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  Abstract 
Phenolic antioxidants pose significant problems in the production of peroxide 
crosslinked polypropylene. The efficacy of two phosphite antioxidants and their blends 
is assessed and compared with hydroxylamine and lactone stabilisers in the processing 
of a peroxide-crosslinked polypropylene as an alternative to standard phenolic-based 
stabilisers. Melt flow index (MFI) measurements via multi-pass single screw 
(Brabender) extrusion were undertaken, coupled with yellowness index for colour 
inhibition. The outcomes provide novel information in the design of new stabiliser 
packages for which the scorch properties are of importance during crosslinking. Here, 
synergistic phosphite antioxidant blends exhibit a good balance of extrusion performance 
over that of hydroxylamine and lactone-based stabilisers, and, as a bonus, less yellowing. 
Optimum formulations for the two phosphite antioxidants ([2:3] to [4:1] blends of 
Alkanox P24/Alkanox 240) were determined, giving reduced colour at 500 and 1000 
ppm concentration. They also have lower peroxide interaction than the 1000 ppm lactone 
and 1000 ppm hydroxylamine-based systems. 
 
Highlights 
1. Extrusion stabilisation efficacy of phosphite antioxidant blends in peroxide cross-
linked PP. 
2. Synergistic stability is obtained in terms of MFI at 2:3 and 4:1 ratios of phosphites. 
3. Colour reduction is observed with phosphites over that of the hydroxylamine/lactones. 
4. Phosphite blends outperformed hydroxylamine/lactone stabilisers under multi-extru-
sion. 
 
Keywords 
Phosphite antioxidants; Stabilisers; multi-pass extrusion; antioxidants; yellowing; 
hydroxylamines; lactones; polypropylene 

 
1. Introduction 

Antioxidant chemistry plays a vital role in the stabilisation of polymer materials, and no more so than in the range of 
polyolefins [1-6]. Depending upon the application, the stability requirements vary from simple additives to more complex 
formulations. Effective processability and end use are often critical, especially where property requirements need to be 
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maintained.  
In peroxide crosslinked low-density polyethene for wire and cable applications, there is a critical balance between the 

additives [7-11]. Peroxides such as dicumyl peroxide are applied as the crosslinking agent. However, in this context, 
stabilisers are needed to prevent thermo-oxidative degradation as may be described by existing specifications. To 
complicate matters, the phenomenon known as premature crosslinking, referred to as “scorch, demands that a certain 
amount of a stabiliser package is present to deactivate radicals formed during the extrusion step. Thus, stabilisers that can 
trap alkyl radicals in the earlier stages of processing will allow the onset of crosslinking and achieve a preliminary, more 
thorough distribution of peroxide in the polymer melt. The objective is a crosslinked polymer with more uniform properties. 
Even though many antioxidants are capable of quenching such radicals, the choice of an effective scorching retardant is a 
complex scientific and technological task [7-11]. For example, the usual trapping of radicals by typical antioxidants leads 
to their irreversible removal from the crosslinking reaction. This inevitably leads to a loss in the density of the three-
dimensional network. Numerous studies have investigated the efficacy of various structural types of antioxidants, including 
phenolic antioxidant combinations and TEMPO amine structures [7-11]. 

In this study, as an alternative to phenolic compounds, the efficacy of phosphite antioxidants and their blends is assessed 
and compared with hydroxylamine and lactone stabilisers in the processing of peroxide-crosslinked polypropylene. This 
investigation provides novel information for designing stabiliser packages where controlled scorch retardation is critical 
[12-15]. We demonstrate that synergistic phosphite antioxidant blends exhibit a superior balance of extrusion performance, 
lower peroxide interaction, and reduced yellowing compared to hydroxylamine and lactone-based stabilisers. 

2. Experimental and Materials 

2.1 Materials 

The PP resin used was an “unstabilised” former BP slurry polypropylene with a nominal melt flow index (MFI) of 12. No 
base stabilisers were present in the polymer powder. The structures and properties of all the stabilisers used in this study 
are shown in Table 1. Catalyst residues were determined via simultaneous ICP-ES. The results are summarised in Table 2. 
The stabilisers are widely available from many other manufacturers around the world. Songwon, BASF, Clariant, SI Group 
and Adeka Corporation are currently operational. 

