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A B S T R A C T

Zeolite Imidazole Frame-67 (ZIF-67), a thermally stable subclass of metal-organic frameworks (MOFs), has 
recently emerged as a promising flexible catalyst for upgrading biomass pyrolysis process and reducing reaction 
complexity. This research explores the catalytic pyrolysis behavior of wood pellets (WP) biomass over ZIF-67 
using thermogravimetric analysis (TGA), TG-Fourier Transform Infrared (TG-FTIR) spectroscopy, and gas 
chromatography-mass spectrometry (GC-MS). Thermal decomposition kinetics and thermodynamic parameters 
were evaluated using serval modelling approaches, while artificial neural network (ANN) technique was 
employed to predict pyrolysis behaviour of WP and ZIF-67/WP samples under untested conditions. Biomass 
samples containing 10, 20 and 30 wt% ZIF-67 were examined to determine the optimum catalyst loading. The 
TGA results revealed that biomass underwent thermal decomposition below 600 ◦C, with a mass loss of 77-86 wt 
%, followed by the decomposition of ZIF-67 at higher temperatures. The addition of ZIF-67 significantly influ
enced the composition of the evolved vapors, with 20 wt% catalyst providing the highest catalytic activity by 
promoting the formation of naphthalene, 1,2,3,4 tetrahydro-2-phenyl-rich vapor, which accounted for approx
imately 85% of the total identified aromatic GC-MC peak area under the investigated conditions. Kinetics 
analysis demonstrated that the optimum ZIF-67 loading reduced the activation energy from 233 to 427 kJ/mol 
(WP) to 159-295 kJ/mol, indicating a substantial reduction in the energy barrier of pyrolysis. Furthermore, the 
catalyst lowered thermodynamics parameters (enthalpy, Gibbs free energy, and entropy), confirming improved 
reaction feasibility. The constructed ANN models accurately predicted the pyrolysis behaviour of both WP and 
ZIF-67/WP samples, achieving R2 exceeding 0.9999. These results demonstrate that incorporating 20 wt% of ZIF- 
67 into the biomass pyrolysis process effectively reduces the reaction energy requirements and enhances the 
selectivity of pyrolysis vapors towards valuable aromatic hydrocarbons, highlighting its potential as an efficient 
catalyst for sustainable biomass valorisation and the production of advanced biofuels and renewable chemicals.

1. Introduction

In the context of efforts to find new, alternative and renewable en
ergy sources to reduce dependence on fossil fuels and mitigate their 
emissions, biomass, as a renewable feedstock, has gained considerable 
attention in this regard due to its high availability, estimated at more 
than one billion tons in the European Union region alone [1]. This is 
further enhanced by the diversity of its production sources, including 
wood (chips, sawdust), agricultural residues (crop residues, straw, etc.), 
forests, and others [2]. Biomass consists of organic components (cellu
lose (25-50 wt%), hemicellulose (15-40 wt%), lignin (10-40 wt%), and 

various carbohydrates) [3], making it one of the most promising 
low-emission renewable energy alternatives and biofuel production [4]. 
Among the reported biomass sources, wood is the most abundant, 
constituting over 50% of plant biomass, the woody material that forms 
the basic structure of forests [5]. Based on the current situation, biomass 
conversion technologies are varying between thermochemical (pyroly
sis, hydrothermal liquefaction, gasification, combustion, torrefaction, 
incineration), biological (fermentation, anaerobic digestion, aerobic 
composting), biochemical (hydrolysis, transesterification, supercritical 
water gasification), and physical (briquetting, extraction, distillation) 
[6]. Among these pathways, thermochemical approach, particularly 
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using pyrolysis, has shown tremendous potential in converting biomass 
into biofuels (bio-oil and biogas) and renewable chemical compounds. 
Also, the studies have demonstrated its sustainability and superior 
environmental and economic performance compared to other conver
sion technologies [7–9]. However, this approach still faces several 
challenges, including the high viscosity and water content of the 
resulting bio-oil, its low calorific value, corrosive nature due to high 
acidity, and the abundance of oxygenated compounds [10]. These 
characteristics negatively affect fuel quality and stability, hindering its 
integration into the market for commercially viable biofuels [11]. In 
addition, this approach is accompanied by the production of large 
quantities of biochar as a by-product with limited applications and less 
economic value [12,13]. These shortages resulted from the complexity 
of biomass structure with its high carbon and low hydrogen content that 
make it hard to decompose into oil and favouring the formation of 
biochar over oil production [14]. To mitigate this problem and achieve 
efficient biomass decomposition, upgrading processes using catalytic 
pyrolysis are commonly employed to improve the properties of bio-oil, 
including reducing its acidity and viscosity. This process also removes 
oxidizing agents and impurities and reduce the reaction complexity. 
Furthermore, they contribute to reducing biochar production and 
facilitate its decomposition into hydrocarbons and for supporting the 
circular carbon economy [15–18]. Various catalysts have been used in 
this regard, which can be categorized into molecular sieve catalysts 
(such as ZSM-5, Y-type, Beta type, MCM-41, SBA-15, micro mesoporous 
composite molecular sieve), alkali metal-base catalysts (alkaline earth 
metal oxides and alkali metal salt), and transition metal based catalyst 
(including nickel, zinc, copper, iron, cobalt, manganese), all of which 
demonstrate significant potential in this field. The upgrading process is 
facilitated by the porous structure and high acidity of the catalysts, their 
morphological selectivity, thermal stability, and commercial availability 
[19,20]. However, these catalysts are characterized by a rigid structure, 
fixed acidity, and limited structural flexibility, leading to strong hy
drocarbon adsorption within their microporous framework, thus clog
ging the pores and disabling the catalyst [21,22]. This necessitates the 
development of new, flexible catalysts capable of overcoming these 
limitations. In this context, metal-organic frameworks (MOFs) have 
recently been introduced as advanced catalysts for catalytic pyrolysis 
due to their unique flexible structure, large surface area and porosity, 
precise pore size, and leading catalytic capabilities [23]. In addition to 
their high selectivity and strong acidic and metal centres, which provide 
better control over the selectivity of chemical compounds, they enhance 
surface interactions during the pyrolysis process [24,25]. MOFs have 
already been used with different types of biomass, such as sawdust (at 
600 ◦C and 800 ◦C for sustainable hydrogen production using Ni-MOF 
and Ce-Ni-MOF catalysts) [26], tobacco straw (400-550 ◦C using 
ZIF-67/ZSM-5 catalyst) [27], waste wood (for high-quality bio-oil pro
duction using Ni-MOFs and Mg-MOFs at 450 ◦C - 600 ◦C) [28], chlorella 
vulgaris for high aromatic hydrocarbons in bio-oil (using Ni-Cu@C, 
Ni-Co@C, Cu-Co@C and Ni-Cu-Co@C at 600 ◦C) [29], sewage sludge 
using microwave pyrolysis (using modified MIL-100(Fe) at 400 ◦C, 
500 ◦C, or 600 ◦C) [30], efficiently converting soybean oil into biodiesel 
over Cr-ZIFs-8/ZnCo-LDH [31], bamboo modified MIL-101(Cr) at 600 - 
800 ◦C using microwave-assisted catalytic pyrolysis to produce 
MAH-rich bio-oil [32]. Despite the promising results, most of these 
studies attribute the emitted hydrocarbons exclusively to the decom
position of biomass, ignoring the contribution of the degradation of MOF 
linkers, which decompose at a lower temperature (<450◦C) than that of 
the biomass (520 ◦C), directly contributing to the formation of the 
observed liquid products and increasing their productivity as demon
strated by our group using TAG and FTIR [33]. This misinterpretation 
obscures the true catalytic role of MOFs and highlights a fundamental 
limitation: their low thermal stability, which is below the decomposition 
temperatures required for biomass. Consequently, this intrinsic insta
bility not only compromises catalytic performance but also challenges 
the reliability and scalability of MOFs in feverish temperature catalytic 

co-pyrolysis processes.
To overcome the limited thermal stability of many previously re

