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a b s t r a c t

Non-food biomass feedstocks owing to their advantages have come to the forefront as the efforts have
been intensified to develop cleaner energy sources and technologies in the face of global climate change.
This study aimed to dynamically characterize the combustion drivers and responses including the gas
emission and ash deposition risks for roots (WHR) and stems and leaves (WHSL) of water hyacinth. Their
combustion processes consisted of the four sequential stages of the water evaporation, the combustions
of volatiles and fixed carbon, and the degradation of minerals. The WHR combustion had a higher total
heat release (2140.6e4226.7 J/g) than did the WHSL combustion (1255.6e3110.6 J/g). In terms of the
Flynn-Wall-Ozawa method, the average activation energy was estimated at 167.42 and 172.41 kJ/mol for
WHR and WHSL, respectively. The reaction mechanisms of the volatiles and fixed carbon combustion
stages were best elucidated by the F1 (f(a) ¼ 1- a) and F3 (f(a) ¼ (1- a)3) models for WHR and the F3
(f(a) ¼ (1- a)3) and F1.5 (f(a) ¼ (1- a)1.5) models for WHSL, respectively. CO2 was the main evolved gas for
both WHR and WHSL and exhibited the fastest response to temperature. Evolved S-containing gases (SO2

and COS) (0.13% for WHR and 0.12% for WHSL) were extremely low. The WHSL ash had a higher risk of
slagging and fouling than did the WHR ash. Our findings can provide insights into the cleaner and
optimal production of the water hyacinth combustion.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Population and consumption growth has increased the world
energy consumption, 80% of which is still realized through the
burning of fossil fuels (Chen et al., 2015). The aggregate impact of
the fossil-fuel dependency of nations has emerged to the human-
kind in the form of global climate change. Recently, efforts have
been intensified about how to develop cleaner energy sources and
technologies. In particular, owing to their advantages such as car-
bon neutralization, renewability, low pollutants, and non-rivalry
with the scarce croplands, non-food (second- and third-
generation) biomass feedstocks have come to the forefront as the
fourth largest primary energy (Chen et al., 2012) and as the largest
source of renewable energy in the world (Hiloidhari et al., 2019).
Biomass energy accounted for 14% and up to 90% of renewables
globally and in the rural areas of the developing countries,
respectively (Sansaniwal et al., 2017). Unlike the first-generation
biofuels (food crops), non-food biomass such as crops, agricul-
tural and forest residues, and algae (Yang et al., 2018) does not
compromise the limited area of the agricultural ecosystems (Navas-
Anguita et al., 2019).

When water hyacinth (Eichhornia crassipes) is used as a bio-
energy feedstock, it possesses such additional advantages as high
growth and propagative performances, high pest and disease re-
sistances, and high litter quality (easy degradation) (Huang et al.,
2020). On top of the above superior features is the avoidance of
eutrophication of water bodies caused by its invasive nature.
Therefore, the utilization of water hyacinth has been explored in
different domains. For example, Goel and Kalamdhad (2018) found
that the addition of 10% water hyacinth reduced the consumption
of fossil fuels required for firing bricks by 7%. Barua and Kalamdhad
(2017) increased the maximum biogas output from 143 to 193 mL
CH4/g volatiles solid by pre-treating water hyacinth in a hot air
oven. Water hyacinth was also transformed into a high value-added
fuel (Zhang et al., 2020), adsorbent (Murambasvina and Mahamadi,
2020), biodiesel products (Alagu et al., 2019), and biochars (Gaurav
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et al., 2020).
There exist only a few studies about the combustion charac-

teristics of water hyacinth. For instance, Huang et al. (2016)
emphasized that the addition of water hyacinth improved the co-
combustion performance of sludge. The use of K2CO3 as a catalyst
in the co-combustion of sludge and water hyacinth reduced CO2,
NO2, SO2, HCN, and NH3 emissions (Huang et al., 2018). The pre-
vious studies (Alagu et al., 2019; Huang et al., 2016, 2018) about
water hyacinth focused on its use as an auxiliary additive in the co-
combustions without a comprehensive analysis of its mono-
combustion drivers and responses. Before a successful scale-up of
the use of water hyacinth in the industrial incineration for the
power generation, its comprehensive performance properties in
terms of cleaner and efficient production remain to be quantified
such as calorific value, reaction mechanism, evolved gases, and
ashes. The migration and transformation patterns of the alkali and
alkaline earth metallic species (AAEMs) abundantly found in the
different biomass parts during the combustion also affect the life
cycle of the industrial boilers. This study focused on filling these
knowledge gaps in related literature.

Hence, the objectives of this experimental study were to char-
acterize the mono-combustion performances of the two biomass
parts of water hyacinth and their reaction mechanisms and evolved
gases and to evaluate ash-related issues by using X-ray fluorescence
spectrometer (XRF) analysis. The quantification of the above-
mentioned characteristics can provide the basis for the scale-up
and optimization of their boiler parameters.
2. Material and methods

2.1. Sample preparation and TG-FTIR-MS experiments

Water hyacinth was sampled from a paddy field in Wenzhou in
southeast China. The specimens were partitioned into roots (WHR)
and stems and leaves (WHSL), cleaned, dried, milled into the par-
ticles, and sieved into a diameter of less than 75 mm. Their ultimate
and proximate analysis results are showed in Table S1 according to
our previous study (Huang et al., 2020). The ash components were
measured using an XRF spectrometer (Axios-Minerals, PANalytical,
USA).

