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Paper waste generation has been rising in the past decades, with a large amount being landfilled. These
paper wastes can be great energy sources after thermal treatment since they are considered carbon neu-
tral. These wastes contain mainly cellulose, hemicellulose, lignin, and some minerals. The thermal decom-
position of cellulose, hemicellulose, and lignin have been extensively studied, however, the knowledge of
thermal degradation of paper wastes at lower temperatures, which are more practical for industrial appli-
cations are still lacking. In this study, paper wastes have been characterized and thermogravimetric analy-
ses were performed from 200°C to 400°C and the char produced were analyzed by nuclear magnetic res-
onance (NMR) spectroscopy and Fourier-transform infrared (FTIR) spectroscopy. Two kinetic approaches
were taken while developing the kinetic model of paper waste thermal degradation: (i) reconstructing the
TGA results of paper waste thermal degradation by an additive law of the degradation of cellulose, hemi-
cellulose and lignin; (ii) considering paper waste as one material and develop a multi-step consecutive
reaction mechanism that focuses on solid products at different temperatures. It was observed that there
are potential interactions between cellulose, hemicellulose and lignin during paper waste degradation.
Therefore, the second approach was concluded to be more plausible, and one set of kinetic parameters
were determined according to the experimental results at different temperatures. These results provided
insights into the degradation kinetic mechanism and solid product distribution of the paper waste. It was
found that the first reaction was due to dehydration of cellulose and the 6™ and 7t reaction can be
attributed to the thermal degradation of lignin. The NMR and FTIR results also validated that the cellu-
lose started degrading at lower temperatures, and lignin degradation became more pronounced at higher
temperatures.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

The paper wastes used in this study mainly consists of used
paper and cardboard, which contain mostly cellulose, with lower

Waste generation across the globe has been rising, and paper
waste is one of the major contributors to this growth. For instance,
U.S. alone produced about 67 million tons of paper waste in 2017,
with 18.4 million tons been landfilled [1]. These landfilled paper
wastes are usually mixed with different materials, which makes
them economically prohibitive to recycle. The landfill approach is
not only inefficient in utilizing resources, but it would also pro-
duce greenhouse gases during the decomposition process. A poten-
tial alternative is treating these non-recyclable wastes with a ther-
mal process and turn them into energy sources, which has been
proven to be carbon-neutral [2].
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level of hemicellulose, lignin, and inorganic material analyzed as
ash content [3,4]. In order to study the thermal degradation of pa-
per, it is essential to understand the behavior of cellulose, hemicel-
lulose, and lignin during thermal degradation. The following pro-
vides a review of the kinetics of thermal degradation of cellulose
hemicellulose and lignin. Since cellulose hemicellulose and lignin
have been extensively studied by many researchers, we restricted
our review to a few studies.

Bradbury et al., proposed a mechanism for cellulose thermal
degradation (Broido-Shafizadeh mechanism) [5]. The mechanism
suggests that the cellulose first produces active cellulose, during
which the cellulose does not lose any mass. This reaction will sub-
sequently go through two pathways, with one reaction producing
volatiles, another decomposing into char and gases.
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Cabrales and Abidi have studied the thermal degradation of cel-
lulose of cotton fibers [6]. Reaction rate was calculated by the Ar-
rhenius equation and activation energy was modeled as a function
of the conversion level. It was stated that the thermal degradation
of cellulose was a multi-step process, and the results showed that
this process was governed by the slowest. Mamleev et al., stud-
ied the kinetics of cellulose thermal decomposition and focused on
the main step of mass loss [7]. A two-step reaction mechanism was
proposed, and the kinetic parameters were obtained; this study fo-
cused on 300°C.

The hemicellulose thermal degradation was also well investi-
gated in the literature [8,9]. The studies included different steps
and product distributions during the degradation process. It was
also found that hemicellulose is easier to degrade compared to cel-
lulose. Hemicellulose produced more CO,, which can be attributed
to its higher carboxyl content; and cellulose had higher CO yield,
due to the existence of carboxyl and carbonyl.

