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Graphical Abstract 

 

 

Highlights 

 

 The optimized conditions for the granulation of biomass-based carbon were studied  

 Carbon combined with metakaolin, CaO and NaOH produced stable composite granules  
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 The most stable composites were tested in catalytic wet peroxide oxidation of BPA  

 The catalytic activity of composites was higher than powdered carbon raw material  

 Catalytic activity is based on surface functionality and basicity of composites  

 

 

Abstract 

The wet granulation process was used to prepare new, efficient, and cost-effective granular 

biomass-based composite catalysts for catalytic wet peroxide oxidation (CWPO) of bisphenol 

A (BPA). The most stable composite granules was prepared by mixing biomass-based carbon 

residue (CR) with metakaolin (MK) combined with calcium oxide (CaO) or cement and a 

solvent (NaOH or KOH). For all the prepared composite granules, the optimized binding agents 

to carbon ratio was 0.3, the solvent to carbon ratio 1.2, and the agitation rate 1200 rpm. The 

specific surface area of the prepared catalysts was 152–205 m2/g. The composite granular 

catalyst (CR+MK+CaO+NaOH) had the most durable and stable structure (compressive 

strength of 27 N) and the most basic surface (15 mmol/g) measured with temperature 

programmed desorption. This catalyst was the most active in CWPO of BPA and total organic 

carbon removal of 50% and 48%, respectively. 

Keywords  

Biomass, Granular activated carbon, wastewater purification, Composite catalyst, Oxidation of 

bisphenol A 

1 Introduction 

Carbon materials, such as granular activated carbon (GAC), have been used in heterogeneous 

catalysis as a support material and as a catalyst material on their own [1-6]. Commercial GAC 

has been acknowledged as an excellent material for removing low-solubility contaminants 

(such as phenolic compounds from wastewater) [4, 5, 7], but a major disadvantage is the high 

price. In contrast, the utilization of waste biomass residues, such as seeds [8, 9], wood [10, 11], 

and fruit stones [12, 13], in activated carbon has become very popular for several reasons: the 

unwanted waste can be used as value-added materials (e.g., catalysts), waste is typically 

inexpensive and comes from renewable sources. To enhance these materials to have similar or 

even better characteristics than their commercial counterparts is preferred [14]. Using granules 

instead of powder has many advantages: The production with an uniform composition, 

separation from the liquid phase after use, ease of reuse and regeneration, the improved flow 

properties and lack of dust problems [15-17]. These advantages are the main motivations to 

develop porous, stable, and eco-friendly biomass-based granular composite catalyst materials 

for water purification.  

Structuring materials in the form of granules is not new, but limited open scientific research 

has been published. Depending on the characteristics of the raw material, GAC can be produced 

directly, from hard raw materials (e.g., nutshells and grape seeds) [8, 18, 19], or indirectly, 

from low-hardness raw materials (e.g. wood) using adequate binders [20-22]. Typically, 

inorganic binders (e.g. alumina, cement, silica, and clay) or organic binders (e.g. starch and 

sugar) improve the mechanical strength and the porosity of the material [20-23]. However, the 
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use of cement is not always desired as its production emits a high amount of CO2 and consumes 

a lot of energy whereas organic binders might leach out in use [23]. The so-called pozzolanic 

binder materials (i.e., siliceous and aluminous materials like metakaolin) are highly reactive 

materials [24]. Metakaolin has also been used as a heterogeneous catalyst material [25, 26] and 

as an adsorbent [27]. The versatility of metakaolin arises from its high strength and resistance 

to high temperatures and chemicals [28], which, in turn, are the result of the material’s 

structure: a three-dimensional network of AlO4 and SiO4 tetrahedral units connected by oxygen 

corners. Therefore, to form stable granular composites with the necessary strength, metakaolin 

could be combined with biomass-based waste material. To obtain high catalytic activity in a 

catalytic wet peroxide oxidation (CWPO), it is imperative that the structural and textural 

properties of GAC are suitable. The heterogeneous surface chemistry of carbon materials has 

been long acknowledged; the active surface sites are capable of chemisorbing the reactants and 

forming surface intermediates of adequate strength [29-31]. Furthermore, the surface chemistry 

can be tailored. The basic surface groups, such as the π-electron system of the basal planes and 

quinone type structures, and the basicity of the reaction media have shown a positive effect 

toward the catalytic performances in CWPO, by enhancing the decomposition of H2O2 [12, 

32]. Use of alkaline earth metal oxides, such as calcium oxide (CaO), could bring basic, highly 

reactive species (O2-) on the carbon surface [33], which, in turn, readily react with water, for 

example, to generate hydroxide ions to the reaction media, therefore, providing the basic 

environment for the CWPO reaction. Moreover, CaO is commonly used in the preparation of 

cementless materials, as CaO has been shown to greatly enhance the dissolution of 

aluminosilicates, such as metakaolin, which, in turn, results in higher strength [34].  

In this study, new biomass-based granular composite materials were prepared by combining 

waste biomass residues, metakaolin, and CaO with either NaOH or KOH to obtain 

mechanically strong and catalytically active materials. For comparison, composite materials 

with cement were also prepared. The optimal conditions for the wet granulation process of 

biomass-based carbon were analyzed to identify its possible use as an ecological granular 

composite catalyst material for CWPO of BPA. The composites were characterized using 

several techniques, e.g. temperature programmed desorption (TPD), diffuse reflectance 

infrared radiation Fourier transform spectroscopy (DRIFTS) and X-ray photoelectron 

spectroscopy (XPS). 

