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Abstract Temperature-programmed desorption mass

spectrometry has been used to study vacuum thermolysis of

high-density polyethylene (HDPE) and its composites with

hydrophilic or hydrophobic nanosilica in the presence or

absence of butylated hydroxytoluene (BHT). It has been

found that both surface chemistry of silica filler and the

presence of immobilized BHT affect the pathway of HDPE

thermal decomposition. Volatility of BHT antioxidant was

shown to decrease in the following sequence: free

BHT[HDPE–BHT[HDPE–hydrophobic silica/BHT[
HDPE–hydrophilic silica/BHT, and the capability of the

additives to inhibit chain scission reaction during thermal

decomposition of HDPE in vacuum was as follows: hy-

drophobic silica/BHT[BHT[ hydrophobic silica[ hy-

drophilic silica/BHT[ hydrophilic silica & no additives.

Keywords Antioxidant � Mass spectrometry �
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Introduction

High-density polyethylene (HDPE) is widely used as a

material for food packaging [1] and for pipes in water

supply systems [2]. In order to prevent or suppress possible

oxidation of HDPE in air and therefore to improve its

durability, antioxidants are introduced into polymer.

The commonly used antioxidant is 2,6-di-tert-butyl-4-

methylphenol known as butylated hydroxytoluene (BHT)

[3]. However, being highly mobile, such kind of low-

molecular antioxidants is easily released from the polymer

matrix due to migration, evaporation, and extraction [4, 5].

Physical loss of the antioxidants is the main challenge with

respect to environmental protection, safety measures, and

durability of polymeric materials.

There are several ways in which efforts were made to

solve the above-mentioned problem. The first one is directed

to prevent physical loss of the active substance by the syn-

thesis of polymeric antioxidants—for instance, via copoly-

merization or homopolymerization of monomer antioxidants

[6], including those having 2,6-di-tert-butylphenol func-

tional groups [7]. The second way is polymer filling with

inorganic nanoparticles—alone or with immobilized an-

tioxidants. This approach allows one to regulate the mobility

of the antioxidant by varying the filler surface chemistry.

Besides, filling the polymer with just inorganic nanoparticles

may improve its physicochemical, in particular, mechanical

and thermal characteristics. This effect was achieved using,

for instance, silica nanoparticles [8, 9].

Previously, we have shown [10] that filling with hy-

drophilic or hydrophobic silica (1 mass %) as well as in-

troduction of BHT antioxidant (0.1 mass %) into

polyethylene increases its thermo-oxidative stability, but it

turned out that BHT immobilized on silica surface is inac-

tive, and only upon its gradual release into polymer matrix,

an increase in HDPE thermal stability against oxidation takes

place. The aim of the present work was to investigate how the

presence of silica nanofiller and its surface chemistry will

affect the mobility of the antioxidant in the polymer matrix

and vacuum thermal decomposition of the latter.
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Experimental

Fumed silica with a specific surface area of 200 m2 g-1

(Kalush, Ukraine) was used as the hydrophilic nanofiller

(A200). Hydrophobic nanofiller (AMT) was obtained via gas-

phase treatment of A200 silica surface with trimethylchlorosi-

lane (Kremnypolymer, Ukraine) in an autoclave at 300 �C (the

reaction scheme is : Si–OH ? ClSi(CH3)3 ? :Si–O–

Si(CH3)3 ? HCl). Complete trimethylsilylation of silica sur-

face was confirmed by means of IR spectroscopy. BHT (Fluka)

was immobilized onto the surface of hydrophilic or hy-

drophobic silica via the impregnation technique. In brief, BHT

was dissolved in ethanol solution, and the appropriate amount

of silica powder was added into the mixture. After mixing for

0.5 h, the samples were dried at 60 �C to remove the solvent.

Then, silica particles were embedded into HDPE matrix (TVK,

Hungary) by means of forge-rolling at 160 �C. The final

HDPE–silica and HDPE–silica/BHT nanocomposites con-

tained 1 mass % of the filler and 0.1 mass % of the

antioxidant.

