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ABSTRACT 

The effect of some solid admixtures on the decomposition of benzoyl peroxide 

in the solid state has been observed by means of differential enthalpic analysis. Ad- 
mixtures which either might well participate in the radical chain process or only 

dilute the given reaction system have been chosen. These have been various kinds of 
carbon black differing from ach other by free-spin concentration, chain structure 

and surface area, further activated charcoal and colloid silica, respectively. 

INTRODI-XTlOS 

Thermal decomposition of crystalline structures of organic compounds is a 

complex process consisting of both the physical and chemical transformations which 
give rise to various solid, liquid and gaseous end products_ Considerably Iittle work 

has been done in this research field when compared with the study of the decomposi- 

tion reactions of organic compounds in both the liquid and gaseous phases. Not 

until lately, with the development of high-quality measuring instruments, has the 

investigation of solid-state decomposition been effected_ It shou!d be noted, however, 

that there have been relatively more papers concerned with the decomposition of 

inorganic than organic compounds 1--J_ The decomposition of benzoyl peroxide in the 

soIid state has been paid relatively little attention, although it is of major industrial 
importance as initiator in polymerization processes_ Recently, we pointed out the 

possibility of studying the decomposition of solid benzoyl peroxide (Bz,OJ in both 

the absence and presence of some solid admixtures by differential enthaIpic analysis 
(DEA)‘-‘. The present paper is z continuation of the preceding ones showing the 

way in which both the chemical and physical properties of the solid admixtures used 
might affect the decomposition of benzoyl peroxide in the solid state. 

Marerials and method 

Benzoyi peroxide was precipitated from a saturated chloroform soiution by 

methanol. After drying, it was kept in a refrigerator at - 5 “C. 

Table I summarises the data concerning the series of various carbon blacks 
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used in the present investigation (particle size, BET surface area, oii absorption and 
pH. respectively~). 

TABLE I 

CHAXACXERIST1CS OF CARBON BLMXS USED 

Tj-pe of carbon black Panicle 
Sk- 

~nm) 

BET 

suface 

area 

W.;g) 

Oil Pff 
absorption 

(mi:‘IoOg) 

P- 1’50 40-55 
MT United Carbon 470 
Xl,onarch Blxk I4 
HI\F L’nitcd 31 
VuIGln xc-71 IZ 
SRF United Carbon 75 

Contine__ ISAF 31 
United EPC 30 
6ESPF United Carbon 31 
FEF Conrinex so 

40-65 160-IS0 

6 35 x.5 
320 150 6.4 
SO 150 9.2 

249 14.5 S.5 
22 67 9.9 
102-129 143 9-l 
I16 112 4.9 
so 184 S-3 
3943 I39 9.3 

Decolourizing activated “Carborafin” charcoal was supplied by Lachema 

Bmo(CSSR). “Aerosil Degussa” colloid silica was supplied by Degussa Co., particie 
size IO-20 nm, surface area determined by BET method as 175-200 m’,‘,o. 

The carbon blacks, activated charcoal and silica used were dried for 1 h at 200 ‘C 

prior to measurements_ 

For measuring, a Perkin-Elmer differential scanning calorimeter Model 

DSC-I B was used. Since the decomposition was observed over the temperature range 

of 330-450X, the instrument was calibrated by the benzil melting point (368 “K). 

Covered aluminium sample pans were used. The samples were prepared in a vibration 

homogenizer in which mixing lasted as long as 45 sec. For measurement purposes 

I-5-mg sampIes of mixtures were used, this weight range chosen to keep the benzoyl 
peroxide content therein at 1 mg. AI1 of the measurements were carried out under a 

nitrogen atmosphere at a heating rate of 32”K- min- I_ 

Concentration of free spins in both the carbon blacks and activated charcoal 
was determined by means of electron spin resonance employing simplified caIcuIation 

according to the reIation*: 

(1) 

where Al, is the number of free spins in the sample, Iv, the number of free spins in the 

standard, Hm, the width of the derivation curve and 16 the height of the derivation 

curve. respectiveIy. 
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RESULTS AND DISCUSSION 

Carbon blacks mrd activated charcoal 

The course of BzzOl decomposition in the presence of various carbon blacks 
and activated charcoal has been studied in relation to both surface area and free-spin 
concentration. The mixtures observed contained 50% (w/w) benzoy1 peroxide. From 
DSC curves obtained the following values were evaluated: melting temperature (Ta, 
temperature of maximum decomposition rate right behind the melting point (T,), 
temperature of maximum decomposition rate in the meit (T,,,,,), overall decomposition 
heat (0). and maximum decomposition rates (V,,, and I’,) at appropriate tempera- 
tures T,,, and T,, respectively_ The results are summarised in Table ff. The course of 
DSC curves of some mixtures is shown in Fig. I. 

