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Abstract
Water hyacinth is recognized as a harmful plant, it extracts heavy metals from water bodies, and its disposal is quite chal-
lenging. The metal-impregnated samples can be effectively utilized to generate bio-oil and carbon hybrids by pyrolysis along 
with metal recovery in char. XRD, FESEM, and TEM analyzed the Fe/Cu-impregnated samples with an average particle size 
of 15.3 and 116 nm for Fe and Cu. Pyrolysis experiments were conducted at the optimum conditions to attain a maximum 
conversion of 68 and 48% for Fe and Cu-impregnated biomass and validated by kinetic modeling. The kinetic study of raw 
and metal-loaded samples was performed by modeling with Friedman, FWO, KAS, Kissinger, and Starink isoconversional 
processes at distinct heating rates of 10 to 25 °C  min−1 to estimate optimum conditions for pyrolytic conversion. The aver-
age activation energy for raw, Fe, and Cu-impregnated samples was maximum with the Friedman method 173.9, 89.1, and 
97.4 kJ  mol−1, respectively. The metal-impregnated water hyacinth resulted in lower activation energy for reaction in com-
parison with the raw water hyacinth. The ΔHα (168.9 kJ  mol−1) and ΔGα (164.9 kJ  mol−1) are maximum for the raw water 
hyacinth in comparison with metal-impregnated samples, signifying the higher energy requirement for breaking reactant 
bonds. Model prediction was done by the Z-Master plot, which concluded that as the conversion (α) ≤ 0.5, the thermal deg-
radation follows the second- and third-order reaction mechanism, and a further increase in conversion (α) > 0.5 follows the 
first-order reaction mechanism.
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Abbreviations
WH  Water hyacinth
Cu-WH  Cu-impregnated water hyacinth
Fe-WH  Fe-impregnated water hyacinth
TGA   Thermogravimetric analysis
DTG  Derivative thermogravimetric
KAS  Kissinger–Akahira–Sunose
FWO  Flynn–Wall–Ozawa
DAEM  Simplified distributed activation energy method
E�  Activation energy (kJ  mol−1)
A  Frequency factor  (s−1)
�  Degree of conversion
i  Temperature program (°C)
�  Heating rate (°C  min−1)
ΔH�  Change in enthalpy (kJ  mol−1)
ΔG�  Gibbs free energy (kJ  mol−1)
ΔS�  Change in entropy (kJ  mol−1)

Introduction

The increase in the contribution of renewables to the energy 
mix has become mandatory to mitigate global warming. 
Today, bio-energy shares a major contribution to renewable 
energy in the world energy demand, and sustainable bio-
energy requires biomass that is easily accessible and cheap. 
Lignocellulosic biomass is a renewable source compris-
ing fragments namely cellulose, hemicellulose, and lignin 
to generate fuel. Cellulose (35–55%) is a linear polymer 
of repeating glucose units that are highly crystalline fib-
ers that provide strength to the biomass [1–3]. Hemicellu-
lose (20–35%) is a branched component of biomass which 
is a mixture of pentose and hexose sugars [4, 5]. Lignin 
(10–35%) is a cross-linked branched resin having an inexact 
molecular configuration [6]. It acts as a restrainer for the 
accumulation of cellulose units and protects against micro-
bial and fungal attacks. Biofuels have some unsuitable prop-
erties such as thermal instability and lower heating value 
along with higher acidity, viscosity, gen, and nitrogen con-
tent which have limited the applicability of biofuels directly 
as a transportation fuel [7]. To improve their properties and 
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increase their usability commercially, biofuels are upgraded 
by various physio-chemical treatment methods such as ester-
ification, catalytic cracking, hydro-treatment, emulsification, 
solvent addition, zeolite cracking, supercritical fluids, and 
steam reforming [8–11].

Water hyacinth (Eichhornia crassipes) is an aquatic plant 
and is considered a harmful weed as it grows faster and 
affects flora and fauna by depleting the oxygen and other 
nutrients from water bodies. Nowadays, research has focused 
on utilizing water hyacinth for the application of sustain-
able renewable energy and environment as it is inexpen-
sive, easily available, and no competition with food crops 
for the production of biofuel, chemicals, bio-manure, bio-
composites, effluent treatment, mushroom cultivation, and 
supercapacitors electrode development [12, 13] by combin-
ing assessment of various technologies namely, auto-control, 
machine-learning, process-modeling, and risk assessment in 
improvising the energy efficiency, phytoremediation waste-
stream reimplementation [14]. It has been reported that dif-
ferent heterogeneous catalysts have selectively promoted 
the yield of bio-oil. Various studies, namely, hydrothermal 
treatment of sugarcane bagasse with Cu/γ-Al2O3-MgO 
[15], untreated and treated wood with copper, chromium, 
and boron (CCB) [16], hydrothermal liquefaction of Cu-
impregnated fir sawdust with 91% of Cu recovery in the 
solid residue [17], hydrothermal liquefaction of water hya-
cinth in the presence of homogeneous catalysts [18], rice-
straw [19] and sewage [20], were performed. Hydrothermal 
liquefaction experiments on coconut shells were conducted 
to study the effect of transition metals  (CuCl2,  NiCl2, and 
 ZnCl2) on bio-oil yields [21], and in another study [22], 
they performed the experiments with empty fruit bunches. 
In both studies, higher gaseous and lower bio-oil yields 
were reported. Research has also been done on the removal 
of metals namely, Cadmium, Copper, Nickel, and Zinc by 
investigating the absorption capacity of water hyacinth [23]. 
Water hyacinth roots were utilized for Cd and Zn removal 
[12] with a metal removal efficiency of 82–92 and 87–95%, 
respectively. Catalytic pyrolysis of sawdust reported the 
maximum  H2 yield of 172 mL  g−1 of biomass and syngas 
yield of 63% at 800 °C in the presence of calcined Fe/CaO 
catalyst due to additional secondary cracking and reforming 
reactions [24].

The recovery of metals from metal-loaded waste biomass 
and final disposal is quite challenging. Thermochemical 
conversion methods are widely adopted for the conversion 
of biomass into biofuel. The detailed knowledge of kinetic 
investigation with thermodynamic variables is a prerequisite 
in designing any reactor for the conversion of this metal-
loaded biomass to fuels. Thermogravimetric analysis (TGA) 
is a thermal analytical approach to analyzing mass changes 
in the sample to time and temperature at a fixed heating rate 
in a controlled environment. It can be used as an effective 

technique to study the decomposition kinetics for the pre-
diction of the thermal degradation mechanism of metal-
contaminated samples at different heating rates [25]. The 
performance of kinetic analysis was improved by employing 
the ETp method based on the kinetic compensation effect 
by using the Kissinger method [26]. The isoconversional 
model-free approach methods are more precise and accurate 
as compared to kinetic model fitting as the latter one resulted 
in more uncertainty in kinetic parameters estimation [27]. 
Isoconversional kinetic methods are divided into differential 
and integral models. The differential method has more accu-
racy and less intrinsic error as it is free from temperature 
integral but has a disadvantage in accurately calculating dα/
dt and dα/dT terms. Friedman's isoconversional technique 
gained as the most popular differential model [28–30]. The 
integral method includes Flynn–Wall–Ozawa (FWO) linear 
isoconversional has an assumption of constant apparent acti-
vation energy during the reaction [31–34], Kissinger–Aka-
hira–Sunose (KAS) linear isoconversional [35], and Kiss-
inger isoconversional method [25, 36, 37]. The integral 
methods have the advantage of simplified calculation but 
have disadvantages of error due to approximations, Picard 
iteration requisite for temperature integral, and boundary 
conditions required for temperature integral are not accu-
rately defined.