The samples obtained were studied by means of tem-

perature-programmed desorption mass spectrometry (MX

7304A mass spectrometer, Selmi, Ukraine) in an interval of

temperatures 20–800 �C at heating rate of 10 �C min-1, m/z

range 1–190 Da. Analysis of volatile products formed during

the heating of samples under vacuum was performed

according to the following procedure [11]. The samples

(*1 mg each) were placed in a quartz–molybdenum tube

and evacuated until the pressure reached *10-1 Pa. Then,

the tube was attached to the inlet system of a mass spec-

trometer, and the linear heating was applied. For the char-

acteristic components of the mass spectra for the main

volatile products of the samples’ thermolysis, the appropri-

ate curves were drawn. In order to derive kinetic parameters

of HDPE thermal decomposition, mathematical treatment of

some curves was performed. The models of non-isothermal

kinetics used and the principles of mass spectrometric curves

treatment applied were described in detail elsewhere [11].

Results and discussion

Mass spectra (electron ionization) of volatile products of

HDPE thermolysis at various temperatures are shown in

Fig. 1. The most abundant ions observed are m/z 18

(H2O?), 28 (N2
?, CO?, and/or C2H4

?), 29 (C2H5
? and/or

CHO?), 41–44 (C3 hydrocarbon fragments), 44 (CO2
?), and

55–58 (C4 hydrocarbon fragments).

The curves for some characteristic ions are given in

Fig. 2a, b. The process of HDPE thermolysis can be tenta-

tively divided into three phases. The first phase

(T * 50–230 �C) is characterized by elimination of
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Fig. 1 Mass spectra of volatile products of HDPE thermolysis at 37 �C, 447 �C, 635 �C, and 780 �C (a–d, respectively)
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physical water (Tmax at about 95 �C, Fig. 2b, m/z 18). The

second phase (T * 230–550 �C) indicates the start and the

main stage of HDPE degradation with elimination of water

(m/z 18, Tmax *415 �C), volatile hydrocarbons (fragment

ions withm/z 28, 29, 41, and 44) as well as probably oxygen-

containing hydrocarbons (m/z 29) and carbon dioxide

(m/z 44) (Tmax * 440 �C). The third phase (T[ 550 �C)

proceeds with damping elimination of unsaturated volatile

hydrocarbons (m/z 41), rising elimination of saturated

hydrocarbons (m/z 28, 29, 44), volatile oxygen-containing

hydrocarbons (m/z 29), and/or carbon monoxide (m/z 28), as

well as with water evolving (m/z 18, Tmax *690 �C).

In order to derive the kinetic parameters and to distin-

guish individual stages of HDPE thermal decomposition,

we performed mathematical processing of the curve for

characteristic ion with m/z 41 attributed to formation of

volatile hydrocarbons. The best fit was obtained using the

first-order non-isothermal kinetic model, which suggests

seven individual stages of HDPE degradation at

200–730 �C to produce volatile hydrocarbons (Fig. 2c).

The curve for ion with m/z 18 (water formation) was also

treated. The results are shown in Table 1 (sample 1).

For the interpretation of the results obtained, let us

consider the basic scheme of HDPE thermal decomposition

(reactions 1–19).

Initiation of chain thermal degradation

(a) intermolecular pseudo-monomolecular decomposi-

tion of hydroperoxides

ROOH + RH ! RO� þ R� þ H2O " ð1Þ
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Fig. 2 Curves of the main volatile products of HDPE thermolysis: a ions with m/z 28, 29, and 41; b ions with m/z 18, 41, and 44; c split of the

curve for m/z 41 ion (points experiment, thick line the sum of the model (thin) lines)
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(b) intramolecular pseudo-monomolecular decomposi-

tion of hydroperoxides

(c) bimolecular decomposition of hydroperoxides

2ROOH ! ROO� þ RO� þ H2O " ð3Þ

(d) monomolecular decomposition of hydroperoxides

ROOH ! RO� þ� OH ð4Þ

(e) C–C bond cleavage

Peroxy radical depletion

ROO� þ RH�!�R�
ROOH ! fRO� þ� OHg

�!2RH
ROH þ 2R� + H2O "

ð6Þ

ROO� þ R� ! ROOR

! fRO� þ� ORg�!2RH
2ROH þ 2R� ð7Þ

Alkoxy radical depletion

RO� þ RH ! ROH + R� ð9Þ
RO� þ R� ! ROH ð10Þ

Hydroxy radical depletion

�OH þ RH ! R� þ H2O " ð12Þ
�OH þ R� ! ROH ð13Þ
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Chain scission

Chain transfer

(a) intermolecular

(b) intramolecular

Chain branching

Chain cross-linking

CH3CHCH2CH2 CH2 CH2 CH CH3+
. . ð14Þ

CH2 CH CH3 + CH2 CH3 + CH2CH2
. .