2 Experimental 

2.1 Materials 

The studied biomass-based materials were willow carbon (CW) carbonized at around 400-500 

℃ (material obtained from a Finnish company, pilot-scale willow-carbon production process) 

and carbon residue (CR, a mixture of pine and birch tree) formed in the biomass gasification 

process at around 1000 °C. The binders used were commercial cement (Finnsementti, including 

Portland cement 65–79%, blast furnace slag 0–25%, and limestone 6–15%), CaO (Riedel-de-

Haën), and metakaolin (Aquaminerals Finland Ltd., including Al2O3 40.3%, SiO2 53.1%, K2O 

2.72%, and Fe2O3 1.89% [35]), and solvents 5 M potassium hydroxide (Merck) or 5 M sodium 

hydroxide (Merck). The HCl (FF-Chemicals) and NaOH (FF-Chemicals) solutions used for 

Boehm titrations were standard titration solutions, whereas NaHCO3 (Merck), Na2CO3 (100%, 

VWR Chemicals), bisphenol A (Sigma-Aldrich), H2O2 (30% w/w, Merck), H2SO4 (J.T. Baker), 

and NaCl (VWR Chemicals) were reagent grade. The carbon and binder materials were in 

powder form (particle size < 150 µm). 
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2.2 Pretreatment of carbon materials  

Before the experiments, the willow carbon and carbon residue were washed with a 1 N solution 

of HCl:H2SO4 for 24 h by using a liquid to solid ratio of 10 (W/W). The samples were filtered 

and washed with distilled water using a liquid to solid ratio of 40 (W/W) for 1 h. Also, materials 

that were not acid washed, named CW 4 and CR4, were used for the granulation. After washing 

several times with distilled water until neutral pH. The samples were filtered and dried 

overnight at 105 °C before granulation.  

 

2.3 Preparation of the carbon composite granules  

The wet granulation process was conducted using a rotary drum granulator (Eirich laboratory 

EL1). The combination of the binding agents mixed with the carbon as well as solvent and the 

nomenclature are presented in Table 1. The carbon material and binding agents were weighed, 

mixed, and put in the granulation mixer. The solvent was added gradually to obtain an effective 

wetting. The agitation rate was 1200 rpm.  

2.4 Studying the stability and mechanical strength of the composite granules 

The stability of the composite granules was studied at 20 °C in water without mixing and with 

mixing (300 rpm) overnight. Then the composite granules were put in water and heated until 

boiling. The most stable composite granules were then studied in water in CWPO reaction 

conditions, at 50 °C for 3 h (500–700 rpm). Mechanical strength tests were run using the Zwick 

Z100 Roell testing machine with TestXpert II software on day 1, 7, and 28 after preparation. 

The composite granules were stored in closed bottles at room temperature. A granule diameter 

of 3–4 mm (sieved) was used. The composite granule was loaded under a constant deformation 

rate of 0.01 mm/s. From each batch, 10 granules were studied, and the average compressive 

strengths were calculated. Before the characterization and oxidation experiments, the stable 

granules were calcined under nitrogen gas flow (2 L/min) for 5 h at 280 °C. 

2.5 Characterization 

2.5.1 Ultimate analysis, morphological structure, and N2 adsorption-desorption 

The metal content of the CR and composite granules was measured with inductively coupled 

plasma optical emission spectroscopy (ICP-OES, Perkin Elmer Optima 5300 DV), and the 

elemental analysis of the samples was carried out in a Flash 2000 organic elemental analyzer 

(Thermo Scientific with Eager Xperience software) to determine the C and O content in a 

stream of pure O2 and He, respectively. The surface morphology of the samples was 

investigated using a Zeiss ULTRA plus field emission scanning electron microscopy (FESEM) 

combined with energy-dispersive X-ray spectroscopy (EDS) for the element analysis. The 

porosity of the samples was determined from nitrogen adsorption-desorption isotherms at the 

temperature of liquid nitrogen (–196 °C), using a Micromeritics ASAP 2020 (Norcross). The 

specific surface areas and the pore volumes were calculated using Brunauer-Emmett-Teller 

(BET) and Barrett-Joyner-Halenda (BJH) equations [36], and the pore size distribution was 

calculated using density functional theory (DFT) [37].  

2.5.2 Boehm titration 
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The content of probable acidic surface functional groups of the prepared composite granules 

was determined with Boehm titration [38]. Base solutions of NaHCO3, Na2CO3, and NaOH 

(0.05 M) were prepared in deionized water. 25 mL of the base solutions were added to 0.15 g 

of granules in 50 mL polyethylene flasks, placed on a laboratory shaker at room temperature 

for 48 h. Samples were filtrated and 10 mL aliquots of the filtrate were acidified with the 0.05 

M HCl solution. For the neutralization of NaOH and NaHCO3, 20 mL of HCl was used, 

whereas for Na2CO3, 30 mL of HCl was used for the neutralization. All samples were then 

titrated with the 0.05 M NaOH solution, and the endpoint at pH 7 was determined 

potentiometrically. Surface functional groups were quantified by assuming that NaOH 

neutralizes carboxylic, lactonic, and phenolic groups, Na2CO3 neutralizes carboxylic and 

lactonic groups, and NaHCO3 neutralizes only carboxylic groups. 

2.5.3 pH and point of zero charge measurement 

The pH of the materials (0.15 g) was determined in water suspension (12.5 mL) after heating 

at 90 °C and then cooling to room temperature. The so-called pH drift method was used to 

determine the bulk total surface charge (pHpzc) [39]. The 0.001 M NaCl solution was first 

bubbled with nitrogen, and then the deoxygenized solution (50 mL) was combined with 0.15 g 

of materials. After that, the pH of the aqueous suspension was adjusted between 2 and 14, and 

the suspensions were stirred for 48 h. Then the final pH was measured. The pHpzc was 

determined at the value where pHfinal intercepted pHinitial. 

2.5.4 Temperature programmed desorption 

The basicity of the s materials was measured with TPD of CO2 with an AutoChem II 2920 

device. Before the CO2 TPD analysis, the sample was flushed with H2 (30 mL/min) from room 

temperature to 550 °C at 10 °C/min for 30 min, cooled to 50 °C, and flushed with Ar at 50 

mL/min for 5 min. The 5% CO2/Ar (50 mL/min) was adsorbed at 50 °C for 60 min, and then 

the physisorbed CO2 was flushed with Ar (50 mL/min) at 50 °C for 30 min. The 

thermodesorption of CO2 was performed with Ar (50 mL/min) from 50 °C to 950 °C and left 

for 10 min at this temperature. The temperature rate for CO2 TPD was 10 °C/min. 

