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  Abstract 
The efficacy of a wide range of mono, di- and phenyl-sulphur substituted antioxidants, 
and their blends, is assessed and compared with phenol/phosphite antioxidants in the 
processing of polypropylene as an alternative to phenolic-based stabilisers. Melt flow 
rate (MFR) measurements via multi-pass single screw (Brabender) extrusion were un-
dertaken, coupled with Yellowness Index for colour inhibition. The outcomes provide 
novel information in the design of thioesters in relation to their structural activity for 
effective processing. In this work, mono-substituted thioesters gave some degree of sta-
bilisation, with the effect being dependent upon the alkyl chain length. On the other hand, 
Di and Phenyl-S-substituted thioesters gave improved MFR protection, either equivalent 
or better than phenolic or phosphite antioxidants, with a marked dependency on concen-
tration. Mixed thioesters exhibited no synergism, while colour reduction was more ef-
fective than that exhibited by phenolic antioxidants. Overall, molar activity and percent-
age sulphur (active function) appeared to play an important role in melt processability, 
providing valuable and novel information on their structure-melt processing interrela-
tionship. 
 
Hıghlıghts 
1. Mono-S-substituted thioesters gave some degree of effective melt stabilisation. 
2. Di- and phenyl-S-substituted thioesters provided significant MFR protection. 
3. Colour reduction is observed with the thioesters compared to phenolics. 
4. Thioesters exhibit a marked concentration-dependent efficacy. 
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1. Introduction 

Antioxidant chemistry plays a vital role in the stabilisation of polymer materials, and none more so than in the range of 
polyolefins [1-11]. 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 
maintained. Sulphur-containing stabilisers were originally developed for rubber vulcanisation and then slowly moved 
across to the polyolefins to assist in processability, but primarily for long-term heat ageing (LTH). Early thio compounds 
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were essentially based on mono thioesters, developing eventually into tetrafunctional structures [5-7]. Many exhibited 
good synergisms with phenols during long-term heat ageing. Thiobased compounds are considered in terms of classifica-
tion as secondary antioxidants and function as hydroperoxide decomposers via sulphur oxide and sulfenic acid formation 
[12, 13]. It is known that these products are long-term heat stabilisers in the solid state at temperatures below the melting 
point of the polymer. They are used to stabilise the polymer during its end-use application only in the solid state. This 
contrasts with the process stabilisers like the phosphites and phosphonites. These products are also hydroperoxide decom-
posers, but they stabilise the polymer during the processing at high temperatures; they are short-term stabilisers in the melt 
only, although synergism has been reported with phenolic antioxidants, during long-term heat ageing [14]. Synergism 
occurs when the efficacy of two or more polymer additives combined exceeds the net effect of the separate additives alone 
[6]. Thioethers are useful for their ability to decompose several moles of hydroperoxide for each mole of stabiliser [12, 
13]. The reaction between thioethers and hydroperoxide yields sulphoxides and alcohols as shown in Scheme 1. On further 
oxidation, sulphoxides form acidic catalysts that are even more powerful hydroperoxide decomposers than the original 
sulphide [15, 16]. There has been little detailed work on thioesters regarding their ability to stabilise a polymer during 
processing because of their long-term heat ageing property [3-7]. The purpose of this study is to examine the role and 
extent of a wide range of structural thioesters in their ability to stabilise polymers during processing. The objective here, 
through such a wide study, is to understand the inter-relationship of the structural type and processing efficacy in polypro-
pylene via MFR and the Yellowness Index measurements over a wide concentration range. This work collates the efficacy 
of long-term processing and discolouration of thioesters with their structural features. Here it is shown that there is a strong 
dependency on the molar activity and percentage sulphur in the stabiliser structure, with di- and phenyl-S compounds 
giving improved processability over that of the typical phenolic and phosphite antioxidants. There is also an interesting 
concentration dependency.  

 
Scheme 1. Reaction mechanism for thiodipropionates. 

