatile matter 

186 content reflects the presence of residual organic compounds and the efficiency of the pyrolysis 

187 process (27). Similarly, the ash content represents the inorganic fraction of biochar; excessive 

188 levels may obstruct porosity and reduce the effective surface area. In contrast, a high fixed carbon 

189 content is associated with a stable porous structure with a larger specific surface area, which 

190 promotes hydrophobic interactions with contaminants (28).

191 Table 4. Comparison of physicochemical characterization of coffee husk biochar

Proximal analysis CHB CHB (29) CHB (30)

% M 9.50 2.40 5.20

% A 15.85 28.23 16.50

% V 48.41 35.61 22.70

% Cf 26.24 33.76 55.60

192 CHB: Coffee Husk Biochar

193 Biochar obtained in this study exhibited a higher moisture content (9.50%) compared with 

194 values reported by Seatiawan et al. (29) (2.40%) and Suraj et al. (30) (5.20%). This difference may 

195 be associated with the drying time of the coffee husks before analysis, suggesting the need to 

196 optimize this step to improve process efficiency.
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197 Regarding ash content (15.85%), the results were similar to those obtained by Suraj et al. 

198 (30) (16.50%) and notably lower than those reported by Seatiawan et al. (29) (28.23%). This 

199 represents an advantage, since lower ash content indicates a higher proportion of usable carbon 

200 and a reduced presence of non-combustible mineral residues, thereby improving biochar 

201 applicability in adsorption processes (31).

202 Volatile matter content (48.41%) was higher than that of fixed carbon (26.24%), which is 

203 consistent with the inverse relationship between these two fractions, since a high proportion of 

204 volatile compounds suggests that thermoconversion did not completely transform organic matter 

205 into solid carbon (32). Nevertheless, fixed carbon content was comparable to that reported by 

206 Seatiawan et al. (29) (33.76%), indicating that the method applied in this study can yield biochar 

207 with properties similar to those produced using specialized pyrolysis technologies.

208 Additionally, pH and electrical conductivity of biochar provide valuable insights into its 

209 surface chemistry and reactivity. An alkaline pH indicates the predominance of negatively charged 

210 functional groups, which can enhance the retention of neutral or slightly polar compounds through 

211 hydrophobic and π–π interactions (33). Electrical conductivity, in turn, is related to the presence 

212 of mobile ionic species and conductive carbonaceous materials, which may facilitate ion-exchange 

213 processes and redox reactions in aqueous systems (34).

214 Alkaline pH observed (pH 10.00) is mainly attributed to the accumulation of basic 

215 inorganic compounds such as carbonates, oxides, and hydroxides of alkali and alkaline earth 

216 metals during thermal decomposition of the feedstock (35). This alkaline character is usually 

217 accompanied by soluble salts that also influence electrical conductivity. For coffee husk biochars, 

218 values typically range between 2.16–9.66 mS cm⁻¹ (35)(36). In this study, electrical conductivity 

219 was 5.38 mS cm⁻¹, a moderate value within the reported range. Such conductivity is appropriate 
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220 for adsorption purposes, as it avoids excessive concentrations of soluble ions that could compete 

221 with contaminants for active surface sites (37).

222 Scanning electron microscopy (SEM) analysis (Fig. 1) revealed a well-defined surface 

223 structure with a network of open pores of varying sizes, ranging from 3.31 µm to 42.60 µm. This 

224 wide pore size distribution indicates good preservation of the original plant matrix and suggests a 

225 high effective surface area, favorable for adsorption processes (38) (39) (40) (41). The estimated 

226 average pore size was approximately 22.85 µm, indicating the predominance of macropores; such 

227 features facilitate the transport of water and contaminants into more reactive internal zones of the 

228 material, thereby enhancing adsorption efficiency in water treatment applications (42).

229 Fig 1. Scanning electron microscopy of biochar produced from coffee husk. Image “a” has a 

230 magnification of 450X, where the general porous structure of the material is shown, image b, with 

231 a magnification of 650X, allows observing in greater detail the pores and the internal surface. 

232 Obtained from the Center for Advanced Microscopy

233 Additionally, small irregular fragments adhered to the inner pore surfaces were observed 

234 (marked with red circles in image b, corresponding to higher magnification). These could 

235 correspond to inorganic salt residues, as a similar behavior was reported by Chico-Proaño et al. 

