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Abstract 

Waste soybean hulls (WSH) were investigated as a Fe-support in two forms: raw and 

carbonized (i.e. biocarbon, BC), as possible value-added materials. Fe-impregnation was 

implemented in order to produce heterogeneous Fenton catalysts for Reactive Blue 4 dye 

degradation. Materials characterization demonstrated a rise in the specific surface area due 

to decomposition of WSH constituents during carbonization (to obtain BC) and thermal 

activation (to obtain Fe-WSH and Fe-BC), thus producing catalysts with high mesoporosity 

and hematite as the active site for Fenton reaction. Among the investigated materials, 

Fe-WSH showed the greatest ability for •OH production in acidic medium. Next, the hetero-

geneous Fenton process was optimized by using response surface methodology, which 

resulted in selection of the following reaction conditions: 3 mM H2O2, 100 mg Fe-WSH, 

reaction time of 180 min, at a constant pH 3, RB4 concentration of 50 mg dm-3 and at room 

temperature. The achieved dye removal and mineralization were 85.7 and 66.8 %, respecti-

vely, while the catalyst showed high stability and the reaction intermediates formed during 

the oxidation process had a low inhibitory effect on Vibrio fischeri bacteria.

Keywords: valorization; Fe(III)-impregnation; response surface methodology; Reactive Blue 4; 
reuse.
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1. INTRODUCTION

Textile industry has a highly demanding production in terms of water, chemicals and energy consumption. Only in 

cotton dyeing process more than 100 L of fresh water is used per 1 kg of textile, where unfixed reactive dyes (up to 50 % 

of the initial concentration) end up in wastewaters [1,2]. The dye presence in water bodies has a highly negative 

influence on aquatic organisms [3]. For example, Reactive Blue 4 (RB4) dye, which is commonly used, shows acute 

toxicity to fish [4]. Structurally, RB4 consists of a dichlorotriazine group and anthraquinone chromophore. Due to its 

high water solubility and low biodegradability, wastewater treatment is required in processes using this dye [5,6]. 

Advanced oxidation processes (AOPs), based on radical generation with significant redox potential, can non-

selectively degrade dye aromatic structures. Among many AOPs, the heterogeneous Fenton process is emphasized due 

to simple operation, wide application range and successful pollutant oxidation [7–12]. As biological treatments are 

commonly used in textile industry, Fenton reaction can be implemented as a pre- or post-technique in the hybrid 

wastewater treatment.  

Synthesis of active, stable, and reusable catalyst is a top concern for researchers. An overview of various support 

materials used as catalysts in heterogeneous Fenton reaction was given in recent review studies [7,9,13]. Some of the 

mostly used are clays, zeolites, activated carbon, silicates and biosorbents. A common method for catalyst preparation is 
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wet impregnation [14], which is accomplished in two steps: (1) dispersion of the metal precursor onto the support surface 

and in the interparticle space and (2) thermal activation in order to modify the surface and texture of the raw material 

[3,15,16].  

With the growth of human population, production of agricultural solid waste is on rise [17]. From a circular economy 

point of view, it is important to support additional uses of low-quality agricultural by-products and turn them into 

valuable resources, thus supporting cascading of materials as long as possible [18]. Carbonization is commonly used in 

order to prepare porous biocarbon materials for application in wastewater treatment [19,20]. Recently, Fenton-like 

application of such materials (fruit shells, straws, etc.) was reviewed [21]. 

One of the possible waste streams that can be used in such manner is soybean hulls. In Serbia, production of soybean 

is on a constant rise and data show yield of 806407 t in 2020 [22], which ranks Serbia among countries with the highest 

average yield in Europe. Waste soybean hulls (WSH) account for 7-8 % of the total soybean mass [23,24]. Some of the 

investigated applications of WSH are: ethanol and bio-oil production, animal feed [24], fermentable sugars [25], cellulose 

nanofibers [26], cellulose pulp [23], energy source by pyrolysis [27], activated carbon production [28] and adsorption in 

wastewater treatment [24]. Still, it could be seen that WSH have not been studied as a catalyst support raw material yet.  

The focus of this work was to test bio-waste (soybean hulls) value addition as a Fenton catalyst support in the process 

of RB4 dye decolorization. For this purpose, thermal (carbonization) and chemical (Fe-impregnation) treatments of WSH 

were performed. Effects of the waste modification were confirmed by using different methods (Brunauer-Emmett-Teller 

(BET) method, scanning electron microscopy coupled with energy dispersive spectrometry (SEM/EDS), Fourier-

transform infrared (FTIR) spectroscopy and X-ray diffraction (XRD) analysis). Optimization of dye decolorization was 

conducted by using response surface methodology (RSM). Central composite design (CCD) was used to simultaneously 

investigate effects of selected factors and to interpret the results using a statistical model. Dye degradation products, 

effluent toxicity, catalyst stability and reusability were monitored. 

