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15 

ABSTRACT 16 

The study proposed the use of ZSM-5/CaO as a catalyst to simultaneously improve the quality of 17 

pyrolytic products and reduce pollutants emission during the pyrolysis of hydrogen-deficient 18 

biomass, specifically cabbage waste (CW). Variables such as pyrolysis temperature and catalysts, 19 

including 5% ZSM-5, 5% CaO and 10% ZSM-5/CaO, significantly affected biomass conversion, 20 

yield, and products composition. Thermogravimetric-Fourier transform infrared spectroscopy 21 

(TG-FTIR) analysis shows that the catalysts (5% ZSM-5, 5% CaO and 10% ZSM-5/CaO) reduced 22 

pollutants emission and increased value-added chemicals production by 24.96%, 28.5%, 17.39% 23 

and 75.04%, 71.5%, 82.1%, respectively compared to non-catalytic process as 34.18% and 24 

65.82%. Moreover, these catalysts enhanced the relative yield of olefins, aromatics, and phenols 25 

to 23.5, 21.6, 27.6% for 5wt.%ZSM-5; 20.8, 18.7, 23.3% for 5wt.%CaO; 30.7, 38.6, 41.3% for 26 

10wt.%ZSM-5/CaO, compared to the non-catalytic process' yield of 15.7, 10.7, 19.3%. Py/GC-27 

MS analysis confirms that these catalysts also decreased PAH and oxygenates production to 13.5, 28 

15.3% for 5wt.%ZSM-5; 11.8, 9.1% for 5wt.%CaO; 5.2, 4.7% for 10wt.%ZSM-5/CaO, in contrast 29 

to the non-catalytic process' 26.2, 28.7%. This confirms the synergistic effect of ZSM-5/CaO for 30 

upgrading bio-based chemicals and reducing pollutants emission.  31 
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1. Introduction34 

Pyrolysis is considered as a promising strategy to convert biomass into value-added 35 

chemicals and reduce the environmental impact of fossil fuels [1]. However, low hydrogen 36 

contents of biomass results in bio-oil production with undesirable properties such as significant 37 

water contents, high viscosity, poor ignition, corrosiveness, low energy density, thermal instability, 38 

and higher oxygen contents, which also lead to pollutants emission [2]. Various techniques such 39 

as esterification, reactive distillation and hydroprocessing, are commonly applied to upgrade bio-40 

oil. However, while these methods enhance the oil's quality, they also increase production cost and 41 

ultimately, lower the overall energy proficiency, challenging their economic viability [3]. In this 42 

context, catalytic pyrolysis can be a potentially superior technique for upgrading oil's quality and 43 

simultaneously, reducing pollutants emission [4]. The energy conversion efficiency of catalytic 44 

pyrolysis surpasses other upgrading methods, mainly because it eliminates condensation steps and 45 

energy-intensive re-evaporation [5]. Therefore, catalytic pyrolysis offers an advanced approach to 46 

enhance bio-oil's quality and reduce pollutants emission.  47 

To enhance efficiency of catalytic pyrolysis, it is important to optimize the process 48 

temperature and design the catalyst in favor of high-quality oil production. The zeolite ZSM-5 49 

plays a essential role in biomass conversion to aromatic hydrocarbons, due to its specific pore 50 

structure and distinct acidity [6]. Various studies have shown that ZSM-5 significantly promotes 51 

olefins and aromatics production [7], attributed to its steric hindrance, specific pore structure and 52 

catalytic activity [8,9]. However, ZSM-5's strong acidity leads to the production of polycyclic 53 

aromatic hydrocarbons (PAHs), which are undesirable due to their environmental implications and 54 
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carcinogenic properties [10]. To mitigate these challenges, calcium oxide (CaO) has been observed 55 

as an alternative catalyst because of its affordability, basicity, non-toxicity, and CO2 absorption 56 

potential [11]. CaO promotes the conversion of acids into hydrocarbon compounds via 57 

decarboxylation reactions [12]. Additionally, CaO removes oxygenates in the form of CO, CO2, 58 

and H2O, and ultimately, enhances oil's stability [13,14]. Importantly, CaO favors aldol 59 

condensation and ketonization, marking it as an promising catalyst in this domain [15,16].  60 

Cabbage is an essential vegetable worldwide, yet despite its widespread use, approximately 61 

30% of the harvested cabbage is discarded. This waste, predominantly generated in canteens and 62 

supermarkets, constitutes a significant biomass resource. Improper management of cabbage waste 63 

(CW) can lead to environmental issues, such as groundwater contamination, bacterial proliferation, 64 

and unpleasant odors [17]. Although CW has been utilized to produce energy and chemicals via 65 

pyrolysis [18,19], its low hydrogen content limits its effectiveness in producing value-added fuels 66 

and chemicals [20]. 67 

The study of biomass decomposition is essential for advancing thermochemical conversion 68 

technologies. Despite extensive research on biomass and catalytic pyrolysis, the impact of ZSM-5 69 

and CaO blends on hydrogen-deficient biomass (H-DB), such as cabbage waste biomass pyrolytic 70 

behavior, is yet to be explored. Thermogravimetric analysis (TGA), a method used to measure 71 

weight loss during thermal decomposition, is crucial for modeling pyrolysis [21]. However, for a 72 

comprehensive analysis of volatiles produced during pyrolysis, TGA should be integrated with 73 

Fourier Transform Infrared (FTIR) spectroscopy [22]. Despite its limitations, the combination of 74 

Py/GC-MS and TG-FTIR can provide enhanced accuracy in pyrolysis gas measurements [23]. 75 

In this study, we examine the thermal characteristics of H-DB pyrolysis under the influence 76 

of ZSM-5, CaO, and ZSM-5/CaO catalysts as well as different heating rates (20°C/min, 30°C/min, 77 
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40°C/min, and 50°C/min), as determined by TGA. Furthermore, we also investigate the catalytic 78 

pyrolysis process of H-DB using ZSM-5, CaO, and ZSM-5/CaO catalysts through TG-FTIR and 79 