All the formulation blends were prepared with the same amount of peroxide, being 650 ppm. The liquid peroxide ob-
tained from Akzo Nobel (Trigonox 101: 2,5-dimethyl-2,5-di(tert-butylperoxy) hexane) was mixed with the resin and ad-
ditives in a Stephan processing mixer (Stephan, UK) at high speed for 2 min at 3000 rpm. The formulations were then 
cracked under a Nitrogen atmosphere. The formulation load levels are shown in Table 3.  

Table 1. Structures and Properties of Additives 

Antioxidant Structure Mw/MP 

Anox 20 
Chemtura/SI Group 

OO

OO O

O

O

O

HO
OH

OH
HO

 

1178/110-125 oC 

 
Alkanox 240 

Powder 
Chemtura/SI Group 

 

 

OO
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646/182 oC 
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Table 1 Continued 

Antioxidant Structure Mw/MP 

Alkanox P24 
Chemtura/SI Group O P

O

O

O
P

O
O

 

 
604/178 oC 

FS 042 
Ciba Speciality 

 
537/96 oC 

FSL 112 
Ciba Speciality 

 

351/134 oC 

Table 2. Catalyst Residues Analysed in Amoco PP 

Sample/Element RS 2147 BP Limit of Detection 
mg Al/kg 25-26 0.5 
mg Ca/kg 28-29 2 
mg Mg/kg 5.4-5.7 0.1 
mg S/kg 26-40 2 
mg Ti/kg 0.6-0.7 0.2 
mg Zn/kg 0.6-0.6 0.5 
mg Zr/kg 0.2-0.3 0.2 

Table 3. Formulations and load levels 

Additives in % REF (BB 011) A B C D E F 
PP, Amoco Slurry 99,85 99,81 99,81 99,81 99,81 99,81 99,81 
CaSt., Faci “DW” 0.025 0.025 0.025 0.025 0.025 0.025 0.025 

Anox 20 0,05       
Alkanox 240 0,05 0.1 0.08 0.06 0.04 0.02 0 
Alkanox P24  0 0,02 0.04 0.06 0.08 0.1 
Trigonox 101 0,065 0.065 0.065 0.065 0.065 0.065 0.065 

Additives in % Ref 1 Ref 2 Ref 3 Ref 4 Ref 5 Ref 6 
PP, Amoco Slurry 99,86 99,86 99,86 99,81 99,84 99,78 
CaSt., Faci “DW” 0.025 0.025 0.025 0.025 0.025 0.025 

Alkanox 240 0,05      
Alkanox P24  0,05     

FS 042   0,05 0,1   
Fiberstab FSL 112     0,0667 0,1335 

Trigonox 101 0.065 0.065 0.065 0.065 0.065 0.065 
 

The formulations A to F will describe the peroxide interaction of Alkanox 240/Alkanox P24 blends at 1000 ppm total 
load level. The reference formulations 1 to 6 will describe the relative peroxide interaction of Alkanox 240 and Alkanox 
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P24 against lactone-based systems (Fiberstab FSL 112) and hydroxylamines (FS 042) at 500 ppm and 1000 ppm total 
hydroperoxide decomposer load level. 

2.2 Processing 

The amount of peroxide was constant for each formulation. The resin and the additives were mixed using a Stephan High 
Speed mixer for 2 min at 3000 rpm as mentioned. An acid scavenger was added in a ratio of 500 ppm to improve processa-
bility, Faci DW (Ca-Stearate). The formulations were cracked under a nitrogen atmosphere, and then 5 multiple extrusion 
passes were carried out in air. Pellets were collected for further testing after the cracking and after the 1st, 2nd, 3rd, and 5th 
passes. Multi-pass extrusions were undertaken using a Brabender Plasticorder PLE 2000, with Screw 3 over 5 extrusion 
passes. The Temperature profile used was 200-225-250-275 °C with a Screw speed of 60 rpm, Batch size of 1200 g. The 
temperature for cracking the polymer at zero pass used was 200-215-235-250°C. Injection moulding was undertaken to 
produce 1mm plaques over the temperature range 210-220-230-230 oC and 2nd pass with 250 grams.  