2. MATERIALS AND METHODS 

All chemicals were used as obtained without purification. RB4 (CAS 13324-20-4, dye content ≥35 %, molecular 

formula: C23H14Cl2N6O8S2), Fe(NO3)3·9H2O (≥98 %), Na2CO3 (≥99.5 %), H2O2 (30 %, w/w), 95–97 % H2SO4, catalase from 

bovine liver (CAS 9001-05-2), methanol (≥99.9 %) were purchased from Sigma-Aldrich (USA). All solutions were prepared 

with deionized water (DI). WSH were kindly provided by a soybean processing company with the industrial capacity of 

250,000 t per year (AP Vojvodina, Serbia). Upon the receipt raw WSH were ground to the 0.3 mm fraction. 

2. 1. Catalyst preparation 

Two materials were used as Fe-catalyst supports: raw and carbonized WSH. The biowaste carbonization was 

conducted at 550 oC for 4 h in a muffle furnace with the aim to produce biocarbon (BC).  

In our previous work [29] we tested the improved Fe-impregnation method with the use of ultrasound (US) waves 

in order to shorten the required time for catalyst preparation. In that case, bentonite clay was used as the Fe-support. 

In the present work, the optimal parameters from this procedure were applied: the Fe3+/material ratio of 3 mmol g-1, 

the suspension exposure to US waves during impregnation and the calcination temperature of 350 oC Firstly, the support 

material suspension (1 g in 50 cm3 DI) was mixed for 30 min. Then, the impregnation precursor (55 cm3 of 0.2 mol dm-3 

Fe(NO3)3·9H2O solution was mixed with powdered Na2CO3 at the molar ratio of [Na+]/[Fe3+]=1) was sonicated for 5 min 

(20 kHz and 10 % amplitude; Ultrasonic Homogenizer Sonopuls HD 2200, Bandelin, Germany). The processed Fe-

precursor was added drop-by-drop to the material suspension and US was applied for 10 min. The impregnated WSH or 

BC were dried in a water bath (100 oC) and washed several times with DI water. After drying and calcination (350 oC, 

2 h), the samples were labeled as Fe-WSH and Fe-BC. 

2. 2. Characterization methods 

WSH, BC, Fe-WSH and Fe-BC were subjected to the structural analysis by the Autosorb iQ Surface Area Analyzer 

(Quantachrome Instruments, USA), after sample degassing (105 oC). Specifically, the multi-point BET (Brunauer-Emmett-
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Teller) method was used for determination of the specific surface area; BJH (Barrett-Joyner-Halenda), HK (Horvath-

Kawazoe) and total pore volume (TPV) methods were used for determination of pore volume and size measurements 

(average pore radius, APR). Scanning electron microscopy (SEM) (TM3030, Hitachi High-Technologies, Japan) coupled 

with energy dispersive spectrometry (EDS) (Bruker Quantax 70 X-ray detector system, Bruker Nano, Germany) was used 

for the morphological analysis. The KBr pellet method was used for Fourier Transform infrared spectroscopy (FTIR) at a 

Thermo-Nicolet Nexus 670 spectrophotometer (USA) (4000-400 cm–1 range in a diffuse reflection mode at a 4 cm–1 

resolution). A Rigaku MiniFlex 600 (USA) diffractometer with CuKα radiation (scanning range was 5 < 2 < 80° with 0.03° 

step) was used for X-ray diffraction analysis. 

2. 3. Heterogeneous Fenton process 

Control experiments of WSH, BC, Fe-WSH and Fe-BC application in sorption and the heterogeneous Fenton process 

were conducted under the following conditions: 100 mg of the prepared material was added to 100 cm3 of RB4 solution 

(50 mg dm-3). pH value was set to 3 with the use of diluted H2SO4 (WTW inoLab pH/ION 735, Germany). The Fenton 

reaction was initiated with 10 mM H2O2 (in sorption tests this step was left out). After 180 min of reaction, the mixture 

was filtered through a 0.45 µm membrane filter. Decolorization efficiency was determined by using a UV-Vis 

spectrophotometer (UV-1800, Shimadzu, Japan) at max=597.5 nm. Stability of the materials was monitored by 

inductively coupled plasma-mass spectrometry (ICP-MS; Agilent Technology, Japan) as the total Fe content leached in 

the aqueous phase (EPA 6020B). 

Central composite design (CCD) was employed to investigate decolorization efficiency as a response to 3 

independent factor variations (Design-Expert 12 software-trial version; Stat-Ease Inc., USA). Examined variable ranges 

were selected based on literature review [6, 16, 30], and are presented in Table 1. 20 probe runs were created, including 

6 replications of central levels. Analysis of variance (ANOVA) was used for further statistical analysis to identify 

interactions between selected variables and the response. Verification of the chosen model and optimal reaction 

conditions was performed by 5 confirmation runs.  
 

