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Abstract

This study describes a novel approach for the tifgeomal analysis to study the aftermath of
the fluid bed melt granulation process and to ddpie growth mechanism of the granules by
guantifying the enthalpies of the granules at ey@rysicochemical change using DSC and
their mass loss through TG coupled to MS for aitptale determination of the composition
and amount of the evolved gases for the correspgnidagment ion. The experiments were
made in-situ with lactose monohydrate and two \s8ggagrades of PEG (2000 and 6000) as
meltable binders with different contents and simetions. DSC showed the presence of a
beta lactose endotherm peak after the meltingpifaalactose and a proportional increase in
its intensity with the increase of the particleesiand the content of the binder, which
suggested a relation with the agglomeration growiterestingly, TG and MS showed a
larger reduction in the water content from lactasth the increase in the binder particle size,
making it possible to evaluate the dehydrationrdyithe melt granulation. Indeed, during the
distribution mechanism the low binder particle strel viscosity exposed lactose to a high
heat transfer from the fluidizing air. However, ighbinder particle size results in lactose
immersed in the PEG particles, causing water ttrdggoed inside the granules and hence a
larger reduction in water mass loss indicatingitheersion mechanism. Therefore, thermal

analysis is a promising tool for granulation growtmtrol.

Keywords: Fluid bed melt granulation, Mass specttoy TG/MS, DSC, lactose
monohydrate, PEG.



1. Introduction

Hot melt technology is a commonly used robust netho pharmaceutical research as it
allows the influence of the bioavailability of dsug@nd numerous applications such as the
preparation of eutectic mixtures [1, 2] and solidpdrsions in order to provide time
controlled, modified, extended, and targeted drelivdry as well as taste masking of bitter
active pharmaceutical ingredients (APIs) [3, 4]uiél bed melt granulation (FBMG) is
another technique that is gaining popularity in ph@armaceutical industry due to its multiple
advantages [5, 6]. It uses a molten binder to aggtate the pharmaceutical powder particles.
Following particle agglomeration and consolidatidghge granules are cooled to room
temperature and a solid end product with a granstiarcture is formed [7-10]. For this
granulation method, the drying step, which is reggiiafter wet granulation, is eliminated,
hence the process time and energy requiremensgmiéicantly reduced. Since no liquids are
used, HMG has the possibility to agglomerate mogssensitive materials [11, 12].
Furthermore, melt granulation can be used to devieigh-dose formulations with up to 90%
of active pharmaceutical ingredient (API) [13, 1@uring melt granulation, the thermal
energy involved in the melting of the binding makewill be induced by the heat transfer
from the conveying fluidizing air to the power bddhe latter will bring about changes in the
physicochemical properties of the final producgréiore the determination of the favorable
process condition for the desired quality attrisubé the granules must be established. For
years, thermal analysis techniques were used @arels to give an insight into the properties
of materials and could advantageously be usedamthality control of drug products [15].
The methods are commonly used in preformulationtferstudy of polymorphism and for the
study of the interactions between the drug substamc the excipients, since these physical
interactions can be the basis of dosage form pedoce [16]. For the routine control of the
drug products and raw materials, these methodshwdme quick, automated and require only
a few mg of the samples, are very attractive fatine analysis [15, 17]. In preformulation
these techniques are particularly valuable forcirestruction of phase diagrams [18, 19] and
the study of the interactions between the drugtanics and the excipients. Polymorphism or
hydrate formation may be studied by these techsigqugranulation and lyophilization for the

development of solid dispersions and even in tleage form [20, 21].

Differential scanning calorimetry (DSC) is a tedue used to investigate the response of
materials to heating, such as the melting of atalyse polymer or glass transition [22]. Also,
Thermal gravimetric analysis (TGA) provides infotloa on the continuous mass loss
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characteristics of the samples to clarify theirdebr at a high temperature region, whereas
the combination of thermogravimetry and mass spewtry (TG-MS) allows obtaining
especially qualitative information about the compos of evolved gases during the thermal
decomposition of solids [23, 24]. A single scan cpwve several pieces of qualitative and
guantitative information about components in thdegaal form [25-27]. While the
application of thermal analysis began in reseaitcls now used for development in the
control of processes and product quality. Todagrrittal analysis is an essential tool for
materials research and development, while quatigueance is now one of the hot topics in

thermal analysis [28-31].

