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Introduction
In the previous century large-scale research has been performed on the development of
coal, petroleum, and natural gas based refinery to exploit the great potential of the fossil
feedstock. Throughout the years the fossil based feedstock has been used to provide the
industry with energy in order to produce all kind of products. Due to the exponential growth
of people around the world, the demand for fossil resources is still growing. Fossil resources
are now used to produce not only fuels, but are also used in the production process of
materials like pharmaceuticals and plastics. The use of fossil fuels is unfortunately a big
contributor to the rise of CO2 gases in the atmosphere, which is held responsible for the
global warming. In combination with the extraction of fossil oil and environmental
degradation awareness, alternatives for crude oil have to be found. [1]. One way of
decreasing the impact crude oil has on the environment is to replace it by biomass as raw
material. Biomass refers to forestry, agricultural crops, trees, plants and organic
agricultural wastes. It can be described as the biological material used as fuel or energy
source, also known as lignocellulosic biomass. Lignocellulosic relates to the composite
material from which biomass primarily consists, which is cellulose, hemicellulose and lignin
[2]. The chemical structures can be seen in figure 1.
Bio-based resources as substitutes for oil are a
growing market. Biomass can be used for a large
number of applications. First and second generation
biofuels are examples of biomass fuels developed the
last decades to create substitutes for the crude oil
fuels from biomass. First generation biofuels are
primarily produced from food crops, causing
competition with food production. As a result, they
are limited in their ability to compete with oil-based
products [3]. Due to these circumstances the interest
in alternative biomass streams grew. The usage of
waste streams can be considered as an example for
these alternative lignocellulosic biomass streams.
Second generation biofuels use waste streams as
biomass. Yet it is still preferred to produce higher
valued products, while they are capable of a more
Figure 1 Lignocellulose biomass
efficient usage of available biomass resources.
composition: cellulose, hemicellulose,
Besides, they possess a higher value and are
and lignin. [5]
therefore easier to implement in the consisting
production process [4]. In order to decrease the environmental impact of crude oil, a way
to produce chemicals out of biomass instead of using crude oil could help enormously. At
present not only fuels are produced from crude oil, but also the production of chemicals
depends on this industry. Chemicals such as benzene, toluene and xylene (BTX) play a
crucial role in the petrochemical industry. Worldwide, the total annual volume used is
around 100 million tons [5]. BTX aromatics are essential building blocks for plastics like
PET, nylon and polyester fibers. BTX are usually made through the process of refining crude
oil. Since biobased chemicals do not differ in structure from crude oil based chemicals, a
large market is available. These types of chemicals are known as drop-in chemicals. They
only differ in the production process, the end product is exactly the same. At the moment,
the production costs and way of production form the only barriers.
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Since the prosperity in the world has grown in recent years, the production of livestock
products as milk, eggs and meat has followed this trend and expanded enormously. The
growth of livestock products induced an increased production of animal manure. Intensive
livestock farming produces more manure than can be used by local agriculture, so excess
is created. An excess of manure is environmentally unfriendly and results in polluting the
surface and groundwater. The manure emits ammonia (NH3), methane (CH4), nitrogen (N)
and other substances, which can damage the soil, water and air. [6]

.

The intensive livestock farming was primarily focussing on the production of large
quantities of meat, eggs and milk. The animals that are used for production of these
products are mostly cows, pigs and chickens. However, sheep and horses are also
commonly used animals in the industry. When we look at the different characteristics of
the manure these animals produce (table 1), poultry manure has the most promising
values compared to other animals. Poultry manure has a relatively low water content and
high organic matter content. Therefore, this research will focus on chicken manure. When
chickens are kept for meat production they are being hold on a bed of wood shavings, peat
and straw or other materials. This means that after a production round, not only manure
but also bedding materials, spilled feed and feathers are left over and still present in the
barn [7]. This product is called poultry litter, not to be confused with poultry manure. The
poultry litter is therefore a waste stream from the chicken growing industry.

Table 1 Average composition of manure in grams per kg.

Animal
species

Water(g)

Organic
matter (g)

Nitrogen
(g)

Phosphoric
acid (g)

Potassium
(g)

Horse
Cow
Pig
Sheep
Chicken

750
860
820
680
550

230
110
160
290
300

5.5
4.0
6.0
6.0
15.0

3.0
2.7
5.0
3.0
10.0

3.3
1.5
4.0
2.0
8.0

Nowadays poultry litter is used as fertilizer, to produce electricity, or heat. What if it was
possible to create, as mentioned before, high valued products out of this waste stream?
By doing so the poultry litter would have value and would no longer be seen as a waste
stream.
There are different types of poultry manure, (1) deep litter manure; (2) broiler manure
and (3) cage manure. Laying hens produces deep litter manure. Deep litter consist of wood
shavings, rice husk or peanut hulls in combination with the manure produced by the
animals. The wood shavings, rice husk or peanut hulls are used as bedding materials for
the laying hens. During the production the manure is mixed with the litter into a layer of
about 10-15 cm deep. Broiler manure can be compared with deep litter manure, but the
litter is changed more often. Due to the more often changed bedding materials, less
emissions of ammonia occur. Cage manure is composed out of poultry manure only, while
no litter is used when chickens are hold in cages. The absence of litter causes the moisture
content of the cage manure to be around 60 – 70%. This is a less attractive feature for
further processing.
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Technologies used to produce bio-based products
In order to produce products with higher values from waste streams, different kind of
techniques are known. Pyrolysis and catalytic pyrolysis will be explained in the next part.
Pyrolysis
In recent years pyrolysis attracted much attention. Biofuels are seen as an alternative for
crude oil fuels. One of the used technologies to produce biofuels is fast pyrolysis. With fast
pyrolysis a high yield of liquid product is formed which contains up top 70% of the energy
available in the biomass [8].
Pyrolysis is used to decompose organic matter at increased temperatures in the absence
of oxygen. The biomass is heated up to 500-800 ⁰C, depending on the desired product, in
the absence of oxygen. The biomass components containing long chains of carbon,
hydrogen and oxygen break down into smaller molecules. The process can be influenced
by the rate of heating, pressure, types of biomass and reactor properties. Fast pyrolysis is
very popular for the production of liquid fuels. It also has the potential of creating high
valued chemicals, making it a rapidly increasing technology in the last couple of years. [9].
The specific composition of pyrolysis oil can vary due to many factors such as feedstock
and specific process conditions. However, all pyrolysis oil consists of multiple general
chemical groups, such as carbonyls, carboxyl’s and phenolics. This makes the oil promising
but also challenging for further utilization.
Catalytic pyrolysis
Catalytic pyrolysis is used for the enhancement of products formed during the pyrolysis. It
is a fast and relative easy method to convert raw lignocellulosic biomass into aromatic
components as benzene, toluene and xylene with a selected catalyst. A low heating value
and incomplete volatility after ‘normal’ pyrolysis combined with the incompatibility with
standard fuels makes it a difficult product to work with. The undesirable properties of
pyrolysis oil are caused by the chemical composition of the bio-oil, which consist of different
classes of oxygenated organic compounds. In order to remove these compounds catalytic
pyrolysis can be performed. Shape selective catalysts cause oxides to be removed in the
form of water and carbon. These shape selective catalysts are called zeolites. The ZSM-5
catalyst has a pore size beneficial for the formation of BTX.