Table 1. Experimental conditions and levels of independent variables (cH2O2 - H2O2 concentration, mcatalyst - catalyst mass,  

t – reaction time) according to CCD 

Code Variable 
Level (α) 

-α -1 0 +1 +α 

A cH2O2 / mM 0.6 3.0 6.5 10.0 12.4 

B mcatalyst / mg 33 50 75 100 117 

C t / min 19 60 120 180 221 

 

The optimal setting for the heterogeneous Fenton reaction was used for further kinetics analysis (0; 15; 30; 45; 60; 

80; 100; 120; 150; 180 min). Decolorization efficacy and content of leached Fe were determined according to before 

mentioned procedures. Degree of RB4 mineralization was measured as the total organic carbon (TOC, LiquiTOC 

Elementar II, Japan) according to EPA 415.3 method. Evaluation of inhibitory effect on Vibrio fischeri bacteria (LUMIStox 

300, Dr Lange, Germany; ISO 11348-1:2008) was conducted with freshly prepared bacteria suspension and after 

scavenging residual H2O2 by catalase solution [31] in all samples. NaCl was added in order to reach 20 g dm-3, pH value 

(6.5-8) and concentration of dissolved O2 (>3 mg dm-3) were measured before testing. Sample inhibition was calculated 

from the luminescence intensity before and after sample addition to V. fischeri suspension. The impact of •OH on the 

reaction efficiency was determined in the test with methanol as a radical scavenger (0.1 M MeOH was added before 

oxidant). Also, •OH scavenging capacity (RSC) was measured according to the modified method reported in literature 

[32], after 15 min of reaction. Degradation products were analyzed by gas chromatography–mass spectrometry (GC-

MS, Agilent 7890A/5975C, Japan), where EPA 3510C method was used for sample preparation and the manufacturer’s 

method for determination of non- and semi-polar compounds. The reusability test was conducted 5 times under optimal 

reaction conditions (catalyst was washed with DI and dried (105 oC) after each use). 
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3. RESULTS AND DISCUSSION 

3. 1. Characterization study  

Characterization of surface characteristics of both impregnated as well as the initial support materials was conducted 

by conventional methods to evaluate differences based on the modification path and future application possibilities. 

BET method was employed for an indication of changes in textural features (Table 2). Low values of the surface area 

and the total pore volume as well as high average pore radius are obtained for WSH, which was expected due to the 

macroporous hulls nature. Balint et al., [33] have indicated that carbonization and impregnation processes lead to an 

increase in porosity as a result of decomposition of the WSH cellular structure. Similar results were obtained in the 

present study. An increase in the surface area of biocarbon was observed from 0.3 to 11 m2 g-1. The impregnation 

process had further pronounced effect on micro- and mesopore volume, where a significant TPV rise, and APR reduction 

indicate appearance of mesoporous surfaces of the prepared catalysts (Fe-WSH and Fe-BC). The surface area expanded 

to 55 and 104 m2 g-1, respectively. The mechanical effect of ultrasound (microjets and shock waves) during modification 

can be responsible for breakdown of the catalyst support to smaller particles [34]. Thus, a larger surface area is available 

for Fe(OH)3 precipitation during impregnation. Thermal activation at 350 oC had an important part in generating active 

and mesoporous catalysts, where hematite crystals may be produced.  
 

Table 2. Textural features of investigated materials 

Material Surface area, m2 g-1 Micropore volume by HK, cm3 g-1 Mesopore volume by BJH, cm3 g-1 APR, nm TPV, cm3 g-1 

WSH 0.3 not detected 0.001 67.10 0.001 

BC 11 0.004 0.054 9.76 0.056 

Fe-WSH 55 0.022 0.177 6.32 0.174 

Fe-BC 104 0.042 0.425 8.00 0.416 
 

Surface topology was investigated by SEM and the obtained micrographs are presented in Figure 1. WSH has clear 

and well-ordered fibrous hull forms consisting of palisade (the outer epidermal layer of tightly packed macrosclereids) 

and hourglass cells (the hypodermal layer of osteosclereids with expanded ends). These anatomic hull parts are made 

of cellulose, hemicellulose and pectin (insoluble carbohydrates) and they are bound together with lignin [23]. The drastic 

influence of carbonization (Fig. 1b) resulted in a porous, “fluffy” appearance of residual ash. Further, the impregnation 

process (Fe ions incorporation and thermal activation) led to noticeable morphological changes of both WSH and BC 

(Figs 1c and d). A high number of irregularly shaped Fe-doped particles appeared on both materials. These aggregates 

differ in size, where Fe-WSH has generally rough particles of approximately 25 µm in size, while Fe-BC retained similar 

surface characteristics as biocarbon with many smaller particles. Validation of these strong, visual changes in WSH after 

modification can be linked with presented data on the increases in the surface area and mesopore volume (Table 2). 

Elemental composition was quantified by the EDS method (Fig. 2). High O and C content (46 wt.%) in WSH was 

foreseen due to the hull structure (Fig. 1a). Besides, Ca, K and Al (3.6, 3.0 and 1.0 wt.%, respectively) were also detected. 