The individual sorts of admixtures (Table II, Fig. 1) affect the decomposition 
of the solid peroxide by suppressin g both the maximum rate of the rapid chain reac- 
tion, j’=, and maximum decomposition rate, V,,, , in the meit. Changes in the overall 

.- 

Fig. I. DSC curves of pure BzzOl (I), 1.02 mg; and 50 % (w/‘w) mistures of this with activated 
charcoal “Carboraflin” (2); United Carbon MT black (3); P-1250 black (4); United EPC black (5); 
Monarch Black (6). Mi..ture weight 2 mg. 
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heat of decomposition and melting temperature also take place. The dependence 

of the overall decomposition heat on the surface area of carbon black is a linear one 
(Fig. 2). Even despite the scattering observed, which might well result from the struc- 

tural distribution of carbon black, the decreasing of the overall decomposition heat, 

Fig. 2. Plot of overall decomposition heat of Bz,O, in mixtures with the carbon blacks used r-5. their 
surface area; 50% (wiw) Bzz02. 2 mg. 

Fig. 3. Plot of overall decomposition heat of Bzz02 in mixtures with the carbon blacks used r-s. 
Y ma=: 50% (w/w) Bzz02. 2 mg. 
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Q, with increasing carbon black surface may be assumed. We assume that this 

decrease is due to the elimination of hydrogen atoms from the carbon black surface 

by benzoyIoxy and phenyl radicals of the decomposing Bz,OZ . The BzzO, moIecuIe 

decomposition alon, 0 with hydrogen separation represents a release of about 

S-IO kcal-moIe- ’ (calculated from the energies of both the forming and decaying 

bonds), which results in the decreasing of the overall decomposition heat, going on 
the presumption that the increase of chemisorbed hydrogen concentration on the 

carbon black surface is directly proportional to that of the surface area. 

AIong with the decrease in overall decomposition heat, a reduction in the 
maximum decomposition rate in the melt (I’,,,) is aIso observed (Fig. 3). 

As may be seen from Table II, the effect of free-spin concentration may not 

be corre!ated_ For example, the vaIue of overa decomposition heat of BzzOz in the 

mixture with P-1250 carbon black exhibiting 

(4.6x Io’Pg-’ 

maximum free-spin concentration 

) almost equaIs that of HAF United carbon black, where free-spin 

concentration does not reach the 6.4x 1016 g-r limit. Likewise, e.g. the value of 

overah Bzz02 decomposition heat in mixture with MT United (Carbon) carbon 

b&k exhibiting a Iower free-spin concentration appears to be higher. On the other 

hand, in the mixture with Monarch BIack carbon black exhibiting a still Iower 

free-spin concentration than in the case of MT United Carbon, the vaiue of the overall 

decomposition heat is Iower than in the mixture with P-1250 carbon biack. 

The effect of the chain structure of carbon black on the value of the overall 

reaction heat, which evokes the scattering referred to in both Figs. 2 and 3, may we11 

be expressed in the dependence of the values of oil absorption, w-hich is the quanti- 

tative measure of chain structure’, in particles with approximately equa1 surface area. 

When comparing the Q values of BzzO, in mixture with both the United EPC and 

65-SPF United (Carbon) carbon blacks which, at considerable oil-absorption differ- 

ences do not greatly differ from each other as to the vaIue of surface area, we may see 

that carbon bIack with a higher structure produces an increase in the value of overa 

reaction heat, This is presumed to be due to the suppression of hydrogen eIim.ination 

from the carbon bIack surface as a result of spherical interferences in chain structures. 

As may be seen from Table II, the free-spin concentration does not affect the 
T, and T’ values. Here, an influence of the value of the carbon black surface area 

may be observed in the sense that the Iarger the surface area, the lower are T, and T,_ 

Thus, the commencement of Bz20L decomposition occurs at Iower temperatures_ This 

effect becomes more strikingIy manifest at higher carbon black concentrations, as 

may well be seen in Figs. 4 and 5. Carbon bIack with a Iarger surface area in mixture 

with 20% (w/w) Bz202 shifts its decomposition toward considerabIy lower tempera- 

tures, the Iatter proceeding beiow the meIting point already. The catalytic effect of 

greater surface area is assumed to result from sorption forces, the extent of which 

increases with increasing carbcn black surface area. The observed decrease in overall 

decomposition heat in relation to an increase in carbon black concentration may again 
be elucidated by the eIim.ination of hydrogen from the carbon black surface. 