This study focuses on the off-line analyzed praopsrbf granules prepared by a FBMG
process. The different powder compositions and ge®cconditions will determine the
structure, growth and properties of the granulas. &pproach describes the evaluation of the
characteristic thermal responses of granules thrdbg quantification of the mass loss of
granules and their enthalpies at every physicoatenthange and through a qualitative
determination of the composition of the evolved egagrelative amount and shifts in
characteristic peaks). This investigation suggestglation with the agglomeration growth
and demonstrates the use of thermal analysis ilgrdeg the optimal conditions for the
desired quality attributes of products.

2. Materials and methods
2.1. Materials

Alpha-lactose monohydrate (Ph. Eur.) was usedraedel filler with a mean particle size of
100.16 um. Two low melting point polymers: polyddéme glycol 2000; (PEG 2000) and
polyethylene glycol 6000; (PEG 6000), (Fluka, Seitand) were used as meltable binders.
The PEG flakes were finely ground using the planyaball mill PM 100 (Retsch, Dusseldorf,
Germany) at 150 rpm for 30 min and then sieved gusatboratory test sieves (Retsch |,
Germany) into different size fractions (63-125, 2288, 250-500, 500-710, 710-900, 900-
1120 pm).

2.2. Fluid bed melt granulation process

PEG and lactose monohydrate were granulated inrea-3t (Niro Aeromatic, Bubendorf,

Switzerland) fluid bed chamber. A batch size of 20@as used. The materials were mixed
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for 5 min in a Turbula mixer (Willy A. Bachofen Masienenfabrik, Basel, Switzerland) to
homogenize the physical mixture since there areemough shear forces in the fluid bed
granulator. Then they were inserted and fluidizethe preheated chamber for a period of 10
min and at constant air velocity of 2.5 th.§he experiments are summarized in Table 1. The
varied factors were the viscosity since PEG 2000 RBEG 6000 have different molecular
masses and chain lengths, the meltable binder morgeging from 5% to 20% with a step of
5% W/W and the binder particle size in 5 differsizte fractions. The size fractions 125-250,
250-500, 500-710, 710-900, 900-1120 um were usgdrdeng PEG 2000 and the size
fractions 63-125, 125-250, 250-500, 500-710, 710-8&garding PEG 6000. The inlet air
temperatures were 90 and 100°C for PEG 2000 and,6@3pectively. The outlet air
temperatures were 60°C and 70°C for PEG 2000 an@,6@spectively, since the melting
point of PEG 2000 and 6000 are 53°C and 63°C, otisipdy.

2.3. Differential scanning calorimetry

Differential scanning calorimetry (DSC) measurersewere performed with a DSC 8§21
(Mettler-Toledo GmbH, Switzerland) instrument orwranaterials and the corresponding
granules after melt granulation. The samples weegdd steadily from 25 to 500°C in a non-
hermetically sealed 40 pl aluminum pan. The heatittg was 10°C.mih The mass of the
samples was 8+1 mg, the measurements were perfamadArgon atmosphere at a rate of
100 ml.min* Three parallel examinations were done for all dempThe curves were

evaluated with STARe Software.
2.4. Thermogravimetric analysis—mass spectrometry

The thermal gravimetric analysis (TGA) of the sa@splivas carried out with a Mettler-Toledo
TGA/DSC1 instrument (Mettler-Toledo GmbH, Switzexdd in a flowing nitrogen
atmosphere (70 chmin%). Approximately 16 mg of each sample in aluminipams (10Qul)

underwent thermal analysis, with a heating rate3K- min*, from 25 to 500°C.

The examination of the granules was supplementddgeis analysis. The TG instrument was
coupled to a Thermo Star (Pfeiffer) quadruple nsgestrometer (maximum 300 amu) for gas
analysis. The measurements were carried out ing@tr atmosphere. lons with various mass
numbers were determined with the SEM MID measurémmaule of the Quadera software.

Continuous recordings of sample temperature, samples, and heat flow were performed.