Increase in K and Ca fractions, and appearance of Mg, Si, P and S in BC are connected to the main carbonization effect, 

destruction of organic matter that is followed by the release of gases, as reported in literature [27]. It is assumed, that this 

is the reason for the decrease in C and O contents after carbonization and thermal treatment in BC, Fe-WSH and Fe-BC 

samples. Moreover, the main impact of impregnation on WSH was replacement of Ca and K with high Fe content 

(66.9 wt.%). The simultaneous processes of Fe-(hydr)oxide transformation and WSH decomposition, led to production of 

a Fe-rich solid catalyst. Further, EDS also indicates successful impregnation of BC samples. The formed Fe-oxide resulted in 

an increase in Fe (19.5 wt.%) and O (38.4 wt.%) contents in Fe-BC. The difference in Fe contents after impregnation can 

relate to the porosity and average pore radius in support materials (Table 2). Namely, Fe diffusion during ultrasound 

impregnation was conditioned by the microporous WSH structure and mesopore enriched structure of BC. Additionally, 

the C percentage has risen to 9.0  wt.% after another thermal treatment of Fe-BC, which may be related to possible char 

production [33]. Ash like composition of Fe-BC (Fig. 1d) is partially preserved (Ca = 25; Mg = 4.0; Al, Si, P and K < 2  wt.%).  
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Fig. 1. SEM micrographs of: a) WSH, b) BC, c) Fe-WSH and d) Fe-BC  

 

 
Fig. 2. Elemental composition by the EDS analysis of all investigated materials  

 

Further confirmation of the WSH structure was obtained by the IR spectrum where the highest intensity band 

(3410 cm-1) represents OH stretching vibrations of cellulose and moisture in the biomass. Also, two peaks at ~2900 cm-1 

are associated with vibrations of CH and CH2 asymmetrical stretching in hemicellulose. The peak at 1739 cm-1 is 

attributed to acetyl ester groups in hemicellulose and/or phenyl ester group between lignin and hemicellulose. Besides, 

the lignin aromatic ring (C=C) stretching is associated with 1645 cm-1 peak and CO stretching of cellulose (1035 cm-1) 
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[26]. Carbonization induced lower BC surface functionality. The most prominent band is assigned to carbonate ion and 

has two peaks at 1460 and 876 cm-1 [35], which is in accordance with the obtained ash like surface (Fig. 1b and Fig. 2). 

When comparing to WSH, the reduction in intensity and small shift of peaks associated with OH (3440 cm-1), CH, CH2 

(2916, 2850 cm-1) and CO stretching (1057 cm-1) are identified. WSH impregnation (Fe-WSH) leads to a significant 

increase in Fe content (Fig. 2) that produced two, strong intensity peaks of characteristic FeO stretching vibration (544, 

453 cm-1). OH (3404 cm-1), C=C (1629 cm-1) and CO (1049 cm-1) vibrations are also present, but as less notable peaks. IR 

spectra of Fe-BC, additionally indicates the increase in the biocarbon yield shown by SEM/EDS, where carbonate ion 

peaks are prominent (1456, 874 cm-1). CO stretching (1054 cm-1) and OH vibrations (3427 cm-1) have a higher intensity 

than the initial support (BC). While comparing impregnated materials, broad, medium intense absorption in the range 

550-400 cm-1 could be assigned to FeO vibration. The difference between Fe-BC and Fe-WSH peak intensity in this IR 

region, further confirm the impregnation process outcome (EDS; Fig. 2). 
 

 
Fig. 3. FTIR spectra of all investigated materials with characteristic functional groups  

 

XRD diffractogram profiles are shown in Figure 4. WSH shows a semicrystalline pattern with one crystalline peak 

(2  = 34.6°) and broad, amorphous humps (2  = 13-25°). Namely, peaks at 2 = 17.3°, 20.5°, 22.3° and 34.6° are typical 

for type I cellulose, which is the most abundant native crystalline polymorph form [24]. With either modification (BC, 

Fe-WSH, Fe-BC), a semicrystalline pattern of WSH becomes crystalline due to the breakage of amorphous hull fractions 

(cellulose, hemicellulose). BC diffractogram shows many peaks, related to CaCO3 (PDF 00-005-0586; 2  = 23.1, 29.4, 

36.1, 39.4, 42.9, 47.4, 48.5 and 60.5°), Al2O3 (PDF 00-010-0173; 2 = 25.9, 35.3 and 41.6) and SiO2 (PDF 00-046-1045; 

2 = 26.5, 40.3 and 50.3°) while the peak with the highest intensity at 27.9° was due to fairchildite mineral (K2Ca(CO3)2; 

PDF 00-900-8300; 2 = 13.2, 19.4, 33.9, 44.4 and 48.1°). Diffraction peaks found after impregnation (Fe-WSH) 

correspond to hematite (PDF 00-033-0664), at angles 2 = 24.2, 33.2, 35.7, 40.9, 49.5, 54.1, 62.7 and 64.0°. The same 

phase was detected in Fe-BC, with a slightly shifted peak (2 = 32.7°), while the rest of the pattern is linked to CaCO3 

already identified as the main phase in carbonized WSH. In our work, both impregnated materials show crystalline 

patterns in contrary to the results reported by Chen et al., [36], where corn husk retained amorphous pattern after 

similar processes. The average Fe2O3 crystal size was 26.2 nm (Fe-WSH) and 23.8 nm (Fe-BC) based on the Scherrer’s 

formula [37], that confirms the thermal transformation of Fe-hydroxide to oxide at 350 oC. 