The kinetics of thermal degradation of metal-contami-
nated biomass and its impact on the degradation is specific 
for each metal. Moreover, different biomass has different 
kinetics because of the difference in their composition and 
compounds. As previously mentioned, water hyacinth has 
a good adsorption capacity for metals and these metals 
have the potential to act as a catalyst. Thus, the kinetics 
of thermal degradation are required to analyze the metal 
impregnation of biomass. The pyrolytic degradation of Fe/
Cu-loaded water hyacinth was performed along with the 
characterization and quantification of the obtained products. 
The present paper conducted the thermogravimetric, kinetic, 
and thermodynamics parameters analysis of metal-loaded 
water hyacinth samples and compared them with raw water 
hyacinth. Pyrolysis experiments of Fe and Cu-impregnated 
water hyacinth were carried out at an optimum condition of 
280 °C with 15 min residence time, and conversion results 
were compared with kinetic modeling. The investigation 
focused on TGA (Thermogravimetric Analysis) and DTG 
(Derivative Thermogravimetric) analysis. Kinetic study for 
non-isothermal analysis was done by various model-free 
approaches namely Friedman, Flynn–Wall–Ozawa (FWO), 
Kissinger–Akahira–Sunose (KAS), Kissinger, and Starink 
models for determining activation energy along with fre-
quency factor. The differential method was chosen due to 
more accuracy, whereas integral methods were chosen due 
to the simplicity of calculations. A study of thermodynamic 
variables such as a change in enthalpy (ΔH), change in 
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entropy (ΔS), and Gibbs free energy (ΔG) was done by uti-
lizing the Friedman kinetic isoconversional method. Fried-
man method was chosen for thermodynamic study as this 
method could be more accurate due to the temperature-free 
integral and minimal intrinsic error.

Materials and methods

Feedstock

Aquatic biomass water hyacinth was obtained through Sonali 
Puram canal (29°52′52″N 77°55′32″E) IIT Roorkee (Utta-
rakhand) to study thermogravimetric, kinetic, and thermo-
dynamic parameters. Before the metal impregnation, water 
hyacinth was rinsed with tap water to discharge dirt particles 
and was chopped, ground in a mixer grinder then sieved by 
a 50 mesh screen sieve to obtain a particle size of less than 
1 mm. Subsequently obtaining a uniform size of biomass, 
it was dried, followed by impregnation with cupric sulfate 
 (CuSO4.5H2O, 99.99% trace metal basis purity) and ferric 
chloride  (FeCl3, 99.99% trace metal basis purity) to make 
the sample material for studies. Chemicals and other com-
ponents required for experiments were ordered from Sigma-
Aldrich, India.

Metal impregnation and experimental procedure

Metal salt solution of 0.1 M of  CuSO4/FeCl3 was prepared 
for impregnation on water hyacinth separately. Impregnation 
was carried out with a 1:20 ratio of water hyacinth to metal 
salt solution kept on continuous stirring of 350 rpm for 24 h 
with pH adjustment after every 12 h to maintain the stable 
conditions. The metal-impregnated water hyacinth was fil-
tered by Whatman filter paper and rinsed gently twice with 
250 mL of Millipore water followed by drying the sample 
in an oven at 100 ± 5 °C to release the moisture. Further 
details about the feed preparation can be found in detail in 
our previous works. The amount of Fe/Cu loading onto the 
impregnated water hyacinth was determined by Microwave 
Plasma Atomic Emission Spectrometer (MPAES).

Pyrolysis of Fe & Cu-impregnated water hyacinth was 
executed at a temperature of 280  °C with high pressure 
(10 MPa) in a 300 mL Parr reactor having Model No. PARR 
4843. In each experimental run, 4 g of impregnated sample 
was added to the reactor and purged with  N2 gas to maintain 
an inert atmosphere. The reactor was programmed for heat-
ing to the desired operating temperature and retained at that 
temperature for the specific reaction time. After the reaction, 
the products were collected and extracted with diethyl ether 
and evaporated to obtain light oil. Acetone was used to extract 
the heavy-oil components from the solid phase fraction that 
remained on filter paper and evaporated to quantify the heavy 

oil. The solid fraction that was leftover was designated as Fe/
Cu carbon–metal hybrid. Each experimental run was per-
formed thrice to compare the average yield conversion with 
the repeated kinetic simulation error bars.

Characterization and thermogravimetry

The Proximate analysis of raw and metal-impregnated water 
hyacinth (dry and ash-free basis) was carried out as per ASTM 
standards mentioned in our previous study. Elemental analysis 
of samples was performed using a VarioMICRO Cube CHNS 
analyzer. Quantitative metal (Fe/Cu) loading onto water hya-
cinth was estimated by Microwave Plasma Atomic Emission 
Spectroscopy Agilent, Model-4210. Surface morphology fol-
lowed by the elemental configuration of samples was exam-
ined by the FESEM-EDX (Carl Zeiss Ultra Plus). Particle size 
dispersal in metal-loaded samples was investigated by Trans-
mission electron microscopy (Model: S-TWIN FEI Tecnai G2 
20). The crystallinity of metal-impregnated water hyacinth 
samples was examined by X-ray diffraction (Model: Bruker 
D8-Advance) with Cu-Kα X-ray source anode having radiation 
at 0.154 nm of wavelength, and compounds in the XRD spec-
tra along with the particle size were analyzed by X’Pert High 
score software. Thermal degradation of samples was deter-
mined by TGA/DTG analyzer (Model: SII 6300 EXSTAR) to 
determine the mass loss in samples to temperature. Approxi-
mately 10 ± 0.5 mg of sample was kept in the alumina crucible 
and heated from 25 to 1200 °C at a non-isothermal state at four 
distinct heating rates: 10, 15, 20, and 25 °C  min−1. The inert 
environment was sustained by purging  N2 at a flow rate of 
200 mL  min−1. TGA/DTG output obtained by distinct heating 
rates was employed in determining kinetic parameters.

Kinetic parameters

The devolatilization of lignocellulosic biomass results in a 
single-step reaction mentioned below,

The general equation for the thermal decomposition of solid 
biomass is expressed by

where  d�
dt

 refers to the rate of conversion of biomass, α refers 
to conversion varying from 0 to 1, and f (α) refers to the 
function of conversion depending upon the reaction mecha-
nism during the biomass decomposition.

