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A B S T R A C T   

Pyrolysis stands out as one potential route for valorizing abundant agro-industrial cocoa residues. 
However, the products of this reaction, particularly bio-oil, do not possess the required quality for 
direct use in many applications. Thus, this study explores the use of iron sulfate and zinc sulfate as 
potential catalysts in the pyrolysis of these residues. In this investigation, the biomass, previously 
ground and dried, was impregnated with varying percentages of ferric sulfate and zinc sulfate. 
The TG-FTIR technique was employed to ascertain the effect of these salts on the pyrolysis of 
cocoa shell. The results were fitted with the DAEM model with three pseudo-components. It was 
determined that both salts induced alterations in the DTG profiles of the thermal decomposition 
of cocoa shell. In the evolved gases, compounds such as CO2, H2O, CH4, CO, HCN, and oxygenated 
compounds like HCOOH and CH3COOH were detected. Ferric sulfate significantly influenced the 
activation energies governing the reactions of the three pseudo-components. Conversely, the 
presence of zinc sulfate did not alter the activation energies associated with the decomposition of 
cocoa shell pseudo-components. Both catalysts induced alterations in the infrared spectra of the 
evolved gases, which is primarily evident in the relative intensities of bands corresponding to the 
stretching vibrations of constituent groups within CO2, CO, water, and oxygenated compounds.   

1. Introduction 

Biomass is currently considered an important renewable resource that can contribute to a country’s economy, sustainability, and 
energy security [1]. One of the main advantages of using biomass for energy and power generation is that it is a cleaner source of 
energy than fossil fuels, due to its low nitrogen, sulfur, and ash content, which minimizes emissions of sulfur dioxide (SO2) and ni
trogen oxides (NOx) [2]. 

Cocoa shells are often regarded as waste from cocoa production, and thus, several applications have been proposed for their use. 
These include utilization as farm animal feed, a precursor for potassium salts and soap production, and energy recovery through 
thermal processes such as pyrolysis, gasification, and bioethanol production [3]. 

Among the technologies proposed for energy recovery, pyrolysis stands out due to the possibility of producing liquid fuels such as 
bio-oil and solid products with several potential applications [4]. However, several studies of pyrolysis of different types of biomasses 
have shown that the bio-oil obtained does not meet the quality standards for direct use in internal combustion engines. Therefore, 
subjecting the bio-oil to further upgrading processes is necessary, which considerably increases production costs. Catalytic pyrolysis is 
a method that can potentially improve the quality of the bio-oil and, in turn, reduce production costs if the appropriate catalysts are 
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used [5]. 
The catalytic pyrolysis of metal-impregnated biomass has garnered significant attention, highlighting the need for a comprehensive 

understanding of the influence of heavy metals as catalysts on pyrolysis products [6]. Interactions between biomass and alkali min
erals, alkaline earth minerals, and metallic salts, such as zinc and nickel chlorides, have been extensively studied, as well as the impact 
of iron and copper salts in wood pyrolysis and iron in rapid pyrolysis of biomass and cellulose mixtures. These catalysts are expected to 
facilitate the cleavage of pyranose rings in biomass polysaccharides and the depolymerization of lignin. Furthermore, investigations 
into heavy metals, metal combinations, metallic salts, oxides, acidic oxides, zeolites, and organic and inorganic salts, have provided 
valuable insights [6–12]. Notably, calcium oxide-based catalysts have shown promise in reducing tar during gasification, and the 
utilization of Ni-based catalysts supported on dolomite has increased H2 production during pyrolysis/gasification of ZnCl2-impreg
nated biomass [13–15]. Additionally, the effect of metallic salts as catalysts in biomass pyrolysis has been studied in detail by various 
researchers. The study by Chen et al. involved the analysis of biomass pyrolysis phenomena and mechanisms using Zeolite Socony 
Mobil-5 (ZSM-5) as a catalyst, where the optimum biomass-to-catalyst ratio of 1/10 led to intensified aromatic hydrocarbons (AHs) 
formation, especially for sawdust [16]. These findings underscore the importance of understanding the role of heavy metals as catalysts 
in pyrolysis processes to advance sustainable biofuel production and chemical valorization of biomass [17]. 

The electronic properties of transition metals such as Fe and Zn are expected to play a pivotal role in the thermal decomposition 
processes of biomass, as explored by several authors. The pyrolysis of empty palm oil fruit catalyzed by zinc sulfate supported on ZSM-5 
zeolite exhibited an increase in bio-oil yield [18]. In the pyrolysis of corn biomass, it was found that zinc sulfate reduces hemicellulose 
fragmentation, promotes cellulose degradation, and enhances the repolymerization process of primary degradation products [19]. The 
study on the use of residues with high sulfur and zinc content as catalysts demonstrated that ZnSOx-centered super strong acid sites are 
Brønsted acids that significantly enhance the extent of deoxygenation of biomass [20]. In contrast, another study demonstrated that 
zinc sulfate had no effect on Willow pyrolysis. However, the pyrolysis process using zinc sulfate and zinc nitrate showed that sample 
preparation changed the matrix and the biomass physical-chemical properties, increasing the thermal stability of cellulose during 
pyrolysis [21]. Thus, biomass pyrolysis in the presence or absence of zinc catalysts must be prepared carefully to gain reliable and 
comparable results [22]. 