Py-GC/MS. This evaluation considers various aspects: (2) thermal decomposition behaviors; (2) 80 

product types and their relative yields; and (3) the effect of catalytic pyrolysis on the chemical 81 

composition of bio-oil. 82 

The specific objectives of this study are to: 83 

 evaluates the effectiveness of ZSM-5, CaO, and their combination (ZSM-5/CaO) in84 

thermal decomposition of hydrogen-deficient biomass such as CW.85 

 explores the potential synergistic effects between CaO and ZSM-5 to improve biomass86 

conversion and reduce residue.87 

 optimize the reaction temperature and investigate the release patterns of volatile88 

compounds by TG-FTIR.89 

 Examine products composition produced over CaO/ZSM-5 catalyst using Py/GC-MS90 

2. MATERIALS AND METHODS91 

2.1 Samples and catalysts preparation 92 

In this experiment, hydrogen-deficient biomass (H-DB) i.e., cabbage waste (CW) was obtained 93 

from a local producer in Suzhou, China. The CW was dried at 105°C for 24 hours, ground into a 94 

100-mesh (~250 µm) powder, and stored in a desiccator for future use. The preparation involved95 

mixing 5 g of ZSM-5 zeolite with 100 mL distilled water, adding 5 g of nano-CaO gradually with 96 

stirring, and sonicating for 30 minutes. The mixture was dried at 80°C for 12 hours and calcined 97 

at 600°C for 3 hours. Proximate and ultimate analysis were performed according to methods 98 

reported in a previous study [18]. LECO CHNS-932 analyzer was used for ultimate analysis. 99 
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proximate analysis was achieved using ASTM procedures, Moreover, the volatile matters and ash 100 

contents were calculated using ASTM standard procedure D5142-09.  Finally, three distinct 101 

samples with varying weight ratios to biomass were prepared: 5wt.%ZSM-5, 5wt.%CaO, and 102 

10wt.%ZSM-5/CaO. 103 

2.2 Thermogravimetric analysis (TGA) 104 

The thermogravimetric analysis used an SDT Q600 instrument, heating 5-10 mg samples 105 

at 800°C under nitrogen for 10 minutes. Subsequently, oxygen was introduced at 5 mL/min to 106 

oxidize remaining solids. A constant nitrogen flow of 80 mL/min was maintained for all varying 107 

conditions (20, 30, 40, and 50°C/min). Each sample revealed three comparable TG curves, 108 

exhibiting a maximum of 1% uncertainty in the final conversion during CW pyrolysis. 109 

2.3 Biomass conversion  110 

The catalytic pyrolysis process generates volatile products, which can be quantified using 111 

thermogravimetric (TG) data through Equation (1) for weight basis calculations and Equation (2) 112 

for solid residue assessments. 113 

Conversion (%) = 
𝑚𝑠−𝑚𝑟

𝑚𝑠
x100    Eq. (1)       114 

where ms, mr — mass of sample and solid residue (fixed carbon, ash and catalyst) 115 

116 

Solid residue (char, coke) %= 100% - (conversion of biomass% + ash%)      Eq. (2) 117 

2.4 TG-FTIR analysis  118 

A thermal analyzer (SDT Q600 instrument) combined with an infrared spectrometer 119 

(Bruker Tensor 27 FTIR) was used to identify gases released during pyrolysis. Samples were 120 

heated from room temperature to 750°C at 20°C/min in a nitrogen atmosphere, flowing at 80 121 

mL/min. To avoid secondary reactions and gas condensation, gas cells and transfer pipes were 122 
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maintained at 200°C. FTIR detection of evolved products provided IR spectra with 1cm-1 123 

resolution in the 4000–400 cm-1 range. 124 

2.5 Py/GC-MS Analysis 125 

The GC/MS (Agilent 7890B-5977A) was utilized to analyze chemical compounds yields 126 

during pyrolysis performed at 500°C. A 4 ± 0.1 mg sample was placed in a 2 cm quartz tube and 127 

heated via a platinum filament. Fast pyrolysis performed in a pure nitrogen atmosphere, and 128 

products entered the GC inlet. Chromatographic separation employed a metal capillary column, 129 

with adjusted temperatures. The ion source temperature was set at 230°C, and the scan range was 130 

33-500 m/z. Peak areas of pyrolysis products were determined using the NIST library and relevant131 

reports. 132 

3. RESULTS AND DISCUSSION133 

The ultimate and proximate analysis of CW is listed in Table 1.  The higher volatile matter contents 134 

of CW at 73.61% than other biomasses [24–26] indicates its potential for producing liquid and 135 

gaseous products through pyrolysis. With a moisture content of 6.77%, 136 

Table 1. Ultimate and proximate analysis of CW. 137 

138 

139 

140 

141 

142 

Proximate analysis (wt.%) 

Ash 5.01 

Moisture 6.77 

Volatile matter 73.61 

Fixed carbon 14.71 

Ultimate analysis (wt.%) 

Carbon 53.88 

Hydrogen 4.23 

Oxygen 37.17 

Sulfur 2.71 

Nitrogen 2.01 
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CW meets the industrial standard for pyrolysis, which requires a moisture content below 10% 143 

for optimal product quality and energy efficiency [27]. The ash content of CW is relatively low at 144 

5.01%, reducing the risks of agglomeration, fouling, and slagging, and facilitating mass and heat 145 

transfer during pyrolysis [28]. The high carbon content of CW (53.88%) suggests its capability to 146 

yield high-quality biochar suitable for catalytic applications [29]. The low nitrogen (N) and sulfur 147 

(S) contents, at 2.01% and 2.71% respectively, contribute to the environmental benefits of CW by148 

minimizing the emissions of toxic gases such as SOx and NOx [30]. Higher oxygen contents (37.17 149 

%) of CW are linked to the oxygen-rich functional groups presence in its structure (see FTIR 150 

analysis in Fig. S1). However, CW's lower hydrogen content compared to other biomasses (see 151 

Table 2) may limit its use in bio-based chemicals and fuel production and could lead to increased 152 

emissions during thermochemical conversion.  153 

Table 2: Comparison of hydrogen contents of CW with previously reported biomasses. 154 

155 

156 

157 

158 

159 

160 

161 

To address this, we proposed catalytic pyrolysis using ZSM-5/CaO to enhance the quality of 162 

pyrolytic products and reduce pollutant emissions. This approach ensures the efficient utilization 163 

of CW in energy and chemical production while maintaining eco-friendly practices. 164 

Biomass H (wt.%) References 
Cabbage waste 4.23 Present study 

Rice husks 6.62 [40] 