When biomass waste streams can be used to produce high valued compounds that are
currently still made from crude oil, this can have a major impact on the environment and
CO2 production around the world. The University of Groningen (Prof. E Heeres) together
with a small start-up BioBTX have shown that bio-waste streams (including lignocellulosic
streams) can be used to produce aromatic compounds (BTX) through pyrolysis followed by
catalytic pyrolysis. It is known that other liquid and gaseous chemicals can be generated
by pyrolysis.
Such conversions using raw lignocellulosic materials have been widely studied were the
research of manure as biomass is studied to a lesser extent.
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Poultry litter
Several studies have already investigated the possibilities of producing biofuels from
poultry litter. In Schnitzer, Monreal [10] they performed an NMR spectrum analysis on the
poultry litter before the pyrolysis. This NMR showed that the major content of the poultry
litter was cellulose. This is a promising feature because the cellulose will be ‘broken’ by the
pyrolysis into smaller components, which can be used to produce aromatics. Singh, Risse
[11] concluded that the product distribution strongly depends on the reaction conditions.
In order to produce a high yield of liquid fuel, fast pyrolysis is desired, but the low efficiency
must be taken into account. In the follow-up study, Singh, Risse [7], separated the
condensate into three different phases, a light, medium and heavy phase. They concluded
the heavy and light fractions were energy rich and the medium phase consisted mainly out
of water.
Mante and Agblevor [12], investigated the influence of pinewood shavings on the pyrolysis
of poultry litter. They found that an increase in wood shavings in the manure/wood
compound increases the bio-oil yield and lowers the char yield. The manure in the mixture
created higher pH values, lower density of the bio-oil and lowered the viscosity. Also the
energy value increased the more manure was added.
However in general a systematic approach in studying effects such as water, mineral
content, temperature and heating rate on the (catalytic) pyrolytic process of manure and
the products formed is lacking, especially compared to biomass from wood and plants.

Aim & approach
The objective of this study is to investigate if it is possible to use poultry litter as biomass
for the production of chemicals. First, different types of biomass will be investigated
through the use of TGA-MS and the thermal behaviour will be explained through their
chemical structure. Connected with the TGA result, the activation energies will be
calculated through a model. In the second part the catalytic pyrolysis will be investigated
through the use of PTV-GC-MS to show the formation of BTX and other aromatics.
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Material and methods
Thermogravimetric analysis (TGA) is a method to study the thermal behaviour of solid and
semisolid materials. TGA is well-known method for the determination of weight loss
characteristics and energy kinetics. Pyrolysis via TGA includes the thermal degradation of
the sample (~5-15 mg) in an N2, Ar or He atmosphere. The TGA records the weight loss as
the temperature rises with a on for hand determined heating rate [13]. With the results
from the TGA measurements the organic compound in each of the samples can be
measured. This way the amount of useful organic material can be determined. When the
TGA is coupled to the MS it can directly measure the evolved gasses coming out of the
TGA. The MS measures the masses within a sample. The MS ionizes the molecules and
orders them by their mass to charge ratio (m/z).
Differential scanning calorimetric analysis (DSC) can be measured simultaneously with
TGA. DSC measures the sample energy and heat flow of a sample as a function of
temperature.
Catalytic pyrolysis experiments can be measured and performed by a (PTV) GC-MS. PTV
stands for programmed temperature vaporizing injector. The injector is designed to
perform a pre-separation of the sample. This way the sample is already separated into
solvents of interest. The gaseous products and the heavier substances are via this
technique already separated before they enter the GC-MS. Gas chromatography (GC) is a
technique used for chemical analysis which separates compounds that can be vaporized
without decomposition. A PTV inlet (programmable temperature inlet) is coupled to the GC
for de injection of the sample. The major advantage of a PTV inlet is the possibility to
combine pyrolysis and combined solvent elimination.
In order to determine the activation energy (EA) (KJ/mol) of the different kinds of biomass
all the TGA results were used to model the reaction curves. The EA describes the minimum
energy required to result in a chemical reaction, in other words the amount of energy
needed to initiate a reaction.

Biomass/catalyst combinations
The pyrolysis of biomass can be divided into four different kind of stages. Firstly the
evaporation of water, followed by the decomposition of hemicellulose, thirdly the
degradation of cellulose and finally the lignin decomposition [14]. To understand the
thermal conversion and composition of poultry litter it is therefore important to know the
characteristics of the three main components. Therefore, the pyrolysis of these three main
components forms the basis understanding of the pyrolysis of all lignocellulosic biomass
[14]. Hence, in this research cellulose and lignin will be investigated by means of TGA-MS
analysis to get a better understanding of the pyrolysis characteristics of the chosen
biomass.
To get an idea of the characteristics of the various substances present in the poultry litter,
different biomass samples will be analysed. As stated above, poultry litter consists out of
multiple materials. The mixture of poultry litter used in this research originated from a
broiler farm in Bunne, the Netherlands. When the chicken litter was taken from the farm,
the chickens were 21 days (three weeks) in the barn. After 42 days (six weeks) the
chickens reach their slaughter weight and are being transported to the slaughterhouse. At
the beginning of each new round, the whole barn is cleaned and new bedding is added.
The amount added is about 0.75 kg/m2. The bedding consists out of a combination of peat
7