Biomass (Solid) → Volatile (gases) + Char (Solid residue)

(1)
d�

dt
= k(T)f (�)

(2)� =
xinitial − xt

xinitial − xfinal
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Conversion α is evaluated based on the mass of samples 
thermally degraded about time/temperature, where xinitial is 
initial dry mass, xfinal is final dry mass and xt is the mass of 
the sample at any time t.

The reaction-rate constant term, k (T), is evaluated by 
utilizing Arrhenius expression as;

where A represents the frequency factor, Eα refers to the 
activation energy, R is the universal gas constant and T is 
the reaction temperature (kelvin).

Now, substituting the expression of k(T) from Eq. (2) to 
Eq. (1), the following expression will be obtained,

The resulting expression is valid for both isothermal 
as well as non-isothermal temperature conditions. In case 
of non-isothermal conditions at a constant heating rate 
(

�
(

Kmin−1
)

= dT∕dt
)

 , the reaction rate is expressed as,

The integrated form of the reaction mechanism (expres-
sion (5)) is written as:

Here, p (x) corresponds integral of temperature and 
it does not have any precise analytical result. It can only 
be solved by numerous interpolation equations based on 
approximations. The integrated form of the conversion 
mechanism, g (α) depends upon the function f (α). Different 
kinetic models were studied based on the above equations.

Estimation of activation energy

The activation energy was determined by both differential 
(Friedman method) and integral isoconversional models, 
such as FWO, KAS, Starink, and Kissinger method.

Differential isoconversional model Friedman model: It is 
the first isoconversional model-free model where the differ-
ential form of the kinetic model is applicable. The expres-
sion introduced by Friedman is represented as

(3)k(T) = A ⋅ exp

(

−E�

RT

)

(4)
d�

dt
= A ⋅ exp

(

−E�

RT

)

f (�)

(5)
d�

dT
=

A

�
⋅ exp

(

−E�

RT

)

f (�)

(6)g(�) =

�

∫
0

d�

f (�)
=

A

�

T

∫
T0

exp

(

−E�

RT

)

dt =
AE�

�R
p(x)

(7)ln
(

d�

dt

)

α,i
= ln

[

f (�)A
α

]

−
E�

RT
α,i

The activation energy (Eα) can be determined by the 
slope of the plot of ln

[

(d�∕dT)
α,i

]

α,i
 vs. −1∕T

α,i using 
Eq. (7), at a constant conversion (α).

Integral isoconversional models In the case of isothermal 
conditions at a constant heating rate (�) the equation for 
the integral isoconversional method is expressed as

Term p(x) is based on the mathematical assumption and 
does not have any analytical solution. FWO, KAS, Kiss-
inger, and Starink methods are integral isoconversional 
models employed for determining activation energy along 
with frequency factors.

Flynn–Wall–Ozawa (FWO) FWO model applied Doyle’s 
approximation in determining the integral of temperature as

Incorporating Doyle approximation (Eq. (9)) in Eq. (8) 
results in the following expression as

In Eq. (10), the term ln(AE�∕Rg(�)) is constant; hence, 
expression can be simplified to

Eα can be determined by the slope of ln(�i) against 1∕T
α,i 

plot for each conversion (α) value. The subscripts α and i 
correspond to the conversion at a corresponding heating 
rate value, respectively.

Kissinger–Akahira–Sunose (KAS) Kissinger–Akahira–
Sunose (KAS) model adopted Murray and White approxi-
mation and expressed it as

After assuming the exponential term (Eq.  (12)) and 
rearranging the term in Eq. (8) resulted in the following 
expression as

(8)g(�) =
A

�

T

∫
T0

exp

(

−E�

RT

)

dt =
AE�

�R
p(x)

(9)p(x) = exp(−2.315 − 0.4567x), for 20 ≤ x ≤ 60

(10)ln
(

�i
)

= ln

(

AE�

Rg(�)

)

− 5.331 − 1.052
E�

RT

(11)ln(�i) = Const. − 1.052
E
α

RT
α,i

(12)logp(x) ≅

(

exp−x

x2

)

, for 20 ≤ x ≤ 50

(13)ln

(

�i

T2
α,i

)

= ln

(

AR

E
α
g(�)

)

−
E
α

RT
α,i
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At any α value, the Eα can be determined by the slope 
of ln(�i∕T2

α,i
) against 1∕T

α,i.

Starink method For estimating the activation energy more 
accurately, Starink proposed a method similar to the previ-
ously mentioned integral isoconversional methods. Starink 
method also depends on calculating the slope of the loga-
rithmic function consisting of heating rate βi versus 1/Ti at 
any α [25]. Stratink’s expression is expressed as:

Eα can be examined by the slope of the plot of ln(�∕T1.92
) 

versus 1∕T .

Kissinger Kissinger introduced the first model in 1956, to 
evaluate Eα in non-isothermal systems. This model assumed 
that at a given conversion (α) value, the activation energy 
(Eα) is constant and is expressed as

Eα can be evaluated by the slope of the plot ln(�∕T2
max

) 
against 1∕Tmax , where, Tmax (DTG peak temperature).

Determination of frequency factor

Kissinger's model is inapplicable in determining the acti-
vation energy because of its limitation as it is assumed on 
various heating rates, although it gives the constant value 
of activation energy for the overall conversion procedure. 
Hence, activation energy (Eα), calculated at every conver-
sion value by Friedman, FWO, KAS, and Starink models 
can be utilized in calculating frequency factor (A), accord-
ing to Kissinger’s method by the following expression as 
mentioned below

Thermodynamic variables

The feasibility of any system is defined by thermodynamic 
variables, namely, change in enthalpy, Gibbs-free energy 
change, and change in entropy were estimated utilizing 
expressions (17) to (19). The change in enthalpy (ΔHα) is 
energy variation between reactant and activated interme-
diate. Change in entropy (ΔSα), the degree of disorder or 

(14)ln

(

�i

T1.92
α,i

)

= Const. − 1.008

(

E
∝

RT
α.i

)

(15)ln

(

�

T2
max

)

= ln

(

AR

E�

)

−
E�

RTmax

(16)A =

�E�exp
(

E�∕RTmax

)

RT2
max

arrangement of carbon atoms in the reaction system. The 
negative value indicates the formation of thermally stable 
products, whereas the positive value indicates the ther-
mally unstable products. The Gibbs-free energy change 
(ΔGα) is excess energy required by the system to form an 
activated complex.

Here, kB is Boltzmann constant (1.38064852 ×  10–23 
 m2 kg  s−2  K−1), h is planks constant (6.62607004 ×  10–34 
 m2 kg  s−1), Tm is DTG peak temperature.