On the other hand, it was reported that ferrous sulfate alters the product distribution in the pyrolysis of cottonwood and newspaper, 
lowers the pyrolysis temperature, and increases the production of levoglucosan and levoglucosanone [23], and sugars in the pyrolysis 
of corn stover. Similar results were obtained for cellulose and pine wood using ferric sulfate [12]. Hydrolysis of these compounds can 
generate glucose and be used to synthesize chiral polymers such as glucan [24]. Similarly, it has been found that both ferric sulfate and 
zinc sulfate change the thermogram profile of lignin [25]. The pyrolysis of waste biomass and hydrocarbonized materials impregnated 
with iron (Fe) demonstrated that this metal enhances the degree of carbonization, resulting in lower H/C ratios [26]. Other studies 
have included Ru/Fe-impregnated banana pseudo-stem [9], and copper and iron salts as additives in wood pyrolysis [27]. Ferrous 
sulfate has been identified as a promising pretreatment of corn stover for autothermal pyrolysis in fluidized bed reactors achieving 
volumetric sugar productivities 32 times higher than conventional pyrolysis [14]. Considering the aforementioned results, further 
studies are necessary to ascertain the role of Fe and Zn in the pyrolysis of various types of biomasses. 

Thermoanalytical techniques, notably thermogravimetric analysis (TG) and derivative thermogravimetry (DTG), serve as pivotal 
tools for probing the pyrolytic and kinetic solid materials attributes [28]. Amidst the array of kinetic models employed for ther
mogravimetric data fitting, the distributed activation energy model (DAEM) stands out for its capacity to facilitate the interpretation of 
outcomes in the context of biomass macro-components [29,30]. The influence of factors such as biomass composition, process pa
rameters, and catalyst types, among others, on the prevalent reactions in pyrolysis is noteworthy, as they directly affect product 
composition, properties, and yields [31–33]. Evolved gas analysis is a tool that would give insights on the potential effect of catalysts 
on the pyrolysis of various types of biomasses. 

The DAEM has been used in fitting the pyrolysis of various biomasses. For instance Ref. [34], successfully used a double Gaussian 
DAEM to properly describe the pyrolysis of algae biomass and sub-bituminous coal. Furthermore, while the modeling of pyrolysis of 
woody biomass utilized three pseudo-components, four were employed for herbaceous materials [35]. Generally, in most cases, three 
sets of parallel reactions are used to model biomass pyrolysis [36]. DAEM performance has also been compared with other models: a 
comparison of several methods with DAEM and the development of a new fitting hybrid approach was tested in the pyrolysis of 
duckweed: the hybrid approach with parallel reactions (including DAEM with three sets of reactions) showed superior performance 
than the conventional DAEM and iso-conversional methods [37]. The DAEM equations are complex and the estimation of DAEM 
parameters has mathematical difficulties reflected in several fitting procedures reported in the literature. This includes 
distribution-free and distribution-fitting methods, and differential and integral methods [36]. As the number of sets of parallel re
actions increases, so does the number of parameters. In some cases, it becomes necessary to fix some parameters, such as the 
pre-exponential factors of each reaction set, using literature-derived data. Optimization routines include direct search methods [38, 
39], and nonlinear optimization (e.g. nonlinear Hooke and Jeeves optimizing method, Marquardt nonlinear regression method) 
[40–42]. 

In this study, the DAEM model was used to evaluate the devolatilization kinetics of cocoa shell residues, both with and without the 
presence of ferric sulfate and zinc sulfate, using the TG-FTIR technique. This allowed for the determination of biochar yields and an 
evaluation of the influence of catalysts on the kinetic parameters governing the pyrolysis of the biomass macro-components. 
Furthermore, the study successfully identified specific compound groups within the evolved gases and analyzed their temporal evo
lution profile relative to temperature. These measurements facilitated an assessment of the catalytic effect exerted by zinc sulfate and 
ferric sulfate in the pyrolysis of cocoa shell residues. 
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2. Materials and methods 

2.1. Materials 

Iron (III) sulfate (Fe2(SO4)3⋅XH2O) (75 %), and zinc sulfate (ZnSO4⋅7H2O) (99 %) were purchased from sigma. Cocoa shell residue 
was collected from a cocoa farm in the San Vicente de Chucurí Municipality, located in Santander-Colombia. 

2.2. Biomass characterization 

The proximate and ultimate analyses were determined according to the following standards: calorific value (ASTM D-5865-13), 
moisture (ASTM D-3173-17), ash (ASTM D-3174-12), volatile material (ASTM D-3175-17), fixed carbon (by difference), sulfur (ASTM 
D-4239-17 Method A), and elemental analysis (C, H, N, O; ASTM D-5373-16) (Table 1). 