236 (43) in biochar derived from coffee husks, where high concentrations of potassium oxide (62.17%) 

237 and calcium oxide (19.45%) were identified. According to the authors, such accumulations 

238 contribute to improving the thermal conductivity of biochar and may positively influence 

239 contaminant removal by acting as hybrid ion-exchange sites, thereby facilitating the retention of 

240 charged species (43).
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241 Elemental analysis results (Table 5) were consistent with values reported in the literature 

242 for coffee husk biochars (33) (44) (45), indicating that the applied process was effective for biochar 

243 production. Based on the proportions of hydrogen, oxygen, and carbon, H/C and O/C ratios of 0.06 

244 and 0.69, respectively, were obtained; these elemental ratios serve as indicators of the 

245 carbonization degree (46). The low H/C ratio indicates extensive hydrogen removal, which reflects 

246 the formation of aromatic carbon structures; this level of carbonization is sufficiently advanced to 

247 promote dehydration and demethylation reactions, thereby improving both chemical resistance and 

248 thermal stability (46).

249 Table 5. Elemental characterization of coffee husk biochar

Elementals Percentage (%DB) Uncertainty (±)

C 45.48 4.55

H 2.97 0.30

O 31.23 3.12

N 2.76 0.28

S <0.10 0.01

250 (DB): Dry Basis

251 Conversely, the relatively high O/C ratio suggests a surface still rich in oxygen-containing 

252 functional groups, likely resulting from surface oxidation due to pyrolysis conditions that were not 

253 completely anoxic, which explains the coexistence of stable aromatic structures with an oxygen-

254 enriched surface (47). Such oxygenated groups may enhance interactions with weakly polar 

255 contaminants such as chlorpyrifos by enabling hydrogen bonding and other dipolar interactions 
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256 with electronegative atoms present in its structure, including oxygen and nitrogen from the 

257 phosphorothioate group and the pyridinyl ring (39)(47).

258 Clorpirifos removal from contaminated water using biochar

259 Chlorpyrifos removal experiments revealed significant differences in treatment efficiency. 

260 Figure 2 provides a graphical representation of the removal percentages based on combinations of 

261 biochar dosage and hydraulic retention time (HRT). Among all treatments, Treatment 9 (2.00 g of 

262 biochar – 90 min HRT) achieved the highest removal efficiency at 96.28%, followed closely by 

263 Treatment 6 (1.00 g – 90 min) at 96.11%, and Treatment 8 (2.00 g – 60 min) at 95.08%. In contrast, 

264 Treatment 1 (0.50 g – 30 min) exhibited the lowest removal efficiency (38.12%), followed by 

265 Treatments 2 (0.50 g – 60 min) and 3 (0.50 g – 90 min), with removal percentages of 50.24% and 

266 53.83%, respectively. Overall, Treatments 4 to 9 exceeded 80% removal, indicating favorable 

267 adsorption under specific operational conditions.

268 Fig 2. Effect of biochar amount and contact time on percent chlorpyrifos removal. Bars 

269 represent mean removal efficiencies, with colors indicating different HRT levels (30, 60, and 90 

270 min).

271 These findings demonstrate that hydraulic retention time (HRT) directly influences 

272 chlorpyrifos adsorption efficiency. A short HRT, such as 30 minutes, may be insufficient to reach 

273 adsorption equilibrium, limiting the time available for chlorpyrifos molecules to diffuse into the 

274 biochar pore network and bind to active macropore sites (48) (49). By contrast, longer contact 

275 times, such as 90 minutes, promote more extensive contaminant diffusion and enable stronger 

276 interactions—including hydrogen bonding and hydrophobic interactions—with oxygenated 
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277 functional groups (-OH, -COOH, -C=O), which were inferred to be abundant in the biochar from 

278 elemental characterization (50) (51).

279 HRT is also closely related to the amount of adsorbent used. When a lower mass of biochar 

280 is applied, longer contact times are needed to compensate for the limited availability of active sites. 

281 Conversely, higher biochar dosages provide a larger active surface area, enabling high removal 

282 efficiencies even at shorter contact times (52). This relationship is consistent with the findings of 

283 Kalsoom et al. (53), who reported that pesticide adsorption increases proportionally with biochar 

284 dosage due to greater surface availability and higher contaminant retention capacity. Increasing 

285 the adsorbent dose expands the surface area and reduces competition between water molecules and 

286 chlorpyrifos for adsorption sites (53)(54). This competition is particularly evident at low dosages, 

287 such as 0.50 g, where the limited number of functional groups reduces removal efficiency.