2.5.5 X-ray diffraction 

The crystalline phase identification of the materials was studied using XRD (PANalytical 

X’Pert Pro) with the monochromatic Cu Kα1 (λ=1.5406 Å) at 45 kV and 40 mA with a scan 

speed of 0.02 degrees/s and 2θ ranging from 10° to 80°. The diffractograms were compared to 

the Powder Diffraction File standards from the International Centre for Diffraction DATA 

(ICDD). 

2.5.6 Spectroscopic measurements 

The surface functional groups of the samples were studied with DRIFTS (Brüker PMA 50 

Vertex 80V) at room temperature in ambient atmosphere. Samples were diluted with KBr 

(1:100). The sample chamber was purged with nitrogen (100 mL/min). The spectra were 

recorded in the range of 4000–400 1/cm. XPS was recorded with an ESCALAB 250 Xi XPS 

System (Thermo Fisher Scientific). The X-ray excitation was provided by a monochromatic Al 

Kα (1486.6 eV) source. The C, O, Ca, Al, Si, Na, and K contents were measured for all samples. 

The measurement data was analyzed with the Thermo Avantage program. Charge 
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compensation of the binding energies (BEs) was performed by applying the C1s line at 284.8 

eV as a reference.  

2.6 Catalytic studies 

The preliminary catalytic wet peroxide oxidation experiments of BPA aqueous solution (60 

mg/L) were performed for the most stable composite granules (catalyst diameter < 2 mm). The 

initial pH of the medium was found between 9 and 11 for the granules and between 5 and 6.5 

for CR, and the catalyst loading was kept constant at 1 g/L. The amount of hydrogen peroxide 

needed for complete mineralization of the organic carbon was estimated to be 5.6 times the 

mass ratio of H2O2/BPA (Eq. 1): 

 𝐶15𝐻16𝑂2 + 36 𝐻2𝑂2  → 15 𝐶𝑂2 + 44 𝐻2𝑂.                 (1) 

 

The oxidation reaction was carried out in water bath in a three-necked 500 mL round bottom 

flask, equipped with a magnetic stirrer and a reflux condenser. The powdered carbon residue 

or granular composite catalyst (1 g/L) was introduced into 160 mL of an aqueous BPA solution 

(60 mg/L) under continuous stirring. The experiments were run at 50 °C and the initial pH for 

3 h. After the temperature was stabilized, a solution of 0.15% H2O2 was added to the reactor, 

which was taken as the starting point of the reaction (t = 0). H2O2 was added during the 

experiment in doses (1.5 g/L) with the stoichiometric amount of the H2O2/BPA. Samples were 

taken periodically and filtered through 0.45 μm filter paper. The dissolved oxygen content and 

the pH (Hach Lange HQ40d portable meter, LDO and pH probes) were investigated during the 

experiment. The possible adsorption of BPA on the catalyst surface was studied using the same 

reaction conditions but without the addition of the oxidizing agent, H2O2. The activity was 

followed by measurement of the total organic carbon (TOC). 

2.6.1 Stability tests 

The stability of the catalytically most active granular composite catalyst was further studied 

with CWPO experiments conducted in two consecutive runs. The catalyst was recovered with 

hot filtration from the solution after the catalytic experiment, washed with distilled water and 

dried at 105 °C overnight, and then tested again in the same reaction conditions. 

2.6.2 Analytical methods 

The concentration of BPA was detected with high-pressure liquid chromatography (HPLC) 

equipped with an ultraviolet-visible (UV-VIS) detector, using a 226 nm wavelength (Shimadzu 

SPD-10A). A mixture of 0.1% trifluoroacetic acid (TFA) in water and 0.1% TFA in methanol 

was used as the eluent (flow rate 0.4 mL/min), and the compounds were separated with the 

SunFireTM C18 5 m 2.1 × 100 mm column, operated at a temperature of 30 °C. Mineralization 

of the TOC was measured in the BPA samples by using the Skalar FormacsHT Total Organic 

Carbon/Total Nitrogen analyzer. The amount of possible leached metals (Ca and Al) after the 

oxidation reactions was detected with ICP-OES (Perkin Elmer Optima 5300 DV). 

3 Result and Discussion 

The goal of the research was first, to study the preparation of mechanically stable materials, 

second, to learn in more detail the characteristics of the as-prepared materials, and third, to 

study the activity of these materials in CWAO of BPA.  
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3.1 Stability and mechanical strength of the composite granules 

The surface porosity and mechanical strength are summarized in Table 2 with comparison of 

acid washed CR. The specific surface area (SSA) of the composite granules decreased when 

compared to the powder CR. The SSA was relatively high with no major difference between 

granules. CR2 and CR4 were found to be mainly micro- and mesoporous whereas CR3 also 

had some macroporosity, which is probably due to the formation of hydration products. The 

different porosity profile of CR3 might also be the reason for the lower mechanical strength as 

the strength of the granules depends not only on the attractive forces between the particles and 

the porosity but also of the size of the largest pores [23]. 

 

Only carbon residue samples were stable due to the structural difference between CR and 

willow carbon. However, one composite granule prepared from carbon residue, sample CR1, 

did not pass the stability test. CR1 was prepared by combining acid washed carbon residue, 

CaO, and metakaolin using KOH as the solvent. Sample CR2, prepared in a similar way except 

the solvent used was NaOH passed the stability tests. Similar results have been found in other 

studies [40, 41], that a higher extent of metakaolin affects to the stability and mechanical 

strength when the NaOH solution is used instead of the KOH solution. The latter is known to 

increase gel formation by association with aluminosilicate anions whereas sodium cations 

increase amorphous phase dissolution by association with silicate monomers [42].  