Detailed information for the TG, TG-FTIR, and TG-MS analyses of
the samples can be obtained in the supplementary data section
(S1).
2.2. Two-dimensional correlation spectroscopy (2D-COS) analysis

In this study, two-dimensional correlation spectroscopy (2D-
COS) analysis was used to detect the subtle and sequential tem-
perature dependency of the functional groups so as to improve the
spectral resolution, and thus, to distinguish the overlapping peaks.
2D-COS analysis was performed following the method by Noda and
Ozaki (Noda et al., 2000). 20 TG-FTIR spectra data from 180 to
560 �C at an increment of 20 �C were selected for 2D-COS analysis
based on which the (a)synchronous 2D-correlation spectra maps
were generated using 2D-shige software version 1.3 (Shigeaki
Morita, Kwansei-Gakuin University, Japan).
2.3. Combustion performance indices

The following four combustion performance indices were
adopted: flammability (C), comprehensive combustion index (CCI),
ignition index (Di), and burnout index (Db) and were estimated as
follows:
2

C¼
��Rp

�
T2i

(1)

CCI¼
��Rp

�� ð�RvÞ
T2i � Tb

(2)

Di ¼
��Rp

�
ti � tp

(3)

Db ¼
��Rp

�
Dt1=2 � tp � tb

(4)

where Rp and Rv are maximum and average weight loss rate,
respectively; Ti and Tb are ignition and burnout temperatures,
respectively; ti is ignition time; tb is burnout temperature; tp is
maximum peak time during which the reaction proceeds at its
maximum rate; and Dt1/2 is half-peak width time range 1/2 (when
the weight loss rate reaches 1/2 of the maximumweight loss rate).
2.4. Kinetic analysis

Detailed information for the integral methods of the biomass
decomposition could be obtained in the supplementary data sec-
tion (S1). The iso-conversional methods are used to estimate the
activation energy (Ea) without prior-knowledge about the reaction
mechanisms involved in the thermochemical conversions of
biomass. In this study, the Kissinger-Akahira-Sunose (KAS), Flynn-
Wall-Ozawa (FWO), Tang, and Starink methods were applied to
estimate Ea. Based on Eq. (S4), the FWO, KAS, Starink (Mishra et al.,
2020), and Tang (Jiang et al., 2018) methods can be expressed as
follows:

FWO : log b¼ log
�

AEa
RgðaÞ

�
�2:315� 0:4567

Ea
RT

(5)

KAS : ln
�
b

T2

�
¼ ln

�
AEa
RgðaÞ

�
� Ea
RT

(6)

Tang : ln
�

b

T1:894661

�
¼ ln

�
AEa
RgðaÞ

�
þ3:635041�1:894661 ln Ea

� 1:001450
Ea
RT

(7)

Sarink : ln
�

b

T1:92

�
¼Cs � 1:0008

Ea
RT

(8)

The plots of logb, ln (b/T2), ln (b/T1.894661), and ln (b/T1.92) versus
1/T were obtained whose slopes were used to estimate Ea. In this
study, Avrami’s theory was extended to determine the reaction
order (n) during the non-isothermal combustion process. The
variation of the conversion degree with temperature and heating
rate can be expressed as follows (Liu et al., 2019):

aðTÞ¼1� exp
�
� KðTÞ

bn

�
(9)

Substituting the Arrhenius equation (KðTÞ ¼ A exp
�
� Ea

RT

�
) into

Eq. (9) and taking the double logarithm of both sides yield Eq. (10)
below:
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ln½ � lnð1�aðTÞÞ� ¼ ln A� Ea
RT

� n ln b (10)

where the reaction order (n) can be calculated from the slope of the
best-fit line of the plot of ln [-ln (1-a(T))] versus lnb.

The pre-exponential factor (A) was determined according to Eq.
(11) below (Maia and de Morais, 2016):

A¼
�
b , Ea , exp

�
Ea

RTmax

���	
RTmax

2



(11)

where Tmax is maximum peak temperature where the reaction
proceeds at its maximum rate, K. The reactivity parameter (RM) was
used to estimate the mean reactivity of the samples as follows
(Ghetti et al., 1996):

RM ¼ R1
TP1

þ R2
TP2

þ……þ Rn
TPn

(12)

where R and Tp are the height of the DTG peak and its corre-
sponding temperature, respectively.

In this study, the Coats-Redfern (CR) method was carried out to
determine the reaction mechanisms. Assuming 2RT/Ea z 0, the CR
method can be described thus (Zhang et al., 2018):

ln
�
gðaÞ
T2

�
¼ ln

�
AR
bEa

�
� Ea
RT

(13)

Eawas estimated from the slope of the best-fit line of the plots of
ln (g(a)/T2) versus 1/T. Table S2 shows the common reaction
mechanism models (Hu et al., 2019) during a solid-state process. In
this study, we chose the model with the highest coefficient of
determination (R2) as the best fit model to describe the reaction
mechanism of the thermal degradation of the samples.
3. Results and discussion

3.1. Dynamic thermogravimetric responses

With the increased heating rate, the DTG curves shifted to the
higher temperature zone for both WHR and WHSL (Fig. 1a and b)
since the high heating rate exacerbated the thermal hysteresis ef-
fect of the reaction. The similar DTG responses of the WHR and
WHSL combustions to the three heating rates were indicative of the
ineffective role of the heating rates. Thus, the curves at 10

�
C/min

were henceforth chosen to analyze the detailed characteristics of
the WHR and WHSL combustions.

The combustion behaviors of WHR and WHSL were character-
ized by the four degradation stages according to their DTG curves
(Fig. 1c and d) (Table S3). As for WHR, the first stage was the
evaporation of water between 30 and 159.6 �C, with a maximum
mass loss rate of 0.48%/min at 63.7 �C corresponding to the first
peak. The second stage corresponded to the combustion of volatiles
in the range of 159.6e359.3 �C, with a maximum mass loss rate of
9.99%/min at 317.7 �C. The release of volatiles occurred mainly from
the decompositions of (hemi)celluloses and partial lignin (Paniagua
Bermejo et al., 2020). The mass loss of the third stage (19.74%) was
attributed mainly to the combustion of fixed carbon, with a peak
decomposition rate of 2.94%/min at 382.9 �C. When the most vol-
atiles of WHR were released in the second stage, oxygen diffused
gradually to the surface of fixed carbon, thus accelerating its
combustion. At above 550 �C, the decomposition of minerals in
WHR dominated with a little mass loss, and eventually, the com-
bustion reaction of WHR was completed. Wang et al. (2019) re-
ported that the mass loss of rice straw was due to the degradation
3

of (hemi)celluloses in the first stage (189e340 �C) and the
decomposition of lignin and the combustion of char in the second
stage (340e461 �C).