ported MOFs, recent research has focused on the development of more 
thermally robust framework materials. Among the thousands of MOFs 
reported to date, zeolite imidazole framework-67 (ZIF-67) has attracted 
considerable attention because of its excellent thermal stability, high 
specific surface area, and well-defined cobalt-based active sites. Biomass 
pyrolysis is typically conducted within the temperature range of 300- 
600 ◦C, where increasing temperature accelerates biomass decomposi
tion, enhances secondary cracking and deoxygenation reactions, and 
strongly influences the composition of the evolved vapors. Therefore, 
the catalyst must remain structurally stable throughout this temperature 
ranges to sustain its catalytic activity. Our previous study demonstrated 
that ZIF-67 maintains its crystalline structure up to 600 ◦C, making it 
suitable for biomass pyrolysis [34], which is typically conducted within 
this temperature range. This thermal stability enables ZIF-67 to with
stand the operating temperatures employed in the present study, 
allowing its porous structure and cobalt active sites to effectively pro
mote carking and aromatization reactions during biomass pyrolysis [35,
36]. Moreover, recent environmental and techno-economic assessments 
have highlighted the potential of ZIF-67 for large-scale applications [37,
38]. To explores the potential of ZIF-67 as a novel and versatile catalyst 
for upgrading biomass pyrolysis products, this research aims to study the 
pyrolysis behaviour of woody biomass in the presence of ZIF-67 using a 
combination of analytical micro-scale reactor experiments and model
ling techniques. The thermal decomposition behaviour of biomass was 
investigated using thermogravimetric (TG) analyser at various heating 
rates and ZIF-67 catalyst loadings (10, 20, and 30 wt%). The influence of 
ZIF-67 content on the composition of the evolved catalytic vapors was 
evaluated using TG-Fourier transform infrared (TG-FTIR) spectroscopy 
and gas chromatography-mass spectrometry (GC-MS). These analyses 
enabled the identification of the optimal catalyst loading for enhancing 
the decomposition rate and increasing the yield of aromatic compounds 
in the released vapors. Furthermore, the effect of ZIF-67 on the pyrolysis 
kinetics of biomass was assessed using several models, including 
Kissinger-Akihira-Sonoze (KAS), Flynn-Wall-Ozawa (FWO), and Fried
man (FM), and Vyazovkin (VN) approaches. The corresponding ther
modynamic parameters were subsequently determined to provide 
further insight into the catalytic pyrolysis process. Finally, an artificial 
neural networks (ANN) model was developed and trained to predict the 
pyrolysis behaviour of biomass over ZIF-67, enabling the estimation of 
decomposition characterises under previously unexamined operating 
conditions.

2. Experimental and methodology

2.1. Materials and its characteristics

ZIF-67 (cobalt-based 2-methylimidazole framework, molecular 
weight 221 g/mol) was purchased from PlasmaChem© company. The 
structural, physical, and chemical properties of ZIF-67 have been re
ported in the literature, including X-ray diffraction patterns, BET surface 
area, SEM morphology, and pore properties [35]. Wood pellets (WP) 
were used as the woody biomass feedstock in the present research and 
were obtained from a local supplier in Lithuania. According to the 
supplier's specifications, the pellets has diameter of 6 mm, length of 
3.15-40 mm, dust particles of ≤0.5%, bulk density of 600-750 kg/m3, 
calorific value of 4.6 kWh/kg, sulfur content of ≤0.04%, and chlorine 
content of ≤0.02 wt%. Also, the WP sample was characterized by 
elemental and proximate analyses and the elemental composition was 
determined using a CHNS elemental analyser, while the oxygen content 
was calculated by difference. Proximate analysis was performed using a 
Netzsch STA 449 F3 Jupiter thermogravimetric analyser in accordance 
with ISO 18123:2023, ISO 18122:2022, and EN 14774–1:2009 stan
dards. The WP sample consisted of 49.20 wt% carbon, 5.68 wt% 
hydrogen, 0.18 wt% nitrogen, 44.94 wt% oxygen. The proximate 
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analysis revealed 9.78% moisture, 74.82% volatile matter, 14.69% fixed 
carbon, and 0.71% ash. Before catalyst mixing, the WP was first ground 
using an electric grinder subsequently sieved to obtain particles smaller 
than 200 μm. The resulting WP powder was then mixed with ZIF-67 at 
catalyst loadings of 10, 20, 30 wt% using an electric grinder operated at 
the lowest speed for 5 min to ensure homogeneous mixing while mini
mizing potential damage to the ZIF crystal structure. The prepared 
mixtures were designated as ZIF/WP10, ZIF/WP20, and ZIF/WP30 ac
cording to their respective catalyst contents. These mixtures were used 
to evaluate the effect of ZIF-67 loading on WP pyrolysis behaviour and to 
identify ZIF-67-to-WP ratio for maximizing the production of aromatic 
compounds in the evolved pyrolysis vapors. A flowchart illustrating the 
experimental methodology for the analysis of ZIF/WP pyrolysis is pre
sented in Fig. (1), while detailed descriptions of each stage are provided 
in the following sections.

2.2. Thermogravimetric analysis

The effect ZIF-67 and its content on the thermal decomposition of 
WP was monitored using a TGA device (NETZSCH model, Selb, Ger
many), which served as an analytical-scale pyrolysis reactor. The TGA 
measurements were conducted under a nitrogen atmosphere with a gas 
flow rate of 60 mL/min. For each experiment, the total sample mass, 
including both biomass and ZIF-67 catalyst (10, 20, or 30 wt%), was 
maintained at approximately 10 mg. To minimize mass and heat transfer 
limitations, a small sample mass (~10 mg), a uniform biomass catalyst 
mixture, and an open alumina crucible. The thermal decomposition 
behaviour of WP and ZIF/WP samples was investigated at heating rates 
of 10, 20, and 30 ◦C/min, which are standard conditions for TGA kinetic 
studies. These various heating rates also are needed for molding the 
pyrolysis kinetics of ZIF/WP and studied its effect on the yield and 
chemical composition of the evolved vapors resulted from the pyrolysis 
process. Reproducibility was confirmed by repeating TGA measure
ments of WP sample three times at lower heating rate (10 C/min), 
resulting in highly consistent data with minimal deviation. The weight 
loss of WP and ZIF/WP samples were monitored in the progress of 
temperature under the controlled heating rates to generate TGA curves. 
Derivative thermogravimetric (DTG) curves of the samples were sub
sequently obtained by numerical differentiation of the measured TGA 
data via Proteus software. Finally, the conversion efficiency of ZIF/WP 
samples was quantified using the thermal decomposition index (CPI), as 
expressed in Eq. [1] [39]. 

CPI=
(− Rmax) ×

(
− Ravg

)
× Mf

Tint × Tpeak × ΔT1/2
(1) 

where Rmax (% min− 1), Ravg (% min− 1), Mf (%), Tint (◦C), Tm (◦C), and 
ΔT1/2 (◦C) parameters are defined as maximum partial decomposition 
rate, average mass loss rate, final mass loss, initial evaporation tem
perature, maximum decomposition temperature, and half-peak tem
perature with at R/Rpeak = 0.5, respectively.

2.3. Pyrolysis vapor analysis

Volatile species released from the decomposition of WP and ZIF/WP 
samples in the principal decomposition region were characterized by 
TG-FTIR and GC/MS. TG-FTIR (Bruker Tensor 27, Germany) was used to 
identify the functional groups of the volatile species evolved from the 
pyrolysis of ZIF/WP samples. The vapor species evolved during TGA 
were transferred directly to the FTIR via an infrared gas cell equipped 
with a potassium bromide as an inner window and a zinc selenide as an 
outer window. Infrared spectra were collected over the range of 700 to 
4400 cm1 using a liquid-nitrogen cooled mercury-cadmium-telluride 
detector, averaging 32 scans per spectrum. Whereas, identification of 
the pyrolysis vapor and their relative abundances was performed using 
GC/MS (Agilent 7890A GC coupled to a 5975 MSD) with helium (purity 
>99.9999%) as the carrier gas, operating at 20 psi and 250◦C. Vapors 
released from the quartz tube were introduced into a GC/MS system and 
separated on HP-5MS ((5%-phenyl)-methylpolysiloxane) column. Col
umn dimensions were 60 m (length) × 250 μm (inner diameter), 
0.25 μm film thickness. The oven temperate was programmed from 
40 ◦C to 270◦C and 10 ◦C/min as a heating rate. Mass spectra of the 
evolved volatile species from the decomposition of ZIF/WP samples 
were recorded over an m/z range of 30-600 via electron ionization. The 
pyrolysis species were identified by comparing their mass spectra with 
those contained in the National Institute of Standards and Technology 
(NIST) Mass Spectral Library, together with their corresponding reten
tion times. Since the objective of the GC-MS analysis was the identifi
cation and relative comparison of the evolved products, authentic 
calibration standards were not employed. Therefore, the reported values 
represent relative GC-MS chromatographic peak area parentages, ob
tained by automatic integration using the Agilent GC-MS data process
ing software, and should be regarded as semi-quantitative indicators of 
the relative abundance of the identified compounds rather than absolute 

Figure (1). Flowchart of the experimental methodology for biomass pyrolysis over ZIF-67.
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product yields or concentrations. Baseline correction, peak deconvolu
tion, and peak integration were performed automatically using the GC- 
MS data processing software. For partially overlapping chromatographic 
peaks, the extracted mass spectra at the peak apex and across the peak 
profile were carefully inspected, and compound identities were verified 
through comparison with the NIST mass spectral library. Only com
pounds exhibited reliable spectral matching and adequate chromato
graphic resolution were included in the reported results.