Colour measurements were undertaken using a MacBeth Colour Eye 3000-YI according to ASTM E313 on granules 
using an ID 65 reflection light source. Experimental error was 0.7 units. MFI measurements were obtained using a Ceast 
Automatic (n° 2) instrument using test conditions ISO 1133, 230 °C, and 2,160 kg. Extrusion passes 1,3 and 5 were tested 
(2 measurements/pass, 10 measurements per sample were undertaken by the apparatus, deviation < 5 %). 

3. Results and Discussions 

3.1 Modes of Action 

Secondary antioxidants, such as phosphites, are typically considered to operate as hydroperoxide decomposers, yielding 
non-radical, non-reactive products, as shown in Scheme 1 [12]. It is now accepted that certain phosphites, particularly 
sterically hindered aryl phosphites, are capable of chain termination, especially under high-temperature processing condi-
tions, that is, above 100 oC.  

They have lower peroxide activity, which is beneficial for the cracking and less yellowing [13]. 

ROOH + P(OAr)3 -------- ► ROH + 0=P(0Ar)3  
RO. + P(OAr)3-------- ► ROP(OAr)3 -------- ► ROP(OAr)2 + ArO. 

ROO. + ArO. -------- ► Inactive products  
Ar=Aromatic; R=Alkyl 

Scheme 1. Reaction Mechanism of Phosphites. 

 
Scheme 2. Shows the removal of free radicals and decomposition of hydroperoxides, respectively by hydroxylamines. 

 
Scheme 3. Proposed mechanism for stabilisation with arylbenzofuranone. 
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Chain-breaking mechanisms occur between alkoxy and alkyl peroxyl radicals, where either substitution or oxidation 
initiation can result (Scheme 1). A popular phosphite, for example, Alkanox 240, has three phenolic groups. After reaction 
with hydroperoxides, these phenolic groups become activated and perform as primary antioxidants. Hence, the interest in 
this study stems from its multifunctional behaviour. Amines (especially hindered amines) intercept radicals (like alkyl/per-
oxy radicals), forming stable nitroxyl radicals (N-O•) that terminate radical chains directly [1-7] (Scheme 2). Lactones also 
act as chain-breaking antioxidants (Scheme 3). Thus, this work aims to strike a fine balance between peroxide reactions, 
crosslinking, and polymer properties [7]. The phosphites are less reactive towards peroxides than the amines and lactones 
and give colour protection [14]. They are also less reactive towards peroxides than phenolics [15]. The latter is crucial in 
many commercial applications.  

3.2 Melt Flow Index 

The concentration of peroxide used to crack the resin in each formulation was kept constant at 650 ppm Trigonox 101. 
This Trigonox load level is normally required to crack this type of PP up from 2-3 to a MFI of 29. The MFI data after the 
zero-step cracking stage of the different Alkanox 240/Alkanox P24 blends at 1000 ppm load level are plotted in Figure 1. 
The red line represents the target melt flow of 29 after the cracking step. Figure 1 clearly shows the trend that Alkanox 
240 has slightly lower peroxide interaction than Alkanox P24 and that increased Alkanox P24 levels in the blend result in 
slightly increased peroxide interaction. Considering the experimental error, all blends achieve approximately the desired 
MFI of 29 at the same peroxide level. The reference sample 1000 ppm (500 ppm Anox 20 + 500 ppm Alkanox 240) shows 
higher peroxide interaction than 1000 ppm Alkanox 240 due to the phenolic antioxidant Anox 20 (ref).  