Oat straw 6.16 [40] 

olive husks 6.96 [41] 

pinewood 6.40 [41] 

willow, SRC 5.54 [42] 
Banana peel 5.67 [43] 

Pine bark 5.90 [44] 

Wheat straw 6.11 [44] 

olive residue 6.82 [42] 
Beech wood 5.42 [45] 

Pine needles 7.08 [46] 

Pinewood sawdust 6.06 [47] 

Mango peel 5.17 [29] 
Douglas fir 6.91 [48] 

Pine sawdust 6.04 [49] 

Twigs 5.88 [50] 

Empty Fruit Bunches 6.31 [51]
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3.1 Effect of catalysts on the thermal degradation and product relative yield of CW.  165 

Fig. 1(a&b) shows the thermogravimetric (TG) and derivative thermogravimetric (DTG) 166 

curves for cabbage waste (CW) with and without catalysts, using a 20°C min-1 heating rate and an 167 

80 mL/min flow rate. CW's thermal degradation occurs in three main phases.  168 

 169 

Fig. 1. Effect of ZSM-5, CaO and ZSM-5/CaO on (a) TGA analysis (b) DTG analysis and (c) 170 

Biomass conversion and residue formation. 171 

The first phase (30-115°C) is due to moisture evaporation; the second phase (140-410°C) 172 

involves the breakdown of hemicellulose, cellulose, starch, lignin, and protein through various 173 

chemical reactions. The last phase (425-800°C) involves pyrolysis of remaining components [31]. 174 

The non-catalytic inflection point (maximum weight loss rate) is 213.7°C; with catalysts, it lowers 175 

to 201.5°C, 193.8°C, and 176.3°C for 5wt.%ZSM-5, 5wt.%CaO, and 10wt.%ZSM-5/CaO, 176 

respectively (Fig. 1b). The TG and DTG curves for 5wt.%ZSM-5 pyrolysis is similar, but 177 
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5wt.%CaO catalysts differ from non-catalytic pyrolysis. As shown in Fig. 1a, two additional stages 178 

occur due to CaO in the CW pyrolysis process and this suggests that cellulose and hemicellulose 179 

decomposition primarily happen below 400°C. In the second stage, CaO absorbs released CO2, 180 

delaying mass reduction compared to pure CW pyrolysis. The fourth stage takes place above 181 

500°C, with CaCO3 decomposing into CaO and CO2, causing a rapid weight decrease and a small 182 

peak. The generated CO2 reacts with biochar at relatively high temperatures, enhancing biomass 183 

conversion [32]. The impact of catalysts on the yield of volatile products and solid residue is 184 

demonstrated in Fig. 1c. It reveals that the yield of volatile products and solid residue for non-185 

catalytic pyrolysis is 74.08% and 25.92%, respectively. The conversion of CW exhibited an 186 

increase from 74.08% to 77.15%, 82.87%, 85.08%, while the residue decreased from 20.91% to 187 

17.85%, 12.22%, and 9.91% with the addition of 5wt.%ZSM-5, 5wt.%CaO, and 10wt.%ZSM-188 

5/CaO, respectively. The results suggest that 10wt.%ZSM-5/CaO, when used as a catalyst, 189 

promoted the production of volatile substances with a peak rate of 85.05% and reduced residue 190 

formation to 9.91%, making it an ideal candidate for biomass pyrolysis.  191 

The sample's temperature change during pyrolysis can be determined using TG-FTIR 192 

analysis. FTIR data can also predict gas constituents and their relative yield [33]. Ultimately, 193 

relative yield of these evolved gases was calculated by integrating the FTIR profile at different 194 

temperature and different mass ratio of catalyst. The specific wavenumber of the volatiles (value-195 

added chemicals and pollutants) used to examine their releasing pattern and ascertain their 196 

production during CW pyrolysis process is given in Table 3. 197 

198 

199 

200 
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Table 3. Specific wavenumbers of evolved volatiles for FTIR analysis from CW pyrolysis [31,52–201 

55]. 202 

 203 

 204 

 205 

 206 

 207 

 208 

 209 

The FTIR spectra of evolved gaseous products during non-catalytic pyrolysis is presented 210 

In Fig. S2. While, to optimize temperature for examining the catalyst's impact on the nature and 211 

relative yield of pyrolytic products, the gaseous products' FTIR spectra at 400, 500, and 600°C 212 

were selected and examined (Fig. 2a). During pyrolysis, a clear inverse correlation exists between 213 

non-condensable (pollutants) and condensable (value-added) volatiles. As the former's rises, the 214 

latter's decreases, especially noticeable at temperatures of 400°C, 500°C, and 600°C (Fig. 2b). The 215 

optimal balance, with the lowest relative yield of non-condensable gases and the highest of 216 

condensable gases, occurs at 500°C. In Fig. 2c, it can be observed that temperature significantly 217 

impacts the relative yield of pollutant components and value-added volatile components. The 218 

presence of alkenes and olefins in condensable volatiles indicates potential for bioenergy and bio-219 

based chemicals production. Alkene derivatives, benzene and toluene, have high heating values 220 

(HHVs) of 49.9 and 41.8 MJkg-1 respectively comparable to conventional fuels with respective 221 

HHVs of 47.3 and 44.8 MJkg-1 [34]. D-limonene, a common olefin component, has diverse 222 

applications, enhancing its value as a bio-chemical. Non-condensable volatiles, such as CO2, CH4, 223 

CO, SO2, SO, NO, NH3, significantly impact global climate change, posing challenges to 224 

Chemical compounds Wavenumber (cm-1) 

Non-condensable volatiles (pollutants) 

CO2 2306 

CH4 2937 

SO2 1342 

CO 2179 

NO 1762 

NH3 987 

Condensable volatiles (value-added) 