2.4. Kinetic modelling

The catalytic pyrolysis kinetic of WP and ZIF/WP samples was 
modelled using KAS, FWO, and FM as a most common linear kinetic 
approach model-free linear isoconversional methods. These approaches 
are valued due to their simplicity as they analyse single-step reaction 
behaviour without requiring assumptions about the reaction mechanism 
or kinetic orders [40]. Also, the VN model was employed the present 
research as a common nonlinear kinetic approach for studying the cat
alytic pyrolysis kinetic of ZIF/WP samples. This approach assumes that 
the biomass consists of several sub-components and they decomposed in 
parallel under the applied temperature. The final formulas of the 
selected models are defined as in Eqs. [2–5] [41]. This diversity in the 
selected models lead to choose the situatable model that can be used for 
estimating the catalytic pyrolysis kinetic of ZIF/WP samples in terms of 
activation energy (Ea) with high correlation coefficient (R2) (Eq. [6] 
[42]) value to describe the complex reaction mechanism of ZIF/WP 
samples. Also, the pre-exponential factor (A) was calculated that needed 
for determining the thermodynamic parameters later. 

KAS : ln
(

β
T2

)

= ln
(

AR
Eag(y)

)

−
− Ea
RT

(2) 

FWO : ln β=
(

lnAEa
Rgy

)

– 5.335 –
1.0516Ea

RT
(3) 

FM : ln
(

βdy
dT

)

= ln(Af(y))
(
− Ea
RT

)

(4) 

VZ : (y)=
∫ α

0

dy
f(y)

= A
∫ t

0
exp (− E /RT)dt (5) 

R2= 1 −
∑N

i=1

(
Hi − Hi,mol

)2

/
∑N

i=1

(
Hi − Hi,avg

)2 (6) 

2.5. Thermodynamics analysis

The effects of ZIF-67 addition at different ratios on thermodynamic 
parameters of WP pyrolysis were investigated. These parameters, 
namely enthalpy (ΔH: kJ/mol), Gibbs free energy (ΔG: kJ/mol), and 
entropy (ΔS: kJ/(mol K)), were calculated using expressions presented 
in Eqs. [7–9] [43]. Ea (kJ/mol) and A (s− 1) parameters were obtained 
from kinetic analysis at each conversion level using KAS, FWO, and FM 
approaches. While the constants KB and h represent the Boltzmann 
constant (1.3819 × 10− 23 J/K) and Planck constant (6.626 × 10− 34 J s), 
respectively [44]. 

ΔH = Ea – R(Tm)                                                                           (7)

ΔG=Ea + RTm ln
(

KBTm

hA

)

(8) 

ΔS=
ΔH − ΔG

Tm
(9) 

2.6. Artificial neural network modelling

The developed ANN models were designed exclusively to predict the 

thermal decomposition behavior (TGA profiles) of WP and ZIF-67/WP 
samples using TGA data as the training dataset. The thermal decompo
sition of WP and ZIF/WP samples at an unknown heating rate were 
predicted using an ANN approach as an effective methodology for 
nonlinear patterns even in the presence of noisy data through advanced 
training and validated algorithms [45]. The ANN algorithm was devel
oped using MATLAB and implemented through sequential phases of 
network construction, training, validation, and testing. In this work, 
separate ANN models were developed for each investigated sample (WP, 
ZIF/WP10, ZIF/WP20, and ZIF/WP30). Each model was trained using 
TGA datasets generated at different heating rates to predict the corre
sponding thermal decomposition in terms of mass loss profiles. There
fore, catalyst loading was treated as a fixed characteristic of each dataset 
rather than as an independent input variable. The architecture of the 
suggested ANN comprises three principal layers distributed by the 
following way: an input layer including the decomposition temperature 
and heating rate; a hidden layer for data processing; and an output layer 
that responsible for showing the predicted TGA data under unknown 
degradation performance. The developed network was trained via the 
Levenberg-Marquardt (LM) backpropagation methodology that selected 
due to its fast convergence and high capability in simulating nonlinear 
systems [46]. A nonlinear activation function was applied within the 
hidden layer and adjusted iteratively based on trial-and-error principle 
to increase R2 value that described in Eq. [6]. The dataset was randomly 
divided into subsets distributed as follows: training (70%), validation 
(15%), and testing (15%). These percentages were chosen based on 
findings in the literature, which showed that this split provides a 
well-balanced framework for model learning, hyperparameter adjust
ment, and performance assessments, especially in the case of medium to 
large sized datasets [47]. The performance of the developed network 
was assessed based on R2, mean absolute error (MAE), mean bias error 
(MBE), and Root means square error (RMSE), which can be expressed as 
in Eqs. [6,10–12] [48,49]. The number of neurons in the hidden layer 
was varied between 3 and 10, and each network configuration was 
evaluated based on MSE and R2 metrics. Among the tested models, the 
network with 3 × 3 × 1 architecture achieved the lowest validation 
error. Hyperparameter optimization process was carried out automati
cally based on the LM methodology, which adaptively updates the 
learning rate throughout the training process. The maximum number of 
epochs was specified to allow the model convergence, while early 
stopping based on validation performance was applied to avoid extra 
training. Prior to training, all input and output parameters were scaled 
to the range [0,1] through minimum and maximum normalization. The 
normalization factors were extracted from the training dataset and 
subsequently applied to the datasets. Lasty, the refined ANN model was 
applied to predict the TGA data of ZIF/WP samples with different con
tent of ZIF at 25 ◦C/min, a regime that was not directly examined 
experimentally using TGA instrument. 

MAE=
1
N
∑N

i=1

⃒
⃒Hi − Hi,mol

⃒
⃒ (10) 

MBE=
1
N
∑N

i=1

(
Hi − Hi,mol

)
(11) 

RMSE=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
N
∑N

i=1

(
Hi − Hi,mol

)2
√

(12) 

3. Results and discussion

3.1. Thermogravimetric analysis of ZIF/WP samples

Fig. 2 presents the TGA and DTG curves of WP and ZIF/WP samples 
obtained the different heating parameters (10, 20, 30 ◦C/min). The TGA 
profile of WP sample (Fig. (2A)) exhibited three main decomposition 
regions (W1-W3), with an overall weight loss ranging from 77 to 86 wt% 
depending on the heating rate. In the first region (W1), a minor weight 
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loss (<3 wt%) was observed up to 140 ◦C, which was attributed to 
release the moisture content of the supplied WP. In the second region 
(W2), substantial decomposition occurred, resulting in approximately 
64 wt% weight loss up to 400 ◦C due to the decomposition of hemicel
lulose and cellulose components [50,51]. In the third region (W3), a 
gradual weight loss of 12-19 wt% was observed (≤600 ◦C) indicates the 
decomposition of lignin subcomponent that exhibits higher thermal 
stability and decomposes over a broader temperature range than 
hemicellulose and cellulose. However, the significant mass loss occur
ring between 250 and 520 ◦C, and the slight decomposition observed 
above this range, are associated with gradual carbonization and sec
ondary cracking reactions for biochar formation in the last stage [52]. In 
case of ZIF/WP samples (Fig. (2B-D)), the TGA curves exhibited 
decomposition profiles similar to those of the neat PW sample, consist
ing of three successive decomposition zones. The first stage corre
sponding to moisture evaporation, resulting in a weight loss of 2-3 wt% 
up to 140 ◦C. Subsequently decomposition hemicellulose and cellulose 
content up to 400 ◦C, but with different weigh loss values, in particular 
59% (ZIF/WP10), 56% (ZIF/WP20), and 49% (ZIF/WP20). Then the 

process ended by decomposition of lignin subcomponent in the range of 
400-600 ◦C with loss of 12-16 wt%, followed by the solid formation 
zone. This decomposition zone also includes the release of residual 
organic species from ZIF-67 organic linker, which decompose at 
elevated temperatures [34]. As displayed, the ZIF/WP samples decom
posed completely up to 600 ◦C with overall weight loss estimated at 74% 
(ZIF/WP10), 72% (ZIF/WP20), and 70% (ZIF/WP20). However, the 
high char yield in case of ZIF/WP samples can be attributed to the 
presence of metal nodes, which possess high thermal stability and 
melting point [53], thereby promoting the formation and retention of 
solid carbonaceous products. While the DTG curves of WP and ZIF/WP 
samples (Fig. (2E-H)) exhibited a dominant decomposition peak, with 
the corresponding peak decomposition temperatures (Tm) ranging from 
360 to 368 ◦C (WP), 359-371 ◦C (ZIF/WP10), 359-371 ◦C (ZIF/WP20), 
and 359-375 ◦C (ZIF/WP30). The presence of a single major DTG peak 
suggests that the decomposition of the ZIF-67 organic linker overlapped 
with the degradation of WP components, resulting in a merged decom
position peak. Finally, the catalytic pyrolysis behaviour of WP and 
ZIF/WP samples at the specified heating rates was estimated based on 

Figure (2). A-D) TGA and E-H) DTG curves of WP and ZIF/WP samples.
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the measured TGA and DTG data, and the resulting characteristics pa
rameters are summarized in Table 1.