CH3 CH2 CH2

ð15Þ

CH2CHCH2CH2 +CH2 CHCH2 CH2
. . ð16Þ

CH2 CH2CHCH2

.
+

CH2

.
CH2CHCH2 ð17Þ

CH2CHCH2

+
CH2 CH CH2.

CH

CH2 CH2CHCH2

CH2 CH CH2

.
CH

CH2

ð18Þ
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Chain termination

+ CH2 CH2CH2 CH2

CH2CH2CH2CH2

recombination

+ CH2CH CH2 CH3

disproportionation

. .
ð19Þ

Table 1 Non-isothermal kinetic parameters of the main volatile product formation during the sample vacuum thermolysis

No Sample m/z (compound) Peak no Tmax/�C n Ea/kJ mol-1 k 9 10-13 w/%

1 HDPE 41 (alkanes, alkenes) 1 269 1 158 1.13 1.2

2 327 1 176 1.24 1.6

3 453 1 215 1.51 66.5

4 510 1 233 1.63 11.8

5 564 1 250 1.74 6.5

6 624 1 269 1.87 5

7 691 1 290 2.01 7.4

18 (H2O) 1 95 2 105 0.77 9

2 411 1 202 1.42 38

3 681 2 287 1.99 53

2 HDPE–A200 41 (alkanes, alkenes) 1 279 1 161 1.15 1.1

2 334 1 178 1.26 1.3

3 462 1 218 1.53 68.6

4 523 1 237 1.66 8.9

5 580 1 255 1.78 4.5

6 650 1 277 1.92 5.6

7 706 1 295 2.04 10

18 (H2O) 1 102 2 107 0.78 29

2 356 2 185 1.31 17

3 678 2 286 1.98 54

3 HDPE–AMT 41 (alkanes, alkenes) 1 272 1 159 1.13 0.9

2 334 1 178 1.26 1.1

3 452 1 215 1.51 50.8

4 520 1 236 1.65 9.1

5 574 1 253 1.76 11.8

6 624 1 269 1.87 14.3

7 684 1 288 1.99 12

18 (H2O) 1 121 2 113 0.82 11.2

2 366 2 188 1.33 7.8

3 703 2 294 2.03 81

4 HDPE–BHT 41 (alkanes, alkenes) 1 262 1 156 1.11 0.7

2 327 1 176 1.25 0.7

3 440 1 211 1.48 26

4 516 1 235 1.64 8.9

5 574 1 253 1.76 13.9

6 631 1 271 1.88 15.9
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Under oxygen-free atmosphere, polyethylene is stable at

temperature up to 290 �C [12]. In our case, the formation

of volatile hydrocarbons as a result of polyethylene thermal

degradation was started at 233 �C. This is probably be-

cause of relatively high concentration of weak link sites,

present in polymer, which are responsible for the initiation

of the degradation process. Those sites are mainly perox-

ides, carbonyls, chain branches, and unsaturated structures

[13]. Peroxide groups are the most probable weak links

which are formed during polyethylene preparation, storage,

and processing [14]. Our results confirm the presence of

hydroperoxides in relatively high concentration because

quite high amount of H2O was formed during the initial

and main stage of HDPE thermolysis (230–500 �C).

Probably, carboxylic groups are also present in some

amount and could yield carbon dioxide during degradation.

The mechanism of hydroperoxide decomposition to

yield water is schematically shown with the reactions 1–3.