All applied methods induced significant changes in surface morphology and chemistry after WSH modification. 

According to BET and SEM data, the surface area and porosity significantly expanded, while the other characterization 

methods confirmed the presence of Fe after impregnation. Namely, the retained ash like structure and increased surface 

area of Fe-BC, provide a basis for application of this material in the sorption process. On the other hand, Fe-WSH has 

the potential to be used as a Fenton reaction catalyst due to high Fe content. These assumptions are important for 

subsequent dye solution treatment. 
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Fig. 4. XRD analysis: a) XRD diffractogram of four materials and b) PDF card peak patterns 

3. 2. Application of biocarbon materials in dye decolorization  

In order to understand decolorization of RB4 by the heterogeneous Fenton process using modified soybean hull 

biocarbon samples, control experiments were conducted (Fig. 5). A series of tests were performed at a pH 3 as optimal 

for the Fenton reaction. It is important to indicate that RB4 is anionic in nature in either acidic or alkaline medium [38].  
 

 
Fig. 5. Control experiments (adsorption and oxidation of RB4 dye solution) with the investigated materials.  
Reaction conditions: cRB4 = 50 mg dm-3; VRB4 = 100 cm-3; pH 3; mmaterial = 100 mg; cH2O2 = 10 mM. 
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In both, sorption and Fenton processes, WSH exhibited a moderate RB4 removal, probably due to macroporosity 

and Fe absence. The carbonized material (BC) had the lowest activity, even though it had the increased surface area. 

The presence of Ca, K, Mg, Al (proved by EDS, XRD), may induce the alkaline surface as oxides of these metals are known 

strong bases [36]. After the pH adjustment, significant change in net surface charge is possible and therefore 

electrostatic repulsion of RB4 molecules is occurring. The presented BC nature and absence of transition metals, able 

to initiate the Fenton reaction, are the reason for the obtained RB4 removal of only 10 %.  

In comparison to BC, dye sorption was improved with Fe-WSH and Fe-BC. It is assumed that the higher Fe content 

in Fe-WSH may be associated to the presence of many positively charged sites, able to electrostatically attract RB4 as 

compared to Fe-BC. Since the presence of Fe species was confirmed, the increased activity of impregnated catalysts in 

the Fenton process was not surprising. Namely, 81.3 and 74.7 % dye was removed with Fe-WSH and Fe-BC, respectively. 

The reason is the reaction between ≡Fe2O3 and adsorbed H2O2. Electronic transfer results in the ferric complex 

(≡Fe-OOH2+) formation and its further decomposition to •OOH and ≡Fe2+, that leads to production of desired •OH radicals 

[3, 39]. Additionally, the material stability is also an important factor. Measured Fe leaching varied depending on the 

applied material and type of the process. During the dye sorption test, 0.77 mg dm-3 (Fe-WSH) and 0.64 mg dm-3 (Fe-BC) 

of total Fe was detected in solution due to favored reaction between ≡Fe2O3 and H+ under acidic conditions. In the 

Fenton process, H2O2 decomposition results in higher catalyst stability, where Fe-WSH shows a lower leaching potential 

(0.13 mg dm-3) than Fe-BC (0.39 mg dm-3). 

Given the importance of the efficiency of the material preparation method (required time, energy consumption) and 

the effectiveness of the Fenton process (percentage of the removed dye, catalyst stability), further optimization study 

of RB4 decolorization process was performed with Fe-WSH. 

3. 3. Fe-WSH in the Fenton process – RSM optimization study  

RSM was implemented to optimize A - cH2O2, B - mFe-WSH and C - reaction time to obtain a satisfying RB4 decolorization 

efficiency. The CCD matrix (factorial, central, star points) and removal efficiencies are presented in Table 3. As CCD is used 

for building a second order model, the backward stepwise regression of a quadratic model ( = 0.1) was implemented to 

find a reduced model that best explains the results. Adequacy of the reduced model was tested by the analysis of variance 

(ANOVA) by tests of the significance of regression model with individual model coefficients and lack of fit test.  
 