3.2. TG-FTIR analysis of pyrolytic vapors

The pyrolytic vapors evolved during the principal decomposition 
stage of WP and ZIF/WP samples at the listed heating rates were char
acterized using TG-FTIR analysis. The corresponding two-dimensional 
FTIR (2D-FTIR) and three-dimensional FTIR (3D-FTIR) spectra, which 
the functional groups present in the released vapors, are shown in Fig. 3. 
The 2D-FTIR spectrum of the WP sample exhibited two prominent ab
sorption bands at 1735 cm− 1 and 2362 cm− 1, which were assigned to 
C=O stretching vibration of carbonyl groups and the asymmetric 
stretching vibration of CO2, respectively. In addition to these dominant 
peaks, several weaker absorption bands were observed at 1093 cm− 1 (C- 
O stretching in alcohols, ethers, carboxylic acids, and esters com
pounds), 1392-1513 cm− 1 (C-H stretching), 2800-2950 cm− 1 (alkyl C-H 
stretching region), and 3580-3860 cm− 1 (O-H stretching). These spectra 
features are consistent with those reported for pyrolysis vapors gener
ated from woody biomass in the previous studies [46]. In the case of 
ZIF/WP samples, the 2D-FTIR spectra exhibited absorption bands at 
similar wavenumbers and with comparable spectrum to those observed 
from the neat WP sample. This observation indicates that the volatile 
products detected during the principle decomposition stage originated 
predominantly from the thermal degradation of the WP. It should be 
noted that the TG-FTIR spectra were collected at the maximum 
decomposition region of the DTG curves, corresponding to 359-375 ◦C 
(Table 1), whereas our previous study demonstrated that pure ZIF-67 
undergoes its main thermal decomposition between 569 and 607 ◦C 
[34]. Therefore, under the experimental conditions employed for 
TG-FTIR analysis, ZIF-67 remained thermally stable and did not produce 
detectable volatile decomposition products. Consequently, no additional 
FTIR absorption bands associated with the decomposition of the ZIF-67 
organic linker were observed. Nevertheless, although ZIF-67 did not to 
directly contribute volatile species within this temperature range, its 
catalytic active sites may have influenced the reaction pathways of 
biomass pyrolysis, and consequently the composition of the evolved 
vapors. The corresponding 3D-FTIR spectra further confirmed the evo
lution of multiple gaseous products during the thermal decomposition of 
bot WP and ZIF/WP samples at the investigated heating rates. The 
similarity of the spectral profiles indicates that the major functional 
groups released during pyrolysis remained unchanged, while any cata
lytic effect of ZIF-67 is more likely reflected in the relative abundance of 
individual volatile compounds, as discussed in the subsequent GC-MS 
analysis. Finally, the intensity of the absorption bands increased with 
rising heating rate, indicating increased vapor emission resulting from 
thermal decomposition. This is attributed to the fact that a higher 
heating rate enhances heat flux within the biomass matrix, accelerating 
the decomposition of their sub-components and promoting the forma
tion and evolution of volatile compounds [54].

3.3. GC/MS analysis of pyrolytic vapors

GC/MS analysis was employed to characterize the pyrolytic vapors 
evolved from WP and ZIF/WP samples at different heating rates. The 
analysis was conducted withing the principal decomposition region 
determined from the DTG profiles, allowing the effect of ZIF-67 addition 
on the composition and distribution of the resulting pyrolytic vapors to 
be assessed. Fig. 4 presents the GC/MS chromatogram of WP vapors, 
while the identified compounds and their corresponding relative peak 
areas are summarized in Table 2. As shown, the GC-MS analysis revealed 
that the pyrolysis of WP consisted of a complex mixture of oxygenated 
organic compounds, including aldehydes, ketones, alcohols, furans, and 
phenolic derivatives. At all heating rates, oxygenated compounds pre
dominated with pentanal (29.56%) and cyclohexanol, 5-methyl-2-(1- 
methylethyl)-, acetate (25.93%) being the major compounds at 10 ◦C/ 
min, while phenolic compounds, particularly phenol, 2-methoxy-4 
methyl- (25.57-33.86%), became dominant at higher heating rates. 
The increase in heating rate also promoted the formation of ketones, 
such as 2-cyclopenten-1-one, 3,4,4-trimethyl- (30.28%), indicating 
enhanced thermal cracking and secondary reactions. These results 
demonstrate that WP pyrolysis primarily generates oxygen-rich volatile 
compounds originating from the decomposition of WP components, 
with product distribution strongly influenced by the heating rate and 
these results are in good agreement with the reported biomass pyrolysis 
results in the literature [55]. Fig. 5 presents the GC/MS chromatogram 
of ZIF/WP20 vapors, while the GC/MS spectrums of ZIF/WP10 and 
ZIF/WP30 samples are provided in the Supplementary Materials 
(Figs. (S1, S2)). The chemical compounds identified in the vapors of all 
ZIF/WP samples, along with their relative peak areas are listed in 
Table 3. According to the GC-MS analysis, the predominant aromatic 
product generated during the catalytic pyrolysis was naphthalene, 1,2,3, 
4 tetrahydro-2-phenyl- (C16H16), representing approximately 
62.8-84.7% of the total identified GC peak area, depending on the 
ZIF-67 loading and heating rate. In addition to C16H16, several aro
matic compounds were detected in relatively low abundance, including 
benzene, 1,1'-(3-methyl-1-propene-1,3-diyl)bis- (6.4-7.1%), 2, 
5-Diphenyl-1,5-hexadiene (2.7-5%), alpha-phenyl-alpha tropylace
taldehyde tosylhydrazone (3.2-7.3%), etc. Conversely, the conventional 
BTX compounds (benzene, toluene, ethylbenzene, and xylenes) were not 
detected as major products. Thes findings indicate that ZIF-67 was not 
specifically directing the pyrolysis toward the selective production of 
C16H16. Rather, it promoted the formation of aromatic hydrocarbons, 
with C16H16 begging the dominant aromatic compound under the 
applied catalytic pyrolysis conditions. The relative abundance of C16H16 
ranged from 73.01 to 79.21% (ZIF/WP10), 62.81-84.65% (ZIF/WP20), 
and 66.45-75.95% (ZIF/WP30). The highest relative abundance of 
C16H16 compound was obtained for the ZIF/WP20 sample at 20 ◦C/min, 
accounting for approximately 84.7% of the total identified GC-MS 
chromatographic peak area as shown in Fig. (6). It should be empha
sized that this value represent the relative chromatographic peak area of 
the identified compounds and should not be interpreted as an absolute 
product yields or mass concentrations. These results demonstrate the 
significant influence of ZIF-67 catalyst and its loading on the 

Table 1 
Pyrolysis characteristics of WP and ZIF/WP samples.

Sample WP ZIF/WP10 ZIF/WP20 ZIF/WP30

Heating rate (◦C/min) 10 20 30 10 20 30 10 20 30 10 20 30
Tint (◦C) 247 215 198 173 178 184 148 173 189 156 175 187
Tm (◦C) 360 368 368 359 371 370 359 371 371 359 371 375
Tf (◦C) 451 474 505 673 677 678 683 689 693 686 689 691
Rmax (%/min) 9.2 18.7 33.3 8.18 15 27.74 7.4 14.97 26.93 6.57 13.52 20.3
Ravg (%/min) 1.02 1.86 2.69 0.91 1.79 2.66 0.85 1.77 2.60 0.8 1.7 2.4
Mf (%) 12.78 20.25 22.98 22.0 23.4 23.8 27.27 24.07 30.2 30.2 26.8 30.5
ΔT1/2 59 69 83 63 80 88 62 78 78 64 78 91
CPI (%3 ◦C− 3 min− 2) 2.3E-05 1.3E-04 3.4E-04 4.2E-05 1.2E-04 2.9E-04 5.2E-05 1.3E-04 3.9E-04 4.4E-05 1.2E-04 2.3E-04
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composition of the generated biomass-derived vapors. The catalyst 
effectively promoted the deoxygenation and aromatization of pyrolysis 
intermediates, leading to the formation of vapor rich in aromatic hy
drocarbons [56,57], in particular C16H16. This exceptionally high yield 
indicates that ZIF-67 possesses considerable potential for upgrading 
complex biomass vapor composition into valuable chemical products. 