and wood shavings. The ratio peat/wood shavings is 50/50. After six weeks the mixture
of peat, wood shavings and manure is about 33.8 kg/m2. So about 33 kg/m2 is manure
from the chickens. This means the sample of chicken litter (mixture of peat, wood shavings
and chicken manure, collected after 3 weeks) used in this research consist of 0.75 kg of
bedding material and 16.2 kg/m2 of chicken manure. Thus, when the mixture of bedding
and manure was collected only 4.4% consist out of the original bedding. The additional
kilograms only consist out of manure and a little bit of spilled feed and feathers.
The biomass samples analysed were cellulose (Sigma-Aldrich), organosolv lignin, lignin,
wheat straw, pure chicken manure, and the sample of poultry litter, a mixture of chicken
manure, peat and wood shavings. Cellulose, lignin, and organosolv lignin are primarily
present elements in biomass, wheat straw was used as source of hemicellulose, and the
pure chicken manure to see differences between poultry litter and poultry manure.. The
diversity of lignin depends on the species of plant it is extracted from, the process that is
used to separate it from cellulose, and the means by which it is extracted from the pulping
liquor of digesting pulpwood. [15] The difference between lignin and organosolv lignin is
related to different extraction procedures used in the separation of (hemi)cellulose and
lignins
The pure chicken manure was picked out by hand from a farm where the bedding material
was rough straw. An important remark has to be made. Although only chicken manure was
picked out, the sample still contained very small amounts of straw. These where so tiny,
they could not be sorted out by hand.
In the interest of even large particles, the chicken litter, pure chicken manure and straw
where firstly blended into smaller particles. Hence they were sieved with a size of 425 µm.
The cellulose, organosolv lignin and lignin did not needed to be sieved because it already
had the desired size. The samples used for the GC-MS where freezed dried for 24 hours.
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Experimental methods
Pyrolysis
DSC- TGA-MS analysis

The pyrolysis of cellulose, (organosolv) lignin, straw, pure chicken manure, and a mixture
of chicken manure, peat and wood shavings where investigated through a TGA coupled to
an MS. A TGA Mettler Toledo and Pfeiffer vacuum Thermoster GSD320 MS were used. A
sample of around ~9 mg was put in an alumina sample pan. The weight loss, DSC signal
and gaseous product formed were constantly monitored. The TGA program was constant
for 10 minutes at 30⁰C, then heated with 150⁰C min-1 to a temperature of 600⁰C, and held
at 600⁰C for another 10 minutes.
In order to produce bio-oil, fast pyrolysis is needed [16]. ΔH is the heat of pyrolysis, also
known as the enthalpy (KJ/kg) of the reaction. To determine the enthalpy, the area of the
DSC curve has to be determined. The area of the DSC curve gives the energy in Joules.
This value needs to be corrected by the amount of sample that was used. By dividing the
amount of joules through the mass, the enthalpy can be calculated.

Modelling TGA results
With the use of modelling the TGA results the activation energy (EA) will be determined.
The higher the EA, the slower the reaction will be. The EA describes the top of the barrier
that has to be reached to complete the reaction. In order to determine the EA by use of a
model, the following model is used. In table 2 the used parameters are shown.
In a TGA measurement, the sample temperature (Ts) differs from the oven temperature
(Tr) due to thermal-lag (ΔTl):
ΔTl = Tr – Ts
Where Tr increases at a constant heating rate of β:
Tr = To + βt
This model assumes the pyrolysis of each sample of biomass is predominantly controlled
by a first order conversion of the initial mass. The first order rate equation for the
pyrolytic decomposition of the samples of biomass is:
𝑑𝛼
= 𝑘(𝑡 − 𝛼)
𝑑𝑡
Where α is the fraction of mass pyrolysed, and the Arrhenius rate constant k is assumed
to be only dependent on Ts.
k(Ts) = k0 exp(−

Ea
)
RTs

with k0 and Ea parameters that are assumed to be constant for any variable. The sample
temperature of the first equation can be written as:
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𝑇𝑠 = 𝑇0 + 𝛽(𝑡 − 𝐶)
Where C is a proportionality factor, what can be determined by fitting the experimental
data to the model. The initial conditions that are assumed are:
𝛼 = 𝑜 𝑎𝑡 𝑡 = 𝑜
Table 2 Parameters used in the model

Property

Value

T0
Tf
β (K s-1)

30
800
25

Catalytic pyrolysis
PTV GC-MS

The used GC is a HP5890 series II with a Restek Rx1-5Sil column (length 30m, diameter
0.25mm and film 10µm). The pyrolysis products were detected with an MS: Hewlett
Packard 5972 series detector.[17]
Each experiment, approximately 3 mg of sample was used when it was a pure sample and
around 9 mg of sample was injected when it was a mixture of biomass and catalyst. The
ratio biomass to catalyst was around 1:10 (biomass: catalyst). An abundance of catalyst
was used because these experiments were only used for a proof of concept. The mixture
of biomass and catalyst was mixed till it looked homogeneous for the eye. The samples
were loaded into the PTV and started at Tstart =50⁰C, and heated with a heating rate of
16⁰C/s to 550⁰C and was held there for 30 seconds. After this the carrier gas, with a flow
of 50 ml/min brought the vapours into the GC. As regards the GC programme, it was firstly
held at 40⁰C for 4 minutes, and then heated to 250⁰C with a heating rate of 10⁰C/min. The
vapours from the pyrolysis where analysed by a mass spectrometry detector. To calibrate
the MS, standard solvents with known concentrations of benzene, toluene, m,p-xylene and
o-xylene were used to quantify the obtained results.
In this research the ZSM-5 (23) catalyst was used in the process of catalytic pyrolysis,
because it was already proven by Iisa, Stanton [18] it was possible to make benzene
toluene and xylene from cellulose, lignin and pine wood. ZSM-5’s exceptional selectivity,
namely to produce BTX, can be explained by its unique pore size, shape and acidity. The
number (23) stands for the mole ratio of SiO2/Al2O3 present in the catalyst.
Also Cheng, Jae [19] showed that it was possible to produce aromatics and olefins directly
from wood via catalytic pyrolysis. Firstly the biomass falls apart into vapours. The cellulose
and hemicellulose in the biomass decompose into small organic fragments, including
furans, carbocylic acids, aldehydes etc.. These compounds enter the pores of the zeolite
and transform into aromatics, olefins, coke (char), CO, CO 2, and H2O. The lignin from the
biomass mainly forms coke (char). As they describe in their research, the ZSM-5 zeolite
has the best structure to produce the highest yield of aromatics [19].
In order to determine the amount of BTX formed, the GC-MS was calibrated with a known
amount of benzene, toluene and xylene. In addition each measurement was conducted in
duplicate.
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Results and discussion
Hemicellulose was not examined in this study, but from the literature can be found it
decomposes at lower temperatures than cellulose and lignin [14]. The difference in thermal
degradation between hemicellulose, cellulose, and lignin can be declared by the differences
in chemical structures (figure 1). Hemicellulose consists out of multiple saccharides.
Hemicellulose is less homogeneous when compared to cellulose, partly branched and
therefore less crystalline and thus has a lower thermally stability. Cellulose consists out of
long polymers of glucose without any branches. The build-up of cellulose, as can be seen
in figure 1, has a very well organized, highly crystalline and therefore has a high thermal
stability. Lignin consists out of a complex mixture of different branched aromatics
connected via a broad scope of C-C and C-O linkages, causing a wide temperature range
of degradation.