Table 3. CCD design matrix and experimental results  

Standard 
order 

Run order 
Factor A 

cH2O2 / mM 
Factor B 

mFe-WSH / mg 
Factor C 
t / min 

Efficiency, % 

Actual response Predicted response 

15 1 6.5 75 120 70.7 62.6 

8 2 10.0 100 180 79.5 80.6 

16 3 6.5 75 120 62.5 62.6 

9 4 0.6 75 120 70.5 66.9 

4 5 10.0 100 60 67.0 66.4 

3 6 3.0 100 60 75.3 71.5 

5 7 3.0 50 180 55.7 58.8 

11 8 6.5 33 120 40.1 40.1 

14 9 6.5 75 221 75.9 74.5 

6 10 10.0 50 180 52.0 53.7 

20 11 6.5 75 120 59.9 62.6 

12 12 6.5 117 120 82.1 85.2 

10 13 12.4 75 120 58.8 58.3 

19 14 6.5 75 120 61.4 62.6 

2 15 10.0 50 60 39.8 39.6 

17 16 6.5 75 120 66.8 62.6 

7 17 3.0 100 180 80.4 85.7 

13 18 6.5 75 19 44.0 50.7 

1 19 3.0 50 60 42.3 44.7 

18 20 6.5 75 120 67.6 62.6 
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ANOVA, the fit and model comparison statistics and final equation provided by the backward elimination for 

decolorization prediction (in coded factors) are shown in Table 4. The results show the model significance (p-value <0.05) 

with the main, linear effects of A, B and C, while the two-level interaction and second-order effects are not significant 

(p-value >0.1). p-values for these coefficients were: C2 = 0.1138, B2 = 0.1734, BC = 0.4554, AC = 0.5667, AB = 0.8018 and 

A2 = 0.9213. It was found that both m(Fe-WSH) and reaction time were the most significant factors for the RB4 

decolorization. Obtained R2 value (0.9289) is high, and indicates that the 92.9 % of the data variability is explained by 

the reduced model. Variation of the predicted data shown as the predicted R2 (0.8937) is in good agreement with the 

adjusted R2 (presents variation of the experimental data). High values of R2, adjusted R2 and predicted R2 0.9 also 

indicate validation of the model. Additionally, the adequate precision value measures the range of the predicted data 

to the average prediction error. The desirable signal to noise ratio is larger than 4 with the adequate precision of 26.2 

obtained with the reduced model indicates an adequate signal. 
 

Table 4. ANOVA results for reduced central composite design, fit and model comparison statistics and final equation in terms of 
coded factors 

Source Sum of squares df Mean square F-value p-value  

Model 3232 3 1077 69.67 <0.0001 significant 

A 89.34 1 89.34 5.778 0.0287  

B 2458 1 2458 159.0 <0.0001  

C 684.6 1 684.6 44.27 <0.0001  

Residual 247.4 16 15.46    

Lack of Fit 159.7 11 14.52 0.828 0.6330 not significant 

Pure Error 87.72 5 17.54    

Cor Total 3479 19     

Std. Dev. 3.932  R² 0.9289   

Mean 62.61  Adjusted R² 0.9156   

Coefficient of Variance 6.280  Predicted R² 0.8937   

   Adeq. Precision 26.22   
Decolorization efficiency, % = 62.61 - 2.56 A + 13.42 B + 7.08 C 

 

The main diagnostics plot is the normal probability of residuals (Fig. 6a), which reveals that errors are distributed 

normally and that there is a straight-line pattern of residuals. This finding supports the adequacy of the least-squares 

fit, which indicates the use of the proposed model for heterogeneous Fenton process optimization.  
 

 
Fig 6. Diagnostic plot: a) normal probability vs. externally studentized residuals; Model graph: b) cube plot of predicted 
decolorization efficiency (A-left and right; B-up and down; C-front and back faces) 
 

The cube plot (Fig. 6b) displays the three investigated factors variation outcomes in one place. Axes present three 

factors from in the range from low to high and coordinate points are predicted dye removals of factorial probes (Table 3). 

Oxidant concentration is an important factor for treatment efficacy [3,7,9] and the RSM analysis indicated that the 
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lowest H2O2 concentration was optimal. It is assumed that reaction between 3 mM H2O2 and 100 mg Fe-WSH provided 

an adequate amount of •OH radicals for RB4 decolorization (85.7 %). Higher oxidant amounts reduced the process 

efficiency, due to production of less active hydroperoxylic radicals (•OOH) and H2O [30]. Similar outcome was observed 

in literature [40] in the Fenton reaction between pyrite ash and RB4 dye, where 99.5 % removal was achieved with the 

initial H2O2 concentration of 4 mM. Moreover, the influence of Fe-WSH dose is important and beneficial for dye removal 

by heterogeneous Fenton reaction. Due to the catalyst increased dose and generally high surface area, mesoporosity 

and hematite crystals as active sites, adsorption and catalytic decomposition of H2O2 can occur simultaneously thus 

positively affecting treatment outcome. In a review paper on factors that affect catalytic activity the reaction time was 

stressed as an important parameter for achieving complete dye degradation [10]. Prolonged operation provides 

sufficient time for heterogeneous Fenton reagents to react. The reaction time has a positive and linear effect, where 

RB4 decolorization efficiency increased as the reaction time increased from 19 to 221 min (Table 3).  