Z‑Master‑plot method

The Z-Master plots approach was implemented in predict-
ing the reaction kinetic model, f (α) by correlating theo-
retical with experimental master plots at specified activa-
tion energy value, Eα. The experimental master plots can 
be determined by

where P (u) is expressed as:

where u = E/RT.
Doyle’s approximation is utilized to attain the expres-

sion for P (u). By taking reference as x = 0.5 in Eq. (20), 
we will get

Now, dividing equation by equation we get,

The expression (24) is utilized to plot experimental 
curves at the different heating rates and compared with 

(17)ΔH� = E� − RT�

(18)ΔG
α
= E

α
+ RTm ln

(

kBTm

hA
α

)

(19)ΔS� =
ΔH� − ΔG�

Tm

(20)Z(�) =
AE

�R
P(u)

(21)P(u) =

α

∫
∞

−

(

e−u

u2

)

du

(22)Z(0.5) =
AE

�R
P
(

u0.5
)

(23)
Z(�)

Z(0.5)
=

P(u)

P
(

u0.5
)

(24)
P(u)

P
(

u0.5
) =

T2

T2
0.5

exp(−E∕RT)

exp(−E∕RTO.5)
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the curves obtained by Eq. (23) for each kinetic model to 
predict the mechanism involved in the thermal degrada-
tion process.

Results and discussion

Biomass characterization

Proximate and ultimate analysis

The proximate and ultimate study of raw and metal (Cu 
& Fe) loaded water hyacinth is shown in Table S2 (Sup-
plementary File). Feedstock showed a high value of ash 
content (16.23%), which is attributed to the presence of 
silica in water hyacinth. A higher value of volatile mat-
ter (71.8%) was noted, the amount during the vaporiza-
tion of condensable and non-condensable matter during 
thermal degradation [31]. The lower value of fixed car-
bon (12%) is the indication of lower lignin content in 
biomass. The ultimate analysis results revealed that the 
amount of hydrogen content was in the range of 3.8–4.3% 
which is on par with results available in the literature 
[12]. The amount of carbon and oxygen gets reduced in 
metal-impregnated biomass samples as compared to raw 
samples as the ion exchange of biomass elements with 
the metal salt (Cu, Fe) during impregnation resulted in 
the loss of organic extractives and the addition of metals 
onto the biomass.

MP‑AES analysis

The pH drift method was employed in determining the 
pH value at a zero-point charge  (pHZPC) for both metal-
impregnated (Cu & Fe) water hyacinths. The quantitative 
loading of the metals along with other key elements by 
MP-AES analysis confirms the displacement of alkali (Na 
& K) and alkaline earth (Mg & Ca) metals with the Fe/
Cu metal in the impregnated water hyacinth sample. In 
the Fe-impregnated sample, Fe metal loading increased to 
92,730 from 580 (ppm), while the concentration of alka-
line metals and alkaline earth metals, K & Na reduced to 
10,923.8 and 4420.6 from 59,081.1 and 25,503.5 (ppm) 
concentration, respectively, and Mg and Ca to 2630.4 and 
13,449.7 from 9259.5 and 21,032.9 (ppm) concentration, 
respectively. The Cu metal loading increases to 22.91 
(ppm), whereas the concentration of univalent metals 
such as K and Na decreases from 16.36 to 0.27 and 1.91 
to 0.42 ppm, respectively, along with the decrease in the 
concentration of di-cationic metals (Mg, Ca) from 1.13 
to 0.19 and 9.15 to 3.15 (ppm). In the case of the Fe-
impregnated biomass sample, the  pHZPC was found to be 

at pH 4.7 with the maximum metal loading of 1.66 mol 
of Fe kg of  biomass−1 [38], whereas in Cu-impregnated 
water hyacinth the  pHZPC was at pH 5.2 with the maxi-
mum loading of 0.72 mol of Cu kg of  biomass−1.

FESEM and TEM analysis

FESEM-EDX (Field Emission Scanning Electron Micros-
copy) analysis was performed to analyze the surface struc-
ture and quantitative dispersion of metal particles on water 
hyacinth at 20 μm to 100 nm. FESEM images followed by 
EDX for metal dispersion of raw water hyacinth, Fe and 
Cu-impregnated water hyacinth are shown in Fig. 1. FESEM 
captured the images of raw-water hyacinth that is smooth and 
porous in structure whereas, after the metal impregnation, 
Fe-impregnated shows the rugged and uneven nature hav-
ing white dots of metal particles distributed onto the water 
hyacinth. Similarly, the Cu-impregnated biomass shows a 
rugged structure along with white Cu nanoparticles onto the 
water hyacinth. The EDX of raw water hyacinth shows 52.8 
atomic% and 45.7 mass% of carbon, 47.2 atomic% and 54.3 
mass% of oxygen, whereas this carbon and oxygen mass per-
cent declines in the Fe and Cu-impregnated water hyacinth 
to raw water hyacinth as result of metal loading. The quan-
tification of metal absorption was estimated by using EDX 
which results in 3.48 atomic% and 12.45 mass% of Fe in 
Fe-impregnated biomass, whereas EDX of Cu-impregnated 
water hyacinth shows the 1.87 atomic% and 7.99 mass% Cu 
loading on water hyacinth.

TEM analysis was performed at a magnification of 
500 nm for analyzing the shape and size of metal particles 
by ImageJ software. Figure 2 shows the TEM images of 
Fe and Cu-impregnated water hyacinth samples along with 
particle size distribution. TEM images of Fe (Fig. 2a) and 
Cu (Fig. 2d) loaded water hyacinth showed the black spheri-
cal dots representing the metal particles that were formed at 
the time of impregnation, respectively. The SAED (selected 
area electron diffraction pattern) examined the crystalline 
arrangement of metal-loaded water hyacinth samples and 
signified a continuous diffused ring with bright white spots 
confirming polycrystalline structure in metal-impregnated 
water hyacinth samples. Average metal particle size resulted 
in 15.3 and 116 nm in Fe-impregnated and Cu-impregnated 
water hyacinth samples, respectively, by the particle size 
distribution histogram as shown in Fig. 2c and f.

XRD analysis

The crystallinity in samples was examined by XRD anal-
ysis, and spectra were examined by employing X’Pert 
High Score software. XRD patterns of metal-impregnated 
water hyacinth samples obtained after the impregnation 
and carbon material after pyrolysis are shown in Fig. 3. 
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Fe and Cu-impregnated water hyacinth samples in Fig. 3a 
initially show diffraction crystalline peak of cellulose in 
nature. The intensity between 8° and 17° of 2θ values was 
mainly the result of cellulose present in the biomass [39]. 