Aldehyde 1797 

Acids 1289 

Olefins 1643 

Aromatics) 1510 

Alcohols 1156 

Phenols 1238 



11 

mitigation efforts [22]. Thus, TG-FTIR analysis confirms that 500oC temperature is the optimal 225 

due to its ability to lower the relative yield of pollutants while simultaneously increasing the 226 

relative yield of both alkene and olefin to 17.85% and 13.87% respectively. 227 

228 

Fig. 2. Effect of temperature on CW pyrolysis, observed at 400, 500, and 600oC. It presents (a) 229 

the FTIR spectra, (b) the relative yield of non-condensable volatiles and condensable volatiles, 230 

and (c) the relative yield of various volatiles, which includes both condensable and non-231 

condensable volatiles. 232 

In perspective of catalytic efficiency, the ZSM-5 catalyst effectively facilitates 233 

deoxygenation by catalytically cleaving and transforming C-O and C-C bonds, allowing for the 234 

conversion of oxygen-containing intermediates like CO2 [35]. In addition, it has been noted that 235 

calcium oxide (CaO) decreases both viscosity and oxygen levels. Furthermore, it has been found 236 

to absorb CO2 from the gas phase and fix CO2-like compounds directly into the liquid product and 237 
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thus reduce CO2 emission, thereby mitigating CO2 emissions. It also aids in the in-situ 238 

deoxygenation process, leading to reduction in oxygen contents. To examine catalytic effects, 239 

FTIR spectra during CW pyrolysis with 5wt.%ZSM-5, 5wt.%CaO, and 10wt.%ZSM-5/CaO are 240 

shown in Fig. S3. Moreover, FTIR spectra for each pyrolysis process conducted at 500°C are 241 

depicted in Fig. 3a. While, Fig. 3b presents the relative yields of both pollutant volatiles and value-242 

added volatiles. Additionally, Fig. 3c illustrates the relative yields of each category of condensable 243 

components (value-added volatiles) and non-condensable components (pollutant volatiles). 244 

 245 

Fig. 3. Effect ZSM-5, CaO and ZSM-5/CaO on CW pyrolysis, observed at 500oC. It presents (a) 246 

the FTIR spectra, (b) the relative yield of non-condensable volatiles and condensable volatiles, 247 

and (c) the relative yield of various volatiles, which includes both condensable and non-248 

condensable volatiles. 249 

 250 
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 It can be seen from Fig. 3b, the pollutants account for approximately 34.18% of the output, 251 

while value-added chemicals make up the remaining 65.82%. However, a different pattern 252 

emerges in case of catalytic pyrolysis. Here, the use of 5wt.%CaO and 5wt.%ZSM-5 catalysts 253 

correlate with a marked decrease in pollutant emissions, by 28.5% and 24.96% respectively. This 254 

reduction is even more pronounced when these catalysts are combined to form 10wt.%ZSM-255 

5/CaO, with pollutant levels dropping to 17.39%. Simultaneously, the production of value-added 256 

chemicals appears to increase with the use of 5wt.%CaO and 5wt.%ZSM-5, reaching relative 257 

yields of 71.5% and 75.04% respectively. The combined use of these catalysts in the form of 258 

10wt.%ZSM-5/CaO leads to an even more significant increase, with a relative yield of 82.1%. 259 

From this analytical perspective, it becomes clear that while 5wt.%CaO and 5wt.%ZSM-5 260 

individually contribute to a decrease in pollutants and an increase in the production of value-added 261 

chemicals, their combined use as 10wt.%ZSM-5/CaO amplifies these effects. This suggests a 262 

synergistic relationship between the two catalysts that warrants further exploration in future 263 

studies.  264 

Fig. 3c presents an in-depth analysis of catalytic effect on the production of value-added 265 

chemicals and the reduction of pollutant emissions at 500°C. It was found that the relative yield of 266 

aromatics and olefins increased to 33.7% and 25.6% for 10wt.%ZSM-5/CaO as compared to non-267 

catalytic pyrolysis, which yielded 16.3% and 13.87% respectively. In terms of pollutant reduction, 268 

the relative yield for CO2, CO, CH4, SO2, NO, NH3 was recorded as 9.37, 4.01%, 4.7%, 4.5%, 269 

6.1%, and 5.3% in the case of non-catalytic pyrolysis. For 10wt.%ZSM-5/CaO, the relative yield 270 

was found to decrease to 2.3%, 2.7%, 3.1%, 1.8%, 3.1%, 4.9%. This fluctuation confirms that 271 

10wt.%ZSM-5/CaO could be efficient in upgrading pyrolytic products and reducing pollutants 272 

during the pyrolysis of hydrogen deficient biomass such as CW. 273 
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3.2 Effect of heating rate on thermal decomposition  274 

To examine effect of heating rate on thermal decomposing, TGA and DTG analysis of CW 275 

pyrolysis with ZSM-5/CaO at heating rates of 20, 30, 40, and 50°C/min are shown in Fig. 4(a&b). 276 

As the heating rate increased, both the TG and DTG curves exhibited a shift towards higher 277 

temperatures, indicative of thermal hysteresis during pyrolysis [36].  278 

 279 

Fig. 4. Effect of heating rate on thermal decomposition of CW with ZSM-5/CaO (a) TGA analysis 280 

(b) DTG analysis 281 

Concurrently, the onset temperature for the release of volatile matter and the peak temperatures 282 

on the DTG curves rose with the heating rate. Specifically, at a specific pyrolysis temperature i.e., 283 

800oC, higher residual weights were recorded as 10.85%, 12.03%, 13.28%, and 14.94% for heating 284 

rates of 20, 30, 40, and 50°C/min, respectively. The DTG curves also revealed an increase in the 285 

maximum rate of weight loss and its associated temperature as the heating rate increased. The 286 

variation in characteristic temperatures of biomass pyrolysis at different heating rates is primarily 287 

attributed to the heat and mass transfer within and around the biomass particles. At lower heating 288 

rates, the uniform internal-to-external heating of the samples allows for a more rapid and efficient 289 

pyrolysis, leading to swift weight loss. Conversely, at higher heating rates, the biomass particles 290 
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reach the final pyrolysis temperature more quickly, which is favorable for pyrolysis. However, this 291 

also results in a greater temperature gradient between the inner and outer surfaces of the biomass 292 

particles. While the carrier gas efficiently removes the pyrolysis products from the surface, the 293 

interior experiences a lag in heat transfer, which can impede the pyrolysis of inner particles. 294 

Consequently, biomass pyrolysis spans a broader temperature range, causing the DTG peak to shift 295 

to higher temperatures [37]. 296 

3.3 Py/GC-MS analysis  297 

Fig. 5 provides a comparative analysis based on Py/GC-MS analysis resulting from both non-298 

catalytic pyrolysis and catalytic pyrolysis of CW while, raw spectra obtained is shown in Fig. S4(a-299 

d).  300 

301 

Fig. 5. Py/GC-MS analysis to examine effect of ZSM-5, CaO and ZSM-5/CaO at 500oC. 302 

