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he present chapter provides a cleaner co-pyrolysis strategy for high-quality bio-oil 

production by utilizing low-cost residues such as low rank coal (CL), de-oiled 

microalgae (ALG) and their blends (CLALG). In the direction of energy transition from 

fossil fuels to bioenergy, pyrolysis has emerged as a cost-efficient and scalable technology 

that can convert potential feedstocks such as microalgae (Qiu et al., 2023), low-density and 

high-density polyethylene (Abnisa et al., 2021), sewage sludge (Wu et al., 2024) and low 

rank coal to bio-oil (Rawat and Kumar, 2023b).  

Based on synergistic interaction studies, de-oiled microalgae (ALG) and low-rank 

coal (CL) pyrolysis may be considered as an alternative strategy for maximum energy 

recovery with waste minimization (Khan et al., 2022). However, low rank coal pyrolysis 

yields bio-oil dominated by tar, which cannot be used as direct fuel (Sardi et al., 2022). By-

product, coal tar is a highly viscous black or dark brown product (Sardi et al., 2022). During 

conventional or non-catalytic pyrolysis, tar adversely affects bio-oil yield and reduces HHV 

(Sardi et al., 2022).  

Similarly, key limitations associated with bio-oil derived from non-catalytic 

microalgae pyrolysis include high oxygen content, high nitrogen content and high acid 

content, which results low HHV, high viscosity and more CO2 emission during oil 

combustion (Tang et al., 2021). The co-pyrolysis of CL containing low to medium sulfur 

content (0.5 5 %) and ALG with average S content (< 1.5 %) results bio-oil with S 

contamination (Chou et al., 2012; Arif et al., 2021). However, high HHV with low N/C, 

O/C, and S/C ratios are desired for better emission control during oil combustion (Tang et 

al., 2021). In this direction, pyrolysis of CL, ALG, and their blends (CLALG) produce bio-

oil with low energy content and undesired properties, which must be improvised to match 

transportation fuel standards.  
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To overcome the challenges of non-catalytic pyrolysis, the catalytic pyrolysis 

process is a promising approach to upgrade bio-oil quality at low-pressure requirements 

(Cheah et al., 2023). Among different catalysts, zeolite has been considered the most 

efficient catalyst with the shape-selective effect of mesoporous-microporous structure (Wu 

et al., 2024). Towards catalytic activity enhancement, researchers have modified the zeolite 

structure by incorporating metals such as Cu (Kumar et al., 2017), Cr (Chiosso et al., 2023), 

Ni (Zainan et al., 2018), Fe (Yashnik et al., 2022), Mo (Mustapha et al., 2021), Ga (Bi et 

al., 2020) and Mg (Mo et al., 2020). After metal assimilation, new catalytic active sites 

improve catalytic cracking inside the pores of the catalyst to upgrade bio-oil quality. 

Different transition metals show specific catalytic actions during hydrocarbon cracking, 

such as Ni/Mo ZSM-5, responsible for polycyclic compound ring opening (Zainan et al., 

2018; Mustapha et al., 2021). The 2 5 % (w/w) metal loading of Cr/Fe ZSM-5 effectively 

converts aliphatic hydrocarbons to monoaromatic hydrocarbons such as toluene, xylene, 

and benzene (Chiosso et al., 2023). Although excessive metal loading of 10 % (w/w) 

deteriorates the physical characteristics of the catalyst, it negatively impacts reactant and 

product diffusion (Chiosso et al., 2023).  

Cu/Fe/Cr metals are better options for low-cost catalyst development than 

Ni/Co/Mo/Ga due to easy availability, stability, and cost-effectiveness (Chiosso et al., 

2023; Mo et al., 2020). Metal-loaded ZSM-5 provides better catalytic active sites 

formation, enhanced porosity and rapid diffusivity across mesopores/micropores, which 

causes cracking of bulky oxygenated compounds with improved aromatic production than 

conventional ZSM-5 (Iliopoulou et al., 2012). Recently, ZSM-5 is successfully applied for 

catalytic pyrolysis of different potential feedstocks such as microalgae, i.e. 