2.3. Biomass preparation 

The cocoa shell was dried at 80 ◦C to constant weight, milled, sieved to a particle size of around 70 μm, and stored for later use. The 
catalysts, zinc sulfate heptahydrate (ZnSO4 •7H2O) and ferric sulfate X-hydrate Fe2(SO4)3, were oven-dried at 105 ◦C and 200 ◦C, 
respectively. Next, 4 suspensions of 1.000 g of cocoa shells were prepared with 14.0 mL of distilled water, and appropriate amounts of 
catalyst to obtain catalyst concentrations of 1.5 and 3.0 % w/w (dried biomass basis). The suspensions were stirred at 70 rpm for 2 h 
and dried at 105 ◦C, for 2 h. Subsequently, they were collected and reserved in the desiccator until further use. All samples were 
prepared and analyzed in triplicate. 

2.4. Thermogravimetric analysis coupled with Fourier transform infrared spectroscopy (TGA/FTIR) 

FTIR analysis has been successfully used to identify functional groups. Combining this technique with TGA analysis allows a 
complete characterization of the materials regarding thermal stability and decomposition mechanisms, forming a complete integrated 
system for TGA/FTIR analysis [43]. Combining both techniques provides a complete sample analysis with quantitative TGA weight 
loss data and identification of gases released by FTIR. These analyses were carried out on a SETSYS - 1750 CS EVO thermogravimetric 
balance (Setaram) coupled to an IRAffinity-1 FTIR (Shimadzu), in which nitrogen gas (purity grade 5) was used as a purge gas with a 
constant flow rate of 30 mL/min. For FTIR, a 10 cm path-length cell (PIKE) with KBr windows heated to 200 ◦C was used to analyze the 
evolved gases. The two instruments were connected by a line maintained at 200 ◦C to avoid condensation of the pyrolysis products. The 
TGA/FTIR experiments conducted on both biomass without catalysts and biomass impregnated with catalysts allowed determining the 
temperature ranges in which the cocoa shell degrades and the catalysts’ impact on decomposition kinetic parameters. 

Three heating ramps (5, 10, and 30 K/min) were used in a temperature range from 25 ◦C to 800 ◦C. The mass of the sample placed in 
the thermobalance was in the range of 11–13 mg. The DAEM model was adjusted to the experimental results of the pyrolysis process of 
cocoa shell residues in the presence and absence of catalysts. This model was used to determine the kinetic parameters of cocoa shell 
decomposition and product formation [30,44]. 

2.5. Experimental design 

A factorial design with three variables (2 × 3 × 3) was used with repetitions at the central point: catalyst, catalyst percentage (0 %, 
1.5 %, and 3 %), and heating ramp (5, 10, and 30 K/min); thus, obtaining a design of 21 experiments. The experiments were ran
domized, and multiple replications were performed for the tests with 1.5 % catalyst at the 10 K/min ramp. 

Table 1 
Proximate and ultimate analysis of cocoa shell.  

Proximate analysis % Mass (dry basis) 

Moisture 9.76 
Ash 10.57 
Volatile matter 78.75 
Fixed carbona 10.68 
Sulfur 0.19 
Gross heating value, BTU/Lb 7206 

Ultimate analysis % Mass 

Carbon 45.90 
Hydrogen 5.26 
Nitrogen 1.54 
Oxygena 36.54  

a Calculated by difference. 
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Fig. 1. TG and DTG thermograms of the pyrolysis of cocoa shells impregned with ZnSO4 at several heating rates: a) 5 K/min, b) 10 K/min, c) 30 K/min; Fe2(SO4)3: d) 5 K/min, e) 10 K/min, f) 30 K/min.  
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2.6. Distributed activation energy model (DAEM) 

The distributed activation energy model (DAEM) is a parallel reaction model where a Gaussian distribution for the activation 
energies is assumed [30]. According to this model, the thermal degradation of the material occurs in a superposition of multiple 
parallel steps. Each step in the reaction is assumed to be composed of an infinite number of parallel reactions occurring simultaneously, 
having different values of activation energies and frequency factors [45]. 

In this model, the sample is considered a combination of M pseudo-components. A pseudo-component is the totality of decomposed 
species that can be described by the same reaction kinetic parameters in the model. The number of reacting species is larger in complex 
mixtures. The differences in reactivity are described by the different activation energy values. On a molecular level, each pseudo- 
component j is assumed to undergo a first-order decay. The rate constant k is assumed to be temperature-dependent according to 
the Arrhenius equation [30]. A scheme consisting of three independent first-order reactions, or three pseudo-components was used in 
this study. 