The lignin decomposes slower at the studied temperature range
(200°C-400°C) in comparison to cellulose and hemicellulose [10].
It has been found that lignin thermal degradation has two re-
action rate peaks below 400°C. The first one is at the range of
100-180°C, due to the elimination of moisture, and the second
from 375-400°C. In addition, the reactions at around 400°C pro-
duce mainly aromatic hydrocarbons, such as hydroxy phenolics and
phenolics[11,12]. These studies shed some light on the products of
the lignin thermal degradation.

Although the thermal degradation of cellulose, hemicellulose
and lignin has been well documented, the existence of interac-
tions between the three components in mixtures has been con-
troversial. Some researchers did not observe interactions between
cellulose and lignin during thermal degradation [11,13-15], while
others reported notable interactions [16-19]. Zhang et al., stud-
ied the interactions between native (plant biomass) and non-native
(physical mixture) cellulose-hemicellulose mixture and cellulose-
lignin mixture [20]. They found that are no significant interac-
tions between the physical mixture of cellulose-lignin, cellulose-
hemicellulose and woody native cellulose-lignin samples. However,
the interactions were observed in native cellulose—lignin mixture,
as the levoglucosan yield decreased and the low molecular weight
compounds and furans yield increased. Recently, Yang et al., found
that the volatiles produced from hemicellulose at 280°C could in-
teract with cellulose and lignin and promote their decomposition
[21]. In addition, it was observed that the volatiles produced from
cellulose at 315°C were captured by lignin to form aromatic rings.
There are other studies that are not reviewed here, however, they
further emphasized the controversy of existence of interactions be-
tween the three components. In order to understand paper waste
degradation at the temperature range of 225°C-400°C, it is essen-
tial to study if there are potential interactions between cellulose,
hemicellulos and lignin that are the main constituents in papers.
If there are no interactions, paper degradation can be described by
a simple additive rule of the three components. If there are such
interactions during thermal degradation, paper wastes should be
treated as one material, such as done in kinetics of biomass (that
is also mainly consist of cellulose, hemicellulose and lignin) degra-
dation at these temperatures; for example, see references [22-
25] and references cited therein.

Although both biomass and paper wastes mainly consist of cel-
lulose, hemicellulose and lignin, the two material have different
chemical structures. For example, the cellulose in the biomass is
usually a relatively long thread that is the main structural material
which formed plant cell wall [26]. However, during paper making
processes, especially pulping, drying and printing, the structure of
cellulosic fibers can undergo significant changes [27]. Further, pa-
per wastes also contains various chemical additives [28].

Polymer Degradation and Stability 191 (2021) 109681

In this paper, we present comprehensive study of paper ther-
mal degradation in the temperature range of 225°C to 400°C, that
comprises experimental TGA measurements of paper waste and
the individual cellulose, hemicellulose and lignin components. We
attempted to analyze and interpret the experimental results by
two kinetic approaches: (i) reconstructing the TGA results of paper
waste thermal degradation by an additive law of the degradation of
cellulose, hemicellulose and lignin; (ii) consider paper waste as one
material to develop the model. It was found that there are poten-
tial interactions between cellulose, hemicellulose and lignin during
paper degradation. Therefore, we took second approach mentioned
above.

Biomass thermal degradation models have been well-
documented in the literature. Different mechanisms were in-
vestigated, including parallel reactions [29-32], and consecutive
reaction mechanisms [22,33-35]. Since interactions were observed
between cellulose, hemicellulose and lignin from both paper waste
and biomass, the biomass thermal degradation model could be
adopted to study the paper waste degradation. This paper adopted
the commonly used consecutive reaction mechanism [22,36-38]
that focuses on solid products at different temperatures. This
approach can both provide more insights in paper wastes ther-
mal degradation and can effectively help to design paper waste
thermal treating processes for the industrial systems.