Nannochloropsis sp. (Zhang et al., 2022), S. obliquus (Mustapha et al., 2021), S. platensis 
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(Tang et al., 2021), wood (Kim et al., 2019), coal (Sardi et al., 2022), municipal solid waste 

(Li et al., 2020) and plastic waste (Khazaal et al., 2023). 

Based on an extensive literature review of bio-oil production from non-catalytic and 

catalytic pyrolysis, the present chapter covers novel bimetallic Cu and Cr incorporated 

ZSM-5 catalyst synthesis and characterization. Further, product composition analysis of 

bio-oil from non-catalytic and catalytic pyrolysis are explained. In next stage, the quality 

of bio-oil from non-catalytic and catalytic pyrolysis are compared.  

At end, the chapter proposes a possible reaction mechanism to explore catalyst 

interaction with primary volatiles during pyrolysis. In-depth analysis of catalytic pyrolysis 

provides the impact of bimetallic Cu-Cr-ZSM-5 catalyst on bio-oil quality with aspects of 

thermal stability and textural properties such as meso-microporosity, acid sites, and 

porosity distribution. The outcomes of present study may be considered a basic framework 

for cleaner bio-oil production through catalytic pyrolysis to ensure energy security with 

reduced environmental impact.  

 
7.2.1 Materials 

The CL and ALG were utilized as co-pyrolysis feedstock to conduct catalytic co-

pyrolysis studies. CL was obtained 

 screening, pulverization, 

sieving, and drying were performed to obtain coal fines with particle size < 0.25 mm as 

described in section 5.2.1. The freshwater microalgae C. pyrenoidosa NCIM 2738 was 

utilized as a pyrolysis co-material with CL. Microalgae cultivation, harvesting, de-oiling, 

sieving and drying were conducted as mentioned in section 3.2.3.  Sieved dried algae of 

particle size < 0.60 mm were mixed with CL at a blending ratio of 57.7 % CL and 42.3 % 

ALG to form CLALG (ANN-MOGA optimized blending ratio described in the previous 
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section 6.3.7). The proximate and ultimate analysis data of pyrolysis feedstocks CL, ALG 

and CLALG were estimated according to ASTM D7582-15 standard and ASTM D5373-

14 standard, respectively, as described in section 6.2.1. The proximate and ultimate results 

are summarized in Table 7.1.   

 

7.2.2 Catalyst preparation and characterization 

A one-pot synthesis strategy was used for bimetallic Cu and Cr incorporated ZSM-

5 zeolite (Cu-Cr-ZSM-5) catalyst preparation via the ion-exchange method. The zeolite 

ZSM-5 (Si/Al = 23) was purchased from Alfa Aesar, Thermo Fisher Scientific, USA and 

calcined under an air atmosphere in the furnace at 550 ºC (overnight) to remove impurities 

before use.  

Cu-Cr metal-loaded (5 %) ZSM-5 catalyst was prepared as follows: 20 g of zeolite 

was mixed with 3.14 g cupric sulfate pentahydrate (CuSO4.5H2O) and 4.10 g chromium 

chloride hexahydrate (CrCl3.6H2O) to make up a solution of 100 ml with distilled water in 

a beaker as described in reported study (Zainan et al., 2018). The temperature-controlled 

vigorous stirring of solution was performed at 80 °C for 9 h. Then supernatant was 

separated from the catalyst mixed solution using vacuum filtration. The remaining filtered 

residue (Cu-Cr-ZSM-5 catalyst) was dried (100 °C) and then crushed into fine powder. 

Finally, the synthesized catalyst powder was calcined under an air atmosphere in the 

furnace at 500 ºC for 5 h, which was further used for characterization and pyrolysis 
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experiments. The schematic representation of Cu-Cr-ZSM-5 catalyst synthesis is shown in 

Fig. 7.1.  

The structural features of synthesized catalysts, such as crystal size and inter-planar 

spacing between crystallographic planes, were determined using high-resolution powder 

X-ray diffraction (XRD) (Empyrean, Malvern Panalytical Ltd, Malvern, United Kingdom). 

was used in the XRD instrument with 30 kV 

voltage and 30 mA electric current. The diffraction angle (2 ) was fixed at 10-80º for wide-

angle XRD detection. To detect surface morphology of the synthesized Cu-Cr-ZSM-5 

catalyst, a field emission scanning electron microscopy (FE-SEM, Quanta 250 FEG series, 

FEI Co.), with an accelerating voltage of 20 kV, was used. 