The formation of C16H16 indicates an increase in aromatization during 
the upgrading process. As a phenyltetralin-type hydroaromatic com
pound, it represents a valuable class of aromatic hydrocarbon associated 
with a hydrogen donor source and potential applications in renewable 
fuel petrochemical feedstocks [58–62].

Figure (3). TG-FTIR (2D and 3D) of pyrolytic vapors evolved from WP and ZIF/WP samples.
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3.4. Pyrolysis mechanism of ZIF/WP samples

During pyrolysis large scale, WP undergo thermal decomposition to 
generate volatile compounds, gases, and biochar. In case of using TGA as 

an analytical reactor, only pyrolysis vapors are produced (that can be 
observed its composition through GC-MS) combined with solid residue 
remaining at the end of reaction [63]. Since the present study is an 
analytical study and focused more fundamental pyrolysis of ZIF/WP 

Figure (4). GC/MS spectrum of pyrolytic vapors of WP sample.

Table 2 
GC/MS compounds of WP sample and their corresponding relative peak areas.

10◦C/min 20◦C/min 30◦C/min

Time 
(min)

GC Compound Area 
(%)

Time 
(min)

GC Compound Area 
(%)

Time 
(min)

GC Compound Area 
(%)

6.190 l-Alanine ethylamide, (S)- 5.39 6.142 l-Alanine ethylamide, (S)- 5.36 6.139 l-Alanine ethylamide, 
(S)-

8.99

15.786 1,2-Cyclopentanedione 3.98 8.581 Hydrazine, ethyl- 3.75 15.272 1,2-Cyclopentanedione 15.06
18.105 2-Cyclopenten-1-one, 3,4,4- 

trimethyl-
4.50 15.234 1-(2 Tetrahydrofurylmethyl)pi peridine 25.28 17.187 2-Cyclopenten-1-one, 2 

hydroxy-3-methyl-
7.46

18.279 Pentanal 29.56 17.071 2-Cyclopenten-1-one, 2 hydroxy-3- 
methyl-

4.44 18.139 2-Cyclopenten-1-one, 3,4,4- 
trimethyl-

30.28

19.687 Cyclohexanol, 5-methyl-2-(1- 
methylethyl)-, acetate

25.93 18.098 2-Cyclopenten-1-one, 3,4,4-trimethyl- 8.59 19.728 Phenol, 2-methoxy-4 
methyl-

33.86

20.997 5-Isopropyl-3,3-dimethyl-2- 
methylene-2,3-dihydrofuran

4.79 18.357 2-Nonen-1-ol 7.68 21.068 4-Hydroxy-2,4,5 
trimethyl-2,5 
cyclohexadien-1-one

2.34

21.507 2-Methoxy-4-vinylphenol 22.84 19.680 Phenol, 2-methoxy-4 methyl 25.57 21.109 5-Isopropyl-3,3 
dimethyl-2-methylene 
2,3-dihydrofuran

2.01

23.514 3-Allyl-6-methoxyphenol 3.00 20.983 Phenol, 4-ethyl-2 methoxy- 6.07 ​ ​ ​
​ ​ ​ 21.605 Phenol, 3-methyl-5-(1 methylethyl)-, 

methylcarbamate
5.85 ​ ​ ​

​ ​ ​ 22.170 Cyclopenta[c]pentalen 3(3aH)-one, 
octahydro 1,2,3a,6-tetramethyl-

7.42 ​ ​ ​
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samples, its pyrolysis mechanism was simplified and described based on 
the indicative TGA and GC-MS results of ZIF/WP20 sample that provide 
the higher C16H16 content, then compared with the decomposition fea
tures of neat WP and ZIF-67. The decomposition mechanism of all the 
specified samples at the same heating rate (20 ◦C/min) to ensure fair 
comparison and correct explanation as shown in Fig. (7). It should be 
noted that the thermal decomposition behavior of pure ZIF-67, 
including TGA and GC-MS analysis, has been thoroughly investigated 
and previously reported by our research group [34]. As displayed in the 
suggested pyrolysis mechanism, ZIF-67, WP, and ZIF/WP20 samples 
showed extremely low decomposition rate (<3w t.%) up to 140 ◦C due 
to release any moisture content (drying process). Another low decom
position rate (<3w t.%) was observed up to 260 ◦C for both WP and 
ZIF/WP20 samples due to the initiation of WP devolatilization and the 
breakdown of its main components, facilitating the release of light 
oxygenated compounds. As the temperature increased, hemicellulose 
decomposition occurred up to 320◦C through deacetylation, depoly
merization, decarboxylation, and dehydration reactions, producing 
volatile compounds like acetic acid, furfural, 2-furanmethanol, and CO2 
[64]. Subsequently, cellulose decomposition took place between 300 
and 380◦C, including glycosidic bond cleavage, transglycosylation, 
depolymerization, and fragmentation reactions to form levoglucosan 
and other oxygenated volatile species [65]. Whereas lignin decomposi
tion continued over a much wider range of temperatures (250-900◦C 
and the main primary decomposition occurred between 250 and 500◦C 
through β-O-4 and α-O-4 bond cleavage, side chain scission, and 
demethoxylation reactions, generating phenolic compounds. At higher 
temperatures (>500◦C), secondary pyrolysis reactions involving 

lignin-derived oligomers, heavy tar intermediates, and biochar became 
predominant [66]. Within this range, ZIF-67 sample showed a minor 
decompaction of less than 1 wt% due to evaporation of residual solvents 
and chemicals with higher boiling points and reaming in its porous 
structure. After that, the main activate decomposition zone of WP and 
ZIF/WP20 samples started to evaluate started by decomposition of 
hemicellulose content of WP (up to 300 ◦C), then cellulose (up to 
400 ◦C), and lignin (up to 600 ◦C) [67]. While ZIF/WP20 sample showed 
features similar that obtained from decomposition of WP samples in all 
regions, but ZIF/WP20 sample showed a high solid reside content 
because of remaining ZIF-67 catalyst in this region without degradation. 
However, the vapor composition was completely different due to fact 
that the primary vapors synthesized from WP components underwent 
additional catalytic upgrading reactions, including deoxygenation, 
cracking, aromatization, alkylation, and cyclization, which promoted 
the conversion of oxygenated intermediates into aromatic hydrocar
bons, as evidenced by the formation of C4H6N2 compound detected by 
GC-MS analysis [68]. Where the present of ZIF-67 catalyst (ZIF/WP20), 
these compounds are adsorbed onto the ZIF-67 catalyst high surface area 
porous structure, and the active metal sites (cobalt) of ZIF-67 catalyst 
and its functional groups enhance the catalytic reactions and reduce the 
oxygen content of the vapors through deoxygenation and enhance the 
formation of aromatic hydrocarbons [69]. As previously mentioned, WP 
consists primarily of cellulose, hemicellulose, and lignin, which 
decompose within different thermal ranges. During thermal decompo
sition, the volatile products resulting from these biomass constituents 
are released sequentially and mixed before reacting with the ZIF-67 
catalyst. Thus, the observed catalytic effects result from the 

Figure (5). GC/MS spectrum of pyrolytic vapors of ZIF/WP20 sample.
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co-conversion of the thermal decomposition vapors, and not solely from 
the selective conversion of the lignin-derived compounds. Ultimately, 
molecules with hard structure remained as solid residue aligned with 

ZIF-67 due to solid carbonaceous formation reaction [34]. Based on that, 
catalytic pyrolysis of biomass over ZIF-67 offers a promising approach 
for enhancing the economic value of biomass and upgrading their 
products.

3.5. Pyrolytic activation energy analysis

The impact of ZIF-67 catalyst with different concentration on the 
pyrolytic activation energy (Ea) of WP was estimated at various heating 
rates based on KAS, FWO, FM and the VN kinetic approaches. The Ea 
values of WP and ZIF/WP samples were calculated through fitting the 
relationship of each model then estimated the slope that is express as 
-Ea/R (KAS and Friedman) and − 1.0516Ea/R (FWO) considered 
R = 8.31 JK− 1 mol− 1 [70]. The KAS, FWO and FM relationships with 
nine parallel linear paths (refers to energy at conversion rate in the range 
of 0.1-0.9) are shown in Fig. (8). It was noted that KAS and FWO re
lationships are provided a regular distribution of the conversion paths, 
especially at in the range of 0.2-0.9, where at the begging of reaction and 
lower conversion rate often several simultaneous reactions took a place 
making it difficult to simulate all its kinetics once. While in case in case 
of FM relationships, a large amount of randomness was observed due to 
the nature of this model that make it very sensitive to noisy data resulted 

Table 3 
GC/MS characteristics of ZIF/WP samples.