Activation energy of hydroperoxide decomposition in the

polyethylene melt was found to be 109 kJ mol-1 [15]. For

the intramolecular pseudo-monomolecular degradation of

peroxides (reaction 2), activation energy is somewhat

(\4 kJ mol-1) higher than that for intermolecular pseudo-

monomolecular degradation (reaction 1) [16]. Bimolecular

hydroperoxide decomposition (reaction 3) seems less fa-

vorable as it requires quite high hydroperoxide concentra-

tion; however, in polyethylene, local concentrations may

be high although the average concentration is small. Be-

sides, in polymers such as polypropylene, intramolecular

sequences of hydroperoxides are typical [16]. Mono-

molecular hydroperoxide decomposition (reaction 4) can

be neglected in comparison with pseudo-monomolecular

decomposition (reactions 1, 2) in the temperature range up

to 300 �C and more [15]. Activation energy for chain ini-

tiation reaction via C–C bond cleavage (reaction 5) is

higher than that for hydroperoxide decomposition and is

173 kJ mol-1 to form two primary radicals, 170 kJ mol-1

to form one primary and one secondary radical, and

150 kJ mol-1 to form one primary and one allyl-type

radical [17].

Based on these data, our results suggest that the initial

stage of HDPE degradation is indeed associated with

decomposition of weak links. Activation energy of the

first stage of volatile hydrocarbon formation during

Table 1 continued

No Sample m/z (compound) Peak no Tmax/�C n Ea/kJ mol-1 k 9 10-13 w/%

7 706 1 295 2.01 33.9

18 (H2O) 1 98 2 106 0.77 43.7

2 376 2 191 1.35 31.3

3 659 1 280 1.94 25

5 HDPE–A200/BHT 41 (alkanes, alkenes) 1 262 1 156 1.11 1

2 324 1 175 1.24 1.3

3 449 1 214 1.5 60.4

4 516 1 235 1.64 7.1

5 567 1 251 1.75 11.2

6 618 1 267 1.86 11.4

7 675 1 285 1.97 7.6

18 (H2O) 1 95 2 105 0.77 2.5

2 350 2 183 1.3 0.5

3 684 2 288 1.99 97

6 HDPE–AMT/BHT 41 (alkanes, alkenes) 1 262 1 156 1.11 0.3

2 327 1 176 1.25 0.4

3 430 1 208 1.46 11.7

4 526 1 238 1.66 6.7

5 596 1 260 1.81 15.8

6 650 1 277 1.92 22

7 750 1 309 2.13 43.1

18 (H2O) 1 98 2 106 0.77 25.5

2 311 2 171 1.22 10

3 735 1 304 2.1 64.5

n reaction order, Ea activation energy, k pre-exponential factor, w weight coefficient characterizing the contribution of model curve into the

intensity of the sum curve
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polyethylene decomposition (first peak on the curve with

Tmax 269 �C, Fig. 2c) is 158 kJ mol-1 (Table 1, peak 1

(m/z 41), sample 1). This value is less than the activation

energy for chain initiation via C–C bond cleavage to form

primary radicals. Our results are in consistence with the

results obtained by Peterson et al. [13] who studied the

kinetics of polyethylene degradation in nitrogen using

TG–DSC and derived the activation energy value of

150 kJ mol-1 for the initial stage of polymer degradation.

Apparently, the first stage of volatile hydrocarbon forma-

tion during HDPE degradation is mainly related to hy-

droperoxide decomposition followed by hydrocarbon

macroradical formation and chain scission. The concurrent

reaction to yield volatile hydrocarbons could be the for-

mation of allyl radicals at the macromolecule ends.

During hydroperoxide decomposition, highly reactive

peroxy, alkoxy, and/or hydroxy radicals are formed. Their

most important further reactions are hydrogen abstraction

(reactions 6, 9, 12), b-scission (reactions 8, 11), and re-

combination with hydrocarbon macroradical (reactions 7,

10, 13) [18]. Participation of peroxy and hydroxy radicals

in hydrogen abstraction reactions (6, 12) results in water

formation. We assume that the second peak on the curve

for the ion with m/z 18 (Fig. 2b, Tmax 415 �C) is related to

water formation according to the following brutto reaction:

ROOH þ 2RH ! ROH + 2R� þ H2O "

The effective activation energy of this reaction was

found to be 202 kJ mol-1 (Table 1, peak 2 (m/z 18),

sample 1).