The obtained results were exported and then plaottezhe coordinate system with the TG

curves using the Mettler Toledo Staoftware.

3. Results and discussion
3.1. Differential scanning calorimetry

The DSC curves of the raw materials are presemédgure 1.From the heat flow curve of

a-lactose monohydrate three endothermic peaks caserved. The first endothermic peak
corresponds to crystal water evaporation around@4Zhe second peak corresponds to the
melting of lactose and has an onset at 217°C apda& temperature at 222°C, as seen in
Table 2. The third peak is a small endothermic peederved at 245°C, which corresponds to
a mass loss step. A small exothermic peak is gisaeén from the DSC curve at 310°C. This
peak is the sum of the exothermic degradation hadrtass loss endotherm, which occurs in

the same temperature region éoilactose monohydrate [5].

The DSC curve of PEG 2000 exhibited a melting peta52°C with an onset at 48°C. On the
other hand, PEG 6000 has a melting peak at 63°Camnitonset at 57°C due to the difference
in the molecular mass of the polymers. From thd fie& curves of raw materials, no glass
transition temperatur@y can be identified. This can be explained by the faat PEG is a

crystalline polymer. When the melting point of gstalline material is reached, the solid state
transfers abruptly from the solid to the moltentestand makes the PEG binder melt.
Therefore, the influence of temperature elevation tbe properties of the granules is

negligible [4].

In Figure 2, the DSC curves of the granule samptepared with PEG 2000 and 6000 are
presented for different binder contents and a fikedler particle size. We noticed from the
heat flow curves that the melting point of PEG §08fpearing in all samples, has shifted
about 5°C lower than observed in its pure form. Alenrange of papers describe that
polymeric chains exhibit a different organizatiardgroperties (i.e. thermal transition, chain
conformation) in the presence of a solid surfaae filler, plasticizer) compared to polymeric
chains in the bulk [4]; this is caused by the fillolecules that will get in between the
polymer chains, space them out of each other andehmcrease the free volume. Molecules
can then slide past each other more easily, raguiti a decrease of the melting point. In

addition, this mobility becomes more expressed higaer filler concentration. Indeed, the



heat flow enthalpy of the melting of PEGs depenad®ioder concentration as can be seen for
S15 and S13, where the filler content increased thadmelting temperature of the binder
decreased, respectively.

On the other hand, the loss of crystal water feolactose monohydrate did not appear in the
same thermal range as in the raw material (Tablat8)buted to the free volume experienced
when in contact with the polymer, lowering the taysraporization temperature. Also, the
normalized integration of the signal intensity destoates a decrease when using a higher

binder content [8].

However, the most predominant observation was tlesemce of an endothermic peak
between the melting af-lactose monohydrate and its decomposition (FigTBe peak had
an onset at 225°C and 227°C for PEG 2000 and G@8fectively, and a peak temperature at
229°C and 227°C for PEG 2000 and 6000, respectiMalile 2). This peak is present only in
granulated samples, which suggests that it is altre$ the melt granulation process. This
reveals important information on granule formatinamely that low viscosity polymer (PEG
2000) in a low content generated this small endathpeak, while with the increase of

content the intensity of the peak increased proguatly.

According to thehypothesis oMasi et al [12],after the dehydration of lactose monohydrate
and the melting of anhydrouslactose, recrystallization infé-lactose occurred, followed by
the melting of anhydroug-lactose (which corresponds to the above-menti@ratbtherm
melting peak).So first it is needed to know that beta lactosa Isw hygroscopic material
with high storage stability and appropriate for evasensitive drugs formulations, which is
one of the key points of FBMG [32Figure 3 shows the evolution of tigdactose melting
peak with different binder particle sizes. The ¢y of the peak is proportional to the
increase of binder content, showing that the preseh PEG influences the conversionoef
lactose monohydrate into anhydrdisactose.lndeed, when using a low viscosity and a low
binder content and size, the mechanism taking piacie distribution mechanism. The
lactose is exposed to the hot fluidizing air angl ttansformation t@-lactose starts showing.
However, the increasing binder particle size and@atgenerate a higher wetting surface for
more growth by coalescence. This increase is ptignal tothe intensity of the peak due to
the high heat transfer occurring during the phdsange of PEG 200@n the other hand, the
binder particle size had an inversely proportiafédct on this endotherm peak (Fig. 3). It can

be seen that for granules with a high viscositymar 6000 and a high particle size of binder,



the peak height for the melting of lactose is reddy close to the pure filler. Also, the
enthalpy of melting-lactose is less pronounced.