The primary byproducts observed are aromatics, olefins, PAHs, phenols, and oxygenates, 303 

which make biomass an appealing source for pyrolysis. The non-catalytic pyrolysis of CW results 304 

a substantial yield of oxygenates, peaking at 28.7%. This significant proportion underscores the 305 



16 
 

inferior quality of the bio-oil produced. Furthermore, the presence of polycyclic aromatic 306 

hydrocarbons (PAHs) at 26.2% raises critical health concerns due to their recognized carcinogenic 307 

properties. Other byproducts such as olefins, aromatics, and phenols are observed at percentages 308 

of 15.7%, 10.7%, and 19.3% respectively. These byproducts, while currently viewed as value-309 

added chemicals, necessitate further, both to enhance the quality of bio-oil and to mitigate the 310 

health risks associated with PAHs. In line with this, we proposed catalytic pyrolysis of CW using 311 

5wt.%ZSM-5, 5wt.%CaO, and 10wt.%ZSM-5/CaO. CW pyrolysis with 5wt.% ZSM-5, reveals a 312 

decrease in the yield of oxygenates and PAHs to 15.3% and 13.5% respectively. Concurrently, an 313 

increase in the yield of olefins, aromatics, and phenols to 23.5%, 20.8%, and 30.7% respectively 314 

was observed. This phenomenon can be attributed to the conversion of light compounds, such as 315 

acids, esters, and ketones, into benzene and other aromatics over ZSM-5 through cracking and 316 

deoxygenation [5]. Additionally, the enhanced formation of phenols is likely due to the catalytic 317 

activity of ZSM-5 for phenol formation [38]. In the case of 5wt.% CaO, the yield of oxygenates 318 

and PAHs decreased to 9.1% and 11.8% respectively, while the yield of olefins, aromatics, and 319 

phenols increased to 21.6%, 18.7%, and 38.6% respectively. The decreased yield of PAHs and 320 

oxygenates and increased yield of phenols and aromatics can be attributed to the fact that acids, 321 

esters, and ketones over CaO facilitate the formation of aromatic hydrocarbons such as phenol [5]. 322 

Simultaneously, CaO, as a typical cracking catalyst, can crack macromolecules in pyrolytic 323 

products into micromolecules, thereby converting PAHs into aromatics and thus decreasing the 324 

yield of PAHs [39]. In the instance of 10wt.% ZSM-5/CaO, there was a noted reduction in the 325 

oxygenates and PAHs to 4.7% and 5.2% respectively. Concurrently, there was an increase in the 326 

yield of olefins, aromatics, and phenols to 27.6%, 23.3%, and 41.3% respectively. The notable 327 
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reduction in PAHs is credited to the efficiency of CaO in inhibiting the production of naphthalenes 328 

and other polycyclic aromatics (PAHs) over ZSM-5 during the process of pyrolysis [40]. 329 

330 

Fig. 6. Effect of 5wt.%ZSM-5, 5wt.%CaO, and 10wt.%ZSM-5/CaO during CW pyrolysis on 331 

product distribution and yield of (a) Olefins (b) Aromatics (c) Phenols (d) PAHs and (e) 332 

Oxygenates. 333 

These findings confirm the synergy of ZSM and CaO in decreasing the yield of oxygenates 334 

and PAHs, while simultaneously increasing the yield of value-added chemicals such as olefins, 335 

aromatics, and phenols. For 10wt.%ZSM-5/CaO, the yield of aromatics such as benzene and 336 

toluene were found to be at its maximum at 9.8% and 7.9% respectively (Fig. 6b). Meanwhile, the 337 

yield of D-Limonene, an olefin product, was found to be highest at 10.2% (Fig. 6a). Light 338 

molecular weight phenols were found at 26.65%, which was higher than the heavier phenols found 339 

at 13.2% for 10wt.%ZSM-5/CaO (Fig. 6c). The Higher Heating Values (HHVs) for benzene and 340 

toluene are recorded at 41.8 and 40.6 MJ kg-1, respectively. These values are strikingly similar to 341 

those of gasoline and diesel, which stand at 47.3 and 44.8 MJ kg-1, respectively [29]. D-limonene, 342 

a compound frequently used in the chemical industry, serves as an active ingredient in various 343 
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products such as pesticides, electrical circuit boards, pigment dispersing agents, and pesticide 344 

circuit boards [41]. Thus, catalytic pyrolysis of CW with ZSM-5/CaO could potentially be a viable 345 

method to produce D-limonene, further applying it in the chemical and agricultural industries. 346 

Phenols, due to their potential applications as high-value chemicals, are deemed important. They 347 

can be used in the manufacturing of plastics among other products. An increased presence of 348 

phenols in the upgraded bio-oil could suggest a higher capacity of the respective catalyst to crack 349 

heavier compounds. Therefore, ZSM-5/CaO could serve as a promising catalyst to upgrade bio-350 

oil with higher yield of aromatics, D-limonene and phenols. 351 

CONCLUSION 352 

The study on the catalytic pyrolysis of hydrogen-deficient biomass using cabbage waste 353 

demonstrates an impressive synergy of the combined ZSM-5/CaO catalyst compared to 354 

independent ZSM-5 and CaO catalyst in improving the quality of the pyrolytic products and 355 

reducing pollutants emission. With the addition of 5wt.%ZSM-5, 5wt.%CaO, and 10wt.%ZSM-356 

5/CaO, the conversion of CW increased to 77.15%, 82.87%, 85.08% respectively from 74.08% 357 

(non-catalytic), while the residue decreased to 17.85%, 12.22%, and 9.91%, respectively from 358 

20.91% (non-catalytic). TG-FTIR analysis showed that these catalysts reduced pollutants emission 359 

and increased value-added chemicals production by 24.96%, 28.5%, 17.39% and 75.04%, 71.5%, 360 

82.1%, respectively compared to non-catalytic process as 34.18% and 65.82%. Moreover, relative 361 

yield of olefins, aromatics, and phenols was increased to 23.5, 21.6, 27.6% for 5wt.%ZSM-5; 20.8, 362 

18.7, 23.3% for 5wt.%CaO; 30.7, 38.6, 41.3% for 10wt.%ZSM-5/CaO, compared to the non-363 

catalytic process' yield of 15.7, 10.7, 19.3%. Moreover, Py/GC-MS analysis confirms that the yield 364 

of olefins, aromatics, and phenols increased to 27.6%, 23.3%, and 41.3% for 5wt.% ZSM-5; 365 

