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Abstract: Biostimulants have emerged as a promising strategy to support sustainable growth in global agribusiness. Brazil, as one of the world’s leading 

agricultural producers, increasingly demands efficient and sustainable alternatives to enhance productivity. Among biostimulants, humic substances 

stand out due to their positive effects on soil properties and plant development. These compounds can be obtained from different mineral sources, and 

their origin influences their composition and effectiveness. Leonardite is recognized as one of the richest natural sources of humic substances and is 

widely used to produce agricultural biostimulants. In this study, the extraction of humic and fulvic acids from leonardite sourced was investigated, 
motivated by growing industrial interest in this material. The study included physicochemical characterization of the raw material and optimization of 

extraction conditions. A simplified sequential extraction approach was evaluated to investigate how operational parameters influence the selective 

recovery of humic substances. A 2² factorial design was applied to evaluate the effects of reagent concentration and extraction time. For fulvic acid 
extraction, the highest concentration (160.0 mg L⁻¹) was obtained at high acid concentration and short extraction time (30 min). For humic acid 

extraction, the maximum concentration (255.6 mg L⁻¹) was achieved under alkaline conditions after 3 h of extraction. FTIR analysis confirmed the 

presence of characteristic functional groups of humic substances in both the raw material and the extracted fractions. The results demonstrate that humic 
substances can be efficiently extracted under controlled conditions using a simple process. The short extraction times and operational simplicity 

highlight the potential for scale-up and industrial application, particularly in the production of agricultural biostimulants. Furthermore, the study 
contributes to the understanding of how extraction conditions influence the selective recovery of humic and fulvic fractions from leonardite. 
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1. Introduction 
The growing demand for sustainable agricultural practices has 

intensified the search for alternatives that enhance crop productivity 

while reducing environmental impacts. In this context, biostimulants 

have emerged as promising tools, defined as substances or 

microorganisms that stimulate natural processes in plants, improving 

nutrient uptake, stress tolerance, and crop quality (du Jardin, 2015). 
Among the different classes of biostimulants, humic substances have 

received considerable attention for their multifunctional roles in soil–

plant systems (Nardi et al., 2021). 

Humic substances are complex and heterogeneous organic materials 
formed during the decomposition and transformation of plant and 

animal residues (Maffia et al., 2025). They are commonly fractionated 

into humic acids (HA), fulvic acids (FA), and humin, based on their 
solubility behavior in alkaline and acidic media (Sheng et al., 2007). 

These fractions differ in molecular weight, functional group 

composition, and chemical reactivity, which directly influence their 
agronomic performance (Reemtsma et al., 2008). From a 

physiological perspective, humic and fulvic acids have been 
associated with enhanced root development, modulation of plant 

hormone-like activity, and improved nutrient transport and 

metabolism (Zandonadi et al., 2025). 

The increasing use of humic substances in agriculture is linked to their 
role as soil conditioners and biostimulants, contributing to improved 

soil structure, cation exchange capacity, and microbial activity 

(Canellas et al., 2015; Ibraevaa et al., 2026). In particular, fulvic acids 
are known for their high solubility and chelating ability, facilitating 

nutrient availability, while humic acids are associated with long-term 

soil fertility and structural stability (Rosa et al., 2009; Barzgar et al., 

2025). 

Among the available sources of humic substances, leonardite stands 

out as one of the most relevant raw materials. Leonardite is an oxidized 

form of lignite rich in organic carbon, typically containing high 
concentrations of humic substances and exhibiting biological activity 
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(Qian et al., 2015; Shah et al., 2018). Due to its degree of humification 

and chemical composition, leonardite is considered a suitable and 
economically viable source for large-scale extraction of humic and 

fulvic acids (Csicsor & Tombácz, 2022). 