It is clear that the height of thelactose melting peak is inversely proportionaiite melting
peak off-lactose, which can be explained by the granulagianvth during the process. Since
in this system the immersion mechanism dominakesparticles of lactose will be immersed
inside the PEG particle, which will have a res&ttimobility; this will cause the filler to stick
to the surface of the polymer and get immersedelding it from the fluidizing air
temperature and hence from dehydration and willltaa the low p-lactose melting peak
intensity. This indicates the possibility to deterenthe relative structure of the granules and
their mechanism of formation. It helps validate tiesults obtained, suggesting the binder

particle size as the parameter with the greatéisieimce on the growth mechanism.

3.1. Thermogravimetric analysis

The burning characteristics of the samples obtafneeh thermogravimetric analysis (TG-
DTG) may be used to effectively compare the decaitipo characteristics of the raw
materials and their blends in granules. The TG ewfw-lactose monohydrate shows three
distinctive stages. The first mass loss of 4.52%hbiserved between 136 and 160 °C (Table
3).

This mass loss is attributed to the eliminatiorcigistal water as it clearly illustrates that the
heating resulted in the loss of 1 mole of boundewand is in agreement with the theoretical
value of 1 mole of water in lactose monohydrate X($32]. However, researchers reported
that the first and major mass loss of water occumetween 40 and 130 °C and was
presumably the loss of surface water [1, 22, 3Bk $econd mass loss occurred between 222
and 265°C and peaked at 153°C, accompanied by a hoss of 14.55% caused by the
thermal decomposition of lactose monohydrate. phixess is called pyrolysis. The primary
reaction products of pyrolysis tend to polymerizesulting in brown and black colored
macromolecules. Eventually, lactose becomes blatkheating. Another mass loss is
observed between 290 and 330°C with a mass 10585.68%. This step can be interpreted as
being due to the addition of the mass loss of deowmition of water and carbon dioxide.
Regarding the TG profile of PEG 2000 and 6000, amlg mass loss was observed between
388 and 438 and peaked at 415°C with a mass |0€8.60%, and it corresponds to the
decomposition of the materials. The TG and DTG esref the raw materials are shown in
Fig. 4.



Table 4 shows the temperature ranges, peak tempesatmass loss and the normalized
integral of granule samples. The main charactesistf the samples derived from TG-DTG
curves such as reaction regions and correspondass hoss values were used to define the
thermal behavior and combustion characteristiagahules. In these regions, one of the most
important thermal reactions is the elimination aite&r molecules through dehydroxylation.
The dehydroxylation temperature can be influengethb amount of impurities present in the
material and the degree of disorder in the graniRegarding the latter, the amount of lactose
is higher than the PEG and the temperatures ofdiekylation were found to be in relation
with the crystallinity of lactose for a lower crgiinity index when increasing the PEG
content. Hence the operating parameters duringrBMG will determine the final attributes
of the granules, giving an insight into the dessgace that must be assured for the desirable

final product.

It can be seen that mass loss in granules comimiinstages. The first mass loss occurred
between 80 and 140°C. This thermal range incluges stages of mass loss. The first
dehydration between 80 and 100°C is attributed h® ¢limination of water molecules

adsorbedn the external surfaces of the lactose partickewell as a second stage between
100 and 140°C, corresponding to the loss of crys&dér. This theory is based on the known
stages of mass loss of lactose monohydrate asawétle presence of the polymer that shifted
the mass loss of the granules by 2 to 5°C, whidaised by the increase in the free volume

in the granules.

The differences in the thermal range of the firgsmloss in granules were due to the

granules’ structure and composition. The evolutibthe second stage is illustrated in Fig. 5.