2. Experimental and Materials 

2.1 Materials 

The PP resin used was a former unstabilised (no other additives in the polymer) BP slurry polypropylene with a nominal 
melt flow Rate (MFR) of 12. The MFR of the base PP resin was measured (MFR (230°C, 2.160 Kg) value 12. The struc-
tures and properties of all the materials used in this study are shown in Tables 1 and 2. The stabilisers are widely available 
from many other manufacturers around the world. Songwon, BASF, Clariant, SI Group and Adeka Corporation are cur-
rently operational. The MFR and the Yellowness Index of the different compounds at different concentrations are measured. 
The concentrations tested are between 250 and 2000ppm. DLTDP is also assessed at 3000 ppm. The addition of an acid 
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scavenger is necessary. It neutralises the acid catalyst residues remaining in polymers after the polymerisation process. 
The calcium stearate used in this study is Faci DW at 500 ppm in all formulations. The molar activity of sulphur was 
measured by Non-dispersive Infrared (NDIR) (via the ASTM D1552 procedure). 

2.2 Processing 

Multi-pass extrusions were undertaken using a Brabender Plasticorder PLE 2000, with Screw 1 over 5 extrusion passes. 
The Temperature profile used was 200-225-250-275 °C in air with a Screw speed of 60 rpm, Batch size of 1200 g. These 
are different heating zones within the barrel of the extruder. Pass 0 was undertaken to mix the antioxidants into the polymer 
under nitrogen, with a temperature profile of 200-210-220-230 °C. The polymer melt takes approximately 30 secs for a 
single pass. Colour measurements were undertaken using a MacBeth Colour Eye 3000-YI according to ASTM E313 on 
injection moulded plaques using an ID 65 reflection light source. Experimental error was 0.7 units. Injection moulding 
was undertaken using a Battenfeld BA 800/315 CD UNILOG 4000 Closed Loop machine (800 kN clamping force machine) 
Diameter screw: 35 mm, Barrel zones temperature 1 to 3: 230 °C - Nozzle temperature: 220 °C - Melt temperature in the 
nozzle: 225 °C - Melt temperature: 50 °C, Injection speed: 50 % from maximum available speed, Injection pressure: 30 
bar and Cycle time: 55 sec. 

MFR measurements were undertaken using a Ceast Automatic (n° 1) test conditions: ISO 1133. 
Pellets from extrusion passes 0,1,3 and 5 (2 measurements/pass, 10 measurements per 
Sample were done by the apparatus itself (deviation < 5 %) at 230 °C and 2.160 kg (Experimental error = 5%). MFI 

(Melt Flow Index) is used interchangeably with Melt Flow Rate (MFR). Graphical plots state MFI. 

Table 1. Structures and Properties (Mol. Wt.) of Additives 

Product name Structure MW 

Anox 20 
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OO O

O

O
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HO
OH

OH
HO
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Alkanox 240 
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Lowinox DLTDP 
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Cyanox 711 
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Table 1 Continued 

Product name Structure MW 

Cyanox 1212 

 

 

Hostanox SE-10 
 

571 

ADK STAB AO 23 

 

APPROX 900 

ADK STAB AO 412S 

 

1162 

Table 2. Other information of the thioesters 

Product Name Supplier CASnr MP oC Molar Activity 
g/mole S (%m/m) Appearance 

Lowinox 
DSTDP Great lakes 693-36-7 63-67 1.5 4.7 White powder 

flakes 
Lowinox 
DLTDP Great lakes 123-28-4 38-41 1.9 6.2 White powder 

flakes 

Cyanox 711 Cytec 
Evans 10595-72-9 <25 1.8 5.4 

5.9 liquid 

Cyanox 1212 Cytec 
123-28-4 
693-36-7 

13103-52-1 
- - 

5.3 
5.4 
5.5 

White powder 
flakes 

Hostanox SE-10 Clariant 2500-88-1 57-60 1.9 11.2 White powder 

ADK STAB 
AO-23 Asahi Denka 

66534-05-1 
(C12) 

71982-66-6 
(C14) 

- 3.3 10.7 Yellow Liquid 

ADEK STAB 
AO-412-S Asahi Denka 29598-76-3 49-52 3.4 11 White powder 

Note. S= % mass/mass 

3. Results and Discussions 

Only the stabilising effect during processing is discussed by means of MFR and YI graphs. The error on the MFR meas-
urement is 5%. The standard deviation of the YI measurement is +/- 0.7. These errors are shown on the graphs by means 
of error bars.  