The extraction of humic substances from leonardite has been widely 

investigated using alkaline and acidic methods. Conventional 
approaches typically involve alkaline extraction (e.g., NaOH or KOH) 

followed by acid precipitation to separate humic and fulvic fractions 

(Jomhataikool et al., 2020; Machado et al., 2019; Sheng et al. (2007). 
Process parameters such as pH, extraction time, temperature, and 

solid–liquid ratio affect extraction efficiency and product 

characteristics (Allahkarami et al., 2025). More recently, studies have 
explored process intensification strategies and alternative extraction 

techniques aiming to improve yield and selectivity while reducing 

environmental impact (Sun et al., 2020). 

Despite these advances, important challenges remain. Reported 
extraction yields vary widely depending on the source of leonardite 

and operating conditions, and understanding of the relationships 

among extraction conditions, selectivity, and the physicochemical 
properties of the extracted fractions remain limited. In addition, many 

studies focus on maximizing yield, while fewer works address process 

simplicity, scalability, and selective recovery of specific fractions, 

which are critical aspects for industrial applications. 

The present study aims to evaluate the extraction of humic and fulvic 

acids from leonardite using a simplified solid–liquid extraction 

approach based on Sheng's methodology. The effects of process 
parameters, including reagent concentration and extraction time, were 

investigated to identify conditions that favor the recovery of humic 

substances. Furthermore, the study seeks to advance understanding of 
the relationship between extraction conditions and the selective 

solubilization of humic fractions, thereby supporting the development 

of efficient and scalable processes for agricultural applications. 
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2. Methodology / Materials and Methods 

2.1. Materials 
The leonardite used as the raw material in this study originated from 
the Cherkasy region of Ukraine, an area known for its significant 

leonardite deposits. The material was kindly provided by Tracia 

Holding. A commercial humic acid standard was purchased from 
Sigma-Aldrich (Brazil). All other reagents were of analytical grade 

and were used as received. A commercial humic acid standard was 

obtained from Sigma-Aldrich (Brazil). All other reagents were of 
analytical grade and used according to recommended purity 

specifications. 

Experiments were carried out at the Laboratory of Chemical Analysis 

(LEQ), Department of Chemical Engineering, Regional University of 
Blumenau (FURB), Brazil. The leonardite sample was received in an 

air-dry state. This approach was adopted to prevent the loss of volatile 

compounds that may occur during thermal drying. This study was 

conducted according to the flowchart shown in Figure 1. 

 
Figure 1. Process flow diagram for sequential extraction of fulvic and 
humic acids from leonardite, including acid and alkaline extraction 

steps, solid–liquid separation, and analytical characterization. 

2.2. Physicochemical analysis of leonardite 
Moisture content was determined using two methods: oven drying at 

65 °C and infrared balance drying at 105 °C. Approximately 1 g of 

sample was used in each assay. 

2.3. pH measurement 
The pH was measured using a digital pH meter. A suspension was 
prepared by dispersing 10 g of leonardite in 100 mL of distilled water. 

The electrode was carefully immersed in the liquid phase, avoiding 

contact with settled solids.

2.4. Density determination 

Density was determined using a calibrated pycnometer (19.94 mL) at 

20 °C. A suspension of 10 g of leonardite in 100 mL of distilled water 

was used. Mass measurements were performed using an analytical 

balance. 

2.5. Loss on ignition (LOI) 

Loss on ignition was determined to estimate ash content and volatile 

compounds of leonardite. Samples were placed in porcelain crucibles 

and heated in a muffle furnace at 950 °C (heating rate: 20 °C min⁻¹) 

for 50 min. After cooling in a desiccator, samples were weighed. 

2.6. Particle size distribution 
Particle size analysis was performed using a laser diffraction analyzer 
(Mastersizer, 2000). The method is based on light scattering by 

dispersed particles. Ethanol and distilled water were used as dispersing 
media. The obscuration range was maintained between 10–30%, and 

approximately 20 g of sample was sufficient to reach this range. 