Fe-impregnated biomass then shows the crystalline peaks 
at 2θ values of ~ 32.17°, 46.03°, 57.07°, 75.82°, and 84.79° 
for  Fe2O3 (JCPDS-ICDD File No.-39-1346). For  Fe3O4 
(JCPDS-ICDD File No.-19–0629) diffraction peaks were 
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Fig. 1  FESEM images of a Raw water hyacinth, b Fe-impregnated water hyacinth, and c Cu-impregnated water hyacinth at 100 nm and 20 µm

6

5

4

3

2

1

0
8500 nm

500 nm

10 1/nm

10 1/nm

10

40 60 80 100

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0
120 140 160 180 200 220

12 14
Diameter/nm

(a) (b) (c)

(d) (e) (f)

Diameter/nm

D
avg 

= 15.30 nm

D
avg 

= 116 nm

F
re

qu
en

cy
F

re
qu

en
cy

16 18 20 22

Fig. 2  TEM images of a Fe-impregnated water hyacinth, b SAED pattern, c particle size distribution, d Cu-impregnated water hyacinth, e SAED 
pattern, and f particle size distribution



12769Experimental and Kinetic modeling of In‑situ Catalytic (Fe/Cu) Pyrolytic Degradation of Water…

1 3

mainly present at 2θ values of ⁓ 32.17°, 46.03°, and 66.89°. 
The crystalline nature of cellulose present in the biomass 
is converted to amorphous nature due to the impregna-
tion of maghemite on biomass [39]. In the case of the Fe-
impregnated sample, XRD diffraction peaks were mainly 
present in Fe (+ 3) and Fe (+ 2) oxidation states in hydrated/
oxide forms. Cu-impregnated biomass then shows the crys-
talline peaks at 2θ values of ~ 17.27°, 33.29°, and 46.63° 
for CuO  (Cu+2) matching with the JCPDS-ICDD file no. 
00-044-0706. For  Cu2O  (Cu+1) with the JCPDS-ICDD file 
no. 00-005-0667 single diffraction peak was present at a 2θ 
value of ~ 28.90°. In the Cu-impregnated water hyacinth 
sample, diffraction peaks were mainly due to the existence 
of  Cu+2. The average particle size as calculated by the Debye 
Scherrer equation resulted in 16.2 nm and 110 nm for Fe and 
Cu-impregnated water hyacinth samples, respectively. These 
XRD results of impregnated samples are in good agreement 
with TEM results as discussed above.

Figure 3b shows the XRD spectra of Fe and Cu-carbon 
nanometals obtained by pyrolysis experiments. Nano-Fe-
carbon material shows the crystalline peaks at 2θ values 
of ~ 30.02°, 35.50°, 40.30°, 70.82°, and 79.53° for  Fe2O3, 
whereas, for  Fe3O4 diffraction peaks were mainly present 
at 2θ value of ~ 30.02°, 35.50°, 44.32°, 51.62°, 70.82°, and 
87.50°. It also shows the peaks of nanometal Fe  (Fe0) at 2θ 
values of ~44.74°, 65.10°, and 82.18° matching with the 
JCPDS-ICDD file no. 00–006-0696. Cu-nano-carbon mate-
rial shows crystalline peaks at 2θ values of ~ 19.71°, 34.54°, 
43.16°, 53.39°, 56.64°, 63.48° and 89.75° for CuO  (Cu+2) 
and  Cu2O  (Cu+1) diffraction peak was present at 2θ value 
of ~ 34.54°, 63.48°, and 89.75°. In Cu-impregnated water 
hyacinth diffraction, peaks were mainly due to the existence 

of a  Cu+2. Cu shows the crystalline peaks at a 2θ value of 
~ 73.99°, and 89.75° for nanometal  Cu0 matching with the 
JCPDS-ICDD file no. 00-004-0836. The average particle 
size as calculated by the Debye Scherrer equation resulted 
in 36.7 and 57.1 nm for Fe and Cu carbon material, respec-
tively. Due to the reactive nature of iron nanoparticles, they 
tend to oxidize and agglomerate easily which results in an 
increase in particle size in Fe–metal–carbon particles.

Thermal analysis

TGA analysis was conducted to examine the thermal deg-
radation behavior of samples under a nitrogen atmosphere. 
Figure 4 shows the TGA curves of raw water hyacinth, Fe-
impregnated, and Cu-impregnated water hyacinth samples 
each at distinct heating rates of 10–25 °C  min−1. Thermal 
degradation of all samples started at around 50 °C and maxi-
mum mass loss in the first dip was observed between 70 
and 120 °C, which is due to the rapid loss of moisture and 
light volatiles. The maximum mass loss was observed in the 
second dip between 200 and 300 °C, as water hyacinth is 
hemicellulosic biomass and the devolatilization region cor-
responds to the disintegration of these biomass monomers by 
following cleavage, deamination, decarboxylation, and dehy-
dration reactions to the bio-oil formation [40, 41]. The stag-
nant mass loss until 350 °C is due to the recombination and 
re-polymerization of reactive fragments remaining resulting 
in the formation of carbon material [42]. The final residual 
masses of raw water hyacinth and metal-impregnated water 
hyacinth at 900 °C were in the range of 18–22% of the initial 
mass, with the metal-impregnated water hyacinth having a 
higher residual fraction as compared to raw water hyacinth.
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Fig. 3  XRD pattern of a Fe and Cu-impregnated water hyacinth and b Fe and Cu-carbon nanometals
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DTG analysis was performed to study the thermal degra-
dation behavior of samples in an inert atmosphere. Figure 4 
shows the DTG curves of raw water hyacinth, Fe-impreg-
nated, and Cu-impregnated water hyacinth samples at the 
same heating rates. From the curve, it can be concluded that 
hemicellulose and cellulose start degrading with the sec-
ond exothermic peak between 200–300 °C and 230–330 °C, 
respectively [43]. In Fig. 4a, the small peak between 200 and 
400 °C is due to the degradation of hemicellulose and cel-
lulose overlapping as water hyacinth has lower crystallinity 
[44]. The lignin starts degrading with the third exothermic 
peak between 200 and 500 °C. DTG curve of raw water hya-
cinth shows the peak temperature of 437 °C at 10 °C  min−1, 
and the peak temperature further increases for the respec-
tive higher heating rates. A similar trend was also evident 
for the Fe and Cu-impregnated water hyacinth samples, but 
the peak temperature shifts toward lower temperature as the 

former one shows the peak temperature of 277 °C and the 
latter one shows the peak temperature at 350 °C. Similar 
to TGA curves, DTG curves also show the first exothermic 
peak from 30 to 150 °C indicating mass loss due to moisture 
content and lighter volatile components. The degradation of 
cellulose and hemicellulose content into amorphous carbon 
atoms in the second clear exothermic peak range results in 
the reduction in the  M+n to metallic metal nanoparticles.