It describes the evolution of the water contenthef granules during the granulation process.
The intensity of the mass loss varies with the éirmbntent and with the binder particle size.
This variation is linked to the formation of graesl When using a low binder patrticle size,
the growth mechanism taking place is the distrdnytthe binder in a molten state will spread
on the surface of the lactose enabling the formatib nuclei and hence the formation of
granules. This growth mechanism gives definitellattes to the structure of granules [12].
The porosity and friability of the granules arergased, making the lactose particles subject
to hot fluidizing air and hence to dehydration. Tdmount of water content in the granules
will be described as water release. Indeed, thasavsmall reduction in mass between 80°C
and 131°C for S03 and S13 indicating that the raateniala-lactose monohydrate contained



more surface water than the granule, which leadh@oconclusion of the granule growth
being in relation with the composition of the grkes) determined by the conditions
established during the granulation process. Theease in the binder content slightly affected
the water content of the granules. Fig. 5 showstti@mass loss slightly increased with the
increase in binder content, which can be intergrete a prevention of mass reduction as it
helped shield the lactose particle from the hoidihing air. As for the viscosity grade, its
influence could be seen when in high grade, atencase of PEG 6000. Table 4 shows the
variation of the four stages of mass loss for BREEG 2000 and 6000 viscosity gradients. The
use of a low viscosity grade binder combined witlow binder content and particle size
showed a poor mass loss in the first stage, wisiettributed to a specific growth mechanism.
The distribution of the melted binder over the daet particles will result in adhesion and
formation of nuclei. The latter will agglomerateehough binding surface is available and
will form granules. Their final structure gives tlater defined quality attributes. The lactose
particles will be submitted to high temperatureimigirgranulation and with the distribution
mechanism only a small part of the granules wiltbeered with the binder PEG 2000.

This result could be quantified with TG. A massslas the lactose crystal water was
identified. This mass loss was very low comparedhwhe raw material due to the
dehydration of crystal water during the heatinggehaf the melt granulation. The mass loss
was proportional to the increasing binder cont&hie increased binding surface resulted in
lactose being covered and a low dehydration proCEable 4). However, the increase in
binder viscosity led to a mass loss which was fiyghigher but not significant enough for a
change in the granulation mechanism. Indeed, theosity plays only a secondary role in the
growth of the granules. It is the binder partidleeghat has the primary effect and the results
showed that the increase in binder content evdovatbinder content and viscosity grade
resulted in a significant mass loss in the firagst of the decomposition of the granules (Fig.
5).

The curves also revealed a shift in the meltinghpof the granules (Table 4). Indeed, the
presence of the polymer helped increase the fréemeoand this explains the temperature
drop in the first mass loss stage and water willghen out around 80°C. The higher the
amount of the polymer, the lower the temperaturetath water is given out. The same can
be said when increasing the binder content. The Yaume is at its highest value and the

shift in temperature is more predominant.

3.2. Mass spectrometry
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In order to clarify the decomposition mechanisnit@ granules, the mass loss during each
decomposition process should be characterized dydémtified evolution components. The
interpretation of the mass spectra occurs on tkes lod degassing profiles from the molecule
ions of water (HO™: m/z = 16, 17, 18) and ethylene glycol (&HH": m/z=31, 32) as well as
hydrocarbons as CH(m/z = 16) and gH;" (m/z= 28); carbon oxides as CQ@n/z=28) and
CO," (m/z= 44); and other molecules ions summarizebainle 5.

The evolution of gas species has been followedtinks the coupled TG-MS system. The
evolution curves of ion-fragments of various gassgsased are shown as ion current versus
time curves. The characterization of water reldagemeans of MS is possible with the
molecule ion HO" (m/z = 18) together with the fragment ion Of/z = 17) and O(m/z =
16). Peaks at 125, 250 and 315°C are found indhecurrent curve for 0" (mz = 18);
corresponding peaks are also found in the ion ntimerves for OA (m/z = 17) and O(m/z

= 16). It can be safely concluded that water is giwat at about 125, 250 and 315°C from the
samples, which is consistent with the mass lossergbd from the TG curves. The
dehydration takes place in the minor step at aroLB8°C, which is attributed to the

dehydration of lactose monohydrate.