10◦C/min 20◦C/min 30◦C/min

Time 
(min)

GC Compound Area 
(%)

Time 
(min)

GC Compound Area 
(%)

Time 
(min)

GC Compound Area 
(%)

ZIF/WP10 sample
26.636 Naphthalene, 1,2,3,4 

tetrahydro-2-phenyl-
78.45 21.500 Ethanone, 1-(2-hydroxy 5- 

methylphenyl)-
5.72 6.163 (2-Aziridinylethyl)amine 7.35

26.775 Alpha-phenyl-alpha 
tropylacetaldehyde 
tosylhydrazone

6.00 26.643 Naphthalene, 1,2,3,4 tetrahydro- 
2-phenyl-

79.21 13.636 1,6; 2,3-Dianhydro-4-O acetyl-. 
beta.-d allopyranose

4.21

28.231 1-Nonadecene 4.94 26.775 Alpha-phenyl-alpha 
tropylacetaldehyde 
tosylhydrazone

4.81 19.187 Benzoic acid 4.77

28.867 2,5-Diphenyl-1,5 
hexadiene

5.01 28.231 Cyclopentane, 1-pentyl 2-propyl- 3.28 26.632 Naphthalene, 1,2,3,4 tetrahydro- 
2-phenyl-

73.01

29.629 Cyclodecane, octyl- 5.59 28.867 2,5-Diphenyl-1,5 hexadiene 3.67 26.768 Alpha-phenyl-alpha 
tropylacetaldehyde 
tosylhydrazone

7.26

​ ​ ​ 29.636 1,16-Hexadecanediol 3.31 26.979 E− 15-Heptadecenal 3.40
ZIF/WP20 sample
6.149 1,2 

Hydrazinedicarboxamide
19.00 21.037 Heptasiloxane, 

1,1,3,3,5,5,7,7,9,9,11,11 
,13,13-tetradecamethyl-

2.45 24.894 Heptasiloxane, 
1,1,3,3,5,5,7,7,9,9,11,11 
,13,13-tetradecamethyl

4.27

17.581 Cyclododecanemethanol 3.05 25.836 Benzene, 1,1'-(1,3 
propanediyl)bis-

1.91 26.415 Cyclododecanemethanol 6.35

23.666 Cyclohexane, 
1,2,3,4,5,6-hexaethyl-

2.79 26.020 Octasiloxane, 
1,1,3,3,5,5,7,7,9,9,11,11 
,13,13,15,15 
Hexadecamethyl-

2.64 26.660 Naphthalene, 1,2,3,4 
tetrahydro-2-phenyl-

82.24

25.024 Heptasiloxane, 
1,1,3,3,5,5,7,7,9,9,11,11 
,13,13-tetradecamethyl-

2.52 26.656 Naphthalene, 1,2,3,4 
tetrahydro-2-phenyl-

84.65 26.775 Benzene, 1,1'-(3-methyl 
1-propene-1,3-diyl)bis-

7.14

26.422 Oxirane, 2-decyl-3-(5 
methylhexyl)-, cis-(.+/ 
.)-

3.00 26.782 Benzene, 1,1'-(3-methyl 
1-propene-1,3-diyl)bis-

6.43 ​ ​ ​

26.643 Naphthalene, 1,2,3,4 
tetrahydro-2-phenyl-

62.81 28.881 Bicyclo[2.1.1]hexane, 
1,4-diphenyl-

1.91 ​ ​ ​

26.779 Benzene, 1,1'-(3-methyl 
1-propene-1,3-diyl)bis-

6.83 ​ ​ ​ ​ ​ ​

ZIF/WP30 sample
6.162 l-Alanine ethylamide, (S)- 4.42 6.162 l-Alanine ethylamide, (S)- 5.66 6.163 l-Alanine ethylamide, (S) 4.48
19.761 Phenol, 2-methoxy-4 methyl- 9.16 19.761 Phenol, 2-methoxy-4 methyl- 11.49 26.551 Cyclohexane, 1,3,5 triphenyl- 5.79
26.629 Naphthalene, 1,2,3,4 tetrahydro- 

2-phenyl-
75.84 26.629 Naphthalene, 1,2,3,4 tetrahydro- 

2-phenyl-
66.45 26.629 Naphthalene, 1,2,3,4 tetrahydro- 

2-phenyl-
75.95

26.779 Alpha-phenyl-alpha 
tropylacetaldehyde 
tosylhydrazone

3.18 26.779 Alpha-phenyl-alpha 
tropylacetaldehyde 
tosylhydrazone

5.56 26.775 Alpha-phenyl-alpha 
tropylacetaldehyde 
tosylhydrazone

5.11

28.864 2,5-Diphenyl-1,5 hexadiene 2.68 28.864 2,5-Diphenyl-1,5 hexadiene 4.80 28.231 1-Nonadecene 4.16
29.632 Heptane, 1,1 dicyclohexyl- 4.71 29.632 Heptane, 1,1 dicyclohexyl- 6.03 29.629 Cyclotetradecane 4.52

Figure (6). C16H16 content in the pyrolytic vapors of ZIF/WP samples.
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this randomness [71]. According to these relationships, the slops of each 
model was generated, then estimated the average values of Ea that 
ranging 233-427 kJ/mol (WP) with R2 (0.878-0.970), 130-261.3 kJ/mol 
(ZIF/WP10) with R2 (0.816-0.922), 159.3-295.3 kJ/mol (ZIF/WP20) 
with R2 (0.882-0.917), and 120.5-251.6 kJ/mol (ZIF/WP30) with R2 

(0.838-0.959) as summarized in Table 4, while its Ea distribution as a 
function of conversion rate is presented in Fig. (9). As shown, the FM 
method exhibited greater fluctuations in the calculated Ea than the KAS 

and FWO methods. While the differential nature of the FM method 
makes it more sensitive to experimental uncertainties in DTG data, the 
observed variations are also likely associated with the complex 
multi-step mechanism of ZIF-67 catalysed biomass pyrolysis. The cata
lytic process involves overlapping primary and secondary reactions, 
including hemicellulose, cellulose, and lignin decomposition, 
catalyst-associated cracking, deoxygenation, aromatization, and char 
formation. These concurrent reactions can cause changes in the 

Figure (7). Pyrolysis mechanism of biomass over ZIF-67 catalyst.

Figure (8). Fitting kinetics relationships of WP and ZIF/WP samples.
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apparent activation energy with the conversion, resulting in greater 
variability in the FM-derived kinetic parameters. In contrast, the integral 
isoconversional methods (KAS and FWO) average the reaction behavior 
over a wider conversion range, producing smoother activation energy 
profiles [72,73]. Simultaneously, the A factor varied consistently with 
the kinetic compensation effect, where changes in Ea are accompanied 
by corresponding changes in A. This behavior reflects modifications in 
the apparent decomposition pathway rather than a direct measure of the 
connection of cobalt active sites. Moreover, the reaction order remained 

relativity unchanged among the investigated samples, suggesting that 
ZIF-67 primarily altered the energetic requirements of biomass decom
position without fundamentally changing that the global reaction 
mechanism. Since the kinetic parameters were derived from TGA anal
ysis, they represent global apparent kinetics and should not be inter
preted quantitative in terms of cobalt active-site density ore pore 
adsorption capacity without complementary catalyst characterization. 
On the other hand, the average Ea values of ZIF/WP samples calculated 
using VN model was estimated at 191.2 kJ/mol (ZIF/WP10), 

Table 4 
Activation energies of WP and ZIF/WP samples.

y KAS FWO FM VN

Ea (kJ/mol) A (1/s) R2 Ea (kJ/mol) A (1/s) R2 Ea (kJ/mol) A (1/s) R2 Ea (kJ/mol) R2