Pyrolysis
TGA-MS
Figure 2 shows the pyrolysis behaviour of several types of biomass with a heating rate of
150 ⁰C min-1 under an argon atmosphere to a temperature of about 550 ⁰C. On the
horizontal axis is the temperature in ⁰C and on the vertical axis is the mass decrease in
percentages shown. As can be seen from figure 1 the decomposition of each sample
consists out of multiple stages. The first stage (phase I) in each sample is the loss of water.
At about 150 ⁰C all the water in each sample is evaporated. The mass loss curves in figure
2 show each sample starts to lose mass around the 250⁰C. Around these temperatures the
initiation of pyrolysis (phase III) is clearly visible.
Cellulose pyrolysis starts at about 250⁰C and ends at approximately 400⁰C, the range of
pyrolysis is therefore relatively narrow. Due to the fact it has no branches, the pyrolysis of
cellulose happens via a plain first-order degradation. At 400⁰C almost all cellulose was
pyrolysed, leaving a small amount of residue and char (≈ 10%).
Of the three components, lignin was the hardest one to decompose. The degradation of
lignin and organosolv lignin happens very slow and under a very wide temperature range.
The degradation starts around 220 ⁰C (end phase II) and breaks down in multiple stages
(II, III and IV). In phase III (between 220⁰C-360⁰C, see Figure 2) the part of the
polyaromatic fraction breaks down and are converted to volatile gases like CO, CO2 and
CH4 (figure 3 and 4) [14]. The third stage (phase IV) starts at 360 ⁰C. After this point, the
degradation rate increases again, till the temperature reaches 460 ⁰C. In this stage, more
stable linkages break down, along with the formation of gaseous products [20]. Thereupon
lignin continues to break down in a lower degradation rate. At higher temperatures the
aromatic rings of lignin reach the gas phase as phenolics. From the literature it is known
lignin will continue to break down till 900⁰C [14]. This can declare the high leftover residue
of 46% of the initial sample at 550⁰C (table 2).
The degradation of chicken litter (TMZ) starts around 250⁰C . In the first half of phase III
the degradation rate is the highest. Around the point of 350⁰C the degradation ratio of the
chicken litter decreases and this keeps continuing till a temperature of 550⁰C. At this
temperature about 38% residue is left.
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The pyrolysis of pure manure has a comparable degradation curve as the chicken litter,
only the overall degradation is much lower, 55% residue of pure manure vs 38% residue
of chicken litter at 550⁰C, which also can be seen from table 3. Chicken litter consists out
of more organic matter than pure manure due to the bedding present in the litter, so more
organic material that is being pyrolysed. Cellulose, as described in the paragraph above,
has a narrow range of pyrolysis, which causes the degradation rate of chicken litter to be
higher than that of pure manure.
The residue formation in the pure manure, is much higher in comparison with the chicken
litter. The ratio of inorganic compounds present in the pure manure is higher, which leads
to a higher leftover residue at 550⁰C (55%) .
From figure 2 can be assumed that the chicken litter is a mixture of pure manure, cellulose,
lignin and most likely hemicellulose. The first part of the chicken litter has a comparable
degradation rate as cellulose until the point of 350⁰C. After this point the degradation rate
of the chicken litter and lignin are the same. Also is clearly visible in figure 1 that the
overall degradation of chicken litter (38%) is in between lignin (46%) and cellulose 13%.
This can also be said of straw, only straw contains a higher ratio of cellulose/lignin
compared to chicken litter. Straw is an organic material, where chicken litter consists out
of organic and inorganic materials.

TGA curves

Cellulose

100

Lignin

90

Organo Solv Lignin

Mass [%]

80

Straw

70

Pure manure

60

TMZ

50
40

I

II

III

IV

30
20
10
0
50

150

250

T ⁰C 350

450

550

Figure 2 Thermogravimetric analysis of different kinds of biomass during pyrolysis (150 ⁰C min-1)

In table 3 can be seen how much of each material is pyrolysed at different temperatures.
At 135⁰C all of the water is evaporated, so each sample had a dry matter between 93%
and 98%. The higher the percentages at 550⁰C and 725⁰C, the more organic material is
pyrolysed in the sample. As described above, lignin has a very wide range of pyrolysis. If
the lignin is pyrolysed till a temperature of 900⁰C almost everything would have been
pyrolysed.
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Table 3 Percentages dry matter and pyrolysed sample.

Sample

Cellulose

Lignin

Chicken
litter

Pure
manure

Organosolv
lignin

Dry matter
(at 135⁰C)
Pyrolysed
(at 550 ⁰C)
Pyrolysed
(at 725 ⁰C)

97.12%

97.94%

93.92%

92.95%

98.22

87.30%

54.24%

62.83

45.19%

57.71%

90.30 %

60.63%

73.72%

56.34%

65.02%

Cellulose

2E-11

1E-11

80

32 (O2)

70

44 (CO2)

60

18 (H2O)

50
5E-12

40

0

30
0.00

200.00

400.00

600.00

-5E-12

16 (CH4)
28 (CO/N2)

800.0020

TGA

0

T ⁰C

7.00E-11

Lignin

6.00E-11

100
90
80

5.00E-11

32 (O2)

70

4.00E-11

60

3.00E-11

50

2.00E-11

40

1.00E-11
0.00E+00
-1.00E-11

2 (H2)

10

-1E-11

Ion current (A)

90

0.00

200.00

400.00
T ⁰C

600.00

44 (CO2)

% [Mass]

Ion current (A)

1.5E-11

100

% [Mass]

2.5E-11

18 (H2O)
16 (CH4)

30

28 (CO/N2)

20

TGA

10
800.00
0

Figure 3 Thermogravimetric analysis cellulose and lignin during pyrolysis (150 ⁰C min-1)
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3E-11

Chicken litter

2.5E-11

80

32 (O2)
44 (CO2)