Overall, the desired goal of RSM was to optimize the RB4 decolorization efficiency. The predicted removal was 85.7 % 

and desirability function 0.762. The optimal reaction conditions were: 3 mM H2O2, 100 mg Fe-WSH, and reaction time 

of 180 min. The model verification test confirmed good correlation with the observed decolorization efficiency 85.2 % 

(mean value) with low standard deviation (1.8 %) in 5 consecutive runs.  

3. 4. Evolution of RB4 mineralization  

Heterogeneous Fenton optimal conditions were kept constant in the period from 5-180 min for determination of 

the reaction kinetics. Results depicted in Figure 7 show RB4 removal and mineralization, together with methanol •OH 

scavenging and Vibrio fischeri inhibition of the effluent during the reaction.  
 

 
Fig. 7. Kinetics of RB4 oxidation: a) heterogeneous Fenton process performance and b) effluent acute toxicity on V. fischeri bacteria. 
Reaction conditions: cRB4=50 mg dm-3; VRB4=100 cm3; pH 3; mmaterial=100 mg; cH2O2 = 3 mM 
 

The highest rise in RB4 decolorization efficiency was detected in the first 15 min (from 46.6 to 61.4 %) with an inten-

sifying effect up to 100 min (Fig. 7a). Reduction of Fe3+ by H2O2 happens during Fenton reaction initiation steps [11], which 

induces production •OH radicals. In the period from 100 to 180 min the reaction rate is slower and proceeds at a steady 

level, which is common for heterogeneous Fenton reaction propagation and termination steps. Dye mineralization had a 

similar trend, where TOC removal increases over the period up to 80 min, while afterwards the reaction proceeds slowly 

(66.8 %). The difference in observed RB4 decolorization and mineralization is due to different reaction pathways. Additi-

onally, dye sorption was generally steady and in the range from 35.1 to 49.3 %, pointing to the significance of the Fenton 

reaction. When methanol was added as an •OH scavenger, 50 % lower efficacy was obtained in the first 30 min. As the 

reaction proceeds, it is suspected that new radical species are formed [41], which further affect dye decolorization. The 
•OH radical scavenging test was also implemented to determine •OH radicals presence after 15 min, as it was assumed that 

the highest amount of radical species arises at that time. The identified capacity of 79.6 %, additionally confirms the Fenton 

reaction. 

Finally, the acute toxicity test on V. fischeri bacteria was conducted (Fig. 7b) for all samples in the determined time 

range. The starting inhibition of the RB4 solution was 57.9 % (white point in the graph). The inhibition curve shows that 

RB4 intermediates are the most toxic in the first phase of the reaction (90.2 % up to 45 min). Afterwards, inhibition 
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greatly decreases to 22.4 % (180 min), thus presenting low toxicity to the non-selective bacteria. In a previous work [6], 

RB4 effluent after the Fenton process induced high toxicity (>95 %) due to detected polycyclic hydrocarbons and 

compounds that contained Cl atoms as degradation intermediates. It is assumed that similar compounds (with the 

inhibitory potential) are formed in the first 60 min, while during further reaction these compounds are degraded thus 

ensuring the sufficient effluent quality. 

Under the optimal heterogeneous Fenton reaction conditions RB4 degradation products were analyzed by the GC-

MS technique and detected compounds are presented in Table 5. Cyclic hydrocarbons, phthalates, organic acids and its 

esters, an organonitrogen compound, phenols and alcohols were identified by the NIST and AMDIS databases. It can be 

seen that the initial oxidation product of RB4 dye (1-amino-9,10-anthracenedione) was not found, which may be the 

evidence of molecule chromophore degradation by •OH radicals to phthalates, phenols and organic acids [2,42]. Also, 

triazine compounds were not found, thus confirming dye mineralization during the reaction time. 
 

Table 5. GC-MS list of degradation products 

Retention time, min CAS number Compound Name Molecular formula 

5.63 91203 Naphthalene C10H8 

8.58 112425 1-Undecanol C11H24O 

9.07 96764 Phenol, 2,4-bis(1,1-dimethylethyl)- C14H22O 

9.38 90437 o-Hydroxybiphenyl C12H10O 

15.2 36653824 1-Hexadecanol C16H34O 

16.8 84695 1,2-Benzenedicarboxylic acid, bis(2-methylpropyl) ester C16H22O4 

19.5 84742 Dibutyl phthalate C16H22O4 

19.7 57103 n-Hexadecanoic acid C16H32O2 

23.7 129000 Pyrene C16H10 

24.3 112629 9-Octadecenoic acid (Z)-, methyl ester C19H36O2 

30.3 117817 Bis(2-ethylhexyl) phthalate C24H38O4 

33.5 0 l-Proline, N-methoxycarbonyl-, heptadecyl ester C24H45NO4 

3. 5. Fe-WSH reusability  

Fe-WSH stability is expressed as a content of leached Fe. Under the optimal Fenton reaction conditions and during 

the first 60 min, only 0.11 mg Fe dm-3 was detected in the aqueous phase. Until 180 min, 0.13 mg dm-3 in total was 

leached amounting to only 0.02 % of the total Fe amount in the system (66.9 mg Fe for 100 mg Fe-WSH, value obtained 

according to EDS analysis; Fig. 2), thus providing an insight in the high catalyst stability.  