 

Schematic representation of one-pot synthesis strategy of Cu-Cr-ZSM-5 catalyst. 
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7.2.3 Noncatalytic and catalytic pyrolysis of coal and/or de-oiled microalgae 

The noncatalytic and catalytic pyrolysis of CL, ALG and CLALG were performed 

with synthesized Cu-Cr-ZSM-5 catalyst in a two-stage fixed bed tubular reactor as shown 

in Fig. 7.2.  

 

Fig. 7.2 Catalytic co-pyrolysis of coal and de-oiled microalgae blend in fixed bed reactor 
(a) schematic diagram of fixed bed reactor (b) co-pyrolysis set-up (c) experimental 
conditions of catalytic co-pyrolysis. 

 

The pyrolysis instrument was comprised of feeder, a two-stage fixed bed tubular 

reactor (56 cm height including 23 cm heating zone and 5.5 cm inner diameter), 

temperature/ gas flow controller, condensing unit and collection unit. To perform individual 

as well as catalytic co-pyrolysis experiments, 2.5 g of feedstock material (CL, ALG and 
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CLALG) was scattered in the quartz wool bed 1 (CW1) and loaded at the heating zone of 

the furnace as pyrolysis stage 1. The catalyst was scattered in other quartz wool bed 2 

(CW2) at the bottom of CW1 as pyrolysis stage 2. The N2 (99.99 %) was purged from the 

top of the reactor at a flow rate of 200 ml/min. The pyrolysis experiments were performed 

at 600 °C, 60 min and 10 °C/min as pyrolysis temperature, residence time and heating rate, 

respectively. As feedstock material was heated in the first stage, the volatiles flowed 

through CW1 and came in direct contact with the catalyst. The catalyst-treated vapors 

entered the condensing unit connected with the chiller (filled with 40 % isopropanol: 60 % 

water and set temperature  2 °C). The condensed bio-oil was stored in a collector.  

Further, noncatalytic pyrolysis experiments were conducted under identical 

operating conditions at single pyrolysis stage 1 by feeding 2.5 g of pyrolysis feedstock (CL, 

ALG and CLALG) into the furnace without a catalyst. The end products of pyrolysis  

biochar and bio-oil were stored for further analysis. 

7.2.4 Pyrolysis end-products distribution and energy calculations 

 

                                                                                          (7.1) 

                                                                                                 (7.2) 

                                                                                 (7.3) 
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                                                                                   (7.4)  

                                                                           (7.5) 

 

                                                                                       (7.6) 

                                                                                  (7.7) 

 

  The physicochemical characterization of bio-oil was performed as the desired end 

product of pyrolysis. A bomb calorimeter (C 200, IKA, Germany) was utilized for HHV 

analysis of bio-oil. Bio-oil density was calculated according to the American Society for 

Testing and Materials (ASTM D1298). A moisture analyzer (Karl Fischer, Esico, India) 

assessed moisture composition in bio-oil according to ASTM D1744 standard. A digital 

viscometer (Brookfield DV II Pro) was used to measure bio-oil viscosity. These 

physicochemical characterizations of bio-oil strongly agreed with previous studies (Bi et 

al., 2020; Li et al., 2020).  

The qualitative chemical information of bio-oil related to functional groups was 

analyzed by FTIR  Cary 630 FTIR (Agilent, California, USA). Further, different chemical 

compounds in bio-oil were estimated by Gas chromatography-mass spectrometry (GC-MS) 

(TQ8040, Shimadzu, Japan) characteristic peaks analysis. Helium was utilized as carrier 

gas at a 1.5 mL/min flow rate. 1µL of CL, ALG and CLALG oil sample was injected at 
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300 °C into the column (SH-I-5SIL MS) with dimensions 30 m×0.25mm×0.25µm. The 

split ratio of the column was 1:20. The start temperature of GC was kept constant at 60 °C 

for 5 minutes. The maximum final temperature was maintained at 300 °C and a heating rate 

of 5 °C/min with a hold time of 10 min. The obtained peaks were identified using the 

National Institute of Standards and Technology library (NIST, USA). The elemental 

composition of bio-oil obtained from CL, ALG and CLALG pyrolysis was determined 

through elemental analyzer CHN628 (LECO, Michigan, USA) following ASTM standard 

D5373-14.  