The first derivative of the thermogravimetric curve (DTG) is fitted with equation (1): 

Ycalc(t)= −
∑M

j=1
cj

dxj

dt
(1)  

where xj is the fraction of unreacted material represented by the kinetic equation of order j and cj indicates the contribution of the j-th 
equation to the measured quantity. On the other hand, M corresponds to the number of pseudo-components or sets of reactions that can 
be described through the same distribution function. The activation energies for the reactions involved are considered to be distributed 
in a Gaussian distribution function with parameters E0j and σj. If the solution of a first-order kinetic equation at a given value of E is 
denoted as Xj(t,E), the xj functions of equation (1) can be calculated by means of equation (2) [30,46]. 

xj(t)=
∫ ∞

− ∞

1
̅̅̅̅̅̅
2π

√
σ

exp

[

−

(
E − E0j

)2

2σ2

]

Xj(t, E)dE (2)  

3. Results and discusión 

3.1. Biomass characterization 

Table 1 displays the proximate and ultimate analysis outcomes of cocoa shell residues, which align closely with previously 
documented findings in the literature related to this biomass type [47]. The ash content of the sample registers at 10.57 %, a value in 
close correspondence to the 10.5 % reported by Ref. [48]. The volatile matter content of 78.75 % bears similarity to the figures 
delineated by Ref. [47], specifically 71.81 %. It is also comparable to the value of 76.4 % as reported by Ref. [49]. Conversely [48], 
observed a lower volatile matter content of 66.6 %. As for fixed carbon, the obtained result of 10.68 % closely aligns with the figures 
reported by Refs. [47,49], which are 9.48 % and 11.6 %, respectively. It is worth noting, however, that other researchers have reported 
higher fixed carbon values for this same biomass. For instance Refs. [48,50], obtained results of 22.9 % and 23.8 %, respectively. 

3.2. Thermogravimetric analysis 

The thermogravimetric (TG) curves generated during the pyrolysis process of cocoa shells were subjected to detailed analysis, 
considering experiments conducted under varying heating rates of 5, 10, and 30 K/min. The initial dry mass was determined at 394 K, 
and the pyrolysis event was delineated to occur within the temperature range of 473 K–923 K. Notably, the DTG thermogram for the 
cocoa shell sample in the absence of catalyst, as depicted in Fig. 1, facilitated the discernment of three distinct pyrolysis phases, likely 
corresponding to the thermal breakdown of extractable compounds and the lignocellulosic macro-components, namely hemicellulose 
and cellulose. 

In Fig. 1, the most substantial mass loss is observed within the temperature interval of 500–600 K. As expected, within this same 
range, the maximal rates of mass loss, denoted by peaks in the DTG, are recorded. The initial pyrolysis stage transpires between 450 
and 580 K, aligning with the onset of the initial event attributed to hemicellulose pyrolysis. According to existing literature, this phase 
typically occurs between 483 and 598 K [51]. A subsequent peak, characterized by an elevated decomposition rate, manifests between 
530 and 650 K, which indicates of cellulose pyrolysis. The literature commonly reports the maximum mass loss for cellulose to fall 
within the range of 550–650 K. Finally, lignin pyrolysis is documented to occur within the temperature span of 433–750 K, featuring 
notably low mass loss rates with maxima around 650 K [22,44,52,53]. 

Published studies present varying compositional analyses of cocoa shell’s lignocellulosic constituents [47]. reports a composition of 
44.39 % lignin, 52.43 % holocellulose, and 10.4 % ash. Conversely [49], document results of 37.2 % lignin, 38.2 % holocellulose (19.6 
% cellulose and 18.6 % hemicellulose), and 24.5 % ash. These findings corroborate the results obtained in this study, implying that this 
biomass possesses potential for assessment in biofuel production through thermo-conversion. Moreover, an anticipated overlap in the 
pyrolysis of the three macro-components suggests a devolatilization mechanism characterized by multiple parallel reactions [34,35]. 

Fig. 1a-f demonstrates that as both the heating rate and the proportion of catalyst increase, regardless of the catalyst type, there is a 
corresponding rise in the temperature at which the peak mass loss rate occurs. In the absence of a catalyst, the recorded temperatures 
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are consistently lower compared to those observed in the presence of a catalyst under equivalent heating rates (5, 10, and 30 K/min), 
yielding respective values of 559.8 K, 569.5 K, and 597.9 K. In the context of cocoa shell pyrolysis employing a 1.5 % zinc sulfate 
catalyst, temperature peaks were discerned at 586.2 K, 600.4 K, and 620.5 K for heating rates of 5, 10, and 30 K/min, respectively. 
With a 3 % zinc sulfate addition, corresponding peaks were registered at temperatures of 597.1 K, 609.6 K, and 632.1 K, under the same 
heating rates. A comparable trend is observed in pyrolysis with a ferric sulfate catalyst: incorporating 1.5 % ferric sulfate catalyst at 
heating rates of 5, 10, and 30 K/min yielded temperature peaks of 583.5 K, 595.5 K, and 620.8 K, respectively. With a 3 % addition of 
the same catalyst, temperature peaks were recorded at 596.7 K, 605.6 K, and 634.3 K, again at heating rates of 5, 10, and 30 K/min, 
respectively. 

Based on the observed temperatures of the mass loss peaks in the derivative thermogravimetric (DTG) profiles (Fig. 1), it is evident 
that hemicellulose and cellulose are the predominant constituents within cocoa shells. Furthermore, this figure illustrates that, for a 
constant catalyst concentration, the temperature corresponding to both peaks rises as the heating rate increases, aligning with 
anticipated behavior for a chemical reaction. 