Additionally, a reusability test was performed (Fig. 8).  
 

 
Fig. 8. Fe-WSH reusability test 
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The Fe-WSH activity loss over 5 runs was 12 % (1st = 85.7; 5th = 75.5 %), while the total Fe leaching was constant (up 

to 0.15 mg dm-3). These results suggest that the catalyst has high physical-chemical stability. The reason for the observed 

efficiency reduction is due to possible adsorption of the dye and its intermediates, which were not completely removed 

by washing with DI water and at low temperature treatment. All presented results indicate that Fe-WSH is appropriate 

for effective synthetic dye degradation with long-term stability in acidic conditions. 

4. CONCLUSION 

In the present work, waste soybean hulls (WSH) were investigated as a Fe-support in two forms: raw and carbonized 

in order to contribute to agricultural solid waste value-addition. Facile ultrasound improved impregnation was 

implemented in order to produce heterogeneous Fenton catalyst for dye degradation. Characterization of the initial and 

obtained materials demonstrated increase in the specific surface area due to decomposition of WSH constituents during 

carbonization in order to obtain biocarbon (BC) and during further thermal activation and impregnation to obtain Fe-

enriched materials (i.e. Fe-WSH and Fe-BC), thus producing catalysts with high mesoporosity and hematite as active 

sites for Fenton reaction. Among the investigated materials, BC could be used as an adsorbent in alkaline media, while 

Fe-WSH showed greater ability for •OH production in acidic conditions. Next, the heterogeneous Fenton reaction 

conditions were optimized by using the RSM and CCD experiment design. The following reaction conditions were 

indicated by the reduced model: 3 mM H2O2, 100 mg Fe-WSH and the reaction time of 180 min, at constant pH 3, the 

RB4 concentration of 50 mg dm-3 and at room temperature. The achieved dye removal and mineralization were 85.7 

and 66.8 %, respectively, while the Fe-WSH catalyst showed high stability and reaction intermediates formed during the 

oxidation process had a low inhibitory effect on Vibrio fischeri bacteria. Lower oxidant demand and the possibilities for 

the catalyst reuse make the treatment more economical. For future use of the heterogeneous Fenton process in 

industrial wastewater treatment it is important to achieve the environmentally safe effluent with low toxicity and 

organic and inorganic loads. Likewise, cascading use of waste-originating catalysts (in wastewater treatment, 

construction, agriculture, etc.) should be enforced in design of circular economy systems. 
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Primena impregnisanog biouglja proizvedenog iz sojinih ljuspica u procesu obezbojavanja boje 

Aleksandra Kulić Mandić, Milena Bečelić-Tomin, Gordana Pucar Milidrag, Milena Rašeta i Đurđa Kerkez 

Prirodno-matematički fakultet, Univerzitet u Novom Sadu, Departman za hemiju, biohemiju i zaštitu životne sredine, 21000 Novi 
Sad, Srbija 

(Naučni rad) 

U cilju moguće valorizacije, otpadne sojine ljuspice (engl. waste soybean hulls, OSLj) 
su ispitivane kao nosači jona Fe, u dve različite forme: sirovoj i karbonizovanoj (engl. 
biocarbon, BU). Impregnacija jonima Fe(III) je implementirana radi sinteze 
heterogenih Fenton katalizatora (Fe-OSLj i Fe-BU) za obezbojavanje vodenog 
rastvora Reactive Blue 4 (RB4) boje. Karakterizacija materijala je pokazala porast 
specifične površine zbog dekompozicije konstituenata OSLj tokom karbonizacije 
(prilikom dobijanja BU) i termalne aktivacije (prilikom dobijanja Fe-OSLj i Fe-BU), 
gde su dobijeni katalizatori visoke mezoporoznosti sa hematitom kao aktivnom 
fazom za odvijanje Fentonove reakcije. Među pripremljenim materijalima, Fe-OSLj 
je pokazao značajnu sposobnost produkcije •OH radikala u kiseloj sredini. Dalje, 
optimizacija heterogenog Fenton procesa je izvedena primenom metodologije 
odzivnih površina (engl. Respose Surface Methodology, RSM), gde su redukovanim 
modelom izdvojeni sledeći uslovi reakcije: 3 mM H2O2, 100 mg Fe-OSLj, vreme 
reakcije od 180 min, pri konstantnim vrednostima pH = 3, koncentracije boje od 
50 mg RB4 dm-3 i na sobnoj temperaturi. Postignuto je 88,7% i 66,8% obezbojavanja 
i mineralizacije RB4 boje, redom; Fe-OSLj je pokazao veliku stabilnost, a reakcioni 
intermedijeri formirani tokom oksidacionog procesa su imali nizak inhibitorni efekat 
na Vibrio fischeri bakterije. 
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