288 To quantitatively support these observations, statistical analysis of the data was performed. 

289 Model assumptions were verified, confirming normality, homogeneity of variance, and 

290 independence of residuals. This allowed the application of an analysis of variance (ANOVA), 

291 whose results (Fig 3) showed, based on p-values, that both biochar dosage and contact time, as 

292 well as their interaction, had statistically significant effects on chlorpyrifos removal. 

293 Fig 3. ANOVA table and significant effects. ANOVA table obtained from the analysis of 

294 variance for the factors biochar dosage (Biochar), contact time (TRH), and their interaction 

295 (Biochar:TRH) on chlorpyrifos removal.

296 P-values below the significance threshold (α = 0.05) for all three factors confirm that the 

297 differences observed across treatments were not attributable to random variation. Furthermore, 

298 comparison of sums of squares indicated that biochar dosage contributed the most to removal 
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299 variability (Sum Sq = 12,627.3), followed by contact time (435.1) and, to a lesser extent, the 

300 interaction between both factors (124.2). The mean residual square (1.0) suggested that 

301 unexplained variability was minimal, indicating a good model fit and reinforcing the validity of 

302 the observed effects.

303 Subsequent multiple comparison analysis using Tukey's test (Fig 4) confirmed significant 

304 differences between treatments, consistent with the ANOVA results, and highlighted the strong 

305 influence of biochar dosage on chlorpyrifos removal. Treatments with 0.50 g of biochar showed 

306 significantly lower removal efficiencies (Figure 4, groups g, f, and e), particularly with a 30 min 

307 HRT, although performance improved with extended contact time (90 min). This finding confirms 

308 that at low dosages, prolonged contact time enhances adsorption efficiency. In contrast, at dosages 

309 of 1.00 g and 2.00 g, removal efficiencies above 90% were achieved with HRTs of 60 and 90 min. 

310 These treatments shared groups a, b, and c in Tukey's test (Figure 4), indicating statistically similar 

311 effects. Moreover, even at a 30 min HRT, removal efficiencies exceeded 80%, suggesting that 

312 higher dosages can offset shorter contact times while maintaining high removal performance.

313 Fig 4. Boxplot of the combined effects of the factors and Tukey's test. Boxplot showing the 

314 combined effects of biochar dosage and contact time (HRT) on chlorpyrifos removal (%). 

315 Different letters above the boxes indicate statistically significant differences among treatments 

316 according to Tukey's test (α = 0.05).

317 Notably, treatments 6 (1.0 g x 90 min), 8 (2.0 g x 60 min), and 9 (2.0 g x 90 min) achieved 

318 the highest removal efficiencies without significant differences among them, as reflected by shared 

319 groupings in Tukey’s test (a and ab). This indicates that despite variations in dosage and contact 

320 time, their effects on chlorpyrifos removal were statistically comparable. Thus, treatment 6 may 

321 be considered optimal when aiming for more efficient biochar use, as it achieved high removal 
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322 with only 1.00 g. On the other hand, treatment 8 could be preferable in contexts where shorter 

323 treatment times are prioritized, while maintaining comparable effectiveness. The choice between 

324 these treatments ultimately depends on operational priorities, whether minimizing material 

325 consumption or treatment duration.

326 The interaction plot (Fig 5) illustrates a marked increase in average removal when biochar 

327 dosage increased from 0.50 g to 1.00 g. Beyond this point, the curves stabilized between 1.00 g 

328 and 2.00 g, suggesting diminishing returns in removal efficiency with higher dosages under the 

329 tested conditions. Differences among HRT levels were more pronounced at lower biochar dosages, 

330 but became less significant as dosage increased, indicating that contact time is more critical when 

331 adsorption capacity is limited, whereas higher dosages reduce time dependency for achieving high 

332 efficiencies.

333 Fig 5. Interaction plot. Interaction plot showing the combined effect of biochar dosage and 

334 contact time (HRT) on chlorpyrifos removal (%). Lines represent the mean removal efficiencies 

335 for each HRT level (30, 60, and 90 min).