Likewise, in Fig. 7a, b, and 7c, it is apparent that elevating the concentration of zinc sulfate leads to a reduction in the maximum 
mass loss linked to hemicellulose decomposition, as well as a concurrent increase in associated temperature. This trend is more 
pronounced when employing ferric sulfate as a catalyst (Fig. 7d, e, and 7f). Consequently, augmenting the ferric sulfate concentration 
to 3 % results in the disappearance of the peak associated with hemicellulose decomposition, replaced by a shoulder across all studied 
heating rates. This suggests a substantial alteration in the cocoa shell pyrolysis mechanism induced by the presence of both salts. 
Analogous findings have been documented in the pyrolysis of other biomasses such as empty fruit bunches from oil palm [22] and 
African palm husk [52]. In contrast, in the pyrolysis of residues from the cassava starch industry, ferric sulfate exhibited a pronounced 
influence on lignin pyrolysis, while exerting negligible effects on cellulose and hemicellulose pyrolysis [54]. Moreover, both catalysts 
demonstrated an elevation in pyrolysis temperature and activation energy for lignin [25] and a reduction in hemicellulose pyrolysis 
temperature [24]. 

Table 2 presents the biochar yields and corresponding mass losses under varying heating rates and catalyst concentrations. 
Observably, zinc sulfate exhibits a slight detrimental impact on biochar yield when comparing experiments conducted at equivalent 
heating rates: an increase in catalyst concentration correlates with a reduction in biochar percentage. In stark contrast, ferric sulfate 
manifests an opposing trend; as its concentration escalates, the biochar percentage slightly rises, indicating an augmented yield of this 
product. Notably, Table 2 underscores minimal fluctuations in mass loss relative to both heating rate and catalyst concentration. The 
highest mass loss, reaching 71.17 %, was recorded in the experiment conducted at a heating rate of 5 K/min with 1.5 % ferric sulfate 
catalyst. Conversely, the lowest mass loss, measuring 65.98 %, was observed in the sample lacking catalyst at a heating rate of 10 K/ 
min. In summary, it can be deduced that both catalysts only slightly influenced the ultimate biochar yield. 

3.3. Kinetic modeling 

The DAEM encapsulates the thermal degradation of biomass through an ensemble of concurrent reactions, characterized by 
identical frequency factor values, and normally distributed activation energy values. These activation energies are defined by an 
average value and a standard deviation. Due to the lack of an analytical solution for Equations (1) and (2), numerical programming 
using Matlab® was employed for their resolution. In this study, three distinct sets of parallel reactions, denoted as pseudo-components, 
were employed, conventionally correlated with the principal constituents of biomass: hemicellulose, cellulose, and lignin [51,55]. 
Although a reduced number of pseudo-components were investigated, the resultant outcomes were deemed unsatisfactory (refer to 
supplementary material). 

Table S1 provides the kinetic parameters derived from the DAEM model employing three pseudo-components, elucidating the 
pyrolysis of cocoa shell waste under distinct heating rates of 5, 10, and 30 K/min, both in the absence and presence of the two catalysts. 
These parameters were determined through the fitting of DTG data to the kinetic model [56]. The table encompasses key values, 

Table 2 
Percentage of mass loss, percentage of char and temperature of maximum mass loss, at several heating rates and percentages of catalyst.   

Heating rate (K/min) Catalyst percentage (%) Weight loss (%) Char (%) Peak temperature (K) 

No catalyst 5 0 66.59 33.41 558.42 
10 0 65.98 34.02 571.1 
30 0 65.99 34.01 597.97 

ZnSO4 5 1.5 66.96 33.04 586.24 
3 67.1 32.9 597.14 

10 1.5 66.27 33.73 600.45 
3 67.97 32.03 609.64 

30 1.5 66.87 33.13 620.54 
3 67.38 32.62 632.18 

Fe2(SO4)3 5 1.5 71.17 28.83 583.54 
3 68.86 31.14 596.72 

10 1.5 67.3 32.7 595.53 
3 66.77 33.23 605.62 

30 1.5 67.22 32.78 620.81 
3 66.95 33.05 634.39  
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including the expected activation energy (Ea), the pre-exponential factor (A), the proportionality constant (c), the standard deviation 
(σ) characterizing the distribution of activation energies, and the standard error of the fit (SE). 

Fig. 2a-c shows the activation energies for the pyrolysis of the three pseudo-components at three heating rates. The computed 
activation energy values range from 154 kJ/mol to 181 kJ/mol for the first pseudo-component, 167 kJ/mol to 203 kJ/mol for the 
second pseudo-component, and 25.6 kJ/mol to 51.0 kJ/mol for the third pseudo-component. These findings align with data garnered 
from previous investigations on diverse biomass types employing the DAEM model. Moreover, the characteristic range for the cor
responding pre-exponential factor spans from 104 to 1014 s− 1, while the characteristic range for activation energy extends from 50 to 
350 kJ/mol [36,57]. 