2. Material and methods
2.1. Material

The materials used in this study were non-recyclable industrial
paper waste, and commercially available cellulose powder (Avicel
PH-101, Fluka), hemicellulose (extracted xylan from corncob, Car-
bosynth), and lignin (Sigma Aldrich, 471054). The paper waste con-
sists of paper, cardboard, carton, wax papers and laminated paper
residuals. Details of the paper waste has been covered in the pre-
vious work [39,40]. The paper wastes went through three stages of
downsizing and the final size is 2 by 2 mm sized to reduce het-
erogeneity of the original material. No additional treatment was
performed for the commercial cellulose, hemicellulose, and lignin.

2.2. Experimental methods

2.2.1. Thermal properties analysis

Thermal conductivity was measured by ThermTest Inc.
TPS15000. The samples are placed in an oven and two multi-
meters with 100nV accuracy were used. The results were analyzed
with a custome build Vitual Instrument in Labview. As the inter-
face temperature changes, the sample thermal diffusivity is fitted
to match changes in resistance. The voltage potential across the
sensor was used to calculate the sensor transient resistance. More
details were provided in the previous work [41].

2.2.2. Molecular weight

Waste paper and Avicel®PH 101 were characterized for molec-
ular weight distributions as described in previous work [42]. The
materials were prepared for molecular weight analysis using N, N-
dimethylacetamide (HPLC grade, Sigma-Aldrich) and lithium chlo-
ride (99.9% Bioextra, Sigma-Aldrich) as solvents after fine milling
the solids to less than 200 microns. The molecular weight distri-
bution was determined using an Agilent 1200 HPLC (Agilent Tech-
nologies Inc., Santa Clara, CA) with a refractive index detector.
Chromatographic conditions were: 2 in-line PLgel 20pm Mixed-A
LS 300x7.5 mm columns and guard column; refractive index de-
tector temperature 35°C; column temperature 70°C; 0.5% LiCl in
N,N-dimethylacetamide mobile phase at a flow rate of 1.0mL/min.
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Cellulose standards (Pullulan standards, Agilent) of varying molec-
ular weight from 180 to 640,000 g/mol were prepared in the same
mobile phase and were used to calibrate the column and compared
to retention times of samples. From this calibration, the retention
times and retention time distributions of the primary eluent peaks
indicated the molecular weight distribution of the solids.

2.2.3. Thermogravimetric analysis (TGA)

A LECO TGA 701 was used to carry out thermogravimetric
analysis. The balance in the instrument measures the weight of
the sample during the experiments. When the oven temperature
reaches 110°C, the moisture started to release, and the weight of
the material started reducing. The temperature of the oven is kept
at 110°C until the weight stopped dropping to eliminate all the
moisture in the sample. The temperature will then increase to
the set temperature with 16°C/min (highest heating rate for this
instrument). The sample mass was measured by a balance with
0.0001g readability.

2.2.4. Solid-state 3C{TH}-CP/MAS NMR and FTIR spectroscopy

10 wt% of adamantane was mixed with solid samples to as a
reference since the temperature significantly affects the densities
of carbon species. The paper/adamantane mixtures were ground
to produce homogeneous particles. A Bruker Avance IIl spectrom-
eter with a field strength of 9.4 T was used to gather the spectra
with a magic-angle spinning (MAS) probe. The samples spun at 15
kHz and these experiments used standard cross-polarization (CP)
experiment [43,44]. For each individual sample, 'H NMR spectra
were recorded to determine the center of the excitation profile for
the CP experiment.

Conditions for the cross-polarization experiment were opti-
mized on a highly torrefied sample first (325°C), to ensure that the
conditions provided quantitation for the broad peak seen growing
in. The contact time of the CP pulse program was set to 1.8 msec
and the nutation frequency was set at 92.6 kHz. SPINAL64 decou-
pling was used with a field strength of 48.0 kHz [45]. The final pa-
rameters of the experiment included a sweep width of 745 ppm,
a longitudinal relaxation delay of 4 sec, and the total number of
scans set to 3072. Only 900 points of the total 4004 experimental
points in the free-induction decay (FID) were Fourier transformed,
which helped to reduce the noise in the final spectra. While an-
alyzing the experimental data, the peak heights were normalized
to the adamantane peak at 36.4 ppm within each individual spec-
trum, and the mass percentage of the sample was also taken into
account. At the region of 0-50 ppm, the experimental data was de-
convoluted using MestReNova™ (Mestrelab Research) to provide
the isolated peak heights for normalization. More details were pro-
vided in the previous work [41].