21.6%, 18.7%, and 38.6% for 5wt.% CaO and 27.6%, 23.3%, and 41.3% for 10wt.%ZSM-5/CaO 366 
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respectively as compared to 15.7%, 10.7%, and 19.3% for non-catalytic pyrolysis Concurrently, 367 

the yield of PAH and oxygenates decreased to  13.5, 15.3% for 5wt.%ZSM-5; 11.8, 9.1% for 368 

5wt.%CaO; 5.2, 4.7% for 10wt.%ZSM-5/CaO, in contrast to the non-catalytic process' 26.2, 369 

28.7%. Ultimately, these results demonstrate the synergistic effect of ZSM-5/CaO in enhancing 370 

biomass conversion, reducing residue formation, promoting value-added chemicals production 371 

and reducing pollutants emission and, thereby establishing it an ideal catalyst for biomass 372 

pyrolysis. On one side, these findings support using ZSM-5/CaO as an effective catalyst in 373 

hydrogen-deficient biomass pyrolysis, advancing sustainable waste management and biofuel 374 

production technologies. On other side, during catalyst pyrolysis, coke formation covers active 375 

sites and blocks pores, leading to catalyst deactivation which is a significant challenge to the 376 

technology's industrial application. To overcome this, incorporating promoters like Fe, Cu, Co, 377 

and Ce, which have abundant oxygen vacancies or suitable redox potential, is advantageous. These 378 

promoters facilitate the reaction of oxygen species with carbon deposits on the catalyst, preventing 379 

coke accumulation and thus enhancing both stability and activity, ultimately improving process 380 

efficiency. 381 

Appendix A  382 

A1. Nomenclature Table 383 

 384 

 385 

 386 

 387 

 388 

 389 

 390 

 391 

 Abbreviations 

Cabbage waste CW 

Hydrogen-deficient biomass H-DB 

Thermogravimetric analysis TGA 

Differential thermogravimetric analysis DTG 

Thermogravimetric-fourier transform infrared spectroscopy TG-FTIR 

Pyrolysis–gas chromatography–mass spectrometry Py/GC-MS 

Zeolite socony mobil–5 ZSM-5 

Calcium oxide  CaO 

Higher heating value  HHV 

polycyclic aromatic hydrocarbon PAH 



20 

REFERECNES392 

[1] M. Qian, H. Lei, Y. Zhao, E. Villota, E. Huo, C. Wang, X. Zhang, Lignin-Mediated393 

Preparation of Hierarchical ZSM-5 Catalysts and Their Effects in the Catalytic Co-pyrolysis394 

of Softwood Biomass and Low-Density Polyethylene Mixtures, ACS Sustain. Chem. Eng.395 

(2021). https://doi.org/10.1021/acssuschemeng.1c03863.396 

[2] H. Hassan, J.K. Lim, B.H. Hameed, Recent progress on biomass co-pyrolysis conversion397 

into high-quality bio-oil, Bioresour. Technol. 221 (2016) 645–655.398 

https://doi.org/10.1016/j.biortech.2016.09.026.399 

[3] A. Veses, M. Aznar, I. Martínez, J.D. Martínez, J.M. López, M. V. Navarro, M.S. Callén,400 

R. Murillo, T. García, Catalytic pyrolysis of wood biomass in an auger reactor using401 

calcium-based catalysts, Bioresour. Technol. 162 (2014) 250–258.402 

https://doi.org/10.1016/j.biortech.2014.03.146.403 

[4] D. Duan, D. Chen, L. Huang, Y. Zhang, Y. Zhang, Q. Wang, G. Xiao, W. Zhang, H. Lei,404 

R. Ruan, Activated carbon from lignocellulosic biomass as catalyst: A review of the405 

applications in fast pyrolysis process, J. Anal. Appl. Pyrolysis. 158 (2021) 105246.406 

https://doi.org/10.1016/j.jaap.2021.105246.407 

[5] M.M. Rahman, M. Chai, M. Sarker, Nishu, R. Liu, Catalytic pyrolysis of pinewood over408 

ZSM-5 and CaO for aromatic hydrocarbon: Analytical Py-GC/MS study, J. Energy Inst. 93409 

(2020) 425–435. https://doi.org/10.1016/j.joei.2019.01.014.410 

[6] D. Wang, Y. Zhu, J. Chen, W. Li, F. Luo, S. Li, W. Xie, J. Liu, H. Lan, Z. Zheng, Catalytic411 

upgrading of lignocellulosic biomass pyrolysis vapors: Insights into physicochemical412 

changes in ZSM-5, J. Anal. Appl. Pyrolysis. 156 (2021) 105123.413 

https://doi.org/10.1016/j.jaap.2021.105123.414 

[7] M. Huang, J. Xu, Z. Ma, Y. Yang, B. Zhou, C. Wu, J. Ye, C. Zhao, X. Liu, D. Chen, W.415 

Zhang, Bio-BTX production from the shape selective catalytic fast pyrolysis of lignin using416 

different zeolite catalysts: Relevance between the chemical structure and the yield of bio-417 

BTX, Fuel Process. Technol. 216 (2021) 106792.418 

https://doi.org/10.1016/j.fuproc.2021.106792.419 

[8] J. Shang, G. Fu, Z. Cai, X. Feng, Y. Tuo, X. Zhou, H. Yan, C. Peng, X. Jin, Y. Liu, X. Chen,420 

C. Yang, D. Chen, Regulating light olefins or aromatics production in ex-situ catalytic421 

pyrolysis of biomass by engineering the structure of tin modified ZSM-5 catalyst,422 

Bioresour. Technol. 330 (2021). https://doi.org/10.1016/j.biortech.2021.124975.423 

[9] A. Kostyniuk, D. Bajec, B. Likozar, Catalytic hydrocracking reactions of tetralin biomass424 

tar model compound to benzene, toluene and xylenes (BTX) over metal-modified ZSM-5425 

in ambient pressure reactor, Renew. Energy. 188 (2022) 240–255.426 

https://doi.org/10.1016/j.renene.2022.01.090.427 

[10] Q. Yang, Q. Wu, N. Zhou, L. Ke, L. Fan, Y. Zeng, C. Xu, Y. Liu, R. Ruan, Y. Wang,428 