 
7.3.1 Characterization of synthesized Cu-Cr-ZSM-5 catalyst 

7.3.1.1 X-ray diffraction 
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Typical XRD pattern of synthesized Cu-Cr-ZSM-5 and parent ZSM-5 catalyst. 
(Ø): peak of Cu2O; ( ): peak of Cr2O3; Parentheses used for Miller Indices (hkl) value 
corresponding to the respective JCPDS number. 

 

 

 

7.3.1.2 Microstructure characterization 
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7.3.1.3 Fourier Transform Infrared analysis 

The FTIR spectra for ZSM-5 and Cu-Cr-ZSM-5 confirm that absorption around 

1800 500 cm-1 is structure sensitive, depending on zeolite types (Fig. 7.6). The asymmetric 

stretch of Si O Al or Si O Si in the ZSM-5 framework corresponds to the frequency band 

at 1099 cm-1. However, a slight shifting in the frequency band (1100 cm-1) is observed for 

the Cu-Cr-ZSM-5 sample (Fig. 7.6). Asymmetric stretch due to infrared band position at 

1221.8 cm-1 for the ZSM-5 sample is shifted to 1223 cm-1 for Cu-Cr-ZSM-5 sample in 

agreement with previous studies (Felvey et al., 2020). 
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The spectral region from 1400 1650 cm-1 2 3) 

and aromatic carbenium ions. In the present IR spectra of ZSM-5, a frequency band at 1607 

cm-1 is assigned for aromatic carbenium ions, as reported in the previous study (Tabor et 

al., 2019). The band intensity is further reduced for the Cu-Cr-ZSM-5 catalyst. After 

calcination of ZSM-5, dispersed Cu and Cr on amorphous SiO2 indicate that at oxidation 

state, CuO/ [Cr(=O)2]2+ species is bound to support the surface oxygen of ZSM-5 (Felvey 

et al., 2020). As reported in the literature, the peak observed at 1767 cm-1 is associated with 

bond formation between Cr and SiO2 (Felvey et al., 2020). The release of Cu2+ ions from 

CuSO4 for incorporation in ZSM-5 is confirmed by S=O stretching assigned by a peak at 

1365 cm-1 in Cu-Cr-ZSM-5 spectra. Before and after pyrolysis, FTIR spectra of the Cu-Cr-

ZSM-5 catalyst are observed to be identical without any significant changes (Fig. 7.6). It 

implies that the intrinsic properties of the catalyst are preserved during pyrolysis (Fig. 7.6). 
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FTIR spectra of parent ZSM-5 catalyst and synthesized Cu-Cr-ZSM-5 catalyst at 
different pyrolysis stages. 

 

7.3.1.4 Brunauer-Emmett-Teller (BET) surface area analysis 
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7.3.2 Thermal characteristics of catalyst and pyrolysis feedstocks 

Before co-pyrolysis, the thermal stability of the synthesized Cu-Cr-ZSM-5 catalyst 

was evaluated by performing TG/DTG analysis by mixing the catalyst with a CLALG 

sample (Fig. 7.8). Different ratios of catalyst mixed with CLALG (0 100 %) were 

undergone thermal degradation at a heating rate of 10 ºC/min. Analysing TG results, 

increasing ratio of catalyst (0 100 %) with pyrolysis feedstock CLALG blends increases 

residual mass % from 40.21 % (CA-CLALG 0-1) to 93.83 % (CA-CLALG 1-0) as shown 

in Fig. 7.8. Correspondingly, maximum thermal decomposition rate reduces in the range of 

 0.19 %/ ºC (CA-CLALG 0-1) to  0.03 %/ ºC (CA-CLALG 1-0) as shown in Fig. 7.8.  
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Fig. 7.8 (a) TG profile (b) DTG profile for coal and de-oiled microalgae blend with 
different ratios of catalyst. CA-CLALG 0-1, CA-CLALG 0.5-1, CA-CLALG 1-1, CA-
CLALG 2-1, CA-CLALG 1-0; CA synthesized Cu-Cr-ZSM-5 catalyst. 