FTIR analysis was performed using a Bruker Vertex 70 spec-
trometer with a connected Platinum ATR attachment. Samples
were scanned 32 times at 2 cm-1 increments using a KBr beam
splitter and MCT detector.

3. Results and discussion

In order to study the kinetics of paper waste thermal degrada-
tion, it is essential to determine if the temperature of the samples
is uniform during the TGA experiments. The following section pro-
vides heat transfer modeling of a crucible within the TGA analyzer.

3.1. Heat transfer modeling

In order to determine the heat transfer regime of the system
to obtain the temperature transients of the sample during the ex-
periments, Biot Number (Bi) and Thermal Thiele Modulus (M) were
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Table 1

Estimated values for the parameters to determine the Bi and M.
Parameter Value Source
h, W/m?2-K 10 Free convection
) for paper waste, W/m-K  0.25 Measured in this study
p (apparent), kg/m3 1200 Measured in this study
¢p (apparent), J/kg-K 1340 [46]

L. diameter, m 0.0005 Measured in this study

Table 2
M at various temperatures.

Temp (°C)  Rate (s7!) R (kg/m3-s) M

225 8.6E-06 0.01 1.4x107>
250 8.6E-05 0.10 1.4x10~*
275 3.9E-04 0.47 6.3x10~%
300 4.0E-04 0.48 6.4x10~*
325 9.0E-04 1.08 1.4x1073
350 1.3E-03 1.56 2.1x1073
375 1.5E-03 1.80 2.4x1073
400 1.6E-03 1.94 2.6x1073

calculated, which are defined as:

h

Bi= L

(1a)

RY
M= _"
7/ (cpl2)

Since the paper waste used in this study is a mixture of vari-
ous paper and cardboard wastes and other materials, it is essential
to determine its thermal conductivity. Similar analysis was done
for the same experimental setup in our previous study [41]. The
parameters used to calculate Bi and M are summarized in Table 1
below.

According to Eq. 1, it was assumed that the h and A are not de-
pendent on temperature, therefore, Bi was calculated to yield 0.04,
which means the heat convection from the oven walls to the sam-
ple surface is significantly slower than the heat transfer from the
surface into the core of the sample, and the sample temperature is
uniform during the experiments.

In order to calculate M, the reaction rates measured at tempera-
ture range of 225°C - 400°C are shown in Fig. 1. It shows that the
maximum mass loss rate increases as temperatures and at tem-
perature higher than 300°C, the paper waste thermal degradations
reach highest rate at around 1,100 s.

From Eq. 2, assuming ¢, is also constant, only R' changes sig-
nificantly with temperature. Therefore, the highest R can yield
largest value of M, which is the worst-case scenario. Table 2 shows
the maximum reaction rates of the material during experiments
determined from Fig. 1, and R was calculated by multiplying
the maximum reaction rate with the density of the sample (see
Table 1). The values of M at different temperatures are also shown
in Table 2. As shown in the table, the value of Ms vary in the range
of 1.4x107> to 2.6x 1073 are significantly smaller than 1. This indi-
cate that reaction rate is dominated by the heat from oven to the
sample surface and the sample temperature is uniform and equals
to the measured gas temperature.