Unlike WHR with only three peaks, the WHSL combustion had
the following four distinct and sequential peaks: (1) the peak of
evaporation (0.55%/min at 68.0 �C); the combustion peaks of (2)
volatiles (7.45%/min at 290.6 �C) and (3) fixed carbon (5.06%/min
at 462.6 �C); and (4) the decomposition peak of minerals (0.65%/
min at 847.3 �C). In the second stage, the maximum mass loss was
lower for WHSL (7.45%/min) than WHR (9.99%/min), while the
mass loss was higher for WHR (58.40%) than WHSL (58.00%). In
other words, the WHR combustion performed better in this stage
owing to its higher volatiles content than WHSL.

In the third stage, WHSL had a higher maximum mass loss rate
and a narrower temperature range than did WHR. At below 500 �C,
the decomposition reaction of WHSL appeared completed, with a
significant mass loss of 7.97% in the range of 700e1000 �C. This
possibly related to the secondary decomposition of residues such as
chars and the residue ignition. The significant difference in the (D)
TG curves between WHR and WHSL pointed to their different
thermal degradation paths. Themass loss peak ofWHSL was clearly
observed in the high temperature stage. This suggested that WHSL
would require a higher temperature (about 900 �C) for its complete
reaction in an industrial boiler, whereas the incineration of WHR
would realize its complete decomposition at a lower temperature
(about 550 �C). In other words, the energy consumption of WHR
may be less than that ofWHSL. These findings indicated that boilers
in industrial applications require different operational parameters
to make a more efficient use of the WHR and WHSL feedstocks.
3.2. (D)DSC analyses

The DSC and derivative of DSC (DDSC) curves under the three
different heating rates are illustrated in Fig. 2, while the charac-
teristics of the DSC curves are provided in Table S4.

The DSC curve of the WHR combustion showed the two distinct
exothermic peaks, as was with that of the WHSL combustion, but
was different from its DTG curve with the three distinct mass loss
peaks. This was because the combustion reactions of the water
evaporation and the light volatiles overlapped, thus rendering the
heat flow peak of the water evaporation stage quite subtle. The first
and second peak regions were due to the release of volatiles and the
combustion of fixed carbon, respectively.

The DSC curve of WHR at 10
�
C/min showed that the peak

temperatures for the release of volatiles and the fixed carbon
combustion were 331.0 and 383.6 �C, respectively, and were higher
than its DTG peak temperatures (317.7 and 382.9 �C, respectively).
This was attributed to the hysteresis effect between the outer and
inner particles to hinder the release of heat. The same also applied
to the WHSL combustion.

The heat releases of the first and second peaks of WHR
accounted for 37.1e41.4% and 32.2e34.1% of the total heat releases,
respectively. The heat releases of the first and second peaks of
WHSL explained 56.0e56.4% and 28.1e34.7% of the total heat re-
leases, respectively. With the highest heating rate, the higher total
heat release from the WHR (2140.6e4226.7 J/g) than WHSL
(1255.6e3110.6 J/g) combustion pointed to the promoted
exothermic behavior, the increased energy release, and the better
WHR than WHSL combustion. This also suggested that more heat
would be generated when WHR is incinerated in the boiler, and
thus, WHR is more conducive to the energy recovery of power
plants. Their heat releases were lower than those frommiscanthus,
poplar, and rice husk in the range of 6000e9000 J/g (Kok and
€Ozgür, 2013).



Fig. 1. (D)TG curves of (a) WHR and (b) WHSL combustions under three heating rates; and (D)TG curves of (c) WHR and (d) WHSL combustions at 10
�
C/min.
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3.3. Performance responses of combustions to increased heating
rate

All the combustion performance parameters rose with the
elevated heating rates regardless of the biomass part (Table 1). The
high flammability index (C) showed a better stability of the solid
fuel combustion after the ignition. WHR had a higher C value than
did WHSL. Thus, WHR exhibited a more stable combustion, with
the conduciveness of the high heating rate to its thermal
decomposition.

The high comprehensive combustion index (CCI) reflects a more
intense burning and a quicker oxidative decomposition rate. The
CCI value was higher for WHR than WHSL. This pointed to a better
combustion performance of WHR than WHSL. This may be attrib-
uted to the higher burnout temperature of WHSL than WHR. At
10

�
C/min, the CCI value of WHR (21.7) was higher than that of

camellia seed shell (8.1) (Chen et al., 2017) but lower than that of
bamboo branches (24.6) (Hu et al., 2019). WHR had better ignition
and burnout performances than did WHSL according to its higher
ignition (Di) and burnout (Db) indices since WHR had higher vola-
tiles and low ash contents (Thirugnanasambandam et al., 2011).
Also, the higher Rp value of WHR than WHSL indicated that the
combustion reaction of WHR at the peak temperature was more
intense and its reaction activity was higher which in turn signifi-
cantly shortened the reaction time. In other words, the combustion
performance was better for WHR than WHSL, as was consistent
with Section 3.1.
4

3.4. Conversion degree-dependent kinetics and reactivity

Knowledge of the parameters of activation energy (Ea) (the
energy barrier of the chemical reaction) and pre-exponential factor
(A) (the frequency of collisions between the activated molecules)
allows for the predictions of great practical value in solving the
scale-up, optimization, and design problems. The iso-conversional
plots for Ea are illustrated in Fig. 3, while the estimated kinetic
parameters are presented in Table 2 and Fig. S1. The A estimates
were derived from the experimental data when b ¼ 10 �C/min. The
R2 values for the FWO, KAS, Tang, and Starink methods were all
higher than 0.9 (Table 2). The R2 values were higher for the FWO
than KAS, Tang, and Starink methods for both WHR and WHSL.