Kinetic analysis

Activation energy calculation

The activation energy was determined by employing both 
differential (Friedman method) as well as integral (FWO, 
KAS, and Starink) isoconversional models. Plots of isocon-
versional methods for activation energy calculation form 
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the slope of equations in conversion varying in the range 
of 0.1–0.9 as represented in Figs. 5–7. Activation ener-
gies from distinct isoconversional methods for raw water 

hyacinth, Fe–WH, and Cu–WH resulted in 138.0–173.9, 
60.1–89.1, and 70.4–97.4 kJ  mol−1, respectively, as out-
lined in Tables 1–3. Huge variations in activation energy 
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terms correspond to multiple complex reactions occurring 
during the thermal decomposition of the pyrolysis pro-
cess [31]. The Friedman (differential) method resulted in 
higher activation energy than the integral methods of FWO, 
KAS, and Starink. The average activation energy for raw 

water hyacinth was maximum with the Friedman method, 
followed by FWO, KAS, and Starink with 173.9, 141.0, 
138.4, and 138.0 kJ  mol−1, respectively. In the case of Fe-
impregnated water hyacinth, it followed the order of Fried-
man > FWO > Starink > KAS with the respective average 
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activation energy of 89.1, 65.8, 60.4, and 60.1 kJ  mol−1. The 
Cu-impregnated water hyacinth also followed a similar order 
with the average activation energy of 97.4 kJ  mol−1 (Fried-
man), 75.9 kJ  mol−1 (FWO), 70.7 kJ  mol−1 (Starink), and 

70.4 kJ  mol−1 (KAS). The metal-impregnated water hyacinth 
resulted in lower activation energy for reaction in compari-
son with the raw water hyacinth.
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The diversity of activation energy about conversion factor 
for samples by Friedman, FWO, KAS, and Starink models is 

represented in Fig. 8. Activation energies by the Friedman 
model were employed in determining frequency factor (A) 

Table 1  Activation energy, frequency factor, and thermodynamic parameters for Raw Water Hyacinth

Conversion (α) Friedman 
method Eα/kJ 
 mol−1

FWO method
Eα/kJ  mol−1

KAS method
Eα/kJ  mol−1

Starink method
Eα/kJ  mol−1

Frequency factor 
(A)
/s−1

ΔH/kJ  mol−1 ΔG/kJ  mol−1 ΔS/kJ  mol−1

0.1 128.4 104.4 101.5 101.7 2.4 ×  1010 124.3 166.5 −0.059
0.2 147.9 130.8 128.6 128.9 7.4 ×  1011 143.5 165.6 −0.031
0.3 138.8 128.8 126.2 126.6 1.5 ×  1011 134.3 166.0 −0.044
0.4 137.3 111.9 108.3 108.6 1.1 ×  1011 132.6 166.1 −0.047
0.5 121.1 87.9 84.1 83.1 6.5 ×  109 116.4 166.8 −0.071
0.6 130.8 92.2 89.1 89.5 3.6 ×  1010 125.7 166.3 −0.057
0.7 219.5 187.4 179.5 179.9 2.0 ×  1017 213.8 163.3 0.071
0.8 240.9 198.3 196.6 197.0 8.4 ×  1018 235.0 162.7 0.101
0.9 300.2 226.9 231.8 226.8 2.4 ×  1023 294.1 161.4 0.186
Average 173.9 141.0 138.4 138.0 2.6 ×  1022 168.9 165.0 0.005

Table 2  Kinetics (activation energy and frequency factor) and thermodynamic parameters for Fe-impregnated Water Hyacinth

Conversion (α) Friedman 
method Eα/kJ 
 mol−1

FWO method 
Eα/kJ  mol−1

KAS method 
Eα/kJ  mol−1

Starink 
method Eα/kJ 
 mol−1

Frequency 
factor (A)/
s−1

ΔH/kJ  mol−1 ΔG/kJ  mol−1 ΔS/kJ  mol−1

0.1 80.4 65.9 62.5 62.6 3.8 ×  108 77.1 127.6 −0.091
0.2 94.2 72.2 67.5 67.9 9.0 ×  109 90.2 126.9 −0.066
0.3 88.1 61.5 56.0 56.3 2.2 ×  109 83.9 127.2 −0.078
0.4 85.6 60.9 55.1 55.4 1.3 ×  109 81.4 127.3 −0.083
0.5 84.5 54.2 47.8 48.1 9.8 ×  108 80.2 127.3 −0.085
0.6 98.1 58.7 52.5 52.8 2.2 ×  1010 93.8 126.8 −0.060
0.7 99.7 75.8 70.3 70.6 3.2 ×  1010 95.2 126.6 −0.057
0.8 93.0 72.3 65.9 66.3 7.0 ×  109 88.1 126.9 −0.070
0.9 78.0 70.7 63.5 63.9 2.2 ×  108 72.8 127.7 −0.099
Average 89.1 65.8 60.1 60.4 8.3 ×  109 84.7 127.1 −0.076

Table 3  Estimation of parameters like activation energy, frequency factor, and thermodynamic parameters for Cu-impregnated Water Hyacinth

Conversion (α) Friedman 
method
Eα /kJ 
 mol−1

FWO method 
Eα /kJ  mol−1

KAS method 
Eα /kJ  mol−1

Starink method 
Eα/(kJ  mol−1

Frequency 
factor (A)/  s−1

ΔH /kJ  mol−1 ΔG /kJ  mol−1 ΔS /kJ  mol−1

0.1 90.7 68.4 64.7 64.9 3.1 ×  108 87.1 145.8 −0.094
0.2 88.3 68.1 63.1 63.4 1.9 ×  108 84.1 145.9 −0.099
0.3 104.6 103.1 99.5 99.8 5.2 ×  109 100.2 145.1 −0.072
0.4 96.8 82.2 77.3 77.6 1.1 ×  109 92.4 145.5 −0.085
0.5 103.7 82.3 77.2 77.5 4.4 ×  109 99.3 145.1 −0.073
0.6 99.5 81.6 76.1 76.4 1.9 ×  109 94.8 145.3 −0.081
0.7 97.6 70.7 64.2 64.6 1.3 ×  109 92.8 145.4 −0.084
0.8 92.8 60.5 53.2 53.6 4.8 ×  108 87.89 145.7 −0.092
0.9 102.5 66.0 58.7 59.0 3.4 ×  109 97.3 145.2 −0.076
Average 97.4 75.9 70.4 70.7 2.0 ×  109 92.9 145.4 −0.084
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and thermodynamic variables (ΔHα, ΔGα, and ΔSα). It can 
be remarked that the activation energy vs. conversion plot 
is divided into three stages to conversion value, in the case 
of raw water hyacinth, (I) when 0.1 ≤ α ≤ 0.2, the activa-
tion energy value increases from 128.4 to 147.9 kJ  mol−1; 
(II) when 0.3 ≤ α ≤ 0.6, activation energy value remains 
constant within the range of 130.8–138.8 kJ   mol−1 and 
(III) when α ≥ 0.7, activation energy rapidly increases 
from 219.5 to 300.2 kJ  mol−1. Fe–WH sample shows the 
variation as, (I) when 0.1 ≤ α ≤ 0.2, activation energy value 
enhanced by 80.4–94.2 kJ  mol−1; (II) when 0.3 ≤ α ≤ 0.6, 
activation energy slightly varies within the range of 88.1 
to 98.1 kJ  mol−1 and (III) when α ≥ 0.7, activation energy 
decreases from 99.7 to 78.0 kJ  mol−1. In case of Cu–WH 
samples shows a contradictory trend, (I) when 0.1 ≤ α ≤ 0.2, 
activation energy value decreases from 90.7 to 88.3 kJ  mol−1; 
(II) when 0.3 ≤ α ≤ 0.6, activation energy value remains 
almost constant within the range of 99.5–104.6 kJ  mol−1 and 