The other stable composite granules, CR3 and CR4, were prepared by mixing acid washed 

carbon residue or carbon residue without acid washing, metakaolin, and cement with KOH or 

NaOH, respectively. The stability, in this case, is most likely due to the cement that contributes 

to the strength probably by space-filling as the hydration reactions take place. Moreover, during 

these reactions, the increase in the areas of contact between the particles leads to a reduction 

of porosity [23]. The optimal mixing time varied so that the fastest granulation (700 s) was 

obtained when carbon residue, cement, and metakaolin were mixed with KOH (CR3) whereas 

obtaining granules CR2 and CR4 with NaOH solvent took 300 sec longer. The longer 

granulation time led to larger granules. The amount of solvent was also tested, and it was found 

that the optimal solvent to carbon ratio was 1.2. Higher amounts of solvent resulted in 

deformation of the granule. For all the tested composite granules, the compressive strength 

increased with the time indicating that longer curing time promotes strength. However, the 

most stable and durable structure was obtained when acid washed carbon residue was mixed 

with CaO, metakaolin, and NaOH (CR2). The strength enhancement is probably due to the 

formation of calcium carbonate (CaCO3), which forms via reactions 2 and 3 [43]: 

𝐶𝑎𝑂 + 𝐻2𝑂 → 𝐶𝑎(𝑂𝐻)2                   (2) 

𝐶𝑎(𝑂𝐻)2 + 𝐶𝑂2  → 𝐶𝑎𝐶𝑂3 +  𝐻2𝑂                  (3) 

However, metakaolin, is highly reactive [44] and can further react with Ca(OH)2 (Eq. 2) 

forming, for example, calcium silicate hydrate gel and calcium aluminate silicate hydrate [45] 

resulting in increased strength. When NaOH is used, the mechanically strong product typically 

formed with metakaolin in general form is 2SiO2·Al2O3·Na2O·2H2O [46]. XRD measurement 

was conducted to study possible hydration products. Results showed mostly similar structures 

for all the composite granular samples that can explain the different stabilities observed earlier 

(Table 2). However, as the samples were a mixture of four different components rather than 
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two, the expected changes were found in these complex phases when compared to others’ 

research [45, 46]. Moreover, as the materials used were amorphous or semi-amorphous, it is 

known that the hydration products do not have very clear diffraction peaks but rather a “hump” 

that can be found between 20° and 30° 2θ [47-49]. In addition, the overlapping of peaks 

between hydrated and anhydrous compounds is likely. Fig. 1 shows as an example the X-ray 

diffractograms of CR, CR2, and CR3, where the “hump” can be seen between 20° and 30° 2θ.  

The crystalline phases shown in this figure are identified as Al2(SO4)(OH)4·3H2O (JCPDS: 00-

059-0397), SiO2 (JCPDS: 01-070-2517), K2SO4 (JCPDS: 00-005-0613), CaCO3 (JCPDS: 01-

078-3262), Ca4Al2(CO3)(OH)12(H2O)5 (JCPDS: 04-011-4223), and Na2CO3 (JCPDS: 04-009-

8633). For all of the samples, at least five reflections were detected. The first four crystalline 

phases mentioned were found from composite CR3, and the last two, as well as silicon oxide, 

were found from composite CR2. Only the CaSO4 (JCPDS: 00-045-0157) crystalline phase 

was detected from CR. The observed difference between the crystalline signals of these two 

composite samples was expected as the binders used were different; that is, CR3 included 

cement, a mixture of Portland cement and blast furnace slag. As the results show, the composite 

materials were mostly carbonate-based hydration products, which together with the possible 

amorphous materials are expected to result in increasing strength in these samples, supporting 

the results from the mechanical strength test. For CR4, the results were similar those for CR2 

and CR3 (data not shown). 

3.2 Characterizations of the stable composite granules 

3.2.1 Elemental analysis and morphology of the samples 

The most stable materials were further characterized by elemental analyzer (C and O) and ICP-

OES to evaluate their catalytic properties. Table S3 shows that agglomeration with binders 

introduced higher mineral content in all the composite granules (CR2 to CR4), such as oxygen 

(11–15%) and calcium (14–18%), with little Al (about 2%), Na (about 0–6%), K (about 1–

9%), S (about 0–2%), and Si (about 3–4%). All the elemental contents within the composite 

granules were very similar, and the observed differences, such as in the amounts of sodium and 

potassium, between the samples were directly related to the different preparation methods used. 

Compared to the composite granules, CR contained the highest amount of carbon (75%) and 

the lowest heteroatom content: about 4% of oxygen, about 2% of sulfur and less than 1% 

altogether of Ca, Al, Na, K, Si, and Fe.  

The FESEM images on the surface of CR and CR4 are presented in Fig. 2, and they were in 

good agreement with ICP-OES. The layered, quite homogenous structure of CR (Fig. 2 a) and 

the heterogeneous surface of the CR4 samples (Fig. 2 b) occupied with metal particles (< 1 

µm) can be clearly seen. 

3.2.2 Surface functional groups, basicity, and pHpzc 

One of the main aims of this work was to study the relationship between the surface group 

characteristics and their influences on oxidizing BPA in CWPO. Therefore, TPD, Boehm 

titration, pH, and pHpzc were studied, and the results are presented in Table 4.  
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The granules had more basic than acidic characteristics as the carbon residue was mixed with 

basic salt (CaO) and amphoteric/semi-amphoteric substances (metakaolin and cement). 

Moreover, the XRD results indicated basic components, such as carbonates, on the surface of 

CR2 to CR4. The basicity of the materials was studied with TPD measurement under carbon 

dioxide gas in the temperature range of 50 °C to 950 °C (Fig. 3). 

All composite granules exhibited very high CO2 adsorption capacity (about 10–15 mmol/g), 

with a broad desorption band found between 600 °C and 700 °C that is related to CO2 desorbed 

from strong basic sites [50, 51]. Compared to CR (desorption band maxima found around 800 

°C), the composite granules exhibited more than 5 to 7 times higher uptake of CO2. The basicity 

of the composite granules was depicted as arising mostly from the hydration products, 

described in section 3.1. Other oxygen-containing functionalities, such as chromene, pyrone, 

and quinones, have also been recognized to result in basicity of carbon materials [52-54]. 