On the contrary, the outcomes of the DAEM model reveal that the heating rate exerts negligible influence on the activation energy 
governing the pyrolysis of cocoa shell’s three macro-components. In contrast, the introduction of iron sulfate markedly impacts the 
activation energies associated with the three macro-components: a consistent elevation in activation energy is observed across all three 
heating rates. In the case of zinc sulfate, a marginal reduction in the activation energy during the decomposition of the third pseudo- 
component is observed, though it lacks statistical significance. Furthermore, no substantial alterations in activation energies for the 
decomposition of the first and second pseudo-components are evident in the presence of this catalyst. 

Statistical analyses validate the findings above. The catalyzed pyrolysis of cocoa shells with ferric sulfate distinctly demonstrates 
the catalyst’s significant influence on the activation energies governing reactions of the three pseudo-components, as well as on the 
standard deviations characterizing the distribution of activation energies. This is evident across all components, except for the 
standard deviation for the second pseudo-component (E01, P = 0.0036; S1, P = 0.0070; E02, P = 0.0083; E03, P = 0.0118; and S3, P =
0.0065). In contrast, the activation energies associated with the decomposition of cocoa shell pseudo-components remain unaltered in 

Fig. 2. Activation energies obtained from the fitting of the DAEM model with three sets of reactions to the DTG data of cocoa shell pyrolysis at a 
heating rate of a) 5 K/min, b) 10 K/min, and c) 30 K/min. 
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Fig. 3. Fitting of the DAEM model with three sets of reactions to the DTG data of cocoa shell pyrolysis at a heating rate of 5 K/min a). Cocoa Shell 
without catalysts b). Cocoa Shell +1.5 % Fe2(SO4)3 c). Cocoa shell +3 % Fe2(SO4)3 d). Cocoa Shell +1.5 % ZnSO4 e). Cocoa shell +3 % ZnSO4. 
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the presence of zinc sulfate, displaying no statistically significant changes. 
Studies employing higher concentrations of Zn (5 %) demonstrated that this element inhibits hemicellulose fragmentation re

actions and promotes the thermal decomposition of cellulose, which was attributed to heat transfer effects [19]. On the other hand, 
other results align with the findings obtained in this study, where the zinc cation exhibited no catalytic or inhibitory effects on biomass 
pyrolysis [21]. The discrepancy in results suggests a strong dependence of the effects of the studied sulfates on the raw material, as also 
suggested by Alvarez in the investigation of the effect of ferric sulfate on the properties of biochar obtained from catalytic pyrolysis of 
biomass residues [26]. 

Fig. 3(a–e), 4(a-e), and 5(a-e) show the fit of the DAEM model with three pseudo-components to the experimental DTG curves for 
different catalyst percentages and heating rates in the pyrolysis of cocoa shells. In this study, we attributed the first pseudo-component 
to the thermal breakdown of lignin and residual carbohydrate fractions, characterized by a broadened temperature range of 
decomposition. The second pseudo-component was ascribed to the devolatilization of cellulose, while the third pseudo-component 
encapsulated hemicellulose pyrolysis, distinguished by its propensity to engage in reactions at lower temperatures [56]. These 

Fig. 4. Fitting of the DAEM model with three sets of reactions to the DTG data of cocoa shell pyrolysis at a heating rate of 10 K/min a). Cocoa Shell 
without catalysts b). Cocoa Shell +1.5 % Fe2(SO4)3 c). Cocoa shell +3 % Fe2(SO4)3 d). Cocoa Shell +1.5 % ZnSO4 e). Cocoa shell +3 % ZnSO4. 
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Fig. 5. Fitting of the DAEM model with three sets of reactions to the DTG data of cocoa shell pyrolysis at a heating rate of 30 K/min a). Cocoa Shell 
without catalysts b). Cocoa Shell +1.5 % Fe2(SO4)3 c). Cocoa shell +3 % Fe2(SO4)3 d). Cocoa Shell +1.5 % ZnSO4 e). Cocoa shell +3 % ZnSO4. 
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curves are designated as follows: the first pseudo-component, representative of lignin, is delineated in green; the second 
pseudo-component, embodying cellulose, is depicted in red; lastly, the third pseudo-component, indicative of hemicellulose, is rep
resented by the purple curve. 

3.4. Analysis of the evolved gases 

Through simultaneous Thermogravimetric Analysis-Fourier Transform Infrared Spectroscopy (TGA-FTIR), real-time monitoring of 
the gaseous products generated during the pyrolysis of cocoa shell residues was achieved. These findings are illustrated in three- 
dimensional plots (Fig. 6 and supplementary material), delineating changes in the infrared spectra of the evolved gases relative to 
pyrolysis temperature. For an in-depth scrutiny of the gas characteristics, Fig. 7a-d portrays the infrared spectra of gaseous products 
resulting from cocoa shell pyrolysis at two pivotal temperatures, as identified in Fig. 3, where a bimodal peak pattern is evident. The 
higher peak, distinctly attributed to the thermal decomposition of cellulose, holds significance as it represents the temperature with the 
most rapid conversion of cellulose into products. This feature aids in its discernment. Likewise, the lower peak, henceforth referred to 
as the shoulder temperature, garners equal importance for analogous reasons elucidated earlier, albeit related to the degradation of 
hemicellulose into products. 