The Ea estimates by the four iso-conversional methods ranged
from 137.8 to 190.2 kJ/mol and 85.3e320.8 kJ/mol for WHR and
WHSL, respectively. The Ea value of WHR reached its minimum
when a ¼ 0.1 and its maximumwhen a ¼ 0.6. Its Ea value gradually
declined when a > 0.6. The a range of 0.1e0.6 belonged to the main
degradation stage of hemicellulose, while the a between 0.6 and 0.9
represented the main degradation stage of cellulose.

The trends of Ea for WHSL and WHR were similar in the a range
of 0.1e0.5. The Ea value for WHSL plunged when a > 0.5 and
reached its minimumwhen a¼ 0.7. The main degradation stages of
hemicellulose and cellulose were related to the a ranges of 0.1e0.5
and 0.5e0.7, respectively. When a > 0.7, its Ea rose and reached its
maximum when a ¼ 0.9. This irregular Ea trend was usually
attributed to the parallel, competitive, and complex reactions that



Fig. 2. DSC curves of (a) WHR and (c) WHSL and DDSC curves of (b) WHR and (d) WHSL.

Table 1
Combustion performance responses ofWHR andWHSL to an increased heating rate.

Biomass WHR WHSL

b (�C/min) 5 10 15 5 10 15

C (10�5$%$min�1$�C�2) 6.73 13.02 20.10 5.38 11.21 17.17
CCI (10�8$%2 min�2 �C�3) 5.83 21.74 50.63 3.01 12.13 28.02
Di (10�3$%$min�3) 1.73 13.17 44.09 1.46 11.63 37.41
Db (10�4$%$min�4) 0.86 13.98 75.08 0.33 6.31 32.55
-RP (%/min) 4.78 9.99 16.14 3.37 7.45 11.73
-Rv (%/min) 0.43 0.87 1.37 0.45 0.92 1.42
Temperature (�C)
Ti 266.7 276.9 283.4 250.2 257.8 261.4
Tb 493.5 518.6 542.0 808.6 849.3 872.0
Tp 307.7 317.7 323.8 278.1 290.6 298.2
Time (min)
ti 48.70 25.63 17.94 45.40 23.80 16.65
tb 94.44 49.96 34.99 157.38 83.05 57.06
tp 56.92 29.58 20.40 50.97 26.93 18.83
Dt1/2 10.33 4.83 3.01 12.62 5.28 3.35
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occurred in its combustion.
The lower average Ea of WHR than WHSL regardless of the

estimation method meant the lower energy barrier of the chemical
reaction for WHR than WHSL. Their average Ea values were lower
than that of rice (222.3 kJ/mol) (Ming et al., 2020). According to the
5

FWO-method, the higher average A value of WHSL (1.2 � 1027 s�1)
than WHR (1.0 � 1014 s�1) verified that the WHSL combustion
needed more energy and was proportional to the Ea value of the
reaction.

At the same heating rate, WHR had a higher RM value than did
WHSL (Table S5) indicating that the WHR combustion had higher
reactivity, that is, easier reactions to carry out. This was because
WHR had lower average activation energy than didWHSL. Also, the
high heating rate had a higher RM value which implied the
enhanced reactivity. Reaction order (n) of the combustions was
estimated according to Avrami’s theory (Table S6). The higher
average n value of WHSL (5.73) than WHR (4.33) in the range of
275e475 �C suggested a more complicated WHSL combustion. The
conversion degree dependency of the n values emphasized the
multiple steps involved in the WHR and WHSL combustions.

3.5. Reaction mechanisms

In this study, the volatiles (stage II) and fixed carbon (stage III)
combustion stages were focused on for their in-depth reaction
mechanisms as the representation of the WHR and WHSL com-
bustions (their detailed temperature zones are shown in Table S7).
The results of the CR-estimated kinetic parameters based on the 17
common kinetic models are presented in Table S8. The reaction
mechanisms of the volatiles and fixed carbon combustion stages



Fig. 3. Iso-conversional plots for activation energy estimation of the WHR and WHSL combustions by the four methods.
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were best described by the F1 and F3models forWHR and by the F3
and F1.5 models for WHSL, respectively (Table 3). Fn as the reaction
order model hinges on the fact that the decomposition of particles
follows a random nucleation where growth does not advance
6

beyond the individual crystallite nucleated (Fernandez-Lopez et al.,
2016). The reaction order of the Fn model differed between the
WHR and WHSL combustions. It followed that the reaction mech-
anisms and the reaction complexity were different in their



Table 2
Conversion degree-dependent kinetic parameters of the mono-combustions.

Sample a FWO KAS Tang Starink

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

WHR 0.1 139.4 91.63 1.7 � 1010 137.8 90.63 1.2 � 1010 138.0 90.69 1.3 � 1010 138.0 90.67 1.3 � 1010

0.2 162.5 98.36 2.2 � 1012 161.7 98.18 1.8 � 1012 161.9 98.19 1.9 � 1012 161.9 98.18 1.9 � 1012

0.3 170.4 99.45 1.1 � 1013 169.7 99.39 9.9 � 1012 170.0 99.40 1.0 � 1013 170.0 99.40 1.0 � 1013

0.4 175.1 99.84 3.0 � 1013 174.5 99.82 2.7 � 1013 174.7 99.82 2.8 � 1013 174.7 99.82 2.8 � 1013

0.5 182.3 99.94 1.4 � 1014 181.9 99.93 1.3 � 1014 182.1 99.93 1.3 � 1014 182.1 99.93 1.3 � 1014

0.6 190.1 99.93 6.9 � 1014 190.0 99.92 6.8 � 1014 190.2 99.92 7.1 � 1014 190.2 99.92 7.1 � 1014

0.7 172.4 99.87 1.7 � 1013 171.1 99.86 1.3 � 1013 171.3 99.86 1.4 � 1013 171.3 99.86 1.4 � 1013

0.8 169.6 99.96 9.5 � 1012 167.6 99.95 6.3 � 1012 167.9 99.95 6.8 � 1012 167.9 99.95 6.7 � 1012

0.9 145.0 99.82 5.5 � 1010 141.3 99.78 2.5 � 1010 141.7 99.78 2.7 � 1010 141.6 99.78 2.7 � 1010