The ion fragment m/z = 16 (Qoriginates mainly from the evolution of both®and Q.
Some change in intensities of the m/z = 44 fragserats observed, probably as an oxidation
effect caused by the intense oxygen evolution. ddly;, this fragment ion indicates the
evolution of CQ". The ion current curves for the evolved gases dloown/z = 44 an increase
in concentration at around 250°C, which is attiouto the decomposition of a material. A
further increase in the concentration of £Caxcurs at 415°C, which is assigned to the

decomposition of polyethylene glycol (Table 5).

An important increase in the concentration of ptilykene glycol is recorded for m/z=31 and
m/z=33 due to the presence of the binder in theues. The intensity of the peaks is
proportional to the amount of PEG present in theamasition of the granules, proving the
relative correlation between the quantity of PE@ #me evolved gases. The comparison of
the granules has shown that their thermal decormiposs determined by different factors,
such as their structure and composition, and thee@se in concentration in the MS curves

corresponds precisely to the mass loss in the T&su

4. Conclusion
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The thermal decomposition of granules made thrdagsitu fluid bed melt granulation has
been examined using DSC and TG-MS, which provebetoery useful techniques for the
determination of the thermal decomposition andcstme of these pharmaceutical drug
delivery products. DSC showed that the binder garsize was responsible for the transition
from the distribution to the immersion mechanisnmisTtransition was identified by the
conversion fromo-lactose intof-lactose monohydrate caused by the dehydratiomctibse
during the FHMG process.

TG-MS have detected and monitored thermally evolgd” (m/z = 18), CQ (m/z = 44)
and polyethylene glycol (m/z = 31, 33). The tempem of the dehydroxylation of the
granules is influenced by the free volume dependimthe content and the particle size of the
polymer. The increase in concentration in the M&esi corresponds precisely to the mass
loss in the TG curves. Regarding the growth medmanihe distribution mechanism occurred
when using a low binder particle size and viscoditye lactose particles will lose a fraction
of the adsorbed water during the heating phaseasfuiation. However, when using a high
binder particle size, the lactose particles willttapped and immersed in the PEG particles,

causing the adsorbed water to be trapped insidgrimailes.

This theory was proven as a larger reduction inewatass loss indicates the immersion
mechanism. The morphology and the structure ofjthaules were observed to be in relation
with their mass loss profiles and helped identifye tgrowth mechanisms through the
guantitative evaluation of the TG data and the itatale determination of the evolved gases.
This makes thermal analysis a promising technigugrfanulation growth control by giving a

gualitative and quantitative insight into FBMG.
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Table 1: Factors and process parameters of the granulatjperienents.

Model filler ~PEG grade PEG content PEG size Inlet temperature Outlet temperature

1% /um /°C /°C
5 125 - 250
10 250 - 500
2000 15 500 - 710 90 60
0 710 -900
Lactose 900 - 1120
monohydrate 5 65 —-125
10 125 - 250
6000 15 250 - 500 100 70
20 500 - 710

710 — 900




Table 2: Melting peaks and heat flow data of granules prbavith PEG 2000 and 6000
samples (MR: Melting Range, MP: Melting Peak, PidalHeight, 1 E.: First enthalpy of

lactose).
PEG PEG PEG MR MP PH ofa- PH of B-
Sample PEG 1°E. /g

Grade /% /um /°C e lactose /J§  lactose /Jg
S01 2000 5 125-250 49,5 - 53.7 51.85 -96.57 3.77 04 1.
S02 2000 5 500-710 48.5 - 53.7 52.44 -74.02 2.48 35 1.
S03 2000 10 125-250 50.0-56.1 53.06 -72.23 1.63 A3 2
S04 2000 10 250-500 52.3-55.2 51.77 -99.61 1.10 .80 0
S05 2000 10 500-710 52.1 - 55.9 52.08 -100.36 1.98 1.65
S06 2000 10 710-900 48.7 — 56.1 52.07 -108.11 1.67 2.28
S07 2000 15 125-250 48.5 -53.6 51.44 -73.93 2.48 351
S08 2000 15 710-900 48.5 -55.9 51.99 -95.96 1.33 .16 2
S09 2000 15 900-1120 48.6-55.8 52.29 -97.94 1.25 2.29
S10 6000 5 65-125 56.4 - 61.7 58.85 -122.06 3.06 76 0.
S11 6000 5 710-900 63.1-67.1 63.14 -101.25 1.22 221
S12 6000 10 65-125 60.3-62.5 60.08 -102.46 2.43 351
S13 6000 10 125-250 56.0-62.4 60.08 -83.80 2.38 0.99
S14 6000 10 250-500 61.1 - 64.5 60.22 -72.72 3.91 325
S15 6000 20 125-250 63.5-68.3 63.53 -104.54 1.11 1.16