2.7. Extraction of humic substances from leonardite 
2.7.1. Experimental design 

The concentration of humic and fulvic acids was determined by UV–

Vis spectrophotometry at 603 nm using a calibration curve based on 
commercial standards, following the methodology of Sheng et al. 

(2007). The results were expressed as mg L⁻¹. 

A 2² factorial design with triplicate central points was applied to 

evaluate the extraction of fulvic and humic acids (total of 7 
experiments per design) following the standard design of experiments 

methodology. Two independent experimental designs were 

conducted: Design 1 (Fulvic acids extraction); Factors: HCl 
concentration (low/high) and extraction time (30–90 min); Design 2 

(Humic acids extraction): Factors: KOH concentration (low/high) and 

extraction time (3–5 h); The response variable was the concentration 

of extracted acids (mg L⁻¹). 

2.7.2. Fulvic acid extraction 

Fulvic acid extraction was performed using 20 g of leonardite and 100 

mL of HCl solution under agitation (200 rpm) at temperatures below 

25 °C. 

The pH of the system was adjusted to 1–2. After the extraction period 

(30–90 min), the mixture was allowed to settle for 24 h, then filtered. 

The supernatant was collected and used for further analysis. 

2.7.3. Humic acid extraction 

The solid residue obtained after fulvic acid extraction was used to 

extract humic acid. The process was carried out using 20 g of wet 

residue and 200 mL of KOH solution under agitation (200 rpm) at 
temperatures below 25 °C. The extraction time ranged from 3 to 5 h. 

After extraction, the mixture was allowed to settle for 24 h and then 

filtered. The supernatant was collected for analysis. 

2.7.4. Analytical determination 

Humic and fulvic acids were quantified by UV–Vis spectrophotometry 

at 603 nm, based on a modified method of Sheng et al. (2007), using a 

commercial standard (80% humic acid and 70% fulvic acid) for 

calibration. 

2.7.5. FTIR analysis 

Functional groups of leonardite, commercial humic acid standard, and 
extracted samples were characterized by Fourier Transform Infrared 

Spectroscopy (FTIR) using a VERTEX 70v spectrometer (Bruker). 

2.7.6. Statistical Analysis 

The values presented in the figures and tables of this work correspond 
to the means ± the standard deviation of the sample. The TIBCO 

Statistica® 14.1.0 software was used for the factorial design and its 

analysis. Statistical results, including ANOVA tables, estimated 
effects, Pareto charts, regression models, and response surface plots 

for humic and fulvic acid extraction, are provided in the 

Supplementary Material. 

3. Results and Discussion 

3.1. Physicochemical properties of leonardite 
Leonardite was characterized as received, in its air-dried state (≈25 

°C). The moisture content, determined in triplicate, was 35.19 ± 0.02% 

at 65 °C and 38.77 ± 0.15% at 105 °C. 

The higher value observed at 105 °C suggests not only water removal 
but also the loss of volatile organic compounds, consistent with the 

thermal sensitivity of humic substances. Therefore, drying at lower 

temperatures is more suitable to preserve the chemical integrity of the 

material. 
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The density of the leonardite suspension was 1044 kg m⁻³, consistent 

with values reported for similar materials. Loss-on-ignition analysis 
indicated an ash content of 34.92 ± 1.39%, indicating a significant 

inorganic fraction. The remaining fraction is composed of organic 

matter, including humic substances such as humic acids, fulvic acids, 

and humin. 

The measured pH of the leonardite suspension was 12.59, indicating 

an alkaline character, which may be associated with its mineral 

composition and the presence of basic functional groups. These 
properties are expected to influence the extraction behavior and 

efficiency of humic substances. 

3.2. Particle size distribution 
Particle size distributions obtained by laser diffraction (Figures 2 and 

3) showed similar profiles across both dispersing media, indicating 

that the choice of dispersant had limited influence on particle-size 
measurements. The mean particle diameters were 484.6 µm in water 

and 453.2 µm in ethanol, confirming this similarity. 