The maximum weight loss peak of synthesized catalyst is observed at 254 °C, 

consistent with reported study indicating maximum weight loss peak of ZSM-5 catalyst at 

220 ºC (He et al., 2022). 

the synthesized catalyst; first prominent peak corresponds to desorption of bounded 

water and other impurities from intramolecular region of supported matrix of catalyst 

(30 250 ºC, mass loss 5.77 %) and second peak corresponds to dihydroxylation (250 350 

ºC, mass loss 0.61 %) which is comparable to reported literature (Khajevand et al., 2024). 

Further, thermal degradation of blends with catalyst ratio 0.5 to 2 lie between the TG profile 

of the catalyst and CLALG Fig. 7.8.  

7.3.3 Product yield distribution from non-catalytic and catalytic pyrolysis 

The product yield distribution (%) of bio-oil, char and gas from pyrolysis of CL, 

ALG and CLALG samples interacted with synthesized catalyst is shown in Fig. 7.9. To 

conduct ex-situ pyrolysis experiments, three different ratios of catalyst and feedstock 

(0.5:1, 1:1 and 2:1) were used to analyze the variation in char, bio-oil and gas production. 

The pyrolysis process was conducted at 600 °C (temperature), 60 min (residence time) and 

10 °C/min (heating rate). Liquid obtained from non-catalytic/catalytic pyrolysis of 
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feedstock typically consists of two different layers defined as the aqueous and organic 

phases (Pan et al., 2010). Both, organic phase (defined as bio-oil) and aqueous phase 

(enriched with water content) of liquid product were separated and weighed, respectively. 

After end product collection, yields (YChar, YAqueous product, YBio-oil and YGas) were calculated 

by using Eq. 7.1, Eq. 7.2 and Eq. 7.3, respectively (as explained in previous section 7.2.4), 

observed a higher bio-oil yield of non-catalytic pyrolysis over catalytic pyrolysis. The 

product yield distribution results indicate that non-catalytic CL pyrolysis produced a 

maximum of 15.5 % bio-oil, while it was gradually decreased for catalytic pyrolysis with 

an increasing catalyst ratio from 0.5 to 2 (Fig. 7.9). Conversely, more gaseous product was 

obtained for catalytic than non-catalytic pyrolysis with increasing catalyst ratio (0.5 to 2), 

in complete agreement with previous coal studies (Zhang et al., 2019). Increasing the 

catalyst mixing ratio with CLALG sample from 0.5 to 2, pyrolysis vapors interaction with 

catalyst takes longer time due to trapping of volatiles within the catalyst. 

 

Fig. 7.9 Product yield distribution (%) of char, aqueous product, bio-oil and gas from non-
catalytic and catalytic pyrolysis of coal (CL), microalgae (ALG) and coal-microalgae blend 
(CLALG) with the synthesized catalyst at different ratios (0.5:1, 1:1 and 2:1).  
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Further, it enhances the direct contact between heterogenous catalyst and feedstock, 

promoting thermal cracking and secondary reactions. The thermocatalytic cracking of these 

volatiles at active site of catalyst cause breaking of oxygenous and nitrogenous compounds 

through series of secondary reactions to lower bio-oil yield and production of CO2, NOx, 

SOx or light hydrocarbons (Castello, 2019). External mass transfer limitation may be 

probable reason in slower diffuse out of volatiles across catalyst surface as catalyst ratio 

increases (Hoff et al., 2017). The shape and hierarchical pore structure of catalyst directly 

impacts the transport of molecules (Hoff et al., 2017). In this direction, novel catalyst 

formulations such as bifunctional catalysts, can improve pyrolysis oil yield (Cheng et al., 

2011). Recently, catalytic fast pyrolysis at a high heating rate (10 200 ºC/s), moderate 

temperatures (400 600 ºC) and short residence time (< 5 s) are investigated to improvise 

quality and yield of bio-oil.  
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Considering no significant change in bio-oil yield distribution (%) for catalyst to 

feedstock ratio of 0.5:1 to 1:1 for all three combinations (CA-CL/CA-ALG/CA-CLALG), 

bio-oil characterization experiments (GC-MS/FTIR) were conducted for catalyst to 

feedstock ratio of 1:1 to analyze the impact of catalyst upon bio-oil quality. 