Figs. 7–9 present the selected FTIR spectra of the evolved gases acquired in proximity to the temperatures corresponding to the 
peaks of maximal mass loss. These spectra were normalized relative to the carbon dioxide peak height (Table S2). Fig. 7 offers a 
glimpse into the FTIR spectra acquired at a heating rate of 5 K/min. 

In Fig. 7a, the discernible influence of ferric sulfate is evident in the reduction of H2O/CO2 and CH4/CO2 ratios at temperatures 
corresponding to the peak of the highest mass loss rate. The presence of 1.5 % ferric sulfate introduces heightened stresses associated 
with nitrogen compounds (-CN) during both events, characterized by the highest and second-highest mass loss rates (Fig. 7b). 
However, in the event with the second-highest mass loss rate, a notable augmentation in the H2O/CO2 ratio is observed when cocoa 
shell pyrolysis occurs in the presence of 3 % ferric sulfate. This stands in stark contrast to the pyrolysis within the temperature range of 
the highest mass loss, signifying a distinctive impact of ferric sulfate on the pyrolysis of cellulose and hemicellulose at this heating rate. 

Conversely, Fig. 7c elucidates the impact of zinc sulfate on the FTIR spectra of the evolved gases, precisely at temperatures cor
responding to the event with the highest mass loss rate and a heating rate of 10 K/min. A parallel trend to that observed for ferric 
sulfate emerges, characterized by a reduction in the H2O/CO2 and CH4/CO2 ratios, and an elevation in nitrogen compounds con
centration. In Fig. 7d, corresponding to the FTIR spectra of gases evolved at temperatures indicative of the thermal event with the 
second-highest mass loss rate, a marked shift is observed in the proportions of bands correlated with the ratios of intensities in 
stretching vibrations, namely CO/CO2, H2O/CO2, –COO–/CO2, and –CN/CO2, specifically evident at a 3 % zinc sulfate concentration. 
Once more, this highlights a distinct catalytic effect, in this instance, exerted by zinc sulfate, on the thermal decomposition of cellulose 
and hemicellulose. 

Fig. 8(a–d) depicts spectra equivalent to those in Fig. 7, but at a heating rate of 10 K/min. In the presence of ferric sulfate, a 
discernible rise in H2O/CO2, –COO–/CO2, and –CN/CO2 ratios is noted with escalating catalyst concentration for the two studied 
thermal events (Fig. 8a and b). Concurrently, a decrement in the intensity ratio of CH4/CO2 bands is observed, with a more pronounced 
effect during hemicellulose pyrolysis. With zinc sulfate, emphasis is placed on the reduction of the CH4/CO2 ratio and heightened 
presence of oxygenated compounds in both events (Fig. 8c and d), along with an augmented intensity ratio of –CN/CO2 bands within 
the temperature range indicative of hemicellulose thermal decomposition. 

Fig. 6. 3D IR spectra of gases evolved during the pyrolysis of cocoa shell +3 % Zn(SO)4 heated at 5 K/min.  
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Fig. 9a-d mirrors the spectra in Fig. 7(a–d) and 8(a-d), hitherto with a heating rate of 30 K/min. At this heating rate, the con
centration of evolved species surpasses that of spectra obtained at 5 K/min and 10 K/min, resulting in sharper and more defined 
spectra. In Fig. 9a, a decrease in the intensity ratios of CH4/CO2, H2O/CO2, and CO/CO2 stretching modes is confirmed, as well as an 
escalation in the intensities of C––O/CO2, COO/CO2, and –CN/CO2 in the presence of ferric sulfate during cellulose decomposition. 
Conversely, for hemicellulose decomposition, an upswing in the CO/CO2 and C––O/CO2 ratios is observed (Fig. 9b). Meanwhile, zinc 
sulfate leads to an augmentation in the intensity ratios of H2O/CO2, C––O/CO2, and HCN/CO2 coupled with a reduction in the intensity 
ratios of CH4/CO2 and CO/CO2 at temperatures around cellulose thermal decomposition (Fig. 9c). In hemicellulose thermal decom
position (Fig. 9d), zinc sulfate amplifies the intensity ratios of C––O/CO2, H2O/CO2, and COO/CO2 stretching modes. 

In the infrared spectra presented in Figs. 7–9, prominent gaseous products arising from cocoa shell pyrolysis include CO2, CH4, CO, 
and H2O, along with organic compounds such as acids (R–COOH). Notably, water absorption bands manifest within the ranges of 
3750-3500 cm− 1 and 1700-1400 cm− 1. CO2 is discernible within bands spanning 2400-2200 cm− 1, attributed to the decomposition 
and reforming of carboxyl functional groups (C––O). CO is observed within the 2200-2000 cm− 1 range, resulting from the breakdown 
of carbonyl groups (C–O–C) and other compounds featuring CH bonds, induced by the cleavage of methoxyl and methylene groups 
(CH3) [58]. Distinctive bands in the 1900-1700 cm− 1 and 1200-1100 cm− 1 ranges correspond to R–COOH compounds. Finally, the 
presence of HCN is identified between bands at 790-650 cm− 1. 