Continuous catalytic pyrolysis of waste oil to aromatics: Exploring the structure-429 

performance relations of ZSM-5 based on different scale-up forms, Chem. Eng. J. 475430 

(2023) 146259. https://doi.org/10.1016/j.cej.2023.146259.431 

[11] R. Foroutan, R. Mohammadi, J. Razeghi, B. Ramavandi, Biodiesel production from edible432 



21 

oils using algal biochar/CaO/K2CO3 as a heterogeneous and recyclable catalyst, Renew. 433 

Energy. 168 (2021) 1207–1216. https://doi.org/10.1016/j.renene.2020.12.094. 434 

[12] L. Yi, H. Liu, M. Li, G. Man, H. Yao, Prevention of CaO deactivation using organic calcium435 

precursor during multicyclic catalytic upgrading of bio-oil, Fuel. 271 (2020) 117692.436 

https://doi.org/10.1016/j.fuel.2020.117692.437 

[13] Y. Zhang, J. Wang, J. Wei, Y. Yang, P. Lv, W. Su, Y. Bai, X. Song, G. Yu, Biomass438 

catalytic pyrolysis over CaO microspheres: Relationship between the production of bio-oil439 

components and CO2 capture, Fuel Process. Technol. 247 (2023) 107775.440 

https://doi.org/10.1016/j.fuproc.2023.107775.441 

[14] M. Chen, S. Zhang, Y. Su, X. Niu, S. Zhu, X. Liu, Catalytic co-pyrolysis of food waste442 

digestate and corn husk with CaO catalyst for upgrading bio-oil, Renew. Energy. 186 (2022)443 

105–114. https://doi.org/10.1016/j.renene.2021.12.139.444 

[15] J. Gupta, K. Papadikis, E.Y. Konysheva, Y. Lin, I. V. Kozhevnikov, J. Li, CaO catalyst for445 

multi-route conversion of oakwood biomass to value-added chemicals and fuel precursors446 

in fast pyrolysis, Appl. Catal. B Environ. 285 (2021) 119858.447 

https://doi.org/10.1016/j.apcatb.2020.119858.448 

[16] X. Zhang, Y.Q. Li, C. Qian, L. An, W. Wang, X.F. Li, X.Z. Shao, Z. Li, Research progress449 

of catalysts for aldol condensation of biomass based compounds, RSC Adv. 13 (2023)450 

9466–9478. https://doi.org/10.1039/d3ra00906h.451 

[17] Y. Zhang, X. Cheng, Z. Wang, M.H. Tahir, Z. Wang, X. Wang, C. Wang, Full recycling of452 

high-value resources from cabbage waste by multi-stage utilization, Sci. Total Environ. 804453 

(2022) 149951. https://doi.org/10.1016/j.scitotenv.2021.149951.454 

[18] R.M. Irfan, T. Mubashir, Thermochemical conversion of cabbage waste to bioenergy and455 

bio-chemicals production, (2022) 1–10. https://doi.org/10.1002/er.8303.456 

[19] S. Pradhan, M. Shahbaz, A. Abdelaal, T. Al-Ansari, H.R. Mackey, G. McKay, Optimization457 

of process and properties of biochar from cabbage waste by response surface methodology,458 

Biomass Convers. Biorefinery. 12 (2022) 5479–5491. https://doi.org/10.1007/s13399-020-459 

01101-5.460 

[20] B.B. Uzoejinwa, X. He, S. Wang, A. El-Fatah Abomohra, Y. Hu, Q. Wang, Co-pyrolysis461 

of biomass and waste plastics as a thermochemical conversion technology for high-grade462 

biofuel production: Recent progress and future directions elsewhere worldwide, Energy463 

Convers. Manag. 163 (2018) 468–492. https://doi.org/10.1016/j.enconman.2018.02.004.464 

[21] L. Tao, X. Ma, L. Ye, J. Jia, L. Wang, P. Ma, J. Liu, Interactions of lignin and LDPE during465 

catalytic co-pyrolysis: Thermal behavior and kinetics study by TG-FTIR, J. Anal. Appl.466 

Pyrolysis. 158 (2021) 105267. https://doi.org/10.1016/j.jaap.2021.105267.467 

[22] Y. Ding, J. Liu, W. Qiu, Q. Cheng, G. Fan, G. Song, S. Zhang, Kinetics and behavior468 

analysis of lobster shell pyrolysis by TG-FTIR and Py-GC/MS, J. Anal. Appl. Pyrolysis.469 

165 (2022) 105580. https://doi.org/10.1016/j.jaap.2022.105580.470 

[23] J. Li, Y. Tian, P. Zong, Y. Qiao, S. Qin, Thermal cracking behavior, products distribution471 

and char/steam gasification kinetics of seawater Spirulina by TG-FTIR and Py-GC/MS,472 

Renew. Energy. 145 (2020) 1761–1771. https://doi.org/10.1016/j.renene.2019.07.096.473 



22 

[24] M.H. Tahir, Z. Zhao, J. Ren, T. Rasool, S.R. Naqvi, Thermo-kinetics and gaseous product474 

analysis of banana peel pyrolysis for its bioenergy potential, Biomass and Bioenergy. 122475 

(2019) 193–201. https://doi.org/10.1016/j.biombioe.2019.01.009.476 

[25] S. Gupta, G.K. Gupta, M.K. Mondal, Thermal degradation characteristics, kinetics,477 

thermodynamic, and reaction mechanism analysis of pistachio shell pyrolysis for its478 

bioenergy potential, Biomass Convers. Biorefinery. (2020).479 

https://doi.org/10.1007/s13399-020-01104-2.480 

[26] T. Raj, M. Kapoor, R. Gaur, J. Christopher, B. Lamba, D.K. Tuli, R. Kumar, Physical and481 

chemical characterization of various indian agriculture residues for biofuels production,482 

Energy and Fuels. 29 (2015) 3111–3118. https://doi.org/10.1021/ef5027373.483 

[27] M.H. Tahir, G. Çakman, J.L. Goldfarb, Y. Topcu, S.R. Naqvi, S. Ceylan, Demonstrating484 

the suitability of canola residue biomass to biofuel conversion via pyrolysis through reaction485 

kinetics, thermodynamics and evolved gas analyses, Bioresour. Technol. 279 (2019) 67–73.486 

https://doi.org/10.1016/j.biortech.2019.01.106.487 

[28] M.S. Ahmad, M.A. Mehmood, O.S. Al Ayed, G. Ye, H. Luo, M. Ibrahim, U. Rashid, I. Arbi488 