60
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Figure 4 TGA- MS analysis of Chicken litter, Pure manure, Organosolv lignin during pyrolysis (150 ⁰C
min-1)
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Shown in each graph of figure 3 and 4 are the gas flows from the TGA at a heating rate of
150⁰C min-1. The measured ions are hydrogen (m/z=2), oxygen (m/z=32), water
(m/z=18), carbon monoxide, ethylene and nitrogen (m/z=28), and carbon dioxide
(m/z=44). The first ion peaks are all from water. The oxygen curves from cellulose, chicken
litter and pure manure, decline each at approximately the same temperature, namely when
the pyrolysis of the samples start. Simultaneously with the decrease of oxygen, the ion
current of CH4, CO2 and CO starts to increase. These gas products are the main molecules
associated with the pyrolysis of biomass. Between 200 ⁰C and 400 ⁰C most of the gases
are released. Beyond these temperatures almost all the concentrations are declining.
Lignin and organosolv lignin behave different from the other samples concerning the
produced gases. At these two samples the oxygen flow starts to decrease at a higher
temperature. Also the ion current of H2O, CO2 and CO increases. Within these two samples
the relative CH4 formation is much higher. The absolute CH4 is the highest in the lignin
sample (figure 5). Furthermore, a strange oscillation is present in the lignin and organosolv
lignin. These abnormalities may be attributed to the fact that the solid residue of the two
samples have a tendency to foam at increased temperature had a foam structure, which
can indicate bubble forming during the pyrolysis [21]. Due to the formation and
simultaneously exploding of these bubbles it is very possible that the MS results are hereby
affected.
The formed bubbles burst when the internal energy exceeds the surface energy. When this
happens the gasses present in the bubble are released all at once, what the irregular peaks
and valleys may explain. Also should be taken in notice that not all samples were fully
pyrolysed because of the formed foam structure covering the remaining lignin.
The release of the gases CH4 and CO2 are shown in figure 5. The forming of CO2 comes
mostly from the degradation of the carboxyl groups C=O and COOH. The release of CO2 in
the cellulose curve only had one peak, where pure manure and chicken litter (TMZ) had
multiple peaks (see Figure 4). This can be explained by the fact that chicken litter is a
mixture of different components, including hemicellulose, cellulose and lignin.
Hemicellulose is present in these samples. Hemicellulose also has multiple peaks [14].
Cellulose has a low amount of C-OH groups, which can be broken down to CO2. Lignin and
organosolv lignin both have a low CO2 release. Both lignin’s are harder to break and
therefore show a greater release of CO2 at higher temperatures (>500⁰C, after 800
seconds). The lignin measurements were affected due to the formation of bubbles. The
potential formation of CO2 from char (formed during degradation) and oxygen (traces from
a not fully closed system can be neglected. The sample of pure manure shows that there
is a big release of CO2 after 800 seconds. It could be that due to the mixture of multiple
substances the lignin in the pure manure did not make these bubbles. But this is just an
assumption, because the bubbles weren’t observed when the pure manure was pyrolysed,
as well as with the chicken litter and cellulose. The CH4 that was released during the
pyrolysis can come from cracking of the methoxyl-O-CH3. As can be seen from figure 5 the
CH4 comes from all of the samples, with a big peak from lignin[14].
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Figure 5 TGA- MS analysis of CH4 and CO2 flows during pyrolysis of different kinds of biomass (150
⁰C min-1)
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Differential scanning calorimetry
DSC was performed in order to measure the enthalpy of the different samples. To calculate
the enthalpy the area of the peaks had to be determined. As can be seen in figure 6a, only
cellulose had a clear peak value. The area of the peak, in this case the valley, had to be
determined with help of the computer, as shown in figure 6b. The area represent the
amount of joules. Dividing this number by the mass of the samples, gives the enthalpy
value.

Figure 6 a)DSC results cellulose, lignin, chicken litter. b) Determining the area of the peak/valley.

Although the DSC signals where measured on the same way as in the literature, the final
results were divergent. The difference was of such an extent that the DSC results could
not be considered reliable. The cause of this difference may come from the fact that the
TGA-MS is primarily used for the determination of weight loss as function of increasing
temperatures. The main feature of the device is not the DSC signal. Besides, the
calculation of the final values had a large uncertainty. Because the enthalpy values where
desired, the area of the valley or peak had to be calculated. The program could not register
these automatically. Therefore the area had to be estimated through the use of the
freehand method (pink square figure 6b), which induced a high level of uncertainty. For
this reason the results were not used in this report. This does not mean the data is not
interesting, on the contrary. The results that were found are show in table 3.
Table 4 Enthalpy (KJ Kg-1) calculated with the use of the DSC results and from the literature.

Sample

Cellulose

Lignin

Chicken
litter

Pure
manure

Organosolv
lignin

Straw

Measurements
Literature

144 KJ/Kg
200
Kj/Kg[16]

426 KJ/Kg
157
KJ/Kg[20]

436 KJ/Kg
---

32 KJ/Kg
---

234 KJ/Kg
190
Kj/Kg[20]

122 KJ/Kg
137
KJ/Kg[22]
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Modelling of TGA results
Figure 7 shows the sample temperature against the conversion factor of the pyrolysed
biomass samples. The measured TGA result in each graph is the black line, the blue line is
the reference case, and the red line in the optimal fit the model could make. As described
in the experimental methods paragraph, the used model can only fit a first order reaction.
As a result of this constraint the model could not fit all the results perfectly. When we look
at the TGA curves in almost all of the samples, except for cellulose, multiple stages of
degradation are present. The activation energy (EA) represents the energy that must be
available to a chemical system to result in a chemical reaction.
Through the use of this model the EA is being calculated. In the TGA-MS results paragraph
it was described that cellulose had a clear first-order decay function whereby it was easy
for the model to compute a nearly identical fit. This can be seen in figure 6 and in table 5.
The modelled value of the Ea is nearly identical to the literature value, from which we can
conclude the model works and the TGA results are reliable. However, for each of the
remaining biomass samples the model could not fit so optimal. This is a results of the fact
that the other samples do not degrade according to a first order function, owing to more
complex chemical structure of the biomass. The deviation between the literature and
modelled Ea is also higher between the other samples than cellulose. It is clear, however,
that the Ea of the biomass samples differ. A higher Ea means more energy/heat is needed
to start the reaction, in this case the degradation of the chemical structures.
The values calculated through the use of the model and the values from the literature are
shown in table 5. The activation energy for pure chicken manure could not be found in the
literature, so it is leaved empty.
Table 5 Activation energy (Ea) of different kind om biomass samples from literature and model.

Activation
energy
(kJ/mol)

Cellulose

Lignin

Organosolv
lignin

Straw

Pure
manure

Chicken
litter

Model
Literature

197.99
198.91

114.58
91.6-134

211.45
100-300[23]

125.09
170[24]

196.91
175 [25]

99.12
99-484[26]

After all, several studies have already been conducted on ways to model the degradation.
In these studies it was found it is possible to make comprehensive models consisting out
of multiple order reactions to describe the pyrolysis of biomass [27].
The model is attached in Appendix 1.
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Figure 7 Modelled sample temperatures along the mass conversion of multiple kinds of biomass
during pyrolysis
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Catalytic pyrolysis
PTV-GC-MS results
Firstly pure manure, without catalyst was pyrolysed in the PTV-GC-MS to see what kind
of substances where present in the volatile matter. The main component formed was CO2.
Other compounds that where identified where acetic acid, pyrrole, furans and phenols. By
performing catalytic pyrolysis, it is intended to form higher valued compounds.
Table 6 Formation of BTX with ZSM-5 catalyst.