Fig. 7(a–d), 8(a-d), and 9(a-d) show the infrared profiles of the evolved gases at temperatures corresponding to the peaks under 
varying percentages of the catalysts studied. These profiles provide insights into the occurrence of decarboxylation reactions within the 
biomass macro-components at elevated temperatures. Furthermore, secondary gas-phase reactions are induced by the rupture of weak 
aliphatic bonds, resulting in the production of carbon dioxide [59,60]. Notably, the impact of these catalysts on cellulose is 

Fig. 7. IR spectra of gases evolved during pyrolysis at heating rates of 5 K/min a) Cocoa shells + Fe2(SO4)3 at temperatures of the maxima of mass 
loss, b) Cocoa shells + Fe2(SO4)3 at temperatures of the second maxima of mass loss c) Cocoa shells + Zn(SO)4 at temperatures of the maxima of 
mass loss, b) Cocoa shells + Zn(SO)4 at temperatures of the second maxima of mass loss. 
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underscored by an increase in carbonization, elevated peak temperatures, and the second pseudo-component decomposition 
(Table S2). 

Both catalysts induced alterations in the infrared spectra of the evolved gases, primarily evident in the relative intensities of bands 
corresponding to the stretching vibrations of constituent groups within CO2, CO, water, and oxygenated compounds. This implies that 
both catalysts modulate the concentrations of compounds released in the evolved gases, albeit without generating novel compounds. 
Similar shifts in product distribution have been noted in the pyrolysis of other biomasses under the influence of these catalysts, despite 
their protective or negligible impact on kinetic parameters [22,24,25,52]. Protective effects of these metals on cellulose have been 
suggested by Refs. [21,26]. On the other hand [19], proposes that metals like zinc favor multimolecular repolymerization reactions 
and an increased production of oxygenated compounds such as furfural. This is reflected in the reduction of non-oxygenated com
pounds, as shown in the infrared spectra of the evolved gases, and in the emergence of more prominent peaks related to oxygenated 
compounds when either ferric or zinc sulfate are impregnated in the biomass, as observed in Figs. 7–9. 

4. Conclusions 

The pyrolysis of cocoa shell residues was studied in the presence and absence of iron and zinc sulfates using EGA. The results were 
fitted to the DAEM model, allowing for the interpretation of the catalytic effect on the decomposition of hemicellulose, cellulose, and 
lignin, the major components of the biomass under study. The DTG profiles demonstrate an increase in pyrolysis temperatures in the 
presence of ferric sulfate. It was observed that within the studied composition range, ferric sulfate exerts an inhibitory effect on the 
decomposition of all three macro-components of cocoa shell. On the other hand, zinc sulfate did not exhibit any significant effect on the 

Fig. 8. IR spectra of gases evolved during pyrolysis at heating rates of 10 K/min a) Cocoa shells + Fe2(SO4)3 at temperatures of the maxima of mass 
loss, b) Cocoa shells + Fe2(SO4)3 at temperatures of the second maxima of mass loss c) Cocoa shells + Zn(SO)4 at temperatures of the maxima of 
mass loss, b) Cocoa shells + Zn(SO)4 at temperatures of the second maxima of mass loss. 
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biomass decomposition kinetics: ferric sulfate had a significant influence on the activation energies governing reactions of the three 
pseudo-components, as well as on the standard deviations characterizing the distribution of activation energies. In contrast, the 
activation energies associated with the decomposition of cocoa shell pseudo-components remain unaltered in the presence of zinc 
sulfate, displaying no statistically significant changes. 

TG-FTIR analysis indicated that the main gases released from thermal decomposition were CO2, H2O, CH4, CO, and HCN com
pounds, and oxygenated compounds such as HCOOH and CH3COOH. Both catalysts induced alterations in the infrared spectra of the 
evolved gases, primarily manifested in the relative intensities of bands corresponding to the stretching vibrations of constituent groups 
within CO2, CO, water, and oxygenated compounds. Additionally, the FTIR spectra of the evolved gases reveal a reduction in the 
concentration of hydrocarbon-type compounds such as methane and an elevation in the concentration of oxygenated compounds when 
either ZnSO4 or Fe2(SO4)3 was present. These salts could be applied in biorefineries where the primary products are oxygenated 
compounds like acids, aldehydes, or ketones. 
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[38] M. Radojević, B. Janković, V. Jovanović, D. Stojiljković, N. Manić, Comparative pyrolysis kinetics of various biomasses based on model-free and DAEM 
approaches improved with numerical optimization procedure, PLoS One 13 (10) (Oct. 2018) e0206657, https://doi.org/10.1371/journal.pone.0206657. 
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