336 The results of this study are consistent with other reports in the literature. For instance, 

337 Melo et al. (55) achieved removal efficiencies of 75–84% using biochar filters derived from plant 

338 biomass. Similarly, Li et al. (56) and Pandey et al. (57) reported up to 98% removal of chemical 

339 oxygen demand (COD) and approximately 80% removal of nutrients in constructed wetland 

340 systems, demonstrating the potential of biochar as a water treatment technology.

341 Beyond its effectiveness, biochar is also economically viable. Its cost can be up to five 

342 times lower than that of activated carbon, ranging from 350–1200 USD per ton compared with 

343 1100–1700 USD per ton for activated carbon (34) (58). This makes biochar a sustainable and cost-
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344 effective alternative for large-scale wastewater treatment applications. In particular, biochar 

345 derived from coffee husks has demonstrated high efficiency in removing various contaminants 

346 under conditions resembling real effluents. For example, Vu & Do (59), reported an ammonium-

347 nitrogen adsorption equilibrium of 2.80 mg N g-1, while Chung et al. (60) achieved efficient 

348 removal of 5.00 mg L-1 of Pb2+ and Cu2+ (levels typically found in industrial wastewater) with 2.00 

349 g of biochar, obtaining maximum adsorption capacities of up to 10.00 mg g-1 for Pb and 13.10 mg 

350 g-1 for Cu. Similarly, in the case of an iron oxide–modified coffee husk biochar (CHB-Fe3O4), 

351 glyphosate removal reached 99.64%, with an adsorption capacity of 22.40 mg g-1, under conditions 

352 simulating real contaminated waters (61).

353 Results demonstrate that coffee husk–derived biochar, at the practical concentrations 

354 applied in this study, is capable of removing contaminants that pose critical risks to human health 

355 and the environment, supporting its applicability in real wastewater treatment scenarios.

356 Conclusion

357 This study demonstrated that biochar produced from coffee husks can be successfully 

358 obtained through a slow pyrolysis process and has significant potential as an alternative treatment 

359 for wastewater contaminated with agrochemicals in the Southwestern region of Antioquia. Using 

360 a practical oxygen-displacement strategy with effervescent tablets, the process achieved a 20% 

361 recovery yield relative to the initial biomass, highlighting both the viability of the production 

362 method and the applicability of the resulting biochar for chlorpyrifos removal, particularly in 

363 resource-limited settings.

364 Characterization of the obtained biochar revealed similarities with other biochars reported 

365 in the literature in terms of elemental composition, proximate analysis, and surface morphology. 
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366 The predominance of carbon and the presence of a well-defined porous structure, confirmed by 

367 scanning electron microscopy, indicated that even under pyrolysis conditions that were not fully 

368 anoxic, the material retained physicochemical properties suitable for application as an adsorbent. 

369 However, the relatively high volatile matter and oxygen contents suggest that further optimization 

370 of the pyrolysis atmosphere could improve the stability of the final product in future studies.

371 Application of the biochar to chlorpyrifos removal in contaminated water samples yielded 

372 promising results, with efficiencies exceeding 80% in six of the nine treatments evaluated. 

373 Notably, treatments 6 (1.0 g biochar x 90 minutes HRT), 8 (2.0 g x 60 minutes HRT), and 9 (2.0 

374 g x 90 minutes HRT) achieved removal efficiencies greater than 95%. These findings demonstrate 

375 that 1.0 g biochar x 90 minutes is an efficient alternative of rational adsorbent use, which may be 

376 particularly advantageous in batch systems or in processes where material consumption needs to 

377 be optimized.

378 Meanwhile, 2.0 g of biochar x 60 minutes of THR emerges as a strategic option for 

379 operational implementations such as biofilters or continuous-flow systems, where reducing 

380 retention time may facilitate operation, even if it requires greater biochar consumption. The 

381 selection of the optimal treatment will therefore depend on the objectives and constraints of the 

382 treatment system being applied.

383 Looking forward, future works should explore pretreatment strategies for drying coffee 

384 husks, as lower initial moisture content could improve pyrolysis yield. Additionally, further 

385 optimization of the oxygen-displacement strategy using effervescent tablets—considering 

386 variables such as dosage relative to furnace volume or geometry—could significantly enhance 

387 biochar recovery and increase its adsorption efficiency.
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