 

Figure 2. Particle size distribution of leonardite dispersed in water, 

obtained by laser diffraction analysis, showing the volume-based 

distribution of particle diameters. 

 

Figure 3. Particle size distribution of leonardite dispersed in ethanol, 

obtained by laser diffraction analysis, showing the volume-based 

distribution of particle diameters. 

However, differences in the estimated specific surface area were 

observed, with higher values in water (0.754 m² g⁻¹) compared to 

ethanol (0.351 m² g⁻¹). This behavior may be attributed to the 
hygroscopic nature and swelling capacity of leonardite in aqueous 

media, which can increase particle dispersion and apparent surface 

area. 

3.3. Extraction and fractionation of humic substances 
The fractionation of leonardite was based on solubility differences: 
fulvic acids are soluble across all pH values, humic acids are soluble 

in alkaline media and precipitate under acidic conditions, and humin 

is insoluble over the entire pH range. This behavior enables sequential 

extraction using acid and alkaline solutions. 

3.4. Fulvic acid extraction 
The factorial design results for fulvic acid extraction are presented in 
Table 1. The complete statistical evaluation is presented in the 

Supplementary Material (Figures S1–S2 and Tables TS1–TS2). 

Table 1: Experimental conditions and results for the 2² factorial 

designs used to optimize fulvic acid extraction from leonardite. 

Trial 

Independent variables  

(coded value) 
 

AF (mg L-1) 
 HCl (mol/L) t (min) 

1 0.07 (- 1) 30 (- 1) 111.8±4.7 

2 0.13 (1) 30 (- 1) 160.1±1.2 

3 0.07 (- 1) 90 (1) 122.2±1.8 
4 0.13 (1) 90 (1) 99.7±1.8 

5 0.1 (0) 60 (0) 158.4 

6 0.1 (0) 60 (0) 156.8 
7 0.1 (0) 60 (0) 155.1 

Abbreviations: FA, fulvic acid; HCl, hydrochloric acid; t, extraction 

time. Note: FA concentration expressed as mg L⁻¹. The standard 
deviation at the central point was ± 1.7.  

The highest concentration (160.1 mg L⁻¹) was obtained at high HCl 

concentration and short extraction time (30 min). The results indicate 
thatacid concentration had a positive effect, whereas prolonged 

extraction time had a negative effect on yield. Specifically, increasing 

the extraction time from 30 to 90 min at high acid concentration 
resulted in a decrease of approximately 38% in the fulvic acid 

concentration. 

This behavior may be attributed to degradation or transformation of 

fulvic fractions under prolonged acidic conditions, possible re-
association or precipitation phenomena, and changes in solubility 

equilibria over time. These findings suggest that short extraction times 

are critical for maximizing fulvic acid recovery, thereby improving 

process efficiency. 

3.5. Humic acid extraction 
The results for humic acid extraction (Table 2) show that the highest 
concentration (255.6 mg L⁻¹) was achieved at high KOH concentration 

and shorter extraction time (3 h). The complete statistical evaluation 

is presented in the Supplementary Material (Figures S3–S4 and Tables 

TS3–TS4). 

Table 2: Experimental conditions and results for the 2² factorial design 

used to optimize humic acid extraction from leonardite. 

Trial 

Independent variables  

(coded value) 
 

HA (mg L-1) 

 KOH (mol/L) t (h) 

1 0.15 (- 1) 3 (- 1) 198.1±2.9 
2 0.25 (1) 3 (- 1) 255.6±4.1 

3 0.15 (- 1) 5 (1) 157.7±8.3 

4 0.25 (1) 5 (1) 190.2±4.7 
5 0.2 (0) 4 (0) 155.2 

6 0.2 (0) 4 (0) 161.0 

7 0.2 (0) 4 (0) 159.3 

Abbreviations: HA, humic acid; KOH, potassium hydroxide; t, 
extraction time. Note: HA concentration expressed as mg L⁻¹. The 

standard deviation at the central point was ± 3.0. 