As may well be seen from TabIe II, the individual carbon-black sorts affect 
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Fig. 4. DSC curves of mixtures of Bzz02 with SRF United Ckbon black. Concentration (%, w,W of 
BzzOz ; 1, 100% (1.02 mg); 2, 80% (X.25 mg); 3, 50% (2.0-O mg); 4, 20% (5.00 mg). 

also the maximum rate of a rapid induced decomposition right behind the melting 
point. When starting from the assumption that the rapid chain decomposition right 
behind the melting point of Bz,O, is due to the still ordered arrangement of the 

melt’-‘, the changes in V, values will be caused by a greater or smaher disturbed 
arrangement of the just forming meIt. This disturbance may be attributed to both the 
physical and chemical effects of the carbon black used. The physical effect should 
manifest itself in both the value of the surface area and the chain structure. In the 
changes of both the surface area and the chain structure even the chemical effect 

represented by the mentioned hydrogen elimination from the carbon black surface is 
included. 

The influence of the surface area itself on the V, value may well be found in 
comparing the specific surface at approximateIy equal overall Bz,02 decomposition 
heats in mixtures with such carbon blacks and those at almost unchanging chain 

structure content. These conditions might be approached by the choice of the fol- 
Iowing mixtures (Table III). As may be seen, an increase of carbon black surface area 
causes a decrease of the V, value and, consequently, a greater disturbance of the just 
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Fig- 5. DSC curves of mixtures Br,O, with United EPC black. Concentration (?G, w/w) of BzlOl: 

I, IGO% (1.02 mg); 2, SO% (I.25 mg); 3, 50% (2.00 mg); 4, 20% (5.00 mg). 

TABLE 111 

-IXERMOCHE_WCAL DATA OF BzllOz DECOMPOSrl-IOS T?c‘ THE PRESCSCE OF SELECTED KIXDS OF CARBOX 

BUCK 

BET surface Oil absorption FC Q 
area (mUIO@) (mcal/sec) (kcalimole) 
(m’!k) 

P-1250 4&G It%-150 2.0 52 
HAF United so 150 1.2 52 
Contine?r ISAF 102-129 143 I.1 49 
hfonarch Black 320 150 1.0 42 
VuIGtn xc-72 249 145 0.9 42 

forming Bz,O, meIt. On the other hand, however, it may be seen that in comparing 

t” of both HAF United and Continex ISAF carbon SIacks with that of compounds 

with greater surface area (oiI absorption being almost equal), this difference appears 
to be but a Iittie one. The differences in overall decomposition heats suggest that the 
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elimination of hydrogen atoms from the carbon bIack surface does not occur until a 

further phase of the decomposition reaction, i.e. within a completeiy disordered 

Bz20, melt. The fact that no etfect of the chain structure on the 7= value isobserved, 

may be seen when comparin, 0 the data of both the SRF United Carbon and FEF 

Continex (Table iI) carbon blacks which differ considerabIy in oiI sorption yet !ittIe 
in specific surface. In view of the entropy change, the low-structure carbon bIack 

should cause a larger disturbance of melt arrangement of the just melting BztOz, 

which shouid bc refIected by a decrease of the V, value. 
The effect of free-spin concentration may not be gathered from the data 

obtained_ Thus, e-g_, Continex ISAF and United EPC carbon btack having an 

approximateIy equal surface area and differing from each other in free-spin concentra- 

tion at least by a factor of 103, hate a close V, value (TabIe II). 

Fig. 6. Plot of Bz202 decomposition rate V, in mixtuxs with the carbon blacks used rs. their surface 
area; 50% (w,kv) Bzz02. 2 mg. 