The melt flow protection after the 1st, 3rd and 5th multiple extrusion passes of the different Alkanox 240/Alkanox P24 
blends is shown in Figure 2. Alkanox P24 gives better melt flow protection after cracking than 1000 ppm Alkanox 240, 
which can be derived from the lower slope in Figure 2 of the curvature for Alkanox P24 over Alkanox 240. Again, the 
trend is clear: increased Alkanox P24 levels in the Alkanox 240/Alkanox P24 blends give slightly increased peroxide 
interaction but also give increased melt flow protection after cracking over 1000 ppm Alkanox 240. This is further elabo-
rated by data plots in Figure 3. Here, it becomes clear that [2:3] up to [4:1] blends of Alkanox P24/Alkanox 240 show 
similar melt flow protection after cracking. Thus, the [2:3] to [4:1] blends of Alkanox P24/Alkanox 240 give an overall 
good balance between low peroxide interaction and good melt flow stability after cracking. Figure 3 shows the melt flow 
protection of the Alkanox P24/Alkanox 240 by normalising the melt flow. The data plotted is the delta of the MFI of pass 
5 and pass 0. The higher this value, the lower the melt flow protection after cracking. 

Multiple pass extrusions were also undertaken on six reference formulations. All formulations contained 650 ppm Trig-
onox 101 and contained 500 ppm and 1000 ppm total load levels of hydroperoxide decomposer. Through this series of 
experimental formulations, it’s possible to rate the peroxide interaction of different classes of hydroperoxide decomposers. 
Figure 4 shows the MFI values for the reference formulations at a 500-ppm total load level of hydroperoxide decomposer, 
while Figure 5 shows the MFI values for the reference formulations at a 1000 ppm total load level of hydroperoxide 
decomposer. Figure 6 shows the normalised melt flow again of the different Alkanox P24/Alkanox 240 blends against the 
lactone and hydroxylamine-based systems. Here, the total peroxide decomposer level is kept constant at 1000 ppm. 

 

 
Figure 1. MFI of the different formulations after cracking. Each formulation contains 650 ppm Trigonox 101, and the total load con-

centration was 1000 ppm. Ref is BB011. 



Brian Johnson et al. 
 

 

DOI: 10.26855/oajrcms.2026.06.001 6 OAJRC Material Science 
 

 
Figure 2. MFI with various Alkanox P24 /Alkanox 240 ratios. MFI at 230 °C and with 2.16 kg after multiple pass extrusion. The total 

stabiliser concentration was 1000 ppm. 

 
Figure 3. Normalised MFI (MFI Pass 5 – MFI Pass 0) of various Alkanox P24/Alkanox 240 ratios at 1000 ppm. 

For both 500 ppm and 1000 ppm total levels of hydroperoxide decomposer, the same conclusions can be made. From 
Figure 4, the lactone-based system (FSL 112) and the hydroxylamine (FS042) both show higher peroxide interaction than 
the Alkanox 240, Alkanox P24, and their blends, and they give very good melt flow stability after cracking. Peroxide 
interaction is very similar for the hydroxylamine-based system and the lactone-based system. Melt flow protection after 
cracking is similar for the hydroxylamine and the lactone-based system. Alkanox P24 alone shows similar melt flow 
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protection as the competitive material, but has lower peroxide interaction, which in the end results in a better performance 
balance. The [2:3] to [4:1] blends of Alkanox P24/Alkanox 240 show less melt flow protection than the competitive ma-
terial but have lower peroxide interaction as phosphites alone (Figure 5). Overall, these Alkanox 240/Alkanox P24 blends 
show a better performance balance than hydroxylamine and lactone-based systems in PP. 

 
Figure 4. MFI values for the various reference formulations. MFI at 230 °C and with 2.16 kg after multiple pass extrusion. Total 

load level at 500 ppm total hydroperoxide decomposer level. 

 
Figure 5. MFI values for the various reference formulations. MFI at 230 °C and with 2.16 kg after multiple pass extrusion. Total 

load level at 1000 ppm hydroperoxide decomposer level. 

 
Figure 6. Normalised MFI values (MFI pass 5 – MFI pass 0) of the different Alkanox P24/Alkanox 240 blends against 1000 ppm FS-

042 and 1335ppm FSL 112. 