WP sample
0.1 35.0 2.7E+02 0.996 52.5 1.2E+08 0.998 43.7 8.1E+05 0.740 57.2 0.900
0.2 96.2 9.1E+05 0.957 113.7 1.8E+12 0.970 171.4 3.6E+13 0.750 121.5 0.910
0.3 144.3 2.0E+09 0.999 161.7 6.5E+15 1.000 253.5 5.8E+22 0.850 191.3 0.900
0.4 192.3 3.3E+12 0.947 209.8 3.0E+19 0.956 323.5 5.3E+27 0.888 327.2 0.990
0.5 271.0 7.0E+18 0.962 297.3 2.3E+25 0.967 498.4 2.7E+41 0.890 384.8 0.990
0.6 275.4 4.8E+18 0.943 296.4 5.8E+24 0.950 813.1 1.4E+65 0.920 478.4 0.985
0.7 384.7 2.3E+26 0.996 585.8 2.1E+33 0.997 786.9 4.9E+07 0.966 478.4 0.950
0.8 620.8 4.2E+43 0.998 638.2 1.4E+50 0.998 874.3 2.3E+12 0.997 785.9 0.900
0.9 78.7 2.5E+01 0.800 96.2 8.1E+07 0.900 78.7 1.4E+03 0.900 136.5 0.996
Avg. 233.1 4.7E+42 0.955 272.4 1.5E+49 0.970 427.0 1.6E+64 0.878 329.0 0.947
ZIF/WP10 sample
0.1 87.4 6.0.E+06 0.972 113.7 5.3E+13 0.980 78.7 8.9E+08 0.800 135.6 0.940
0.2 96.2 1.5.E+06 0.926 113.7 4.9E+12 0.950 166.1 1.5E+16 0.820 145.1 0.978
0.3 113.7 4.9.E+06 0.900 131.1 1.6E+13 0.924 253.5 2.1E+22 0.830 170.2 0.990
0.4 148.6 4.1.E+08 0.940 166.1 3.6E+15 0.960 323.5 5.3E+27 0.720 210.3 0.949
0.5 157.4 1.9.E+09 0.960 174.9 6.3E+15 0.998 332.2 3.4E+27 0.610 212.5 0.960
0.6 155.6 1.8.E+08 0.997 174.9 1.6E+15 0.925 410.9 1.7E+27 0.820 226.3 0.990
0.7 131.1 6.7.E+06 0.907 153.9 2.2E+13 0.934 288.5 7.8E+22 0.900 197.3 0.990
0.8 157.4 1.0.E+08 0.900 174.9 3.4E+14 0.920 288.5 5.6E+09 0.850 231.3 0.992
0.9 122.4 3.7.E+03 0.800 157.4 7.2E+14 0.899 209.8 4.4E+09 0.990 191.9 0.999
Avg. 130.0 3.0.E+08 0.922 151.2 1.4E+15 0.943 261.3 1.1E+27 0.816 191.2 0.976
ZIF/WP20 sample
0.1 104.9 1.2E+08 0.960 131.1 3.9E+14 0.970 69.9 8.9E+08 0.899 158.6 0.970
0.2 104.9 4.1E+06 0.920 122.4 1.3E+13 0.940 166.1 1.5E+16 0.889 160.2 0.990
0.3 157.4 1.5E+10 0.950 174.9 1.3E+17 0.963 323.5 4.3E+23 0.778 229.5 0.980
0.4 166.1 8.2E+09 0.860 174.9 2.7E+16 0.960 297.3 7.1E+26 0.886 246.9 0.990
0.5 236.1 2.3E+15 0.960 253.5 7.6E+21 0.965 463.4 6.8E+28 0.742 327.4 0.985
0.6 174.9 2.7E+10 0.970 201.1 8.8E+16 0.968 279.8 3.4E+28 0.784 253.4 0.990
0.7 174.9 2.7E+09 0.880 192.3 2.4E+16 0.868 384.7 1.6E+24 0.969 268.0 0.990
0.8 139.9 5.1E+06 0.860 166.1 1.7E+13 0.888 367.2 3.4E+14 0.995 260.8 0.890
0.9 174.9 1.1E+07 0.890 236.1 3.6E+13 0.923 306.0 2.6E+14 0.996 268.3 0.999
Avg. 159.3 2.6E+14 0.917 183.6 8.5E+20 0.938 295.3 1.1E+28 0.882 241.5 0.976
ZIF/WP30 sample
0.1 78.7 1.1E+05 0.838 96.2 9.7E+11 0.893 69.9 3.3E+08 0.974 132.5 0.996
0.2 78.7 2.7E+04 0.806 96.2 9.0E+10 0.868 148.6 2.7E+14 0.980 137.0 0.988
0.3 87.4 3.3E+04 0.806 109.3 1.1E+11 0.888 244.8 2.9E+21 0.956 152.2 0.975
0.4 139.9 5.6E+07 0.847 157.4 1.8E+14 0.832 332.2 1.4E+28 0.959 220.0 0.990
0.5 104.9 8.8E+04 0.759 122.4 1.1E+11 0.757 306.0 2.3E+25 0.977 175.9 0.970
0.6 148.6 6.7E+07 0.800 166.1 2.2E+14 0.888 410.9 1.1E+25 0.990 243.0 0.980
0.7 96.2 6.1E+03 0.807 122.4 2.0E+10 0.785 183.6 4.4E+14 0.804 190.5 0.900
0.8 104.9 2.8E+03 0.985 131.1 5.6E+09 0.990 148.6 1.1E+11 0.996 153.1 0.924
0.9 244.8 8.9E+10 0.895 271.0 2.9E+17 0.889 419.7 1.4E+26 0.990 379.9 0.998
Avg. 120.5 9.9E+09 0.838 141.3 3.2E+16 0.866 251.6 1.6E+27 0.959 198.2 0.969

Figure (9). Pyrolytic activation energy of ZIF/WP samples at each conversion rate.
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241.5 kJ/mol (ZIF/WP20), and 198.2 kJ/mol (ZIF/WP30) exhibit R2 

ranging 0.969-0.976. The iterations needed to reach these optimal Ea 
values using VN model is summarized in Table 5, while the VN re
lationships of ZIF/WP samples are shown in Fig. (8). Compared to the 
average Ea of WP (233-427 kJ/mol), the ZIF/WP samples showed lower 
Ea values what means the present of ZIF-67 in the reaction not only 
upgrade the chemical products but also can decrease the complexity of 
reaction significantly. Among the isoconversional linear kinetic 
methods, the FWO model provided the most reliable description of the 
ZIF/WP samples with R2 value of 0.938 for the optimum ZIF/WP20 
sample. Furthermore, the nonlinear Vyazovkin method exhibited the 
highest fitting accuracy (R2 = 0.976) and therefore considered the most 
suitable kinetic approach for describing the thermal decomposition 
behavior for the ZIF/WP samples.

3.6. Thermodynamic analysis

The thermodynamic parameters were evaluated for the ZIF/WP20 
sample (at 20 ◦C/min) because this catalyst loading produced the higher 
relative C16H16 content among the investigated samples, as identified by 
the GC-MS analysis. The results were subsequently compared with those 
of the non-catalytic WP sample to assess the influence of ZIF-67 on the 
thermodynamic characteristic of the pyrolysis process. The thermody
namic parameters (ΔH, ΔG, and ΔS) of the WP and ZIF/WP20 samples 
were calculated using Eqs. [7–9], and the obtained values are presented 
in Table 6. For the WP sample, ΔH ranged from 228 to 422 kJ/mol, ΔG 
from 165 to 316 kJ/mol, and ΔS from 0.036 to 0.165 kJ/mol K. In 
comparison, the ZIF/WP20 sample exhibited lower values, with ΔH 
ranging from 154 to 290 kJ/mol, ΔG from 149 to 206 kJ/mol, and ΔS 
from − 0.081 to 0.136 kJ/mol K. The positive ΔH values obtained from 
both samples confirm that the pyrolysis process is endothermic and 
needs continuous heat input to proceed. However, the significantly 
lower ΔH values of the ZIF/WP20 sample indicate that the presence of 
ZIF-67 reduces the energy required for thermal decomposition, thereby 
enhancing the reaction efficiency. Likewise, the positive ΔG values 
demonstrate that the decomposition reactions are non-spontaneous and 
needs external energy input to overcome the Ea barrier, which is char
acteristic of biomass pyrolysis process [74]. The ΔS exhibited both 
negative and positive values depending on the conversion rate. Negative 
ΔG values indicate that the activated complex processes a higher degree 
of order than the reactants, suggesting stronger interactions between 
biomass derived intermediates and the catalytic active sites of ZIF-67, 
which reduce molecular freedom during the early stages of decompo
sition. As the conversion progresses, ΔS becomes positive, indicating the 
formation of a less order transition state due to extensive bond cleavage, 
generation of volatile intermediates [75], and increased molecular 
mobility associated with secondary cracking and aromatization re
actions. These results suggest that the catalytic pyrolysis proceeds 
through multiple reaction pathways with different transition state 
characteristics over the conversion range.