(2a)

3.2. Thermal degradation of cellulose, hemicellulose, and lignin

To study the thermal degradation behavior of paper waste, it
is essential to analyze the experimental results of cellulose, hemi-
cellulose and lignin degradation. TGA experiments were performed
with cellulose, hemicellulose, and lignin individually. Fig. 2 shows
the mass loss rates and mass loss versus time of cellulose, hemi-
cellulose and lignin degradation at 325°C and 400°C. The circle
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Fig. 2. Mass loss rate of cellulose, hemicellulose and lignin at 325°C (a1) and 400°C (b1); mass loss of cellulose, hemicellulose and lignin at 325°C (a2) and 400°C (b2).

symbol, square symbol and triangular symbol represent the cellu-
lose, hemicellulose and lignin, respectively. From Fig. 2 (al), it can
be found that at 325°C, the degradation of hemicellulose started
at around 240°C and the mass loss rate of increased rapidly and
reached maximum value at around 880 s; the rate of cellulose
degradation increased slower but it has a wider time range; the
rate of lignin thermal degradation at this temperature is much
lower compared to cellulose and hemicellulose. Similar degra-
dation behaviors were also observed in the literature [10,47,48].
Fig. 2 (a2) depicts the mass loss transient of cellulose, hemicel-
lulose and lignin during degradation. Although hemicellulose has
higher maximum mass loss rate, the mass loss of cellulose (74.1%)
after 8,000s was slightly higher compared to hemicellulose (70.2%),

and the lignin mass loss at the same time only reached 28.7%.
Fig. 2 (b1) shows the temperature transient and the mass loss rate
of cellulose, hemicellulose and lignin torrefaction at 400°C. The
degradation of hemicellulose started at around 240°C and the rate
reached peak value at around 375°C; the degradation of cellulose
started at around 275°C and its highest mass loss rate is slightly
higher than hemicellulose; the lignin started degrading at around
350°C its maximum mass loss rate was very close to hemicellu-
lose. Although hemicellulose started degrading at lower tempera-
ture compared to cellulose, its mass loss (81.2%) after 8,000 s was
lower than cellulose (87.3%), and the mass loss of lignin after 8,000
s reached 81.1%.
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Fig. 3. (a) Experimental results of paper waste mass loss rates @325 and 400°C, and the inset shows the results between 2,000 s and 4,000 s; (b) Rate ratio of experimental
results and calculated results @ 325 and 400°C compared to the standard deviation over average values of 19 samples at two temperatures.

Fig. 3a shows the mass loss rate of paper degradation at 325
and 400°C, with the inset showing the rate between 2,000 s and
4,000 s. It can be found that the maximum mass loss rate at 400°C
are nearly twice as much as the maximum value at 325°C. The re-
action continued at a relatively low rate after 2000 s, with the rate
at 400°C also being much higher than the rate at 325°C. The rates
of cellulose, hemicellulose and lignin were combined according to
the additive law based on their weight composition in the paper
waste, and the ratio between the measured experimental results
of paper waste degradation and the calculated results assuming no
interactions are shown in Fig. 3b. The ratio higher than unity in-
dicates the positive synergies between cellulose, hemicellulose and
lignin. To eliminate the impact of the potential experimental un-
certainties, the standard deviation of the 19 experimental results
at two temperatures over their average values (avg/std) are also
added to the plot. The avg/std results indicate the consistency of
the experimental results among the 19 samples. In Fig. 3b, for both
experiments at 325°C and 400°C, it can be found that there ex-
ist some scatters in experimental data before 800 s, after which
the results become rather consistent. From Fig. 3b, it can be ob-
served that there are potential interactions for both temperatures
at the time range of ~800 s to ~1,400 s, where mass loss rates are
very high. After ~1400 s, the results at 400°C also showed poten-
tial interactions, with the ratio between the measured results and
expected results stayed higher than three.

The ratio between experimental data and expected results that
is higher than unity is indictive to potential synergistic effects
between cellulose, hemicellulose and lignin. This is an important

finding because it indicates that it is not practical to predict the
paper thermal degradation by reconstructing the paper waste ther-
mal degradation model by combining the model of cellulose, hemi-
cellulose and lignin. Therefore, to develop the kinetic model of
the paper waste thermal degradation, it is essential to treat paper
waste as one material.