15

25

35

45

55

0 1 2 3 4 5

Pass

M
FI

500 ppm Alkanox 240 500 ppm Alkanox P24 500 ppm FS 042 667 ppm FSL 112

0

2

4

6

8

10

12

0 20 40 60 80 100
Relative Concentration of Alkanox P24

N
or

m
al

is
ed

 M
FI

 (p
as

s5
-p

as
s0

)

1000 ppm P24/Alk 240 blends 1000 ppm FS 042 1335 ppm FSL 112



Brian Johnson et al. 
 

 

DOI: 10.26855/oajrcms.2026.06.001 8 OAJRC Material Science 
 

3.3 Yellowness Index 

The discolouration of polymer materials is more often a crucial factor in the final properties of a particular product. The 
yellowness index was measured after cracking and after the 1st, 3rd, and 5th multiple extrusion passes. The yellowness 
indices measured are shown in Figures 7 and 8 for the Alkanox blends. Figure 7 shows a comparison with the reference 
control formulation BB 011 containing the Anox 20, while Figure 8 shows an improved detailed comparison of the separate 
blends.  

 
Figure 7. The yellowness indexes with various Alkanox P24/Alkanox 240 ratios after cracking and after multiple pass extrusion. The 

total stabiliser concentration is 1000 ppm. 

 
Figure 8. The yellowness indices with various Alkanox P24/Alkanox 240 ratios after cracking and after multiple pass extrusion. The 

total stabiliser concentration is 1000 ppm [detail figure] 

The results show that all Alkanox 240/Alkanox P24 blends give good colour protection. As the blends are ‘phenol-free’, 
the discolouration seen arises from the degradation of the polymer. The small differences seen between the different blends 
are within experimental error. Discolouration of all Alkanox 240/Alkanox P24 blends is much lower than that for the 1000 
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ppm reference BB011 with a low dose of the Anox 20. Here, the discolouration comes from the Anox 20, which, through 
its radical scavenging mechanism, forms coloured conjugated double bonds [7]. Multi-pass extrusions were also carried 
out on the six reference formulations. The formulations contained 650 ppm Trigonox 101. Figure 9 shows the YI values 
for the reference formulations where the total hydroperoxide decomposer level (phosphites) is set at 500 ppm. Figure 10 
shows the YI values for the reference formulations where the total hydroperoxide decomposer (phosphites) level is set at 
1000 ppm. 

 
Figure 9. The yellowness indexes for the reference formulations after cracking and after multiple pass extrusion, total hydroperoxide 

decomposer level is 500 ppm. 

 
Figure 10. The yellowness indices for the reference formulations after cracking and after multiple pass extrusion, the total hydroper-

oxide decomposer level is 1000 ppm. 
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At both load levels (500 and 1000 ppm hydroperoxide decomposer), the trend shows lower discolouration for Alkanox 
240 and Alkanox P24 than the hydroxylamine and the lactone-based system. This effect is less pronounced at 500 ppm but 
more visible at 1000 ppm total load level. 

Discolouration of FS 042 and FSL112 is similar, and discolouration levels of Alkanox 240 and Alkanox P24 are similar. 

4. Conclusions 

The Alkanox 240/Alkanox P24 blends are better for cracking due to their lower peroxide reaction. Within experimental 
error, increased Alkanox P24 load levels in the blend result in increased melt flow protection, albeit slightly less than the 
hydroxylamine and lactone formulations, but well within the acceptable MFI boundary. Regarding the relative ratings of 
Alkanox 240, Alkanox P24, and their blends against other commercial hydroperoxide decomposers, 1000 ppm [2:3] to 
[4:1] blends of Alkanox P24/Alkanox 240 deliver a very good performance balance in cracked PP. They have lower per-
oxide interaction and improved colour protection than 1000 ppm lactone and 1000 ppm hydroxylamine (i.e., FS042) based 
systems. These systems could be used not only in cracked polypropylene fibre grades but also in other applications where 
cracked polypropylene is used, such as thin-walled injection moulding.  
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