Nehdi, G. Qadir, Kinetic analyses and pyrolytic behavior of Para grass (Urochloa mutica)489 

for its bioenergy potential, Bioresour. Technol. 224 (2017) 708–713.490 

https://doi.org/10.1016/j.biortech.2016.10.090.491 

[29] M.H. Tahir, R.M. Irfan, X. Cheng, M.S. Ahmad, M. Jamil, T.U.H. Shah, A. Karim, R.492 

Ashraf, M. Haroon, Mango peel as source of bioenergy, bio-based chemicals via pyrolysis,493 

thermodynamics and evolved gas analyses, J. Anal. Appl. Pyrolysis. 155 (2021) 105066.494 

https://doi.org/10.1016/j.jaap.2021.105066.495 

[30] M.A. Mehmood, G. Ye, H. Luo, C. Liu, S. Malik, I. Afzal, J. Xu, M.S. Ahmad, Pyrolysis496 

and kinetic analyses of Camel grass (Cymbopogon schoenanthus) for bioenergy, Bioresour.497 

Technol. 228 (2017) 18–24. https://doi.org/10.1016/j.biortech.2016.12.096.498 

[31] H. Huang, J. Liu, H. Liu, F. Evrendilek, M. Buyukada, Pyrolysis of water hyacinth biomass499 

parts: Bioenergy, gas emissions, and by-products using TG-FTIR and Py-GC/MS analyses,500 

Energy Convers. Manag. 207 (2020) 112552.501 

https://doi.org/10.1016/j.enconman.2020.112552.502 

[32] X. Chen, S. Li, Z. Liu, Y. Chen, H. Yang, X. Wang, Q. Che, W. Chen, H. Chen, Pyrolysis503 

characteristics of lignocellulosic biomass components in the presence of CaO, Bioresour.504 

Technol. 287 (2019) 121493. https://doi.org/10.1016/j.biortech.2019.121493.505 

[33] H. Bi, C. Wang, Q. Lin, X. Jiang, C. Jiang, L. Bao, Pyrolysis characteristics, artificial neural506 

network modeling and environmental impact of coal gangue and biomass by TG-FTIR, Sci.507 

Total Environ. 751 (2021) 142293. https://doi.org/10.1016/j.scitotenv.2020.142293.508 

[34] M.A. Mehmood, G. Ye, H. Luo, C. Liu, S. Malik, I. Afzal, J. Xu, M.S. Ahmad, Pyrolysis509 

and kinetic analyses of Camel grass (Cymbopogon schoenanthus) for bioenergy, Bioresour.510 

Technol. 228 (2017) 18–24. https://doi.org/10.1016/j.biortech.2016.12.096.511 

[35] Q. Che, M. Yang, X. Wang, Q. Yang, Y. Chen, X. Chen, W. Chen, J. Hu, K. Zeng, H. Yang,512 

H. Chen, Preparation of mesoporous ZSM-5 catalysts using green templates and their513 

performance in biomass catalytic pyrolysis, Bioresour. Technol. 289 (2019) 121729.514 

https://doi.org/10.1016/j.biortech.2019.121729.515 



23 

[36] M.H. Tahir, Z. Zhao, J. Ren, T. Rasool, S.R. Naqvi, Thermo-kinetics and gaseous product516 

analysis of banana peel pyrolysis for its bioenergy potential, Biomass and Bioenergy. 122517 

(2019) 193–201. https://doi.org/10.1016/j.biombioe.2019.01.009.518 

[37] L.M. Romero Millán, F.E. Sierra Vargas, A. Nzihou, Kinetic Analysis of Tropical519 

Lignocellulosic Agrowaste Pyrolysis, Bioenergy Res. 10 (2017) 832–845.520 

https://doi.org/10.1007/s12155-017-9844-5.521 

[38] N.A. Haji Morni, C.M. Yeung, H. Tian, Y. Yang, N. Phusunti, M.S. Abu Bakar, A.K. Azad,522 

Catalytic fast Co-Pyrolysis of sewage sludge−sawdust using mixed metal oxides modified523 

with ZSM-5 catalysts on dual-catalysts for product upgrading, J. Energy Inst. 94 (2021)524 

387–397. https://doi.org/10.1016/j.joei.2020.10.005.525 

[39] L. Fu, Q. Xiong, Q. Wang, L. Cai, Z. Chen, Y. Zhou, Catalytic Pyrolysis of Waste526 

Polyethylene Using Combined CaO and Ga/ZSM-5 Catalysts for High Value-Added527 

Aromatics Production, ACS Sustain. Chem. Eng. 10 (2022) 9612–9623.528 

https://doi.org/10.1021/acssuschemeng.2c02881.529 

[40] L. Yi, H. Yao, X. Li, Z. Hu, L. Shi, Y. Wu, Selective production of aromatics from catalytic530 

pyrolysis of biomass wastes: Effects of feedstock properties and key oxygenated531 

intermediates on aromatics formation, J. Anal. Appl. Pyrolysis. 168 (2022) 105675.532 

https://doi.org/10.1016/j.jaap.2022.105675.533 

[41] M.H. Tahir, N. Shimizu, Investigation of coupling synergistic interaction during Co-534 

pyrolysis of cabbage waste and tire waste, J. Anal. Appl. Pyrolysis. 172 (2023) 105992.535 

https://doi.org/10.1016/j.jaap.2023.105992.536 

537 

538 

539 

540 

541 

542 

543 

544 

545 

546 

547 

548 



24 

SUPPORTING INFORMATIONS549 

550 

551 

552 

Fig. S1. FTIR analysis of as-received CW 553 

554 

Fig. S2. FTIR spectra of evolved gaseous products during non-catalytic pyrolysis of CW. 555 

556 
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557 

Fig. S3. FTIR spectra during CW pyrolysis with (a) 5wt.%ZSM-5, (b) 5wt.%CaO, and (c) 558 

10wt.%ZSM-5/CaO. 559 
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560 

Fig. S4. GCMS analysis for (a) non-catalytic, (b) 5wt.% ZSM-5, (c) 5wt.% CaO and (d) 10 wt.% 561 

ZSM5-/C562 