3.3. Kinetic modeling

As is mentioned above, paper waste was considered as one ma-
terial to establish the model for its thermal degradation, a multi-
consecutive reaction mechanism was proposed. In addition, accord-
ing to Klinger et al., more reactions are required as the polymers
degrade more completely [38]. Since the TGA only measures the
weight of the solids during the experiments, this model focuses on
solid products and as follows.

Paperi& + gas (1)
ka

S1—> S, +gas (2)

S 185+ gas (i)

Sn k"—;l Carbon + gas (n+1)

Paper, S; and k; denote paper and the solid product of the ith
reaction, and the reaction rate of the it reaction, respectively, and
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Carbon is the final product of the thermal degradation of paper
waste. The mass loss results were based on dry-ash-free basis, and
the number of reactions would differ with different degradation
temperatures [23,38]. The reaction rate of all the solids are:

dx
g(;per = _kleaper (3)
dXs
T{] = aj_1ki_1Xs, , — kixs, , (4)
dx
d;" = anknXs, | (5)
Mpgper Ms;

mg.
— _raper — L i
Where Xpgper = Wraper X5, = s, o = W
Assuming the thermal degradation reaction of paper to be first-

order and the reaction rate k; depends on the temperature and fol-
lows Arrhenius function:

T
k; = Ajexp (— T(Ctl) ) (6)
Where A; is the pre-exponential factor and T, is the character-
Eq,

istic temperature that equals ' (Eq,denotes the activation energy
of the specific reaction and R is the gas constant). According to
the heat transfer model above, the temperature of the sample was
uniform and equals to the temperature of the gas. Since the above
reaction rate equation only represent the results in molar fraction,
while the TGA were measuring the weight of the material, it is es-
sential to transform the above equations into weight fraction.

For Egs. 3-6, the following can be obtained by multiplying

ms,

Mpaper '
d
% = _klyPaper (7)

dys,
dSt,A — Ot;;lkifl-ysffz

= kiys, (8)

Y — ks, ©)
Where ypgper and ys; are the mass fractions of paper and s;, re-
spectively. By integrating the reaction rate from Eqs. 7-9, the mass
fraction of the solids can be obtained, and the mass loss 8, can be
calculated by:

ﬂzl_(yPaper+yl+~--+yi) (10)

The molar weight ratios between each solid product and initial
material can be obtained as follows:

Ms,
oy = 11
! MPaper ( )
M
oAy ... 0y = MPS" (12)
aper

Equation 10 was fitted to the experimental data by adjusting
A;, T, and «; to achieve the best fit with all the results from 225
to 400°C. The fitting was performed through Excel solver add-in
function using Generalized Reduced Gradient algorithm. After cal-
culating the summation of error (summation of the square value
of the difference between the experimental results and the model
results), the summation of errors at each temperature were added
together to obtain the total error. The solver function in excel was
utilized to achieve the minimum value of the total error by ad-
justing the kinetic parameters. It was found that it required eight
reactions to achieve good fits for the results at 400°C, while it re-
quires less reactions at lower temperatures to achieve good fit. The
A;, T; and o; were kept same for all the temperatures, with some
adjustment been made for A; at 225, 250 and 275°C to achieve
good fit at those three temperatures.
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Table 3
Activation energy of each reaction at various
temperatures (kJ/mol).

Reaction 1 114.6
Reaction 2 163.8
Reaction 3 160.6
Reaction 4 134.0
Reaction 5 199.5
Reaction 6 185.0
Reaction 7 183.1
Reaction 8 176.6