In contrast to fulvic acid extraction, the extraction time showed a 

stronger influence. Increasing the extraction time from 3 to 5 h reduced 

yield, suggesting possible degradation or structural alteration of humic 

substances under prolonged alkaline conditions. This trend is 
consistent with previous reports indicating that excessive alkaline 

treatment may lead to breakdown of macromolecular structures, 

formation of soluble low-molecular-weight fractions, and reduced 

recovery of humic acids. 

3.6. Comparison with literature 
The obtained values were compared with literature data to evaluate 
process performance. Studies by Csicsor and Tombácz (2022) 

reported higher fulvic acid concentrations (310–400 mg L⁻¹), while the 

maximum value obtained in this study was 160 mg mL⁻¹. This 
discrepancy may be related to differences in raw material origin, 

extraction conditions, and analytical methods. The highest fulvic acid 

concentration was 160 mg L⁻¹, obtained under high acid concentration 
and short extraction time (30 min). The maximum humic acid 

concentration reached 255.6 mg L⁻¹ under alkaline conditions after 3 

h of extraction. Similarly, Lima et al. (2017), using the same analytical 
method, reported 201 mg L⁻¹ for humic acids and 411 mg L⁻¹ for fulvic 

acids. In comparison, the present study demonstrates comparable 

efficiency for humic acid extraction. 

3.7. FTIR Analysis  
The FTIR spectra of the commercial humic acid standard, fulvic acid 

standard, and raw leonardite are presented in Figures 4–6. These 
spectra provide important insights into the functional groups present 

in the material and serve as a reference for evaluating structural 

changes after extraction. 
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Figure 4. FTIR spectra of the commercial humic acid standard. 

 
Figure 5. FTIR spectra of the commercial fulvic acid standard. 

 
Figure 6. FTIR spectra of the raw leonardite. 

The spectrum of the humic acid standard (Figure 4) shows a broad 

band in the region of 3692–3619 cm⁻¹, attributed to O–H stretching 

vibrations of hydroxyl groups from alcohols, phenols, and carboxylic 
acids, indicating the highly functionalized nature of humic substances. 

The bands observed at ~2924 cm⁻¹ are attributed to aliphatic C–H 

stretching, indicating the presence of hydrocarbon chains. The peaks 
at 1574 cm⁻¹ and in the region of 1371–1030 cm⁻¹ are related to amide 

groups and C–O stretching, suggesting contributions from nitrogen-

containing structures and carbohydrate-like components. 

The fulvic acid standard (Figure 5) exhibits characteristic bands at 
~3306 cm⁻¹ (O–H/N–H stretching) and ~1635 cm⁻¹ (C=O stretching 

of conjugated carbonyl groups), indicating a structure rich in 

oxygenated functional groups, typical of low-molecular-weight humic 

fractions. 

The spectrum of raw leonardite (Figure 6) presents similar features, 

confirming the presence of humic substances in the original material. 

Broad O–H bands, aliphatic C–H stretching (2918–2850 cm⁻¹), and 
signals in the region of 1593 cm⁻¹ and 1378–1030 cm⁻¹ indicate a 
complex organic matrix composed of aromatic, aliphatic, and 

oxygenated functional groups.

3.7.1. Effect of acid extraction - fulvic fraction 

The FTIR spectrum of the solid residue after acid extraction (Figure 

7) shows a reduction in the intensity of bands associated with 

oxygenated groups (O–H and C=O), suggesting the removal of more 

soluble fractions, particularly fulvic acids. This is consistent with the 
known solubility of fulvic acids over a wide pH range. 

 
Figure 7. FTIR spectrum of the solid residue after acid extraction. 