From these considerations it is possibIe to correIate the effect of the surface 

area of the carbon blacks used with V, value (Fig. 6)_ From the course of this 

dependence it may be deduced that V, value rapidly decreases with increasing carbon 

black surface area up to about 100 m2/g. A further increase of specific surface does 

not affect the V= value. It is of interest that the thermal MT United Carbon carbon 

bIack cannot be inchided in this dependence. The disturbance of Bz,02 melt arrange- 

ment exceeding the expected one is assumed to result from the fact that thermal 

carbon black does not form chain structures*‘. 
The course of BQO, decomposition in the presence of activated charcoal 

(Fig. I) is a considerably different one, With respect to pure Bz,O, aI1 of the ciecom- 
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position course is shifted toward lower temperatures, the decomposition itself 

starting already at temperatures of about 330’K. Also the shape of the DSC curves 

differs from that of Bz,Oz decomposition in the presence of carbon black. To 

obtain a better b-iew of the decomposition in question, mixtures with various Bz,O, 

concentrations were prepared, whereas the weights of the mixtures were chosen so 

that the BzZO, content in each of them might equal 1 mg. The course of the DSC 
cur;es is shown in Fig. 7, the appropriate results being summarised in Table IV. As 

may be seen from Fig. 7, the change of Bz202 concentration in the given system affects 

Fig. 7. DSC curves of Bzz02 decomposition in mixtures with activated charcoal “Carborafk”. 
Sample uzight: lOO%, 1.02 mg; SO%, 1.20 mg; 60%, 1.60 mg; 50%. Z-10 mg; 40%, 2.50 mg; 30X, 
3.33 mg; 20%. 5.00 mg (%, w;w)_ 

the course of its decomposition in quite a marked way_ Already at 20% activated 

charcoal concentration, decomposition below the melting point, decrease of overall 

decomposition heat and suppression of the rapid decomposition reaction right 
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TABLE 1V 

OBSERVED THERMOCHE?.fICAL DATA FOR BzL02 DECOYPOSiTIOS IS .HIx~XES urn 

ACTIVATED CHARCOAL “CARBORAFFK” 

Bzz Oz concenrrarion T, TC V, 

( ?G. lglr) (‘K) C-K) (mcaQsec) $cal;mole) 

100 384 388 5.3 76 
80 377 383 1.8 54 
60 374 379 2-4 50 
50 372 376 5.5 44 
40 376 381 4.5 46 
30 377 43 , 381 2.8 
20 381 386 2.7 41 

behind the melting poiat may be observed. With increasing activated charcoal 

concentration, the decomposition occurring below the melting point continues shift- 

ing toward lower temperatures under simultaneous increase of the Bz,O, amount 
decomposed in this region_ This effect exhibits a growing tendency until the activated 
charcoal concentration reaches about 70% (w/w), whereupon any further addition of 
activated charcoal has little effect. Likewise as in the case of carbon black, the overall 
decomposition heat decreases (Fig. 8) with increasin, m activated charcoal concentra- 
tion. Even here one may assume that the observed decrease can be attributed to the 
growing reaction role of hydrogen separation from the activated charcoal surface with 
increasing concentration of this admixture. It may be seen from Table IV that 

700 - -- -0 /- __---- 

.’ 

o* 
80 ‘- cf’ / 

0 / 
m / 
s 60 - 16 

O/ / 

40 - 1’0 
fi 

20 -d 

I 1 1 I I 

40 50 60 80 

Fig. 8. Plot of overall decompositkn heat of Bz202 in mixtures with activated charcoal “Carbo- 
raffin” cs. Bz202 concentration (%, w/w). 
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prirnariIy (from 0 to 20% activated charcoal) the V= value decreases, followed by an 

increase up to 50% of Bz,O, in mixture. With a further decrease of the Bz,O, 
concentration, the Yc value decreases down to 30% of BzzOI, below which we may 
observe that any further decrease in Bz202 content can almost no more affect the V, 
value_ .4part from this, we may observe (Fig_ 7), that starting with 60% BzO, content 

in mixture, a further decrease of Bz202 content leads to the disappearance of the 

maximum on the DSC curve corresponding to Bz,O, decomposition in disordered 
m~eit. The observed decomposition course might we11 be explained in this way: with 
increasing concentration of activated charcoal in mixture with Bz,O,?, always thinner 

layers of solid BzzOt form on the activated charcoal surface thus enabling the 
sorption forces already contributing to solid Bz?O, decomposition below the melting 
point to exert themsefves to a greater extent. Provided that in the course of decom- 

position beIow the melting point, also the sorption of decomposition products occurs, 

the sorption efficiency of active centres on the activated charcoal surface decreases 

and the decomposition rate, V,, right behind the melting point is increased. The 

decrease of the V, value with increasing activated charcoal concentration is probably 
caused by the continually decreasing value of overall decomposition heat as welt as 
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Fig. 9. Plot of Bz202 mciting point CS. its concentration (26. w/w) in mixtures with activated charcoal 
* Carboraffin”. 
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by a greater portion of Bz,O, decomposed below the melting point. in considering 

the concept of solid Br,O, decomposition in the presence of activated charcoal, even 
the observed T, melting point changes (Fig. 9) may we11 be elucidated. 