S16 6000 20 710-900 57.9-67.0 63.86 -75.91 1.32 101




Table 3: decomposition behavior of raw materials (lactosmaoinydrate, PEG 2000, PEG

6000).
TG-DTG data Lactose monohydrate PEG 2000 PEG 6000
Thermal range /°C 132 - 155 388-439 389 -438
e Mass loss /% 3.99 103.29 101.03
irst
Normalized integral /s& -0.21 - -5.58
phase
Peak /°C 143.02 53.80 63.24
Peak height /°C 2.35e-03 31.52e-03 29.33e-03
Thermal range /°C 228 - 262 - -
Mass loss /% 14.55 - -
Second ) _
Normalized integral /s& -0.18 - -
phase
Peak /°C 241.17 - -
Peak height /°C 1.94e-03 - .
Thermal range /°C 287 - 328 - -
Mass loss /% 55.68 - -
Third _ _
Normalized integral /s& -2.44 - -
phase
Peak /°C 302.91
Peak height /°C 15.75e-03 - -




Table 4: Decomposition behavior of granules prepharigh PEG 2000 and PEG 6000 with different binclemtents and binder particle sizes

(Thermal range: TR, Mass loss: ML, Normalized imaégN]I).

Sample

First decomposition phase

Second decompositionephas

Third decomposition phase

Fourth decompositi@seh

TR

NI

TR

TR

NI

TR NI

ML /% Pf.\ak ML P:eak ML/% Pf.\ak ML /% P:eak
I°C )sct I°C I°C isct I°C I°C jsct I°C I°C )sct I°C
S01 89-130 275 -0.19 11458 225-265 8.06 -0.243.45 284-332 39.11 -1.59 312.74 366-422 9.90.21 398.80
S03 95-132 343 -0.19 11654 229-266 9.57 -0.2%4.67 285-330 33.92 -1.21 310.63 376-426 &1.00.55 407.98
S04 95-132 289 -0.20 11654 229-266 8.30 -0.34.67 285-330 3110 -1.20 310.63 376-429 615.10.59 407.98
S05 98 - 134 3.04 -0.20 11894 229-264 8.69 -0.235.02 285-331 31.72 -1.26 311.72 377-428 116.40.66 408.53
S06 96-134 361 -0.20 119.46 231-265 14.37 7-0.246.21 285-330 30.61 -1.19 311.00 377 —428 0425.-0.82 408.02
S07 87-129 2.05 -0.14 11205 230-265 7.91  -0.2745.08 283-333 31.85 -1.27 312.65 378-429 615.10.83 409.09
S08 97 — 133 3.05 -0.17 118 232 -266  3.98 -0.265.824 307 -328 26.59 -1.11  307.98 378-429 23.40.86- 408.28
S09 97 — 133 3.15 -0.18 118 232-264 6.08 -0.275.9%4 283-328 27.21 -1.12  308.60 379-430 24.79.91- 409.70
S10 99 - 136 3.36 -0.18 12143 229-265 12.67 1-0.244.04 286-331 36.35 -1.30 311.74 381-430 723.-0.77 409.00
S11 98-136 3.43 -0.19 121.07 228-261 10.83 3-0.242.54 283-331 3426 -1.42 311.20 379-428 984.-0.51 407.55
S12 96-136 3.43 -0.19 120.30 229-265 9.96 -0.243.73 284-330 35.70 -1.45 310.88 380-428 716.00.64 408.11
S14 100-137 3.67 -0.21 121.76 226-266 10.51 25-0.244.89 284-333 27.80 -1.02 31258 382-430.7726 -1.28 407.68
S15 97 — 135 3.48 -0.18 120.15 226-264 5.95 -0.2213.68 285-333 32.01 -1.35 313.11 388-424 616.70.30 406.76
S16 101-138 2.97 -0.16 123.88 225-265 5.04 8-0.242.69 286-331 26.57 -1.10 312.06 385-430 6125.-1.06 409.77