In contrast, the liquid fraction (Figure 8) exhibits prominent bands at 

~3306 cm⁻¹ and ~1635 cm⁻¹, closely matching the fulvic acid standard. 
This confirms the successful extraction of fulvic acids and indicates 

that the extracted fraction is enriched in oxygenated and polar 

functional groups. 

 
Figure 8. FTIR spectrum of the liquid fraction after acid extraction. 

3.7.2. Effect of alkaline extraction - humic fraction 
The FTIR spectrum of the solid residue after alkaline extraction 

(Figure 9) shows further reduction in functional group intensity, 

indicating the removal of humic substances from the solid matrix. 

 
Figure 9. FTIR spectrum of the solid residue after alkaline 

extraction. 

The liquid fraction obtained after alkaline extraction (Figure 10) 

presents characteristic bands at ~3311 cm⁻¹ (O–H stretching) and 

~1636 cm⁻¹ (C=O stretching), consistent with the humic acid standard. 
The presence of these bands confirms the successful solubilization of 

humic acids under alkaline conditions.  
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Figure 10. FTIR spectrum of the liquid fraction obtained after 

alkaline extraction. 

3.8. Overall interpretation 
The comparison among raw leonardite, extraction residues, and liquid 

fractions demonstrates a clear fractionation of humic substances by 

solubility. Acid extraction preferentially removes fulvic acids, while 

alkaline extraction promotes the solubilization of humic acids. 

The broad O–H bands and the presence of C=O and C–O functional 

groups are consistent with the complex and heterogeneous structure of 
humic substances, which contain multiple oxygenated and aromatic 

moieties (Volkov et al., 2021; Petrov et al., 2017). These functional 

groups play a key role in the chemical reactivity and interaction 
capacity of humic materials, particularly through carboxylic and 

phenolic groups, as previously reported for leonardite-derived humic 

substances (Meng et al., 2017). 

The FTIR results provide strong evidence that the proposed extraction 

methodology effectively separates humic fractions while preserving 

their main functional groups. The similarity between extracted 
fractions and commercial standards further supports the efficiency of 

the process. 

The results demonstrate that both extraction stages are influenced by 

operational parameters, particularly reagent concentration and 
extraction time. Importantly, optimal conditions were achieved at 

relatively short extraction times, which represents an advantage for 

process scalability and industrial applications. 

4. Conclusions 
This study demonstrated the feasibility of extracting humic and fulvic 

acids from leonardite using a simple solid–liquid extraction approach 
based on Sheng's methodology. The results confirmed that leonardite 

is a suitable raw material for the recovery of humic substances, with 

its moisture content (~35–38%) and ash content (~35%). 

The optimization of process parameters revealed that extraction 
efficiency is dependent on reagent concentration and extraction time. 

The highest fulvic acid concentration (160 mg L⁻¹) was obtained under 

high acid concentration and short extraction time (30 min), while the 
maximum humic acid concentration (255.6 mg L⁻¹) was achieved 

under alkaline conditions with an extraction time of 3 h. These results 

indicate that the process favors the solubilization of humic substances 
under specific operational conditions, with shorter extraction times 

contributing to process efficiency, particularly for fulvic acids. 

Physicochemical characterization, including particle size distribution 

and surface area analysis, indicated that leonardite presents stable 
granulometric properties, while its interaction with aqueous media 

may enhance surface-related phenomena relevant to extraction. 

From a technological perspective, the proposed process is 

operationally simple and potentially scalable, as it employs mild 
conditions and readily available reagents. The results also suggest that 

the extraction is selective, favoring the recovery of more soluble 

fractions of humic substances under the evaluated conditions. 

Overall, this work contributes to the understanding of humic substance 
extraction from leonardite by demonstrating that targeted recovery can 

be achieved under optimized conditions with reduced processing time. 
These findings support the potential application of the extracted 

products in agricultural systems, particularly as biostimulants. 