Product

Benzene

Toluene

m,pXylene

oXylene

Sum

[%]
(Corrected to organic
matter)

Pure manure
without
catalyst
Chicken
litter

0.00%

0.00%

0.00%

0.00%

0.00%

0.00%

0.23%

0.54%

0.40%

0.09%

1.25%

1.99%

Pure manure

0.03%

0.09%

0.07%

0.02%

0.21%

0.46%

Straw

0.30%

0.80%

0.71%

0.16%

1.96%

2.59%

Cellulose

0.75%

0.93%

0.32%

0.09%

2.09%

2.39%

Organosolv
Lignin

0.23%

0.38%

0.51%

0.04%

1.16%

2.01%

When the catalytic pyrolysis is carried out in the PTV-GC-MS, the amount of vapours
originating from lignin is less than in comparison to cellulose, which influences the
formation of BTX (table 6). More BTX is formed from cellulose than from lignin.
Because the pores of the catalyses are very small, a higher yield is found within the smaller
parts. Many of the larger parts are too big to go through the catalyst [28]. So the more
cellulose there is present in a sample the more product is formed. Table 6 and figure 8
show the formation of benzene, toluene, m,p-xylene and o-xylene with catalyst ZSM-5
(23). Pure cellulose has the highest benzene and toluene formation with respectively
0.75% and 0.93%. Also the sum of all the products formed is the highest. From figure 7
can also be seen that the benzene production is the largest from cellulose, probably due
to the fact that the vapour phase originating from cellulose has a higher selectivity towards
benzene compared to other biomass streams tested. From the literature it is known that
the catalytic pyrolysis of cellulose with the ZSM-5 (23) catalyst normally has a BTX yield
of 10wt% [18]. The cause of this difference may lie in different reaction conditions.
In this research these higher yields weren’t achieved. But these results have confirmed the
assumption that the more cellulose is present, the more BTX is formed.
Table 3 shows that the pure manure has the lowest organic content. Only 45.19% of the
sample is pyrolysed at 550⁰C. Because only the organic content is converted to BTX it is
logical that manure also has the lowest conversion to BTX. But there is still a small part
that is converted into BTX.
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Straw consist out of 45.2% hemicellulose, 18.1% lignin, 31.2% cellulose and 5.5%
extractives [29]. Because hemicellulose and cellulose are easier to convert to BTX, in
comparison with lignin as described in the first paragraph, it goes without saying that straw
has an higher total revenue than organosolv lignin.
Chicken litter is a mixture between peat, woodchips and chicken manure. Peat consist on
average of about 25,4% cellulose, while lignin is only a very small substance in peat with
an average of 2,4%. When chicken litter is compared to pure manure it is observed that
the bedding has a positive influence on the final production of BTX. Despite the fact the
bedding is only a small part of the sample (4.4 wt%, paragraph Biomass/catalyst
combinations), the effect of the bedding in the sample is greater than the 4.4% grow of
organic matter in the sample. This is an interesting observation.

2.50%

% [Mass]

2.00%
1.50%

o-Xylene
m,p-Xylene

1.00%

Toluene
Benzene

0.50%
0.00%
Chicken
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manure

Straw

Cellulose Organo Solv
lignin

Figure 8 Formation of BTX with ZSM-5 catalyst
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Conclusions and recommendations
The objective of this study was to investigate if it is possible to use poultry litter as biomass
for the production of chemicals (BTX). In the first part different types of biomass were
investigated through TGA-MS and there thermal behaviour was explained through their
chemical structure. In the second part the catalytic pyrolysis was investigated through the
use of GC-MS. This showed that it is possible to make BTX out of poultry litter.
Multiple kinds of biomass, including chicken litter where taken for pyrolysis studies. The
TGA pyrolysis showed that cellulose has a high potential for (catalytic) pyrolysis as the in
the TGA most of the organic material was converted in low molecular weight compounds.
Therefore, a high fraction of cellulose is beneficial for (catalytic) pyrolysis and, of the
samples tested, most promising for BTX formation..
Utilization of a first order model gave excellent results for the pyrolysis of cellulose. For
more complex biomass streams the model did not meet the requirements and more
complex models are needed, owing to complex chemical structures, to get better and more
reliable results regarding the EA.
The catalytic pyrolysis with ZSM-5 of chicken litter and pure chicken manure showed it is
possible to produce benzene, toluene and xylene from livestock waste streams.
Optimization of the process is needed but within our study we have proven that chicken
manure can be used as raw material for the preparation of BTX and that it could be an
interesting alternative for petrochemical production.
Follow-up study should investigate the effect of catalyst ratio and experiments to optimize
the process and to implement it on a larger scale. Besides, the energy originating from the
residual char can be examined to try to balance the energy site requirements for the
pyrolysis.
In the last six months, the use of manure from the intensive livestock farming is receiving
more attention [30] and further research will most likely follow up soon.
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Appendix 1 Matlab Model Activation Energy

Model1
function [ dxdt ] = model1(t,x,u,p )
%UNTITLED Summary of this function goes here
%
Detailed explanation goes here
%mapping (see main file for units etc)
alpha = x(1);
B = u(1);
k0 = p(1);
Ea = p(2);
C = p(3);
T0 = 30+273;

%initial temperature (K)

R = 8.314;

% gas constant (J/mol/K)

% solving
Ts = T0 + B*(t-C); % sample temperature calculation in integrated form
k = k0 * exp(-Ea/(R*Ts)); % arrhenius formula
dalphadt = k*(1-alpha); % dalpha/dt computation
%mapping
dxdt = dalphadt;
end

Integratemodel1
function [ xt ] = integratemodel1(t, x0, u, p )
%UNTITLED2 Summary of this function goes here
%
Detailed explanation goes here
fh = @(t,x)model1(t,x,u,p); % function handle to be integrated
[t,xt] = ode23s(fh,t,x0); % integration using a stiff solver ode23s
end
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Errfunmodel1
function [ err0r] = errfunmodel1(t, x0, u, p, measx )
% calculates the sum of squared errors between measured data and simulated
% data

xt = integratemodel1(t, x0, u, p );
% err0r = sum(abs(measx-xt));
%this is how they do it in the article,
% but is usually inferior to sum of squared error method
err0r1 = measx-xt(1:end-1);
%adjusting for differences in matrix sizes
err0r = err0r1'*err0r1; %computation of sum of squared errors