3.3.1. Modeling at different temperatures

Fig. 4a shows the temperature transients and the mass loss vs.
time results at temperatures from 225°C to 400°C, with the black
dashed line depicting the temperature transients, red symbol de-
noting experimental results and the black solid line showing the
fitted model. Note that although x-axis was only labeled in the
bottom 400°C plot, all of the plots share the same x-axis. The re-
sults at 200°C were also carried out but not plotted here since the
mass loss was rather insignificant (around 2% after four hours).
Fig. 4a showed an excellent fit between the experimental with
the model results at various temperatures. The mass loss of paper
wastes reached ~4.5% at 225°C after 8,000s, this value increased at
the same time to 12.2% at 250°C and 26.7% at 275°C, showing that
the extent of paper waste degradation increases with temperature.
It was found that It was found that there were less reactions re-
quired at lower temperatures (3 reactions at 225°C), and the num-
ber of equations required increases as the temperature increases.
The mass loss increased much faster and reached an asymptotic
value of 91.9% at 400°C, and it was found that 8 reactions were
needed to achieve a good fit for the experimental results at 400°C.

For Fig. 4b, the black solid line, grey dashed line, orange dashed
line, red dashed line, blue dash-dot line, green dash-dot line, blue
solid line, orange solid line, and red solid line represent the mass
fractions of paper, S, Sy, S3, S4, S5, Sg, S7 and Sg, respectively. It can
be observed that at 225°C, a small fraction of Sy, S,, S3 were pro-
duced and the amount of S4 to Sg were negligible after 8,000 s. As
temperature increases, more paper waste decomposed and more
solid intermediate products were formed. The increase of temper-
ature also increased the rate of paper waste degradation as well
as the formation rate of the intermediate solids. At temperatures
above 300°C, the mass loss increases rather fast after the reaction
started, which can be mainly attributed to the dehydration reaction
of cellulose, forming anhydrocellulose [49]. S5, represented by the
green dash-dot line, started to be produced at 300°C. After tem-
perature went higher, it increased at the beginning and decreased
with the extent of thermal decomposition, forming more solid in-
termediates, with Sg, observed at 350°C, S; found at 375°C, and Sg
only been observed at 400°C.

3.3.2. Model continuity

After obtaining the T, for each reaction, the activation energy,
Ea; for each reaction was calculated and provided in Table 3.

The activation energy of the first reaction is 114.6 kJ/mol, which
is comparable to the results of the activation energy value of cel-
lulose dehydration (106.8 kj/mol) [50]. The 6™ and 7t reactions
that appeared at 375°C and 400°C, respectively could be mainly
attributed to the degradation of lignin since the maximum degra-
dation of lignin occurs at the temperature range of 375-400°C
[51,52]. In addition, the activation energies of these two reac-
tions are around 184 kJ/mol, which was comparable to the litera-
ture since lignin has a wide range of activation energy 120.7-197.3
kJ/mol [53]. The reaction at this temperature range is mainly the
demethylation of the dimethoxy- groups in lignin, which results in
converting phenols into pyrocatechols [10,48].
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Fig. 4. (a) Temperature transient and mass loss vs. time; (b) mass fractions of paper and solid intermediates vs. time.
3.3.3. Solid product distribution Table 4 _
As mentioned above, the stoichiometric parameters represent Molar weight ratios.
the molar weight ratios of the solid products over the reactants. Molar weight ratio ~ Value
Therefore, with the parameters showed in Table 4, the molar o 051
weight of the solid product of each reaction could be obtained. o 0.41
Fig. 5 shows the molar weight of the solid products of each re- o003 033
action, the x-axis showing the number of the reactions, with “0” IR 0.11
represents the initial paper waste. The initial molar weight of the z’ 55 g'gg
paper waste was measured to be ~25,800 g/mol. The first degrada- a: af 0.007
tion reaction could be mainly dehydration and produce solids like a0 0.001

anhydrocellulose [49,54]. As the degradation progresses, the mo-
lar weigh of the solid product reduces and eventually reached 13.6
g/mol, which is very close to carbon (12 g/mol).
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3.4. NMR spectroscopy