Future studies should focus on improving extraction yield through 

process intensification strategies, evaluating the variability among 
leonardite sources, and assessing the agronomic performance of the 

extracted humic substances under practical application conditions. 
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SUPPLEMENTARY MATERIAL 

Supplementary Information for the article “Extraction of Humic and Fulvic Acids from Leonardite for Agricultural Biostimulant 

Applications” 

Table S1. Statistical analysis of effects at a 95% significance for fulvic acid extraction. 

Factor Effect Standard 

Error 

t(1) p-value -95% 

Cnf. 

Limit 

+95% 

Cnf. 

Limit 

Coef. Standard 

Error 

Coef. 

-95% 

Cnf. 

Limit 

+95% Cnf. Limit 

Average 137.73 0.62 220.81 0.00002 135.04 140.41 137.73 0.62 135.04 140.41 

(1) HCl (mol/L) 12.90 1.65 7.82 0.01597 5.80 20.00 6.45 0.83 2.80 10.00 
(2) t (min) -25.00 1.65 -15.15 0.00433 -32.10 -17.90 -12.50 0.83 -16.05 -8.95 

1 by 2 -35.40 1.65 -21.45 0.00217 -42.50 -28,30 -17.70 0.83 -21.25 -14.15 

 

 

Figure S1. Pareto chart of standardized effects for fulvic acid extraction. 

 

Table S2. Analysis of Variance (ANOVA) for the fulvic acid extraction. 

Factor Sum of squares Degree of freedom Mean square F p-value 

(1) HCl (mol/L) 166.41 1 166.41 61.11 0.01597 

(2) t (min) 625.00 1 625.00 229.50 0.00433 

1 by 2 1253.16 1 1253.16 460.16 0.00217 
Lack of fit 1902.86 1 1902.86 698.72 0.00143 

Pure Error 5.45 2 2.72   

Total 3952.87 6    

 

The coded regression equations describing the extraction yields of fulvic acid (FA) are presented below: 

Fulvic acid (FA): 

 

FA = 137.73 + 7.82x - 15.15y - 21.45xy 

where x and y represent the coded values of the independent variables evaluated in the experimental design. 

 

Figure S2. Response surface for the fulvic acid extraction. 
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Table S3. Statistical analysis of effects at a 95% significance for humic acid extraction. 

Factor Effect Standard 

Error 

t(1) p-value -95% 

Cnf. 

Limit 

+95% 

Cnf. 

Limit 

Coef. Standard 

Error Coef. 

-95% 

Cnf. 

Limit 

+95% 

Cnf. 

Limit 

Average 182.44 1.13 161.89 0.00004 177.60 187.30 182.44 1.13 177.60 187.30 
(1) HCl 

(mol/L) 

45.00 2.98 15.10 0.00436 32.20 57.83 22.50 1.49 16.09 28.91 

(2) t 
(min) 

-52.90 2.98 -17.74 0.00316 -65.73 -40.08 -26.45 1.49 -32.86 -20.04 

1 by 2 -12.50 2.98 -4.20 0.05246 -25.33 0.33 -6.25 1.49 -12.66 0.16 

 

 

 

Figure S3. Pareto chart of standardized effects for humic acid extraction. 

 

Table S4. Analysis of Variance (ANOVA) for the humic acid extraction. 

Factor Sum of squares Degree of freedom Mean square F p-value 

(1) KOH (mol/L) 2025.00 1 2025.00 227.78 0.00436 

(2) t (h) 2798.41 1 2798.41 314.78 0.00316 

1 by 2 156.25 1 156.25 17.58 0.05246 

Lack of fit 3009.62 1 3009.62 338.54 0.00294 
Pure Error 17.78 2 8.89   

Total 8007.06 6    

 

The coded regression equations describing the extraction yields of humic acid (HA) are presented below: 

Humic acid (HA): 

 

HA = 182.44 + 15.09x - 17.74y 

where x and y represent the coded values of the independent variables evaluated in the experimental design. 

 

 

Figure S4. Response surface for the humic acid extraction. 