Mean 167.4 1.0 � 1014 166.2 9.6 � 1013 166.4 1.0 � 1014 166.4 1.0 � 1014

WHSL 0.1 131.8 99.12 1.4 � 1010 130.1 99.00 9.4 � 109 130.4 99.00 9.9 � 109 130.4 99.00 9.9 � 109

0.2 165.4 99.80 2.2 � 1013 165.0 99.77 2.0 � 1013 165.2 99.77 2.1 � 1013 165.2 99.77 2.1 � 1013

0.3 169.9 100 5.9 � 1013 169.4 100 5.3 � 1013 169.6 100 5.6 � 1013 169.6 100 5.6 � 1013

0.4 174.8 99.99 1.7 � 1014 174.4 99.99 1.6 � 1014 174.6 99.99 1.7 � 1014 174.6 99.99 1.7 � 1014

0.5 175.1 99.88 1.9 � 1014 174.5 99.87 1.6 � 1014 174.7 99.87 1.7 � 1014 174.7 99.87 1.7 � 1014

0.6 123.9 100 2.3 � 109 120.0 100 1.0 � 109 120.4 100 1.1 � 109 120.3 100 1.1 � 109

0.7 91.9 99.87 1.9 � 106 85.3 99.84 4.3 � 105 85.8 99.85 4.8 � 105 85.7 99.85 4.7 � 105

0.8 198.0 99.37 2.8 � 1016 196.1 99.29 1.8 � 1016 196.5 99.29 2.0 � 1016 196.5 99.29 2.0 � 1016

0.9 320.8 98.42 1.1 � 1028 319.9 98.20 8.8 � 1027 320.1 98.21 9.2 � 1027 320.1 98.21 9.3 � 1027

Mean 172.4 1.2 � 1027 170.5 9.8 � 1026 170.8 1.0 � 1027 170.8 1.0 � 1027

Table 3
Combustion kinetic parameters of WHR and WHSL based on the best-fit models.

Sample Stage b (�C/min) Model f(a) Ea (kJ/mol) A (s�1) R2 (%) Best-fit regression line

WHR II 5 F1 1-a 104.83 9.3 � 106 99.91 y ¼ �12609.2x þ 9.0854
10 F1 1-a 111.06 4.5 � 107 99.89 y ¼ �13357.6x þ 9.9048
15 F1 1-a 112.39 7.2 � 107 99.90 y ¼ �13518.6x þ 9.9654
Mean 109.43

III 5 F3 (1-a)3 179.33 1.0 � 1012 95.00 y ¼ �21570.1x þ 20.1738
10 F3 (1-a)3 180.82 1.3 � 1012 95.07 y ¼ �21748.5x þ 19.6602
15 F3 (1-a)3 172.64 3.0 � 1011 95.31 y ¼ �20764.8x þ 17.8798
Mean 177.60

WHSL II 5 F3 (1-a)3 122.19 1.7 � 109 99.45 y ¼ �14697.5x þ 14.1148
10 F3 (1-a)3 125.60 4.5 � 109 99.42 y ¼ �15107.1x þ 14.4056
15 F3 (1-a)3 131.16 1.9 � 1010 99.28 y ¼ �15776.0x þ 15.3676
Mean 126.32

III 5 F1.5 (1-a)1.5 390.37 1.4 � 1026 99.84 y ¼ �46953.9x þ 51.9158
10 F1.5 (1-a)1.5 443.47 6.1 � 1029 99.91 y ¼ �53339.7x þ 59.4828
15 F1.5 (1-a)1.5 452.96 2.3 � 1030 99.74 y ¼ �54481.1x þ 60.4013
Mean 428.93
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combustions. Gil et al. (2010) reported that the F1 and D3 models
accounted for the volatiles and fixed carbon combustion stages of
pine sawdust, respectively.

The average Ea values of the stages II and III of WHR were lower
than those of WHSL. It should be also noted that the average Ea
values of the fixed carbon combustion were higher than those of
the volatiles combustion for both WHR and WHSL. It may relate to
the fact that breaking the CeC bonds requiresmore energy than the
CeO bonds since fixed carbon contained more CeC bonds than did
volatiles.

However, the CR-estimated Ea values can only represent the
average value of a specific reaction stage and cannot reflect the
complex change regime of the entire combustion process. There-
fore, compared to the iso-conversional methods, the CR method
may be associated with the relatively large errors in the estimation
of the kinetic parameters. To verify the accuracy of the reaction
mechanisms, the experimental versus predicted data were
compared using the best-fit models. The good match between the
predicted and experimental data (Fig. 4) with the R2 values of >0.9
supported that the calculated kinetic parameters accurately pre-
dicted the combustion processes.
7

3.6. Evolved gases and their temperature dependency

The Gram-Schmidt orthogonalization was performed to quan-
titatively analyze the entire infrared spectral range of the data so as
to cover all the evolved gases. The evolved gases were concentrated
mainly in the range of 185e560 �C for WHR and of 170e550 �C for
WHSL (Fig. 5c). The Gram-Schmidt orthogonalization curve of the
WHR combustion had only one absorption peak at 329 �C, while the
WHSL combustion had two absorption peaks at 303 and 447 �C, as
was demonstrated by the 3D-infrared spectrum (Fig. 5a and b). The
results of the main functional groups detected and their related
gases are shown in Table 4. The absorption band range of
4000e3400 cm�1 corresponded to the stretching vibration of OeH
that demonstrated the formation of H2O. The CeH stretching vi-
bration was detected in the range of 3150e2700 cm�1, which
showed the appearance of CH4. The formation of CH4 was mainly
attributed to the cleavage of stable methylene and weak bond
methoxy. The ranges of 2400e2220 and 780-600 cm�1 belonged to
the C]O stretching vibration of CO2 due to the fracturing or
reforming of C]O and CeOeC.