A strong cataIytic effect of “Carboraffin” activated charcoal on solid Bz,O, 
decomposition was found also in studyin, - the influence of mking time in the homo- 

genizer (Fig. IO). Both the observed decrease of overall decomposition heat and the 

Fig. IO. DSC cur\‘es of Bz202 decomposition in mixture with activated charcoal “Carboraffin“ (50% 
(w/w) Bz20Z]. Mixing :ime: 45 set (1); 3 min (2); 10 min (3); 20 min (4). 

maximum decomposition rate with the prolongation of mixing time suggest that the 

decomposition probably does already take place owing to a longer term duration 

of the mixing process due to the greater contact of Bz,O, with coal and, consequently. 

to the decrease of the decomposition in pure Bz,O, domains. B&O? loss had to be 

determined in dependence of the mixing time by the iodometric method_ This measure- 

ment was, however, made impossible by the fact that in the presence of activated 

charcoal the decomposition in solution is a rapid one’ *_ 

Coitoid silica 

Aerosil of Degussa Co_ was used for the preparation of mixtures with 50 and 

5% (wjw) of Bz,O,, whereas in the case of the mixture, the mixing time was changed 

(45 set and 20 mm)_ DSC registrations were obtained under identical measuring condi- 
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tions as in the case of Bz,Ol mixtures with both carbon black and activated charcoal 
(Fig_ 11). Only in the case of 5% mixture were other conditions applied (heating was 
unchanged) to prevent the use of a mixture weight exceeding 5 mg. When comparing 

mcol T CVmcd-2’ ! 

Fig_ Ii_ DSC CU~XS of 33~~0~ decomposition in misturcs with colloidal silica ” Aerosil Degussa”. 
Pure BZ~O~, 1.02 mg (I): 959; (w;w) Aerosil, 5 mg. mking time 45 Kc (2); 50% (W/w) Aerosil. 
3 mg, mixing time 45 see (3); 50?& (w.;‘w’) Aerosit, 2 mg. mixing time 20 min (4). 

the course of F3z,02 decomposition DSC curves in 50% mixture with Aerosil (mixing 

time 45 set), V,, VmX vaIues and overall reaction heat (Table V) with the course and 

values referred to for 50% mixtures with both carbon black and activated charcoal 
(Fig. 1. Table iI), we may see that some changes occur. In the case of AerosiI, the 
decrease in the VC value is considerably Iess and may well be compared with the values 
obtained for carbon blacks with smai1 surface area (except the thermal ones). Also the 
vaiues of overall decomposition heat and V_, are higher. The observed increase of 

overall decomposition heat may be elucidated by the suppression of the reaction of 
hydrogen atom elimination from the surface. The higher V, value, compared to 
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carbon blacks of a surface area approximately equal to that of Aerosil, proves that 
the physical effect of Aerosil on Bz,O, decomposition is considerably lower, the given 
reaction system probably being only diluted by the admixture_ Smaller affinity of 
B+O, molecules to Aerosil surface is the consequence of both the physical and che- 
mical structure of the substance_ 

TABLE V 

THERMOCHEWCAL DATA FOR Bz20, DECCMPOSITIOX IN THE PWESCE OF COLLOIDAL SILICA "AEROSIL 

DECUSSA" 

Q T#n c*, 
(kcal:‘mole) (‘K) (mcd set- I - nlg Bz2 02- ‘) ~~al*sec---nlgB=rOl_‘) 

Pure BzzOz 
Bz,OZ +AerosiI 

(50 % , w/u-), 
mixing time 
35 see, 2 mg 

Bz202 + Aerosii 
(50 %, w!‘w) 
mixing time 
20 min. 2 mg 

BzZOz + Aerosil 
(5 %, w/w)* 
mixing time 
45 set, 5 mg 

76 3s3 
74 380 

i0 371 

89 380.5 

5.2 3.1 
2.7 1.8 

1.6 4.1 

0.9 6.9 

From Table V it may further be seen that upon longer mixing there is a less 
decrease in the V, value_ Also the higher concentration of Aerosil due to the greater 
disturbance of Bz,Oz melt arrangement leads to a decrease of V, whereas the overall 
decomposition heat appears to be higher compared to pure Bz202. The decomposition 
is slightly shifted toward higher temperatures. We assume that the observed increase 
of reaction heat may be the result of a more important role of the decarboxylation 
reaction in the decomposition of solid Bz,O,. 
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