end
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TGADataAnalysisModel1
%% data loading, separation, initial processing
clear, clc, close all
%cleaning workspace, command window and graphs
% loading raw data from excel
C1 = xlsread('CelluloseDataRaw','Straw','B600:E953');
C20 = xlsread('CelluloseDataRaw','Pure_manure','B612:E953');
C150 = xlsread('CelluloseDataRaw','Cellulose-150Cmin-900C','B612:E960');
L150 = xlsread('CelluloseDataRaw','Lignin','B600:E920');
TMZ150 = xlsread('CelluloseDataRaw','VD_TMZ','B612:E960');
OSL = xlsread('CelluloseDataRaw','OSL','A613:D996');
% deviding into separate vectors
C1t = C1(:,1);
%time vector (s)
C1Ts = C1(:,2);
%Sample temperature (C)
C1Tr = C1(:,3);
%Oven temperature (C)
C1a = C1(:,4);
%alpha, fraction pyrolysed (%)
C20t = C20(:,1);
C20Ts = C20(:,2);
C20Tr = C20(:,3);
C20a = C20(:,4);
C150t = C150(:,1);
C150Ts = C150(:,2);
C150Tr = C150(:,3);
C150a = C150(:,4);
L150t = L150(:,1);
L150Ts = L150(:,2);
L150Tr = L150(:,3);
L150a = L150(:,4);
TMZ150t = TMZ150(:,1);
TMZ150Ts = TMZ150(:,2);
TMZ150Tr = TMZ150(:,3);
TMZ150a = TMZ150(:,4);
OSL5150t
OSL150Ts
OSL150Tr
OSL5150a

=
=
=
=

OSL(:,1);
OSL(:,2);
OSL(:,3);
OSL(:,4);

%initial processing
C1TrK = C1Ts +273;
C1af = 1 - (C1a/100); % bringing scale to 0-1 instead of percentage
C1af1 = C1af - C1af((83)); % adjusting baseline for initial evaporation
C1af2 = C1af1 * (1/C1af1(end)); % stretching to max 1
C1dT = C1Tr-C1Ts;
% calculating DeltaT between sample and
room
C1dTdt = diff(C1Ts);
% calculating dTs/dt from data
C1dadt = diff(C1a);
% calculating dalpha/dt from data
C1dMdT = C1dadt./C1dTdt * -1;
% calculating dalpha/dT from data
C20TrK = C20Ts +273;
C20af = 1 - (C20a/100); % bringing scale to 0-1
C20af1 = C20af - C20af((1)); % adjusting baseline for initial evaporation
C20af2 = C20af1 * (1/C20af1(end)); % stretching to max 1
C20dT = C20Tr-C20Ts;
C20dTdt = diff(C20Ts);
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C20dadt = diff(C20a);
C20dMdT = C20dadt./C20dTdt * -1;
C150TrK = C150Ts +273;
C150af = 1 - (C150a/100); % bringing scale to 0-1
C150af1 = C150af - C150af((83)); % adjusting baseline for initial
evaporation
C150af2 = C150af1 * (1/C150af1(end)); % stretching to max 1
C150dT = C150Tr-C150Ts;
C150dTdt = diff(C150Ts);
C150dadt = diff(C150a);
C150dMdT = C150dadt./C150dTdt * -1;
L150TrK = L150Ts +273;
L150af = 1 - (L150a/100); % bringing scale to 0-1
L150af1 = L150af - L150af((83)); % adjusting baseline for initial
evaporation
L150af2 = L150af1 * (1/L150af1(end)); % stretching to max 1
L150dT = L150Tr-L150Ts;
L150dTdt = diff(L150Ts);
L150dadt = diff(L150a);
L150dMdT = L150dadt./L150dTdt * -1;
TMZ150TrK = TMZ150Ts +273;
TMZ150af = 1 - (TMZ150a/100); % bringing scale to 0-1
TMZ150af1 = TMZ150af - TMZ150af((83)); % adjusting baseline for initial
evaporation
TMZ150af2 = TMZ150af1 * (1/TMZ150af1(end)); % stretching to max 1
TMZ150dT = TMZ150Tr-TMZ150Ts;
TMZ150dTdt = diff(TMZ150Ts);
TMZ150dadt = diff(TMZ150a);
TMZ150dMdT = TMZ150dadt./TMZ150dTdt * -1;
OSL150TrK = OSL150Ts +273;
OSL150af = 1 - (OSL5150a/100); % bringing scale to 0-1
OSL150af1 = OSL150af - OSL150af((83)); % adjusting baseline for initial
evaporation
OSL150af2 = OSL150af1 * (1/OSL150af1(end)); % stretching to max 1
OSL150dT = OSL150Tr-OSL150Ts;
OSL150dTdt = diff(OSL150Ts);
OSL150dadt = diff(OSL5150a);
OSL150dMdT = OSL150dadt./OSL150dTdt * -1;
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%% plotting and fitting C1
% definitions and initial parameters
% this data has a dt of 6, which is
% corrected for in B.
t = 0:1:length(C1t); % time vector
B = 150/60; %heating rate (K/s) (including correction for different timestep)
k0 = 6.46e14; % pre-exponential factor (1/s)
Ea = 200000; % Activation energy (J/K/mol)
C = 0;
% correction factor for thermal lag
T0 = 30+273; %initial temperature (K)
x0 = 0; % initial conversion (-)
TetC1 = T0 + B*t;
% creating temperature scale from timescale in
K
for i = 1:length(TetC1)
if TetC1(i) >900+273
% temperature maximum of 900 degrees C
TetC1(i) = 900+273;
end
end
%parameter definitions for state-space notation
u(1)= B;
p(1) = k0;
p(2) = Ea;
p(3) = C;
%initial parameter simulation (reference case)
[ C1xt ] = integratemodel1(t, x0, u, p );

%fitting
measx = C1af2;
%measured data to fit to
initialguesses = p;
% initial guesses for parameters (same as reference
case)
options = optimset('MaxIter', 1000, 'Display', 'Iter'); % maximum of 1000
iterations and iterations are shown in the command window
fh = @(p)errfunmodel1(t, x0, u, p, measx );
% function handle
definition, this function needs to be minimised
[pC1,toterror] = fminsearch(fh,initialguesses,options);
% minimising
the errorfunction by changing parameters
%evaluating
[ C1xtfitted ] = integratemodel1(t, x0, u, pC1 );
found optimal parameters

%evaluating for

%plots
figure(1)
hold on
plot(TetC1,C1xt, 'b-') % reference case
plot(C1TrK,C1af2, 'k-') % measured data
plot(TetC1,C1xtfitted,'r-') % optimal model fit
hold off
title('Straw'); %title
xlabel('Temperature (K)'); % x-axis
ylabel('Conversion (-)') % y-axis
legend('simulated','measured','simfitted'); %legend
shg % show graph
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%% plotting and fitting C20
% definitions and initial parameters
t = 0:1:length(C20t); % time vector
B = 150/60; %heating rate (K/s)
k0 = 6.46e14;
Ea = 200000;
C = 0;
T0 = 30+273; %initial temperature (K)
x0 = 0; % initial conversion (-)
TetC20 = T0 + B*t;
for i = 1:length(TetC20)
if TetC20(i) >800+273
TetC20(i) = 800+273;
end
end
u(1)=
p(1) =
p(2) =
p(3) =