7.3.4 Bio-oil characteristics from non-catalytic and catalytic pyrolysis  
7.3.4.1 Fourier transform infrared spectroscopy of bio-oil 
 

The FTIR analysis provides rapid quality estimation of bio-oil based on structural 

variation (Singh et al., 2020). In present study, FTIR spectra of non-catalytic and catalytic 

bio-oil (catalyst and feed ratio 1:1) of pyrolysis feedstocks CL, ALG and CLALG were 

performed to evaluate impact of catalyst interaction upon oil properties (Fig. 7.10). 
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7.3.4.2 GS-MS of catalytic and non-catalytic pyrolysis bio-oil 
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Fig. 7.12 Bio-oil component distribution from non-catalytic and catalytic pyrolysis (a) 
classification based on carbon number (b) chemical composition and energy yield of bio-
oil.                             
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7.3.4.3 Physicochemical characteristics of bio-oil from non-catalytic and catalytic 
pyrolysis 
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7.3.5 Proposed mechanism for catalytic upgradation of bio-oil applying synthesized 
Cu-Cr-ZSM-5 catalyst 

In the present study, synthesized Cu-Cr-ZSM-5 catalyst exhibited efficient 

deoxygenation, denitrogenation and aromatization action in catalytic upgradation of CL, 

ALG and CLALG pyrolysis volatiles to yield high quality bio-oil. The catalytic upgradation 

mechanism of bio-oil derived from CLALG pyrolysis was proposed based on ex-situ 

induction of synthesized Cu-Cr-ZSM-5 catalyst (Fig. 7.15). 

A typical coal structure is mainly composed of oxy-aromatic, alkylated aromatic 

and protonated aromatics (Chen et al., 2021). However, carboxylic acids, long-chain fatty 

acids, phenols and bulky oxygenated compounds are the main components of carbohydrate 

and protein rich de-oiled microalgae biomass (Kocer and Ozçimen, 2022). At the initial 

pyrolysis stage, the thermal decomposition of CL and ALG produced H2O vapors. The 

dehydrogenation of oxygen-containing groups such as COOH and OH is responsible for 

internal moisture removal (Chen et al., 2021). The long aliphatic chains in pyrolysis 

feedstock is converted into light olefins during thermal cracking (Fig. 7.15). 
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The thermal decomposition of oxygen-containing functional groups such as 

COOH, R COO 3O released CO and CO2 via decarboxylation reactions (Hu 

et al., 2024). In ALG biomass, nitrogenous compounds consisting mainly of amine group 

( NH2) as the basic unit in protein are responsible for removing ammonia during thermal 

cracking (Su et al., 2023). Further, acyl or alkoxy bond cleavage releases CO during 

thermal decomposition of long-chain fatty acids (Mishra et al., 2022). A significant fraction 

of NOx is released from microalgae by the thermal decomposition of nitroalkyl and 

nitrophenyl compounds (Mo et al., 2020). Moreover, a small fraction of SOx is also emitted 

by bond cleavage from dimethyl sulfoxide and methyl sulfide (Tang et al., 2021). 

 The emitted primary pyrolysis vapors from thermal decomposition of CL, ALG 

and CLALG were dominated with aliphatic hydrocarbons, bulky oxygenated compounds, 

carboxylic acids and nitrogen-containing compounds responsible for undesired properties 

in resulting non-catalytic bio-oil with low HHV. To upgrade non-catalytic bio-oil, the 

synthesized Cu-Cr-ZSM-5 catalyst is interacted with CLALG pyrolysis vapors. The 

controlled Si/Al ratio, pore size, mesoporosity, unique channels with circular entrances and 

acid sites are the specific parameters to impact deoxygenation and aromaticity of upgraded 

bio-oil (Zhang et al., 2018). Intramolecular mesopores of synthesized catalyst facilitate 

molecular diffusion and promotes pyrolysis vapours transformation at specific acidic site. 

The abundant mesopores and larger external surface area are responsible for accessible acid 

sites to interact with pyrolysis vapors (Iliopoulou et al., 2012). Excess inter/intra crystal 

mesoporosity overcome mass transfer limitations to improvise bio-oil quality with higher 

mono aromatic hydrocarbon yield (Zhang et al., 2018). 
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7.4 Conclusion 

 

 

 