The CeO stretching vibration of 2220e2000 cm�1 pointed to CO
emission. Xu et al. (2017) stated that the incomplete combustions of



Fig. 4. Experimental (exp) versus predicted (cal) conversion degree (a) based on the best-fit models for each heating rate.
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fixed carbon and CxHy were the major causes of CO emission. The
ranges of 1900e1600 and 1600-1480 cm�1 were related to the C]O
and CeC benzene skeleton stretching vibrations, respectively,
which pointed to the formation of carbonyl-containing compounds
(aldehydes, ketones, and acids) and aromatics. The CeO, CeC, and C
chain skeleton bending vibrations detected in the range from 1480
to 1000 cm�1 corresponded to the existence of alkanes, alcohols,
ethers, phenols, and lipids (Zhang et al., 2019). NeH stretching vi-
bration of 966 cm�1 was assigned to the formation of NH3. Quan
et al. (2018) found that the main evolved gases of the combustion
of corncob hydrogenation residues at the peak temperature of DTG
(304.3 �C) were H2O, CO, CH4, CO2, aldehydes, and other organic
compounds, with their release intensities closely relating to the
temperature.

Since the correlation between the different gas emissions and
their temperature dependency cannot be obtained from the TG-
FTIR data, 2D-COS analysis was employed instead. In this study,
the peaks in the upper-left corner of the (a)synchronous maps
(Fig. 6) derived from 2D-COS analysis were counted and analyzed
(Table S9). The synchronous maps revealed the dynamic evolution
of the different gases in response to the reaction temperature. From
the synchronous maps, the eight predominant auto peaks in 683,
1378, 1519, 1750, 2184, 2353, 2937, and 3734 cm�1 were observed
along the diagonal line for the WHR combustion. The WHSL com-
bustion had the nine predominant auto peaks in 672, 966, 1338,
8

1509, 1747, 2184, 2361, 2937, and 3734 cm�1.
The highest peak intensities of 2353 and 2361 cm�1 for WHR

and WHSL, respectively, indicated that CO2 had the strongest
overall sensitivity to the reaction temperature. The signs of the
cross-peaks off the diagonal line in the synchronous map were all
positive for both WHR and WHSL. The seven positive cross-peaks
with a high intensity in 2353/(3734, 2937), 2184/2353, 1750/2353,
1519/2353, 1378/2353, and 966/2353 cm�1 were found off the di-
agonal line in the synchronous map of WHR (Fig. 6a). Based on the
Noda’s rules, H2O, CH4, CO, aldehydes, ketones, acids, aromatics,
alkanes, alcohols, phenols, ethers, lipids, and NH3 simultaneously
changed with CO2. In other words, the spectral changes (increase or
decrease) in these gases including CO2 proceeded in the same di-
rections with the increased temperature which also applied to
WHSL (Fig. 6c).

The asynchronous maps of the WHR and WHSL combustions
showed some differences. In terms of the Noda’s rules and the signs
of the peaks showed in Table S9, the sequential changes in the
wavenumbers were of the following order: 2353 > 683 >
3734 > 2184 > 1519 > 1378 > 966 > 1750 > 2937 cm�1 forWHR and
2361 > 672 > 3734 > 2184 >1509 > 1338 > 2937 > 1747 > 966 cm�1

for WHSL. 2353 and 683 cm�1 for WHR and 2361 and 672 cm�1 for
WHSL all represented CO2 emission, but their sequential orders
were different probably due to CO2 evolved from the different re-
action stages. The temperature dependency of the evolved gases



Fig. 5. 3D-infrared spectrum for (a) WHR and (b) WHSL combustions and (c) Gram-Schmidt orthogonalization curve.

Table 4
Main functional groups and their associated gases detected via TG-FTIR analysis.

Wavenumber (cm�1) Functional group Product Maximum peak (cm�1)

WHR WHSL

4000e3400 OeH stretching vibration H2O 3734 3734
3150e2700 CeH asymmetric stretching vibration CH4 2937 2937
2400e2220 C¼O asymmetric stretching vibration CO2 2353 2361
2220e2000 CeO stretching vibration CO 2184 2184
1900e1600 C¼O stretching vibration aldehydes, ketones,

acids
1750 1747

1600e1480 CeC benzene skeleton stretching vibration aromatics 1519 1509
1480e1000 CeC, CeO and carbon chain skeleton bending vibration alkanes, alcohols,

phenols, ethers, lipids
1378 1338

966 NeH stretching vibration NH3 966 966
780e600 C¼O asymmetric stretching vibration CO2 683 672
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was of the following order: CO2 > H2O > CO > aromatics > alkanes,
alcohols, phenols, ethers, lipids > NH3 > aldehydes, ketones,
acids > CH4 for WHR, and CO2 > H2O > CO > aromatics > alkanes,
alcohols, phenols, ethers, lipids > CH4 > aldehydes, ketones,
acids > NH3 for WHSL. Song et al. (2019) determined the sequential
order of the temperature dependency of gases as H2O/
CH4 > carboxylic acids/ketones > CO2/ethers, aromatics > CO2/
ethers for the pyrolysis of sugarcane residues. These results pointed
to the difference between the biomass pyrolysis and combustion in
the temperature-dependent responses of the gases. Based on its
9

fastest response, CO2 exhibited the strongest dependence on the
combustion temperature. This insight can provide an effective
reference for the total control on the gas emissions in the future
industrial applications of water hyacinth.
3.7. Emission patterns of small molecular weight gases

In this study, TG-MS analysis was applied to detect the emission
behaviors of small molecular weight gases where the main focus
was placed on the ratios of mass to charge (m/z) of 17, 27, 30, 44, 46,



Fig. 6. (a) and (c) Synchronous and (b) and (d) asynchronous maps according to 2D-COS analysis of TG-FTIR results (red/blue/green: positive/negative/zero). (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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60, and 64 that corresponded to NH3, HCN, NO, CO2, NO2, COS, and
SO2, respectively. All the related results are presented in Fig. 7 and
Table S10.