The second stage of volatile hydrocarbon formation

during HDPE thermolysis (Fig. 2c, peak 2, Tmax 327 �C)

has effective activation energy of 176 kJ mol-1 and could

be initiated not only by weak links but also by chain

initiation reaction via C–C bond cleavage to form

two primary radicals (reaction 5) as activation energies

become commensurable. The contribution of first two

stages (230–360 �C) of volatile hydrocarbon formation

(by m/z 41) to the overall process at 230–730 �C is rather

negligible (about 3 %).

The third stage of HDPE degradation (350–500 �C, Tmax

453 �C) is the main stage at which about 67 % of the

overall volume (by 41 m/z) of volatile hydrocarbons is

produced. The activation energy derived is 215 kJ mol-1,

which is in good agreement with value reported by Peter-

son et al. [13] (about 220 kJ mol-1) and by Chrissafis et al.

[18] (about 217 kJ mol-1) at a conversion degree of

a * 0.3. At this stage, chain initiation (reaction 5) occurs

simultaneously with chain scission (reaction 14), chain

transfer (reactions 15, 16), chain branching (reaction 17),

chain cross-linking (reaction 18), and oxygen-containing

radical depletion (reactions 6–13). Probably, to some ex-

tent, chain termination also takes place (reaction 19).

Thermal decomposition of polyethylene results in the for-

mation of large amounts of C1–C70 hydrocarbons [14],

depolymerization process (chain propagation) being not

significant because very little amount (\1 %) of the

monomer is produced [13]. The most abundant products

are propene and 1-hexene, suggesting that the radical re-

action with fifth carbon atom is the most probable due to

geometric favorability to form six-membered transition

state [14]:

So the primary pathway for HDPE degradation is ran-

dom scission; however, chain branching and cross-linking

are also important [19]. Random scission becomes limiting

step as weak links are consumed and oxygen-containing

radicals are depleted.

Literature values of the activation energy for non-ox-

idative degradation of polyethylene under N2, He, or

vacuum, derived using non-isothermal TG, isothermal

TG, or factor-jump TG techniques, are reported to be

147–273 kJ mol-1 [13]. Besides, the effective activation

energy of polyethylene degradation may increase with

molecular mass: 193 kJ mol-1 (11,000 Da), 220 kJ mol-1

(16000 Da), and 277 kJ mol-1 (23000 Da) [12]. The esti-

mated activation energy for the degradation initiated by

random scission has the maximum value of 240 kJ mol-1

[13]. Our results suggest that maximum activation energy

of volatile hydrocarbons formation is 290 kJ mol-1

(Table 1, peak 7 (m/z 41), sample 1). Apparently, the

CH

CH2 CH2

H

CH2CH2 CH2

CH2
.

CH2CH2 CH. CH2 CH2 CH2 CH3

CH2CH2 CH
.

CH2 CH2 CH2 CH3+

CH2

.
+ CH2 CH CH2 CH2 CH2 CH3
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difference is related to the history of the samples under

study. In our case, HDPE sample contained high concen-

tration of hydroperoxides. This resulted in the accumula-

tion of alcohol (hydroxyl) groups during the processes of

oxygen-containing radical depletion (reactions 6, 7, 9, 13).

Hydroxyl groups probably became the centers of high-

temperature chain initiation according to the following

scheme:

ROH�!
�R�

�OH�!RH
R� þ H2O "

The activation energy of water formation in high-tem-

perature region (560–770 �C), as we suppose by the above

reaction, is 287 kJ mol-1 (Fig. 2b, peak 3, Tmax 681 �C). It

indicates that activation energy * 290 kJ mol-1 is rather

related to high-temperature chain initiation via oxygen-

containing group decomposition than to maximum value

for random scission.

At temperature higher than 600 �C, the compounds with

m/z 28, 29 are formed with rising intensity at 600–800 �C
(Fig. 2a). Those are attributed to the formation of oxygen-

containing species—mainly carbon monoxide produced by

C = O group breakdown, as well as aldehydes and/or

saturated hydrocarbons probably produced by side-group

elimination.