The char residues produced by the TGA experiments were an-
alyzed by NMR spectroscopy to gain further chemical insights and
the results are shown in Fig. 6. The peaks between 50 and 100
ppm were identified to be representing the carbons from the cel-
lulosic materials in the paper wastes [55]. It can be observed that
as temperatures increases, the peaks at this range decreased in in-
tensity and became insignificant after temperature reached 275°C.
At ~127 ppm, a broad peak can be found and were attributed to
lignin signals [56]. This phenomenon indicated that some reduc-
tion in lignin content with the increase of temperature, but it was
less intensive compared to cellulose. This aligns well with the re-
sults from literature, showing that the lignin decomposes much
slower at lower temperatures|57]. The peak at ~31 ppm was as-
sumed to be waxy aliphatic finish from paper waste, which started
to degrade at temperature higher than 250°C. It can also be found
that all the above groups were gone in the char product from the
400°C results, indicating that carbon is the final product.

FTIR spectra at varying temperatures show the removal of spe-
cific chemical species during the torrefaction process (Fig. 7). The
broad peak centered around 3333 cm~! is characteristic of hydro-
gen bonded -OH present in the cellulose as shown in Fig. 7a. This
peak is observed to decrease as temperatures increase, and largely
gone at 275°C, similar to what has been observed in the NMR data.

This is likely due to the well-known dehydration reactions that
carbohydrates experience through thermochemical conversion and
suggested by the kinetic scheme. Additionally, peaks at 1710 and
1600 cm™!, indicative of aromatic lignin, begin to be more preva-
lent in the IR spectra as cellulose is removed. These peaks begin to
disappear at 325°C and are almost entire gone at 400°C. The peak
at 1419 cm~! is consistent with the C-H, bending mode, but is also
present at temperatures above 350°C. Calcium carbonate also has a
strong peak at 1420 cm~!, which likely accounts for the peak per-
sisting, as C-H, is removed CaCOs is generated maintaining that
same peak. Calcium and silicon compounds are often used in pig-
ments and coatings on papers to enhance the end-use properties
and are expected in real wastepaper streams. Peaks at 872 and 713
cm~! can be observed at higher temperatures, which are also as-
sociated with CaCOs.

Another significant peak at lower temperatures is observed at
1158 cm~!, which is associated with C-O-C in cellulose (Fig. 7b).
This peak disappears as temperature increases and cellulose is re-
moved, revealing peaks at 1033 and 1008 cm~!. These peaks at
1033 and 1008 cm~! are Si-O stretching modes, which persist as
temperature increases. All of these identifications are consistent
with the predicted cellulose degradation, followed by small con-
tributions from the lignin content. Both spectroscopic techniques
presented on the intermediate char species corroborate the kinetic
scheme and validate the assumptions and approach.
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4. Conclusions

Thermal degradation of paper waste was studied through ther-
mogravimetric analysis at the temperature range of 200-400°C.
Two kinetic approaches were taken to develop the kinetic model
for paper waste degradation: (i) reconstructing the TGA results of
paper waste thermal degradation by an additive law of the degra-
dation of cellulose, hemicellulose and lignin; (ii) considering paper
waste as one material and develop a multi-step consecutive reac-
tion mechanism that focuses on solid products at different temper-
atures. It was found that there exists potential synergistic effects
between cellulose, hemicellulose and lignin during paper waste
degradation. Therefore, this study took the second approach. The
temperature transients were modeled, and one set of kinetic pa-
rameters were obtained through fitting to the TGA experimental
results. The model showed: (i) the first reaction was mainly dehy-
dration reaction of cellulose with anhydrocellulose as solid prod-
uct; (ii) there are more reactions at higher temperatures; (iii) the
activation energies of 6™ and 7th reaction and the temperatures
(375°C and 400°C) are comparable to the results of lignin ther-
mal degradation in literature, thus can be attributed lignin thermal
degradation. The NMR and FTIR results also indicated that the cel-
lulose started degrading at lower temperatures, followed by small
contributions from lignin. And lignin degradation became more
pronounced at higher temperatures. Theis model can not only pro-
vide chemical insights of the paper wastes thermal degradation, it
also can be used to help with other mechanistic works.
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