As was consistent with Section 3.6, the maximum release in-
tensity of CO2 belonged to the first and second peaks for WHR and
WHSL, respectively (Fig. 7a). Zhang et al. (2019) pointed out that the
first and second peaks appeared to relate to the releases of CO2
from volatiles substances at below 400 �C and from the solid-phase
coking polymerization process, respectively. The same evolution
trends of the low NH3 level at below 160 �C existed for both WHR
and WHSL, but the different trends occurred in their main reaction
zone of 180e540 �C for WHR and 160e530 �C for WHSL (Fig. 7b).
NH3 was previously reported to stemmainly fromvolatiles-N in the
range of 200e400 �C during the volatiles combustion and partly
from the char-N combustion at above 400 �C (Zou et al., 2020). Most
of NH3 was released from the volatiles combustion stage of WHR,
while due to its high intensity release at this stage, NH3 release
from the fixed carbon combustion stage did not form a peak. At
above 530 �C, WHR and WHSL exhibited the same trend that NH3
rosewith the temperature rise due to its secondary release from the
10
residues.
The release patterns of HCN were similar to those of NH3 for the

two samples. Hu et al. (2019) emphasized that the degradation of
the intermediate heterocyclic-N compounds at below 350 �C may
be the primary driver of HCN emission. The H radical concentration
and the interactions between H radicals and N-containing struc-
tures on the carbon surface may affect the release pattern of HCN
(Zou et al., 2020).

Driven by the oxidation reactions and temperature, HCN and
NH3 were converted to NOx and acted as its precursors. The main
reaction zone of NO for WHR ranged from 200 to 600 �C with three
release peaks of the decreasing intensity. The narrower main
release interval and the higher maximum release peak intensity of
WHSL (180e540 �C) than WHR pointed to the different formation
mechanisms of NO. After the third peaks at 521 �C for WHR and at
489 �C for WHSL were reached, the release intensity of NO fell
quickly. This was because the NO-char reactions played a key role in
the reduction of NO with the following possible reactions (Gao
et al., 2016):



Fig. 7. (aeg) Temperature-dependent emissions and (h) integrated intensities of gases evolved from the WHR and WHSL combustions.
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2NOþC/N2 þ CO2 (14)

NO þ C/
1
2
N2 þ CO (15)
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The release responses of NO2 and CO2 were similar at the low
temperatures. NO2 emission rose based on the following possible
reaction:

NO þ O2 ¼ NO2 þ O (16)



Fig. 8. Ash components of the WHR and WHSL combustions according to XRF analysis.
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The N-containing gases were mainly derived from the fuel-N
existed as the amino acid and protein and can be divided into
volatiles-N and char-N. Fang et al. (2019) stated that most of fuel-N
existed as volatiles-N, while only a small quantity of fuel-N existed
as char-N as volatiles were released. The fuel-N conversion process
during the biomass combustionwas divided into three stages. First,
the large quantities of NH3 and HCN were precipitated from the
devolatilization stage. Second, during the volatiles combustion
stage, volatiles-N was converted to NH3, HCN, and NOx and its
derivatives in the presence of O2, NH3, and HCN. Finally, during the
fixed carbon combustion stage, some N-containing compounds
previously adsorbed by the chars were oxidized to NOx, while the
rest was reduced to N2 (Fang et al., 2019).

SO2 and COS were the typical representatives of S-containing
gases in this study. At the evaporation stage, a small quantity of SO2
was generated with the release of light volatiles decomposed from
the unstable side chains of the biomass samples. With the rising
temperature, more volatiles were released from the solid-state
process, while SO2 was released in a large quantity from the vola-
tiles combustion stage and peaked at 324 �C for WHR and at 300 �C
for WHSL. This indicated that the S residues in the samples were
present mainly as the volatiles compounds. The SO2 concentration
dropped sharply and fluctuated in a narrow range at above 530 �C
due to the release of inorganic S at the higher temperature. The
reduction of SO2 at the high temperature was driven mainly by the
capture of Ca with the following possible reactions (Cheng et al.,
2019):

CaCO3 þ SO2 þ
1
2
O2/CaSO4 þ CO2 (17)

CaOþ SO2/CaSO4 þ
1
2
O2 (18)

The release responses of COS and SO2 were similar due to the
incomplete combustion of S.

Once standardized, the MS data along with the integrated
release intensity of the evolved gases enabled the total gas emis-
sions to be obtained (Fig. 7h). CO2 emissionwas the highest evolved
gas (77.5% for WHR and 78.7% for WHSL) followed by N-containing
gases, with S-containing gases as the lowest one (0.13% for WHR
and 0.12% for WHSL). This result was consistent with the physico-
chemical drivers characterized in Table S1. Wang et al. (2019) found
the same intensity pattern of gas emissions from the rice husk
combustion as our results: CO2 > NO > NO2 > SO2. WHSL emitted
more CO2, NO, HCN, and COS than did WHR. These differences
stemmed from their different chemical compositions and the
different reactions in their combustions. Water hyacinth was a CO2-
neutral feedstock. The emissions of air pollutants such as sulfide
and nitride are generally the criteria to decide whether or not a
biomass feedstock can be used in the generation of cleaner energy.
Both WHR and WHSL resulted in very low levels of sulfide emis-
sions. However, NH3 emissions fromWHR andWHSL accounted for
the largest proportion of their polluting gas emissions. In other
words, NH3 emission is a key control factor in the scale-up of the
water hyacinth combustion for the real-time industrial applica-
tions. Also, staged fuel combustion, flue-gas recirculation, and flue-
gas denitrification may be adopted as the best management prac-
tices to reduce N-related emissions from the WHR and WHSL
combustions.

3.8. Ash components, evolutions, and deposition issues

Fig. 8 shows that SiO2, CaO, MnO, and Al2O3 were the main
components of the WHR ash, with the clay minerals (SiO2 and
12
Al2O3) accounting for 39.3% by weight. The higher clay mineral
contents were reported to increase the ash fusion temperature. The
total Na2O, Cl, and TiO2 content of the WHR ash was very small
(2.3%). Relative to the WHR ash, the WHSL ash were rich in K2O,
CaO, and Cl and low in Fe2O3, MnO, and TiO2.