The curves for some characteristic ions produced during

thermolysis of HDPE filled with hydrophilic silica (HDPE–

A200) are shown in Fig. 3. It is seen that filling with silica did

not essentially affect the mechanism and kinetics of the main

volatile product formation. The initial temperature of degra-

dation is the same as in the case of the unfilled HDPE ther-

molysis. The most notable change is the shift of Tmax for all

individual stages of volatile hydrocarbon formation (by m/z

41) to higher temperatures (Table 1, peaks 1–7, sample 2),

Tmax of the main degradation stage being shifted from 453 to

462 �C. Upon this, activation energy generally increased by

2–8 kJ mol-1, and at the main degradation stage, it increased

from 215 to 218 kJ mol-1. An increase in Tmax for the

degradation of HDPE filled with fumed silica was also ob-

served by Chrissafis et al. [18] who used TG–DSC method (in

nitrogen flow). Activation energy increased generally by

6 kJ mol-1 upon HDPE filling with silica (5 mass %). Such

an increase has been attributed to ‘‘shielding effect of

nanoparticles in the evolution of formed gasses from polymer

matrix during its thermal decomposition’’.

Another notable difference between HDPE and HDPE–

A200 thermolysis is the profile of the curve for ion with

m/z 18 (Fig. 3b). Two high-temperature peaks are not so

profound as in the case of the unfilled HDPE thermolysis.

Besides, Tmax of the left one is shifted from 411 �C to

356 �C, the activation energy being decreased from 202 to

185 kJ mol-1. In our opinion, these changes are related to

the influence of silica surface on hydroperoxides decom-

position. Thus, reactions 1–3 may be suppressed due to

higher affinity of oxygen to silicon than to hydrogen, and

reaction 4 may result in scavenging of hydroxyl radicals by

surface silicon atoms (indirect support of the hypothesis on

the antioxidant activity of silicon are the results obtained

by Choi et al. [20]). Upon this, activation energy drops

because of fewer channels for water formation including

those having higher activation energy. If the above-men-

tioned assumption is true, the chain initiation reaction to

form allyl radicals at the macromolecule ends and to yield

volatile hydrocarbons seems to be dominant at the initial

stage of HDPE decomposition.

The curves for some characteristic ions produced during

thermolysis of HDPE filled with hydrophobic silica

(HDPE–AMT) are shown in Fig. 4.

Notable changes with respect to neat HDPE degradation

are (1) the absence of distinct peak with Tmax about
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Fig. 3 Curves of the main volatile products of HDPE–hydrophilic silica thermolysis: a ions with m/z 28, 29, and 41; b ions with m/z 18, 41, and

44
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350–400 �C on the curve of ion with m/z 18 (as in the case

of HDPE–A200 sample); (2) appearance of pronounced

broad peak with Tmax * 600 �C on the curve of ion with

m/z 41; (3) diminishing of the peak with Tmax at 450 �C and

increasing of that with Tmax * 715 �C on the curve of ion

with m/z 44; (4) the absence of pronounced rising of the

curve at T[ 550 �C on the curve of ion with m/z 29.

The first change may be explained as in the case of

HDPE–A200 by the influence of silica surface on hy-

droperoxide decomposition. However, unlike the case with

HDPE–A200, filling of HDPE with hydrophobic silica did

not result in substantial diminishing of the second high-

temperature peak attributed to water formation. This is

probably due to the different mechanism of oxyradical

scavenging—in the case of hydrophobic silica, methyl

groups participate in this process resulting in the formation

of oxygen-containing species with C–O bonds rather than

Si–O ones. The former are more easily decomposed to

produce volatile oxygen-containing species than the latter.

Other changes may be attributed to participation of methyl

radicals of grafted trimethylsilyl groups in HDPE chain

degradation processes—from suppression of chain scission to

promotion of chain termination reactions. This results in for-

mation of degradation products attached to the surface, whose

further decomposition pathways differ from those for neat

HDPE. Thus, mechanism and kinetics of volatile hydrocarbon

formation changes: the higher amount of unsaturated species

is evolved at T[ 500 �C (m/z 41), so that the relative amount

of evaporated hydrocarbons at the main stage of HDPE

degradation decreased from 67 to 50 % (Table 1, peak 3 (m/z

41), sample 3). In high-temperature region, oxygen is re-

moved in the form of CO (m/z28) and CO2 (m/z44) rather than

in the form of oxygen-containing hydrocarbons (m/z 29).