(III) when α ≥ 0.7, activation energy increases from 97.6 to 
102.5 kJ  mol−1. At higher values of degree of conversion, 
there might be the probability of secondary heterogene-
ous reactions taking place between gases and solid residue 
which further result in a rapid change in activation energy. 
The same trends were reported in the literature [31, 36]. Fe-
impregnated and Cu-impregnated water hyacinth samples 
required lower activation energy as compared to raw water 
hyacinth as represented in Tables 1–3, signifying that raw 
water hyacinth required higher energy to break the chemi-
cal bonds of components, and hence, the reaction proceeds 
sluggishly.

Frequency factor calculation

The frequency factor (A) was examined by Kissinger’s 
expression (Eq. 16) by utilizing activation energies cal-
culated by Friedman, FWO, KAS, and Starink models. 
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Average frequency factor values for raw-WH, Fe–WH, and 
Cu–WH resulted in 2.6 ×  1022, 8.3 ×  109, and 2.0 ×  109  s−1, 
respectively, as listed in Tables 1–3. A lower value of fre-
quency factor (A <  108  s−1) indicates that the system is com-
paratively less reactive due to the high surface reactions, 
non-existence of an energy barrier, and complex transition 
state. The higher value of the frequency factor (A ≥  108  s−1) 
indicates a highly reactive system, the existence of an energy 
barrier, and the formation of a simple transition state. The 
frequency factor value within the range of  1010–1011  s−1 is 
mainly attributed to restriction in rotation [25, 31]. The wide 
variation in frequency factor value is a result of complex 
reactions taking place during the thermal degradation of 
biomass.

Thermodynamic parameters analysis

Thermodynamic variables, namely enthalpy change (ΔHα), 
Gibbs-free energy change (ΔGα), and entropy change (ΔSα), 
were examined for corresponding activation energy and 
frequency factor as calculated by the Friedman method. 
Figure S1 (Supplementary File) presented the Change in 
enthalpy vs. Conversion plots, which shows the insignifi-
cant effect of heating rates as curves overlapped with each 
other. The plots of change in Gibbs free energy and entropy 
vs. conversion significantly vary with heating rates, as ΔGα 
(Eq. 18) and ΔSα (Eq. 19) depend upon the DTG curve’s 
peak temperature, as shown in Fig. S2 and Fig. S3 (Sup-
plementary File), respectively. The average value of ΔHα 
in the thermal degradation process for raw water hyacinth, 
Fe-impregnated, and Cu-impregnated water hyacinth is 
168.9, 84.7, and 92.9 kJ  mol−1, respectively, indicating the 
amount of energy consumed in the thermal decomposition 
of biomass to bio-oil, gas, and carbon material products. 
Less energy difference between ΔHα and Eα (≈ 5 kJ  mol−1) 
is reported further concluding favorable conditions for the 
formation of products due to the low energy barrier [45]. 
Change in enthalpy value is highest for raw water hyacinth, 
signifying the higher energy requirement for breaking reac-
tants bonds, followed by Cu-impregnated water hyacinth and 
Fe-impregnated water hyacinth.

The average value of ΔGα for the thermal degradation pro-
cess for raw water hyacinth, Fe-impregnated, and Cu-impreg-
nated water hyacinth is 165.0, 127.1, and 145.4 kJ  mol−1, 
respectively. A higher value of ΔGα of raw water hyacinth 
represents unfavorable reactions demanding higher energy. 
On the other hand, the average value of change in entropy 
(ΔSα) for the thermal degradation process for raw water hya-
cinth, Fe-impregnated, and Cu-impregnated water hyacinth 
is 0.005, −0.076, and − 0.084 kJ  mol−1, respectively, with 
the negative values representing attainment of thermal equi-
librium. The average positive value of ΔSα for raw water hya-
cinth, as compared to the remaining two samples concluding 

the system for the raw water hyacinth sample, is far from 
thermodynamic equilibrium. In the plot of ΔSα vs. conver-
sion of raw water hyacinth, as the conversion increases in 
the range of 0.1 ≤ α ≤ 0.6, the entropy change curve declines, 
representing the gradual decrease in reactivity with the rise 
in residence time to form activated intermediates. When 
α ≥ 0.7 again, the reactivity of the system increases. In the 
case of Fe–WH, entropy change decreases within the range 
of 0.1 ≤ α ≤ 0.5 conversion, increases from 0.5 ≤ α ≤ 0.6, and 
then, further decreases from 0.7 ≤ α ≤ 0.9. On the other hand, 
Cu-impregnated water hyacinth shows a continuous varia-
tion in entropy trend within the entire range of conversion 
of 0.1 ≤ α ≤ 0.9. Combining the thermodynamic parameters 
results, it is concluded that, in the initial stage of thermal 
decomposition, the system is most reactive with endother-
mic. As the degradation continues, the system becomes less 
reactive but due to the continuous supply of energy the free 
energy of the system increases.

Reaction mechanism by Z‑Master plot

Reaction kinetics for the thermal degradation of raw and 
metal-impregnated water hyacinth with the varying conver-
sion from 0.1 to 0.9 at a heating rate of 10 °C  min−1 was 
predicted by the Z-Master plot approach. It compared the 
experimental data with the various theoretical reaction 
kinetic models as outlined in Table S1 (Supplementary 
File) is presented in Fig. 9 to describe the most predictable 
kinetic model. The Z-Master plots of raw water hyacinth 
follow the reaction order kinetic model, as the experimental 
curve overlaps the second- and third-order reaction model 
in conversion range of α ≤ 0.5 whereas, first-order reaction 
model for α > 0.5 as shown in Fig. 9a. However, in the case 
of Fe-impregnated water hyacinth overlaps first- and second-
order reaction model within the conversion range of α ≤ 0.5 
followed by third-order reaction kinetic model for α > 0.5 as 
best fitted by the kinetic model as represented in Fig. 9b. On 
the other hand, in Cu-impregnated water hyacinth, the exper-
imental curve was close to the third-order reaction model 
indicating reaction kinetics within the conversion range of 
α ≤ 0.5, followed up by second- and third-order kinetics 
reaction model for α > 0.5 as shown in Fig. 9C. The overall 
results conclude that as the conversion value increases from 
0.1 to 0.5, the thermal degradation follows the second- and 
third-order reaction mechanism, and a further increase in 
conversion value from 0.7 up to 0.9 it follows the first-order 
reaction mechanism.