However, the contribution of these functionalities is not yet fully understood [30, 33, 38, 53]. 

Based on these results, it was obvious that the composite granules had a basic surface, but CR 

also had some basic properties. The basicity of the samples decreased in the order CR2 > CR3 

> CR4 > CR. 

The variation in the number of acidic surface groups was determined with Boehm titrations 

that were found to support the interpretations arising from the TPD analysis (Table 4). Within 

the composite granules, the lowest number of acidic groups detected were found from CR2, 

which corresponds well with the highest amount of basicity detected by TPD. The results 

showed that the granulation treatment decreased the acidity as the composite granules had 

fewer acidic groups than CR. All the composite granules contained mainly lactonic groups, but 

for CR3, carboxylic groups were also detected. However, none of the composite granules 

contained phenolic groups. Compared to the composite granules, the surface of CR consisted 

similarly of lactonic groups, but carboxylic and phenolic groups were also detected. The 

difference in the acidic surface group content between the composite granules and CR was 

expected, as the composite granules contained basic/amphoteric binder agents and 

approximately 30% less carbon material than CR. However, Boehm titration has been shown 

to account only for 50% of the total oxygen content of carbon, and therefore, this method might 

result in misestimated values of the total surface chemical groups [38, 55]. The pHpzc values 

were quite similar between the granules, and the values were higher than those detected from 

CR (Table 4). Similarly to pHpzc, the pH values were observed to be higher in the composite 

granules than in CR, confirming the high basic nature of the materials. To summarize, the TPD, 

Boehm titration, pH, and pHpzc results were in good agreement with the XRD results, 

confirming the higher basic characteristics of the composite granules compared to CR, which 

presumably could be beneficial for the CWPO reaction of BPA [12, 53].  

3.2.3 Spectroscopic studies 

DRIFT spectra were used to qualitatively identify the effects of the prepared granule treatment 

on the carbon surface structure. For this purpose, the spectrum of acid washed CR was used as 

a reference. The spectra were recorded between 4000 and 400 cm–1. In all samples, broad peaks 

at around 3400–3500 cm–1 and 2300 cm–1 were detected which are typically assigned as 

stretching of the O-H bond of the surface hydroxyl groups and carbon dioxide, respectively 

(data not shown) [56]. As can be seen in Fig. 4, the highest intensity bands belong to the 

prepared composite granules, and the lowest intensity bands are in the CR, indicating that CR 

has fewer groups on the surface than composite granules CR2 to CR4. All the composite 

granules showed similar characteristics differing mainly only by the intensity level detected. 
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The composite granules retained some characteristic functional groups of the starting material; 

the peak around 1150 cm–1 was the strongest based on intensity. A broad band in granules at 

around 900–1150 cm–1, with the maximum centered at 1000 cm–1, and 1075–1250 cm–1 

(maximum at 1150 cm–1) in CR, has been assigned to C-O stretching in acids, alcohols, 

phenols, and esters, as well as C-O-C symmetric stretching in chromene, pyrones, and ether 

structures [57-60]. In addition, amorphous silica, which was detected with XRD in every 

composite granule (Fig. 1), having peaked typically around 1000–1100 cm–1 [56, 61], could be 

assigned within this 900–1150 cm–1 range. However, bands in this region are difficult to assign 

due to the overlapping of broad bands. The strong band at 1450 cm–1 observed in the spectrum 

of the composite granules can be assigned to the carbonates and O-H bending band. However, 

the XRD results showed that the granules were found to contain carbonate species (Fig. 1), no 

phenols were detected with Boehm titration (Table 4), and in the CR spectrum, no peak was 

observed in this region. Therefore, it was proposed that this peak corresponds to carbonates. In 

addition, these results confirmed the results of the elemental (Table S3) and EDS analysis that 

more oxygen-containing groups were introduced on the surface during the granulation process. 

Based on the intensity, at 1000 cm–1 the order of the highest peaks for the composite granules 

is CR2 > CR4 > CR3, whereas at 1450 cm–1 the order is CR4 > CR3 > CR2. The bands below 

880 cm–1 are typical of deformation vibrations of C-H groups (out-of-plane) in benzene 

structures [56, 60].  

XPS measurement was conducted to study the chemical structure of different samples in more 

detail. The following surface carbon species were considered: aromatics and aliphatics, single 

C-O/C-O-C bonds, double C=O/O-C=O bonds, and 𝜋 − 𝜋∗ in aromatic ring or carbonate. Four 

oxygen groups, carbonyl or quinone oxygen (C=O), lactonic oxygen or anhydride oxygen (C-

O-C), and carboxyl oxygen (COOH) and adsorbed water, were identified. Table 5 and Table 6 

show the binding energies and atomic abundances obtained from the C1s and O1s fittings [46, 

59, 62, 63].  

The granulation treatment significantly altered the surface chemistry of composite granules 

when compared to the CR, but within the composite granules, the changes were not as drastic 

but at the same level. A similar trend was also observed earlier with DRIFTS (Fig. 3). The 

atomic composition data in Table 5 indicate that within the composite granules the C-O, C-O-

C, and C=O/O-C=O content is lowest whereas there are more aromatics, aliphatics, and 

carbonates. C=O and O-C=O bonds can be presented as surface carbonyl, carboxylic groups, 

or pyrone structures [55]. Carboxyl groups were also found for CR and CR3 with Boehm 

titration (Table 4), whereas according to the DRIFTS results, no carbonyl or carboxyl acid was 

detected from any of the samples. This might be due to the different preparation methods as 

before the DRIFTS measurement, the powdered carbon must be diluted with KBr, which might 

have an effect on the detection limit. In addition, when complex samples are used, analysis 

with infrared becomes more difficult because each band may include contributions from 

different groups. In contrast, in the case of CR2 and CR4, no carboxyl acids were detected with 

Boehm titration (Table 4). This could be due to the narrower pore size (Table 2) detected from 

CR2 and CR4 that may hinder the titration of chemical groups detected elsewhere [64]. 