Table 5: Characteristics of evolved gases and thspective thermal range and peak intensity fangjes prepared with different binder
viscosity grades, contents and particle sizes k(iegansity: Pl, Thermal Range: TR);, T, Tsare peaks of temperatures of the first, second and
third gas evolution, respectively.

Massev/'z

17

18 22 25 26 27 31 33 39 43 44 45

TR/°C

PI/A

T,/°C

PI/A

T,/°C

PI/A

T4/°C

T.R./°C

PI1/A

T,°C

PI1/A

T,/°C

PI1/A

T4/°C

TR /°C

PI1/A

T./°C

PI/A

T,/°C
PI /A
T4/°C

TR/°C
PI/A
T./°C
PI/A
T,/°C
PI/A
T3/°C

124
2.35E-08
250
2.62E-08
314
95 - 365
1.74E-08
125
1.82E-08
246
2.10E-08
310
99 - 335
1.15E-08
120
1.32E-08
250
1.57E-08
312
92 - 380
1.31E-08
121
1.37E-08
248
1.43E-08
313

279-430 283-428 234-353 97-347 2308 378-435 377-439 294-444 296-461 388/ 234-438 233-432 237-334 273-448
4.19E-10 3.45E-09 2.39E-08 9.38E-08 7.00E-13.26E-10 1.73E-09 1.89E-08 6.23E-11 9.45E-12 315E-1.86E-10 1.00E-09 7.17E-11

125 314 403 408 326 312 403 260 315 258 312
9.32E-08 3.81E-11 - 1.94E-08 4.02E-10 - 1.20E-10 4.51E-10 4.94E-QR14E-10
251 380 - - 411 406 - 310 407 312 064
1.04E-07 - - - - - - 1210 - - -
314 - - - - - - 409 - - -
93-353 2385 359-449 376-451 290-475 293-463 3823 208-440 284-475 235-337 276-451
6.88E-08 5.82E-1A57E-10 1.41E-09 1.61E-08 5.39E-11 7.79E-12 9.1BE-1.36E-10 1.46E-09 7.01E-11
125 317 416 409 322 312 401 313 314 263 314
7.19E-08 3.53E-11 - 1.64E-08 2.29E-10 - 8.32E-11 2.91E-10 4.76E-0B25E-10
244 357 - - 393 411 - 403 407 311 034
8.34E-08 - - - - - - - - - -
313 - - - - - - - - - -
99-353 2835 377-437 374-444 299-469 195-454 37804287 -442 255-424 265-336 285 -338
4.45E-08 4.17E-1A28E-10 1.26E-09 1.46E-08 2.74E-11 6.49E-12 88BE-1.22E-10 1.48E-09 6.03E-11
117 292 410 413 336 249 406 311 313 266 312
5.22E-08 5.53E-11 - 1.51E-08 3.69E-11 - 8.79E-11 3.12E-10 4.23E-0B51E-10
249 313 - - 413 311 - 404 408 311 054
6.24E-08 - - - - 2.66E-10 - - - -
312 - - - - 405 - - - - -
100 - 367 2809 368-445 302-444 266-435 222-453 3827- 213-430 271-424 228-348
5.06E-08 3.45E-1164E-10 1.17E-09 1.53E-08 2.55E-11 7.52E-12 1.BBE-7.98E-11 5.55E-10 3.48E-11
118 314 409 318 356 246 405 258 314 257 316
5.33E-08 2.10E-11 - 1.41E-09 1.58E-08 3.10E-11 - 5.09E-11 3.60E-10 92:09 2.03E-10
248 368 - 406 410 314 - 314 404 316 406
5.59E-08 - - - - 3.61E-10 8.94E-11 - - -
313 - - - - 405 - 405 - - -
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