Experimental analysis

A pyrolysis experiment of metal-impregnated water hyacinth 
was conducted at 280 °C temperature for a reaction time of 
15 min in a Parr reactor. The metal ions impregnated onto the 
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biomass sample act as a catalyst during pyrolysis treatment to 
optimize the bio-oil yield. During pyrolysis, initially, dehy-
dration and depolymerization reactions are the dominating 
reactions to convert the biomass monomers into intermedi-
ates. Pyrolysis of cellulose results in the cleavage of β-1,4-
glycosidic bonds by dehydration reaction at high temperatures 
resulting in the formation of acids and alcohols. Hemicellulose 
is disrupted thermally at a lower temperature as compared to 
cellulose due to the amorphous nature of hemicellulose chains 
resulting in the formation of aldehyde, furans, and ketone by 
dehydration and isomerization reactions. The lignin is first 
depolymerized to its monomers as p-hydroxyphenyl propane, 
guaiacyl, and syringyl, and then, undergoes catalytic deoxy-
genation, dehydration, decarboxylation, and oligomeriza-
tion reaction to form aromatics by cleavage of β-O-4, α-O-4 
linkage and C–C and C–O bonds and then, repolymerization 
reaction to form carbon hybrid [46]. The pyrolysis of the 

Fe-impregnated sample resulted in 23.4% of the total bio-oil 
yield comprising 17.7% as heavy oil and 5.7% as light oil, 
whereas Cu-impregnated water hyacinth resulted in a compar-
atively lower total bio-oil yield of 11.5% consisting of heavy 
oil as 7.7% and light oil as 3.8% as shown in Table S3 (Sup-
plementary File). The Fe catalyst slightly enhances the conver-
sion of hemicellulose at a lower temperature in comparison 
with the Cu catalyst resulting in higher bio-oil yield, whereas 
Cu catalyzes the reaction between lignin and active hydrogen 
to form phenolic compounds [47]. The metal–carbon hybrid 
of 32.1 and 52.2% for Fe-impregnated and Cu-impregnated 
samples, respectively, was observed by pyrolysis as repolym-
erization and recondensation reactions are more dominating in 
Cu-catalyzed samples resulting in higher metal–carbon yield 
as compared to Fe catalyzed sample. The Fe-impregnated sam-
ple resulted in a higher gaseous yield of 44.5% in comparison 
with the Cu-impregnated sample with a gas yield of 36.4% as 
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Fe promotes the pyrolysis efficiency and limits the formation 
of hydrocarbon as a result of polymerization, thus increasing 
the gaseous components to 44.5% by dehydrogenation of tar 
to from hydrogen and promoted both the water gas shift and 
Boudouard reactions [48]. The catalytic effect of Cu resulted 
in the decline in gaseous yield to 36.4% as Cu promoted the 
aromatization of CxHy of gas phase reaction to form aromatic 
compounds and hence, increased bio-oil yield at the expense 
of gas yield [17]. The literature reported the effect of various 
heterogeneous and homogeneous catalysts on bio-oil yield by 
thermal degradation. Pyrolysis of Fe-dispersed water hyacinth 
at 540 °C and 60 min reaction time resulted in the generation 
of synthesis gas and hydrogen production. They concluded 
that Fe plays a significant role in enhancing the gas yield with 
 H2-42%,  CO2-23%, CO-22%, and  CH4-7% [49]. Pyrolysis of 
Cu-polluted fir sawdust biomass resulted in enhanced bio-oil 
yield and high heating value of 54.3% and 14.79 MJ  kg−1, 
respectively, as compared to raw fir sawdust biomass. Pyroly-
sis of water hyacinth in the presence of Cu catalyst at 450 °C, 
the residence time of 60 min, and a heating rate of 1 °C  s−1 
resulted in a bio-oil yield of 31.6% and conversion of 51.9% 
with the formation of aliphatic hydrocarbon in the range of 
 C7–C20 [50]. Slow pyrolysis of Fe and Cu-contaminated Avi-
cennia marina biomass was conducted to study the effect 
of temperature and deportment of heavy metals in pyrolysis 
products by varying the temperature from 300 to 800 °C. It 
was observed that more than 90% of Fe and Cu was retained 
in solid residue, concluding the non-volatile nature of Fe and 
Cu. Results showed a bio-oil yield of 0.5 and 0.3% with a gas 
yield of 94.4 and 93.3% at 800 °C for Fe and Cu contaminated 
biomass, respectively [51].

Kinetic parameters by TGA analysis were validated by 
pyrolysis experiments of Fe–WH, and Cu–WH samples 
at 280 °C and graphs were plotted. Each experimental run 
was performed thrice, and the average yield conversion was 
compared with the repeated kinetic simulation with error 
bars of standard deviation as shown in Fig. S4 (Supplemen-
tary File). It can be concluded from the plot that the model 
predicted by kinetic parameters and experimental data is in 
good agreement as the Fe-impregnated water hyacinth shows 
the conversion of 0.68 by pyrolysis experiment at 280 °C, 
whereas TGA analysis the conversion of 0.7 at the same tem-
perature. In the case of Cu-impregnated water hyacinth, the 
pyrolysis experiment shows a conversion of 0.48 at 280 °C, 
and TGA analysis shows a conversion of 0.45 at the same 
temperature.

Conclusions

Pyrolytic experiments of Fe/Cu-loaded water hyacinth were 
conducted for the effect of the metals on the quantification of 
bio-oil yields. Fe (23.4%) has promoted the deoxygenation, 

dehydration, decarboxylation, and isomerization reac-
tions to a greater extent than Cu (11.5%) yielding higher 
bio-oil yields. The kinetic analysis and thermodynamic 
variables of raw and metal (Cu/Fe) impregnated water hya-
cinth were studied by comparing thermogravimetry data 
and various isoconversional models. Average activation 
energy as attained by the Friedman method for raw water 
hyacinth, Fe–WH, and Cu–WH resulted in 173.9, 89.1, and 
97.4 kJ  mol−1, respectively. The average value of the fre-
quency factor for raw water hyacinth, Fe–WH, and Cu–WH 
is noted as 2.6 ×  1022, 8.3 ×  109, and 2.0 ×  109  s−1, respec-
tively. The most probable models for raw, Cu–WH, and 
Fe–WH were reaction-order models following the first-, sec-
ond-, and third-order reaction kinetics varying with conver-
sion. The values for ΔHα and ΔGα remain positive through-
out the process concluding the endothermic nature with 
the high free energy of the system, whereas the ΔSα value 
shows variation with conversion, negative from 0.1 ≤ α ≤ 0.6 
and positive form α ≥ 0.7 with correspondingly varying the 
reactivity. Overall results of kinetics and thermodynamic 
parameters concluded that Fe and Cu-loaded water hyacinth 
required lower activation energy and Gibbs energy and have 
a high potential to be used as a feed raw material for bio-
energy generation.
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