However, the changes between the samples observed in the O1s fitting (Table 6) showed that 

the relative amount of oxygen increased significantly in granules when compared to CR, that 

is, from 7.4% on CR to 40.3% on CR2, to 40.3% on CR3, and to 36.9% on CR4, a result 

supported very well by DRIFTS (Fig. 4; broad peaks around 900–1200 cm–1 and 1350–1550 

cm–1). These results are consistent with the elemental analysis (Table S3) results. Within the 

granules, CR2 and CR4 present similar surface characteristics (Table 5 and Table 6). Moreover, 
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the possibly identified lactonic groups from the O1s fitting support the information gained 

previously from Boehm titration (Table 4) where mainly these groups exist in all samples.   

It was expected that during the curing and hardening of the composite granules, new bonds 

would form between the carbon material and the binders. Therefore, aluminum, silica, calcium, 

and potassium XPS 2p spectra and the sodium XPS 1s spectrum were measured from the 

composite samples. All the metals showed strong peaks in the XPS scan. The lowest atomic 

abundance found for all the materials was calcium (1.1–1.9%), and the highest amounts for 

sodium (10.4–10.7% for CR2 and CR4), silica (5.3–8.9%), and aluminum (2.7–6.0%) species. 

CR3 had the highest number of different metal oxygen species on its surface, whereas the 

content in the CR2 and CR4 samples were found to be lower and at a similar level, supporting 

again the previous results from elemental analysis and ICP-OES (Table S3). The binding 

energies may be associated with the following chemical species: 74.7–75.7 eV, Al2O3 and/or 

Al(OH)3 [65, 66]; 102.8–103.6 eV, Al2Si2O5(OH)4 [67] and/or SiO2 [68]; 347.5–348.3 eV, 

CaCO3 [69]; 1073.3–1073.7 eV, Na2O [70, 71]; and 293.8 eV, CH3COOK [72]. However, the 

atomic abundances for these possible metal-oxygen complexes is low when compared to the 

amounts of carbon or oxygen detected. Therefore, catalytically active sites are not believed to 

be diminished due to these complexes. The alkaline reaction conditions have been shown to be 

beneficial in the CWPO reaction, and metal-oxygen complexes may create the basic 

environment needed for efficient decomposition of H2O2 [12]. Fig. 5 shows, as an example, the 

fittings of Al2p (BE 74.7 eV), Si2p (BE 102.8 eV), and Ca2p3 (BE 347.5 eV) and Ca2p1 

spectra of sample CR3. 

To conclude, the granulation produces strong changes in the surface chemistry of composite 

granules when compared to CR. The most significant changes introduced by the granulation 

treatment are the development of possible metal-oxygen and oxygen functionalities, such as 

calcium carbonates, aluminum oxides, and the chromene type of structures that supports the 

observed basicity of the carbon surface.  

3.3 Catalytic wet peroxide oxidation studies 

Principal aim was to prepare granular composite catalyst materials with sufficient mechanical 

strength. The more specific objective was to investigate the surface properties of the catalysts 

to understand the functionality of the surface and catalytic activity. Therefore, preliminary 

oxidation experiments were run, and the catalytic activity of the prepared materials was studied 

on BPA oxidation under CWPO experiments. Before the catalytic studies, the adsorption of 

BPA was checked (60 mg/L BPA was stirred with 1 g/L catalyst at 50 °C for 3 h) for all the 

materials. The conversion of BPA and TOC achieved with each sample upon CWPO after 3 h 

reaction time is given in Fig. 6. 

Based on the adsorption results, the adsorption of the catalysts toward BPA decreased in the 

order CR > CR4 > CR3 > CR2, varying from 99% to 14%. All granular composite catalysts 

yielded significantly lower adsorption when compared to CR. The adsorption of BPA onto the 

materials is mainly related to the specific surface area of the samples (Table 2), as well as the 

pH of the reaction media. The high SSA, and porosity (especially macroporosity), was found 

to favor the removal of BPA by adsorption (CR and CR4). However, the pH of the reaction 

media is also known to affect the adsorption process [73]. At pH 6.2–5.4, the surface of CR is 

negatively charged (pH > pHpzc, Table 4) resulting from the dissociation of the carboxylic, 

phenolic, and lactonic groups detected with Boehm titration, and should not favor adsorption 

of BPA as BPA is in molecule form below pH 8 [74]. Therefore, the adsorption of BPA onto 
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CR cannot be controlled only by the electrostatic interactions. The adsorption of phenolic 

compounds has been shown to be partly physical and partly chemical [75]. For example, 

hydrophobic 𝜋 − 𝜋 interactions have been shown to increase BPA adsorption [74]. For the 

composite granules, the surface was found to be positively charged as the pH of the solution 

was lower than the zero point charge (Table 4), presumably resulting from the possible pyrone 

or chromene type of oxygen complexes on the surface (detected with XPS and DRIFTS; see 

section 3.2.3). Under these reaction conditions (pH > 8), BPA is in the deprotonated form 

(bisphenolate anion), thus favoring the electrostatic interaction [74]. However, relatively little 

adsorption was discovered. The lower adsorption can be partly explained by the lower SSA of 

the granules. In addition, the oxygen content on the surface of the composite granules was 

significantly higher compared to CR, which has been shown to decrease carbon hydrophobicity 

as the water molecules from the solution are bound to these surface oxygen species, thus 

reducing the accessibility of the BPA entry into the pores of carbon [75, 76]. 