The curves for the main volatile products of thermal

decomposition of HDPE containing BHT are shown in

Fig. 5. The main notable changes in thermal behavior with

respect to the neat HDPE are as follows: (1) two pro-

nounced high-temperature peaks on the curve for ion with

m/z 18 are not observed; (2) significantly more profound

peaks with Tmax * 635 and 690 �C appeared on the curve

of ion with m/z 41, and the first pronounced peak maximum

is shifted from 450 to 440 �C; (3) diminishing and left-

shifting of the peak with Tmax at 450 �C on the curve of ion

with m/z 44.

The absence of distinct high-temperature peaks

attributed to water formation may be related to the ability

of BHT to scavenge oxyradicals (one BHT molecule is

capable of scavenging two radicals, reaction 20) and

therefore to prevent their participation in hydrogen

abstraction reactions with polymer to yield water. Being

highly mobile and relatively stable, BHT radicals may both

promote chain initiation reactions at the main stage of

polymer degradation (reaction 21) and suppress chain scis-

sion reactions (reaction 20) or even change their pathway.

As a result, the activation energy at chain initiation and at

the main degradation stage drops (in our case from 158 to

156 kJ mol-1 and from 215 to 211 kJ mol-1, respectively,

Table 1, peak 1, 3 (m/z 41), sample 4) and the fraction of

volatile hydrocarbons formed at this stage decreases (in our

case by 2.5 times—from 67 to 26 %). Perhaps, hydrophobic

silica affects the HDPE degradation in similar manner, but

this effect is less pronounced, and there was no drop in the

activation energy of the main degradation stage—probably,

this drop was compensated by slight increase in activation

energy attributed to shielding effect of nanoparticles, which

was mentioned above.

0
0

400

800

1200

1600 28

29

41

41

200 400
Temperature/°C

In
te
ns

ity
/a
.u
.

0

100

200

300

400

In
te
ns

ity
/a
.u
.

600 800 0 200 400
Temperature/°C

600 800

18

44

(a) (b)

Fig. 4 Curves of the main volatile products of HDPE–hydrophobic silica thermolysis: a ions with m/z 28, 29, and 41; b ions with m/z 18, 41, and 44

1176 P. O. Kuzema et al.

123



In� þ RH ! R� þ InH ð21Þ

The curves for the main volatile products of thermal

decomposition of HDPE containing hydrophilic silica

with immobilized antioxidant BHT are shown in

Fig. 6. The profile of the curves is closest to that for

HDPE filled with hydrophobic silica but with more

pronounced high-temperature peaks on the curves for

ions with m/z 18 and 44, and with less pronounced
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broad peak with Tmax about 600 �C on the curve for ion

with m/z 41.

BHT interacts with hydrophilic silica surface via the

formation of adsorption complexes between phenol group,

which plays an essential role in stabilization mechanism,

and surface silanol group [21]. As a result, immobilization

of this antioxidant leads to its partial deactivation and

probably changes the mechanism of antiradical action

during HDPE thermolysis. As in the case of hydrophobic

silica with grafted trimethylsilyl groups, this mechanism

may involve methyl groups of tert-butyl radicals of im-

mobilized BHT molecule in radical reactions during HDPE

thermal degradation. More pronounced, in comparison with

HDPE–AMT, peaks on the curve for ions with m/z 18 and

44 (Tmax 700 �C) may be related to additional water and

carbon dioxide formation as a result of degradation of or-

ganic species containing oxygen originated from BHT

phenolic group.

Activation energy at chain initiation is the same as

that for HDPE–BHT sample; however, it is slightly

higher for the main degradation stage (214 kJ mol-1 in

comparison with 211 kJ mol-1, Table 1, peak 3 (m/z 41),

sample 5). The fraction of volatile hydrocarbons formed

at the main stage of HDPE–A200/BHT degradation

(60 %) is much more than in the case of HDPE–BHT

degradation (26 %) and is somewhat intermediate be-

tween HDPE–A200 (69 %) and HDPE–AMT (50 %)

case of degradation.

The curves for the main volatile products of thermal

decomposition of HDPE containing hydrophobic silica

with immobilized antioxidant BHT are shown in Fig. 7.