B;
k0;
Ea;
C;

%initial parameter simulation
[ C20xt ] = integratemodel1(t, x0, u, p );
%fitting
measx = C20af2;
initialguesses = p(1:3);
options = optimset('MaxIter', 1000, 'Display', 'Iter');
fh = @(p)errfunmodel1(t, x0, u, p, measx );
[pC20,toterror] = fminsearch(fh,initialguesses,options);
%evaluating
[ C20xtfitted ] = integratemodel1(t, x0, u, pC20 );
figure(2)
hold on
plot(TetC20,C20xt, 'b-')
plot(C20TrK,C20af2, 'k-')
plot(TetC20,C20xtfitted,'r-')
hold off
title('Pure manure');
xlabel('Temperature (K)');
ylabel('Conversion (-)')
legend('simulated','measured','simfitted');
shg

%% plotting and fitting C150
% definitions and initial parameters
t = 0:1:length(C150t); % time vector
B = 150/60; %heating rate (K/s)
k0 = 6.46e14;
Ea = 200000;
C = 0;
T0 = 30+273; %initial temperature (K)
x0 = 0; % initial conversion (-)
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TetC150 = T0 + B*t;
for i = 1:length(TetC150)
if TetC150(i) >900+273
TetC150(i) = 900+273;
end
end
u(1)=
p(1) =
p(2) =
p(3) =

B;
k0;
Ea;
C;

%initial parameter simulation
[ C150xt ] = integratemodel1(t, x0, u, p );

%fitting
measx = C150af2;
initialguesses = p;
options = optimset('MaxIter', 500, 'Display', 'Iter');
fh = @(p)errfunmodel1(t, x0, u, p, measx );
[pC150,toterror] = fminsearch(fh,initialguesses,options);
%evaluating
[ C150xtfitted ] = integratemodel1(t, x0, u, pC150 );
figure(3)
hold on
plot(TetC150,C150xt, 'b-')
plot(C150TrK,C150af2, 'k-')
plot(TetC150,C150xtfitted,'r-')
hold off
title('Cellulose');
xlabel('Temperature (K)');
ylabel('Conversion (-)')
legend('simulated','measured','simfitted');
shg
%% plotting and fitting L150
% definitions and initial parameters
t = 0:1:length(L150t); % time vector
B = 150/60; %heating rate (K/s)
k0 = 6.46e14;
Ea = 200000;
C = 0;
T0 = 30+273; %initial temperature (K)
x0 = 0; % initial conversion (-)
TetL150 = T0 + B*t;
for i = 1:length(TetL150)
if TetL150(i) >900+273
TetL150(i) = 900+273;
end
end
u(1)= B;
p(1) = k0;
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p(2) = Ea;
p(3) = C;
%initial parameter simulation
[ L150xt ] = integratemodel1(t, x0, u, p );
%fitting
measx = L150af2;
initialguesses = p;
options = optimset('MaxIter', 500, 'Display', 'Iter');
fh = @(p)errfunmodel1(t, x0, u, p, measx );
[pL150,toterror] = fminsearch(fh,initialguesses,options);
%evaluating
[ L150xtfitted ] = integratemodel1(t, x0, u, pL150 );
figure(4)
hold on
plot(TetL150,L150xt, 'b-')
plot(L150TrK,L150af2, 'k-')
plot(TetL150,L150xtfitted,'r-')
hold off
title('Lignin');
xlabel('Temperature (K)');
ylabel('Conversion (-)')
legend('simulated','measured','simfitted');
shg
%% plotting and fitting TMZ150
% definitions and initial parameters
t = 0:1:length(TMZ150t); % time vector
B = 150/60; %heating rate (K/s)
k0 = 6.46e14;
Ea = 200000;
C = 0;
T0 = 30+273; %initial temperature (K)
x0 = 0; % initial conversion (-)
TetTMZ150 = T0 + B*t;
for i = 1:length(TetTMZ150)
if TetTMZ150(i) >900+273
TetTMZ150(i) = 900+273;
end
end
u(1)=
p(1) =
p(2) =
p(3) =

B;
k0;
Ea;
C;

%initial parameter simulation
[ TMZ150xt ] = integratemodel1(t, x0, u, p );
%fitting
measx = TMZ150af2;
initialguesses = p;
options = optimset('MaxIter', 500, 'Display', 'Iter');
fh = @(p)errfunmodel1(t, x0, u, p, measx );
[pTMZ150,toterror] = fminsearch(fh,initialguesses,options);
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%evaluating
[ TMZ150xtfitted ] = integratemodel1(t, x0, u, pTMZ150 );
figure(5)
hold on
plot(TetTMZ150,TMZ150xt, 'b-')
plot(TMZ150TrK,TMZ150af2, 'k-')
plot(TetTMZ150,TMZ150xtfitted,'r-')
hold off
title('TMZ');
xlabel('Temperature (K)');
ylabel('Conversion (-)')
legend('simulated','measured','simfitted');
shg
%% plotting and fitting OSL
% definitions and initial parameters
t = 0:1:length(OSL5150t); % time vector
B = 150/60; %heating rate (K/s)
k0 = 6.46e14;
Ea = 200000;
C = 0;
T0 = 30+273; %initial temperature (K)
x0 = 0; % initial conversion (-)
TetOSL150 = T0 + B*t;
for i = 1:length(TetOSL150)
if TetOSL150(i) >900+273
TetOSL150(i) = 900+273;
end
end
u(1)=
p(1) =
p(2) =
p(3) =

B;
k0;
Ea;
C;

%initial parameter simulation
[ OSL150xt ] = integratemodel1(t, x0, u, p );
%fitting
measx = OSL150af2;
initialguesses = p;
options = optimset('MaxIter', 500, 'Display', 'Iter');
fh = @(p)errfunmodel1(t, x0, u, p, measx );
[pOSL150,toterror] = fminsearch(fh,initialguesses,options);
%evaluating
[ OSL150xtfitted ] = integratemodel1(t, x0, u, pOSL150 );
figure(6)
hold on
plot(TetOSL150,OSL150xt, 'b-')
plot(OSL150TrK,OSL150af2, 'k-')
plot(TetOSL150,OSL150xtfitted,'r-')
hold off
title('Organo solv lignin');
xlabel('Temperature (K)');
ylabel('Conversion (-)')
legend('simulated','measured','simfitted');
shg
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