All the composite catalysts showed similar BPA conversion (about 58–65%), but when 

adsorption was included, the best catalytic activity in terms of the BPA (about 50%) and TOC 

(about 48%) conversions was found when the CR2 catalyst was used. Based on the TPD results 

(Table 4), CR2 had the highest basicity observed compared to CR3 and CR4. Moreover, the 

CR2 catalyst had the lowest number of acidic surface oxygen groups (i.e., lactones) based on 

the Boehm titration results (Table 4) when compared to the other two catalysts. The basic 

surface characteristics in particular were observed to have a positive effect on the catalytic 

performances of the carbon materials in CWPO as basic sites act as active sites for faster 

catalytic decomposition of H2O2 during the CWPO process, whereas acidic sites inhibit the 

reaction [2, 12, 32, 77]. Moreover, other researchers [12] have shown that basic conditions are 

favored either in the reaction media or on the carbon surface. During the oxidation reaction, 

the pH of the reaction media for all the granules was at a similar level, varying between 9.7 

and 10.7. The dissolved oxygen content was also investigated, and within the first hour of the 

reaction, the amount of dissolved oxygen dropped rapidly (about 10 mg O2/L → 7.5 mg O2/L), 

and then the level stabilized to 7.5–8.5 mg O2/L, indicating that H2O2 was decomposed 

completely, and no excess oxygen was available. Therefore, as there were no statistically 

significant differences in the pH or dissolved oxygen levels between the granular composite 

catalysts, these results indicate that the possible higher amounts of basic functionalities, such 

as chromene and pyrone detected with DRIFTS and XPS (section 3.2.3), on the surface of CR2 

led to more efficient BPA and TOC conversions.  

CR4 catalyst was found to be as active a catalyst as CR2 with TOC conversion (48%). 

However, adsorption of BPA was found to be twice as high into CR4 (31%) than into CR2 

(14%). The difference in adsorption capacity presumably originates from the higher SSA found 

on CR4. The lower TOC conversion (29%) observed for the CR3 catalyst might result from its 

slightly different porosity profile (Table 2) as wider pores have been shown to reduce the 

decomposition of H2O2 [12]. Moreover, CR3 had more acidic groups on its surface than the 

CR2 and CR4 catalysts (Table 4), which have been shown to hinder H2O2 decomposition by 

suppressing the dissociation of H2O2  [2, 12, 77].  

For CR, the pH level during the reaction was different. The pH was more acidic compared to 

the basic conditions found with the granules; nevertheless, the pH level remained quite stable, 

varying between 6.2 and 5.4, whereas similarly to the granules, the dissolved oxygen level at 

first dropped from 9.9 mg O2/L to 6.6 mg O2/L after 1 h reaction time after which the level 

started to rise again ending up at 7 mg O2/L. According to the TPD, XPS, and DRIFTS (Table 

4 and section 3.2.3) results, CR had the lowest basicity detected. Therefore, as shown in Fig. 
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6, it can be concluded that the reaction was mainly governed by adsorption and not by 

oxidation. 

According to the TOC measurements of the final samples, the formation of by-products during 

the oxidation reaction cannot be neglected, as the removal of organic compounds was not as 

high as the abatement of BPA during CWPO of BPA (Fig. 6). For example, CR2 catalyst, the 

BPA conversion was 65% and the TOC conversion was 48% while the theoretical TOC 

conversion should have been higher than 80%. One possible explanation for the low TOC 

conversion could be the batch-type reactor used in this study, which has been reported to result 

in a higher concentration of intermediate products [78].  

3.3.1 Stability and leaching studies 

The stability of CR2 after two consecutive CWPO experiments is summarized in Fig. 7. In the 

absence of H2O2, the BPA conversion was around 10% after 3 h, in contrast to the BPA and 

TOC conversions (first run) of around 47% and 50%, respectively. When CR2 was reused, its 

catalytic activity was found to be even higher than in the first run. The BPA and TOC 

conversions were approximately 10% higher than during the first run, indicating that no 

significant catalyst deactivation occurred. Moreover, the reaction occurred significantly faster 

during the second run. Presumably, the higher catalytic activity during the second run could 

partly have been due to the immobilized and concentrated BPA species filled inside the pores 

of the CR2, left from the first run, that were more efficiently oxidized than the BPA species 

from the more dilute solution. As the nonselective hydroxyl radical (·OH), formed via H2O2 

decomposition, is close to the high concentration target organics near the carbon surface, it has 

been shown to favor high transformation efficiency and faster reaction kinetics than in Fenton 

oxidation in dilute aqueous systems [79]. Similar results have been presented elsewhere [5, 6]. 

The small dip in the TOC conversion on the second run observed between the measurement 

points of 120 and 180 min was related to the temporary reduction of the H2O2 concentration as 

the final dose of H2O2 was added at 120 min. However, as can be seen from Fig. 7, after the 

dip at 150 min, the TOC conversion level started to rise again, indicating there were enough 

reactive species left in the reaction. 

The leaching of all the granules during the oxidation reactions was examined, and the possible 

leached metals (Ca and Al) were measured with ICP-OES. Calcium leached about 2 mg/L, but 

the aluminum concentration were found to be higher and to vary more, from 5 to 9 mg/L. From 

the point of view of catalytic activity, these metals are not active in CWPO, and therefore, the 

homogeneous catalysis can be neglected. The stability was also studied with the mass loss 

during the reaction, and the mass loss was found to be quite stable. However, approximately 

30% of the catalyst weight was lost during the oxidation reaction.  

To summarize catalytic studies, CR2, a granular composite catalyst prepared by combining 

acid washed carbon residue, metakaolin, and CaO with NaOH, was found to be the most 

catalytically active catalyst material in CWPO of BPA with the TOC and BPA conversions. 

The two other granular composite catalysts, CR3 and CR4, were prepared using acid washed 

carbon residue or carbon residue that was not acid washed, cement, metakaolin, and either 

KOH or NaOH, respectively. According to the TOC conversion, CR4 was nearly as active as 

CR2 whereas CR3 showed significantly lower catalytic activity. The difference between the 

catalytic activity of the granular composite catalysts was presumably mainly due to the 

different surface functionalities as the pH during the reaction was similar within the catalyst 

materials. In the case of CR, the oxidation reaction was found to be negligible, and the reaction 
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favored adsorption instead. From the point of view of the stability of the catalyst materials, it 

was found that the materials leached some metals, but also part of the material weight was lost 

due to the breakage of the granules.  

4 Conclusion 

Biomass-based carbon was granulated together with binder materials (metakaolin, cement, and 

CaO) at room temperature to produce porous and stable composite materials for catalytic water 

phase applications. The prepared composites were mechanically strong with porous structure. 