The higher alkali metal oxide (K2O and Na2O) content of the
WHSL than WHR ash by about eight times suggested that alkali
metals-induced slagging may be more serious for the WHSL com-
bustion. During the combustion, the excess alkaline components
were easily evaporated, condensed, and reacted with the silicate
melts to form a low melting point eutectic. This was in turn
conducive to the formation of the liquid phases which may act as a
flue to stimulate the ash-related issues of slagging and fouling (Yao
et al., 2020). The Cl content of the WHSL ash (17.1%) was about 27
times that of the WHR ash (0.6%). Cl was present in the biomass
fuels as easily evaporated chlorides, a high-temperature transport
medium for K and Na. The presence of Cl was previously found to
accelerate the high temperature corrosion of the metal surface by
KCl (Niu et al., 2016). The higher the Cl content is, the more serious
the ash-related problems are.

If a biomass feedstock becomes the input to a boiler, then a
relatively accurate prediction of the slagging/fouling trend becomes
necessary for a boiler design. For the practical applications, some
empirical indices based on the ash composition were developed to
predict the slagging and fouling tendencies. The empirical indices
estimated for the WHR and WHSL ashes are presented in Table 5.
The higher base/acid ratios of the WHSL than WHR ash pointed to
the higher fouling tendency of the WHSL ash since it had higher
K2O and Na2O contents. The lower fouling index (Fu) of WHR (4.7)
than WHSL (659.9) ash was attributed to the high SiO2 and Al2O3
contents of theWHR ash. TheWHSL ash had an extremely high risk
of fouling according to the deposition criteria for Fu. The slagging
index (RS) showed that the WHR ash had a low risk of slagging,
whereas the WHSL ash had an extremely high risk of slagging.
Based on the sintering tendency (I) index, the WHR ash had no
sintering tendency, unlike the WHSL ash. Overall, given all the
empirical indices, the slagging and fouling tendencies of the WHSL
ash were larger than those of the WHR ash. Guo et al. (2020) re-
ported that leaching pretreatment, in particular, hydrochloric acid
leaching, effectively removed AAEMs, and thus, reduced the risk of
ash deposition since leaching formed some small structures on the
biomass surface which was conducive to gas transportation.
Therefore, leaching pretreatment of WHSL may be one of the



Table 5
Empirical indices of the ash deposition-related issues of slagging and fouling for the sample ashes.

Empirical index Formula (Chen et al., 2020; García et al., 2015; Wang et al., 2017) WHR WHSL Deposition criteria

Base/acid ratio RB/A ¼ (Fe2O3 þ CaO þ MgO þ K2O þ Na2O)/(SiO2 þ TiO2 þ Al2O3) 0.89 16.01 <0.5 / low
0.5e1.0 / medium
>1.0 / high

Base/acid ratio (contain P2O5) RB/AþP ¼ (Fe2O3 þ CaO þ MgO þ K2O þ Na2O þ P2O5)/(SiO2 þ TiO2 þ Al2O3) 0.95 4.12 <0.5 / low
0.5e1.0 / medium
>1.0 / high

Fouling index Fu ¼ RB/A (Na2O þ K2O) 4.68 659.91 <0.6 / low
0.6e40 / high
>40 / extremely high

Total alkali index TA ¼ K2O þ Na2O 5.26 41.23 <0.3 / low
0.3e0.4 / medium
>0.4 / high

Slagging index RS ¼ RB/A$S 0.02 5.60 <0.6 / low
0.6e2.0 / medium
2.0e2.6 / high
>2.6 / extremely high

Slag viscosity index SR ¼ 100$SiO2/(SiO2 þ Fe2O3 þ CaO þ MgO) 47.19 10.66 >78 / low
66.1e78 / medium
<66.1 / high

Sintering index I ¼ (CaO þ MgO)/(K2O þ Na2O) 4.38 0.60 >2 no sinter
Fusion temp index F ¼ (SiO2 þ K2O þ P2O5)/(CaO þ MgO) 1.45 1.97 higher tendency with higher F

S was sulfur content (%) based on ultimate analysis, while the other element/oxide symbols referred to their weight percentages obtained from XRF analysis.
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effective ways to reduce the risk of ash deposition.
3.9. Implications for theory and practice

The temperature sensitivity of their CO2 emissions can be
leveraged to dynamically exert a control on the total emissions. The
combustion characteristics of the two parts of water hyacinth
quantified in this study can provide the basis for the scale-up,
optimization, and design of the future incinerators. 550 �C and
900 �C determined for the complete decompositions of WHR and
WHSL, respectively, can be used as the optimal constant combus-
tion temperatures for the industrial boilers. The lower activation
energy and better combustion performance of WHR pointed to its
lower industrial application cost than WHSL and constituted a key
consideration in prioritizing the alternative inputs. The gas emis-
sions and their temperature dependency characterized in this study
can pave the way for the controls on air pollutants of their boiler
combustions. The formation of nitrides and NH3 appeared as the
primary focus of pollution controls that industrial practices need to
exert on their combustions. The direct incineration of WHSL was
found prone to a high risk of ash deposition, thus signaling the
hidden dangers, certain warnings, and preventive and mitigative
measures for industrial applications. In the future studies, pilot-
scale experiments as well as corrosion experiments still remain to
be carried out for the validation of our results. Studies also remain
to be conducted about the denitrification of the thermochemical
conversions of biomass in order to reduce NOx emission.
4. Conclusion

The main decomposition stages of the biomass mono-
combustions occurred between 159.6 and 549.4 �C for WHR and
between 149.9 and 499.0 �C for WHSL, both of which were similar
to a typical biomass feedstock (200e500 �C). WHR exhibited a
better combustion performance than did WHSL based on its higher
total heat release, higher flammability comprehensive combustion
indices, easier and different reaction mechanisms, less CO2, NO,
HCN, and COS emissions, and lower risk of ash deposition. Among
the evolved gases, CO2 emission was fastest in its response to the
temperature rise from both WHR and WHSL.
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