It is seen that the effect of hydrophobic nanofiller with

immobilized antioxidant on thermal decomposition of

HDPE is the most pronounced among all the studied ad-

ditives. It is regarded mostly with the kinetics of volatile

hydrocarbon (m/z 41) formation. The fraction of volatile

hydrocarbons formed at the main (for the neat HDPE) stage

of degradation in the case of HDPE–AMT/BHT composite

is only 12 % (Table 1, peak 3 (m/z 41), sample 6) and this

value is even less than in the case of HDPE–BHT sample

(26 %). The activation energy for the stage with the highest

relative amount of volatile hydrocarbons formed (43 %) is

309 kJ mol-1, which already becomes close to single C–C

bond dissociation energy (from 315 kJ mol-1 for some

tert-butyl radicals to 370 kJ mol-1 for prime radicals [22]).

The reason of such dramatic difference in kinetics of

volatile hydrocarbon formation (by m/z 41) between the

unfilled HDPE (or even HDPE–A200/BHT) and HDPE

filled with trimethylsilylated silica containing BHT at the

surface lies in different mechanisms of BHT adsorption on

hydrophobic as compared to hydrophilic surface. BHT

molecules are retained on hydrophobic silica surface

mostly by relatively weak dispersion forces. Upon the

temperature rise, BHT molecules are gradually released

from hydrophobic silica surface and act as efficient radical

scavengers (as in the case of HDPE with just BHT added)

inhibiting chain reactions of HDPE decomposition. Those

parts of hydrophobic silica surface from which BHT

molecules were released also become the participants of

chain degradation reactions. So in this case, the additive

effect of BHT molecules and hydrophobic silica surface is

observed. In order to verify the validity of the assumption

on easier release of BHT molecules from hydrophobic

surface, as well as to make a general estimation of the

mobility of BHT in HDPE depending on the form of this

antioxidant, we compared the changes in the intensity of

ion with m/z 57 (second by the abundance ion after the one

with m/z 205 in the electron ionization mass spectrum of

BHT [23]) upon the temperature rise. The results are shown

in Fig. 8.

As one may see, indeed the least volatility is observed

for HDPE containing BHT immobilized on hydrophilic
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silica surface. The mobility of BHT, adsorbed on hy-

drophobic silica, in HDPE matrix is much higher but still

less than in the case of just BHT added to the polymer.

Thus, introducing hydrophobic nanosilica with immobi-

lized antioxidant into HDPE matrix seems to be a per-

spective approach not only to decrease the physical loss of

the antioxidant preserving its antioxidant activity, but also

to improve thermal stability of the polymer.

Conclusions

Hydrophilic silica filler has no essential effect on HDPE

thermal decomposition and only slightly increases the acti-

vation energy of chain scission reactions. The effect of hy-

drophobic silica is characterized by the participation of

surface trimethylsilyl groups in radical reactions, which re-

sults in suppressing of chain scission reactions and producing

attached to the surface degradation products whose further

decomposition pathways differ from those for neat HDPE.

The presence of BHT antioxidant in polymer promotes

chain initiation reactions at the main stage of HDPE degra-

dation and inhibits chain scission reactions. The antioxidant

mobility (expressed as volatility) decreases in the following

sequence: free BHT[BHT in HDPE[ hydrophobic silica/

BHT in HDPE[ hydrophilic silica/BHT in HDPE.

The inhibiting effect of BHT immobilized on hy-

drophilic silica during HDPE thermolysis differs essen-

tially from that for the antioxidant immobilized on

hydrophobic silica: in the first case, the antioxidant is not

mobile, and mainly methyl radicals of its molecules are

involved in high-temperature radical scavenging, while in

the second case, this process occurs with participation of a

phenolic group as well. Moreover, there is an additive in-

hibiting effect of BHT and hydrophobic silica because of

easier release of the antioxidant molecules from hy-

drophobic surface. The capability of the additives to inhibit

chain scission reaction during thermal decomposition of

HDPE in vacuum is as follows: hydrophobic silica/

BHT[BHT[ hydrophobic silica[ hydrophilic silica/

BHT[ hydrophilic silica & no additives.
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