All the composites were found to be highly basic, containing only a few acidic functional 

groups detected with Boehm titration. The granulation process increased the oxygen species 

on the surface of the composite catalysts. All these findings were found to result positively 

toward CWPO. Preliminary results from the oxidation experiments indicated that the 

composite catalysts, even without impregnation of an active metal (e.g., Fe or Mn) on the 

catalyst surface, were active in the removal of BPA from aqueous solution, and approximately 

25–50% abatement was achieved after the 3 h CWPO reaction. The most catalytically active 

composite catalyst, CR2, was prepared by combining acid washed carbon residue, metakaolin, 

and CaO with NaOH. This catalyst had the highest mechanical strength and basicity and the 

lowest concentration of acidic surface groups, carbonates, and metal-oxygen complexes. 

Characteristics were assumed to be the reason for the highest catalytic activity obtained with 

the CR2 material. To conclude, mechanically strong composite materials can be produced by 

combining biomass-based wood wastes with non-cementous materials, such as metakaolin. 

New granulated biomass-based carbon composite materials may be a promising technology for 

catalytic water treatment processes.  
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Figure captions 

 

Fig. 1. Comparing X-ray diffractograms of CR, CR2 and CR3. Symbols are related to following 

compounds: x CaSO4; = Al2(SO4)(OH)4·3H2O; * SiO2; ¤ K2SO4; + CaCO3; # 

Ca4Al2(CO3)(OH)12(H2O)5; ! Na2CO3. 

 

Fig. 2. FESEM images of CR (a) and CR4 (b) (magnification x 3000). 

 

Fig. 3. Temperature programmed desorption of CO2 patterns of CR and CR2-CR4 samples. 
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Fig. 4. DRIFTS spectra for acid washed carbon residue (CR) and granular composite catalysts 

(CR2- CR4) at 550-1700 cm-1. 
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Fig. 5. XPS patterns of Al2p, Si2p and Ca2p of sample CR3. 

ACCEPTED M
ANUSCRIP

T



24 
 

 

Fig. 6. Bisphenol A removal and TOC conversion after 3 h reaction (Reaction conditions: 

c(BPA)=60 mg/L, c(H2O2) = 1.5 g/L, c(catalyst) = 1 g/L, T = 50 ℃, initial pH for CR 5- 6.5, 

for CR2- CR4 pH 9-11). 

 

Fig. 7. BPA and TOC conversion of bisphenol A as a function of time of reaction (Reaction 

conditions: c(BPA)=60 mg/L, c(H2O2) = 1.5 g/L, c(catalyst) = 1 g/L, T = 50 ℃, initial pH 9-

11) of granular composite catalyst CR2. The reused CR2 was filtered after first CWPO 

reaction, and prior to the second run, washed with deionized water and dried at 105 ℃ 

overnight.  
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Table 

 

Table 1. Combinations used in granulating experiments of willow carbon (CW) and carbon 

residue (CR). 

Sample Binding agents (1:1)* Solvent (5 M)* Mixing time (s) 

CW 1 CaO + Metakaolin KOH 700 

CW 2 CaO + Metakaolin NaOH 600 

CW 3 Cement + Metakaolin KOH 500 

CW 4 Cement + Metakaolin NaOH 500 

CR1 CaO + Metakaolin KOH 700 

CR2 CaO + Metakaolin NaOH 1000 

CR3 Cement + Metakaolin KOH 700 

CR4 Cement + Metakaolin NaOH 1000 
*For all the granulations, the optimum binding agent to carbon ratio was 0.3 and the solvent to carbon ratio 1.2. 

 

Table 2. Characteristics for the stable composite granules. 

 

Table 4. Basicity and the surface chemical characteristics of CR and CR2-CR4 samples. 
 

 

Table 5. XPS C1s spectra of CR and CR2- CR4. Binding energies and relative atomic 

contents. 

Sample 

Binding energy (eV) and the atomic abundance (%) 

284.7-284.8 285.6-286.7 287.3-288.6 290-291.3 

Aromatics and 

aliphatics 

C-O, C-O-

C  

C=O, O-

C=O 

𝜋 − 𝜋∗ in aromatic 

ring/carbonate, CO2 

CR 51.7 25.9 7.10 6.40 

CR2 26.2 2.66 2.57 5.93 

Sample SSA Pore 

size 

Total 

pore 

volume 

Micro Meso Macro Mechanical 

Strength (N) 

Solvent Mixing 

time 

(m2/g) (nm) (cm3/g) Porosity (%) 1 7 28(d) (5 M) (s) 

CR 537 3.71 0.262 56 44 1 - - - - - 

CR2 166 4.02 0.098 44 55 1 13 17 28 NaOH 1000 

CR3 152 5.51 0.089 43 42 15 9 15 20 KOH 700 

CR4 205 4.02 0.105 52 46 2 13 14 22 NaOH 1000 

Sample 

Basicity The surface oxygen groups by Boehm’s 

titration 
pHpzc pH 

CO2 

uptake 

Carboxylic 

groups 

Lactonic 

groups 

Phenolic 

groups 

 mmol/g mmol/g mmol/g mmol/g   

CR 2.140 1.860 2.950 0.142 4.51 8.17 

CR2 14.90 0.000 0.140 0.000 12.1 10.7 

CR3 12.70 0.810 0.152 0.000 11.8 9.77 

CR4 10.90 0.000 0.318 0.000 12.3 10.3 
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CR3 30.3 1.34 0.72 1.97 

CR4 32.4 2.11 2.27 4.88 

 

Table 6. O1s XPS O1s spectra of CR and CR2- CR4. Binding energies and relative atomic 

contents. 

Sample 

Binding energy (eV) and the atomic abundance (%) 

531.4-531.8 532.3-533 533.5-535.5 536.3-537.5 

C=O, O-C=O C-O, C-O-C COOH H2O 

CR 1.63 4.27 1.11 0.34 

CR2 9.27 22.5 6.95 1.56 

CR3 27.9 10.1 4.7 - 

CR4 8.67 21.9 5.67 1.63 
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