3.7. Artificial neural networks analysis

The optimized ANN model was used to predict the thermal decom
position of WP and ZIF/WP samples at unmeasured TGA conditions, at 
18 ◦C/min. The ANN features of WP and ZIF/WP20 sample (that pro
vided the optimal mixing sample) is shown in Figs. 10 and 11, the while 
the ANN features of ZIF/WP10 and ZIF/WP30 samples were moved to 
Supplementary materials (Figs. (S3, S4)). The ANN properties show a 
significant decrease in MSE value with the best validation behaviour of 
0.036998 at epoch 14 (WP) and 0.01068 at epoch 61 (ZIF/WP20) 
(Figs. (10A, 11A)). The ANN simulation process exhibited predictive 
accuracy, as evidenced by the high correlation coefficients obtained 
during the training and validation stage. The R2 were in the ranges of 
0.99994-0.99998 (WP) and 0.99999 (ZIF/WP20) for the training, vali
dation, test, and all datasets (Figs. (10B-E,11B-E)). These findings 
demonstrate that the optimal model effectively captures the main 
decomposition traits of WP and ZIF/WP samples. The error distribution 
histogram in Figs. (10F,11F), based on 20 bins is roughly normal, with 
residuals ranging from − 0.1719 to 0.1388 (WP) and − 0.01728 to 
0.03311 (ZIF/WP20). The WP and ZIF/WP samples distribution stays 
close to the zero-error line and well within the ±1 acceptable error 
range reported for such cases [76]. This conforms the ANN model's high 
accuracy and reliability in predicting WP and ZIF/WP decomposition. 
Fig. (10G, 11G) represents the full training dataset alongside the model's 
predictions. To further assets the predictive capability of the constructed 
model, the optimized ANN algorithm was employed to simulate the 
thermal degradation behaviour of WP and ZIF/WP20 sample at a 
heating rate of 18 ◦C/min. The predicated results were then compared 
with the corresponding experimental TGA data, as presented in 
Fig. (12). A remarkable agreement between the predicted and experi
mental decomposition patterns was observed, with the model pre
dictions consistently falling within the experimental confidence 
boundaries. This excellent correspondence validates the reliability of the 
ANN model, confirming its effectiveness in accuracy describing and 
predicting the thermal degradation properties of WP and ZIF/WP sam
ples under unknow operating conditions. It should be noted that the 
developed ANN models were trained exclusively using TGA data. 
Consequently, the models are capable of predicting the thermal 
decomposition behaviour of the WP and ZIF/WP samples but cannot 
predict the yield or composition of individual pyrolysis products, 
including C16H16. The development of an ANN model capable of pre
dicting and distribution of specific pyrolysis products would require a 
comprehensive experimental database containing the quantitative 
yields of individual compounds under various operating conditions, 
including pyrolysis temperature, heating rate, catalyst loading, and 
vapor residence time. Such an investigation is beyond the scope of the 
present study but represents an important direction for future research.

Table 5 
Activation energies of ZIF/WP samples calculated via VN model.

y First 
Iteration 
(kJ/mol)

Second 
Iteration 
(kJ/mol)

Third 
iteration 
(kJ/mol)

Fourth 
iteration 
(kJ/mol)

First 
Iteration 
(kJ/mol)

Second 
Iteration 
(kJ/mol)

Third 
iteration 
(kJ/mol)

Fourth 
iteration 
(kJ/mol)

First 
Iteration 
(kJ/mol)

Second 
Iteration 
(kJ/mol)

Third 
iteration 
(kJ/mol)

Fourth 
iteration 
(kJ/mol)

​ 10 wt% ZIF-67 sample 20 wt% ZIF-67 sample 30 wt% ZIF-67 sample
0.1 139.5 147.8 135.6 135.6 158.4 160.3 158.6 158.6 134.0 135.0 134.0 134.0
0.2 144.7 145.1 145.1 145.1 160.2 160.2 160.2 160.2 138.7 138.6 138.6 138.6
0.3 170.3 170.2 170.2 170.2 228.7 229.5 229.5 229.5 154.0 153.9 153.9 153.9
0.4 210.2 210.3 210.3 210.3 246.8 246.8 246.9 246.9 222.4 222.4 222.4 222.4
0.5 212.5 212.5 212.5 212.5 327.4 320.8 327.4 327.4 177.9 177.8 177.8 177.8
0.6 226.3 226.3 226.3 226.3 253.4 253.4 253.4 253.4 245.7 245.7 245.7 245.7
0.7 197.4 197.4 197.3 197.3 267.4 268.0 268.0 268.0 192.7 192.7 192.7 192.7
0.8 231.3 231.3 231.3 231.3 260.0 260.7 260.8 260.8 154.8 154.8 154.8 154.8
0.9 191.9 191.9 191.9 191.9 268.2 268.3 268.3 268.3 383.9 384.1 384.1 384.1
Average 191.6 192.5 191.2 191.2 241.2 240.9 241.5 241.5 200.4 200.5 200.4 200.4

S. Yousef et al.                                                                                                                                                                                                                                  Biomass and Bioenergy xxx (xxxx) xxx 

13 



4. Conclusions

In this research, the pyrolysis behaviour of wood pellets (WP) 
biomass over different loading of ZIF-67 as a promising flexible catalyst 
(ZIF/WP) was study using TGA, TG-FTIR, and GC/MS analytical sys
tems. The kinetic and thermodynamic properties of ZIF/WP samples was 
modelled, allowing to determine the potential effect of using ZIF-67 on 
reduction the complexity of WP decomposition. Also, the thermal 
degradation of ZIF/WP samples under unknown operating pyrolysis 
conditions were simulated by developed artificial neural network (ANN) 

model. The TGA results showed that including ZIF-67 catalyst to the 
reaction did not change the WP decomposition features that decom
posed completely at 600 ◦C with overall total weight loss ranging 77- 
86 wt%. The same features were noticed in TG-FTIR, where C=O 
stretching of carbonyl groups and CO2 asymmetric stretching vibration 
were main functional groups of the released vapors even with changing 
catalyst concentration. Whereas the significant changes were observed 
in GC/MS that showed that the vapors are rich in naphthalene, 1,2,3,4 
tetrahydro-2-phenyl- (C16H16), especially in case ZIF/WP20 with 
abundance reached up to 85% at 20 ◦C/min. These results confirm that 

Table 6 
Thermodynamic parameters of WP and ZIF/WP20 samples.

y KAS FWO FM

ΔH (kJ/mol) ΔG (kJ/mol) ΔS 
kJ/(mol K)

ΔH (kJ/mol) ΔG (kJ/mol) ΔS 
kJ/(mol K)

ΔH (kJ/mol) ΔG (kJ/mol) ΔS 
kJ/(mol K)

WP sample
0.1 30 166 − 0.213 47 114 − 0.105 38 132 − 0.146
0.2 91 184 − 0.146 108 124 − 0.025 166 166 0.000
0.3 139 191 − 0.082 156 129 0.043 248 135 0.176
0.4 187 200 − 0.020 204 132 0.113 318 144 0.271
0.5 266 201 0.101 292 147 0.226 493 151 0.534
0.6 270 207 0.098 291 154 0.214 808 175 0.988
0.7 379 222 0.245 580 338 0.378 782 854 − 0.112
0.8 615 247 0.576 633 184 0.700 869 884 − 0.023
0.9 73 223 − 0.233 91 160 − 0.108 73 201 − 0.199
Avg. 228 205 0.036 267 165 0.160 422 316 0.165
ZIF/WP20 sample
0.1 100 167 − 0.105 126 113 0.020 65 121 − 0.088
0.2 100 185 − 0.133 117 123 − 0.009 161 129 0.050
0.3 152 194 − 0.065 170 126 0.068 318 194 0.193
0.4 161 206 − 0.070 170 134 0.055 292 128 0.254
0.5 231 209 0.034 248 146 0.159 458 270 0.292
0.6 170 208 − 0.060 196 154 0.065 274 90 0.287
0.7 170 220 − 0.079 187 152 0.054 379 248 0.204
0.8 135 219 − 0.131 161 165 − 0.006 362 350 0.019
0.9 170 250 − 0.125 231 231 0.000 301 290 0.016
Avg. 154 206 − 0.081 178 149 0.045 290 202 0.136

Figure (10). Artificial neural network characterises of WP sample.
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ZIF-67 can help significantly in converting the complex chemical com
pounds of biomass pyrolytic vapors (like aldehydes, ketones, alcohols, 
furans, and phenolic derivatives, etc.) into high added value products. In 
addition, its significant contribution to reduce the activation energy 
from 233 to 427 kJ/mol (WP) to 130-261.3 kJ/mol (ZIF/WP10), 159.3- 
295.3 kJ/mol (ZIF/WP20), and 120.5-251.6 kJ/mol (ZIF/WP30). 
Finally, the developed ANN model exhibited high potential validation, 
reliability, and describing ZIF/WP degradation with predicting effi
ciency reached up to 0.99999. These results demonstrate that ZIF-67 has 
a high future potential in upgrading the biomass pyrolysis products and 
reduce its reaction decomposition and convert it into C16H16 that has a 
wieldy used in several industrial applications, which supporting its 
future biomass upgrading.
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behaviour of glass fibre-reinforced epoxy resin composites using linear and 
nonlinear isoconversional methods, Polymers 13 (10) (2021) 1543, https://doi. 
org/10.3390/polym13101543.
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