3.1 Control Anox 20 + Alkanox 240 Blends 

3.1.1 Melt Flow Rate 
On each MFR graph, the initial MFR is represented as a horizontal dotted line. As a reference, the hindered phenol Anox 
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20 and the phosphite Alkanox 240 are used. The MFR and YI values of the thioesters are compared with the MFR and YI 
values of the two references. 

Anox 20 is a hindered phenol and will stabilise the polymer during processing and during its end-use. Alkanox 240 is 
known as a good process stabiliser. Figure 1 shows the efficacy of the Anox blends over a 2000 ppm concentration range. 

 
Figure 1. MFR of Anox 20 and Alkanox 240 at pass 5 over a 2000 ppm concentration range. 

At 250 and 500 ppm, the MFR of Anox 20 is below the MFR of Alkanox 240, indicating that at these low load levels, 
Anox 20 is a better process stabiliser than Alkanox 240. The phosphite Alkanox 240 does not stabilise the polymer as well 
as Anox 20 at 250 and 500 ppm. The Alkanox 240 is a secondary and is only able to decompose hydroperoxides, although 
this is not always clear since other processes are operative by the by-products [1-7]. Secondary antioxidants often work in 
synergy in combination with a primary antioxidant [7]. At higher concentrations (1000 to 2000 ppm), the MFR values of 
the Anox 20 and Alkanox 240 are similar, an interesting finding for a phosphite.  

3.1.2 Yellowness Index 
Figure 2 shows that Anox 20, as would be expected, causes significant yellowing of the polymer normally associated with 
quinoid oxidation products [8]. The more Anox 20, the stronger the discolouration due to quinoid coupling reactions. 
Alkanox 240 does not cause any discolouration of the polymer. The colour remains the same as the initial polypropylene. 
The colour of the unstabilised polypropylene is shown on the graph as the crossing of the curve with the Y-axis. 

 
Figure 2. YI of Anox 20 and Alkanox 240 at pass 5. 
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Thus, at 1000 and 2000 ppm, the MFR curves are the same for Anox 20 and Alkanox 240. But, at lower levels (250 and 
500 ppm), Anox 20 is a better process stabiliser than Alkanox 240. At 2000 ppm, neither product was yet saturated. Is 
evident that at this load level, Anox 20 and Alkanox 240 alone cannot maintain the initial MFR of the polymer (MFR 12). 

3.2 Thioesters 

3.2.1 Process Stabilisation of the Thiodipropionates 

3.2.1.1 Melt Flow Rate 
The only difference here between the tested thiodipropionates is the length of the alkyl chain. In theory, this means that 
the shorter the alkyl chain, the better the thiodipropionate can stabilise the polymer. This is because the amount of sulphur 
(the active function) is higher if the alkyl chain is shorter (see Table 2). The efficiency can be theoretically derived from 
the molar activity or the mass percentage of sulphur. The higher these values, the more efficient the thiodipropionate. 

In this section, the thiodipropionates tested were: Lowinox DSTDP, Lowinox DLTDP, and Cyanox 711. The product 
Cyanox 711 was studied by two suppliers, Evans and Cytec, for inclusion here. 

In Figures 3, 4, and 5, the MFR values of all the tested thiodipropionates at pass 5 at 250, 1000, and 2000 ppm are shown. 
 

 
Figure 3. MFR at pass 5 of the thiodipropionates at 250 ppm. 

 
Figure 4. MFR at pass 5 of the thiodipropionates at 1000 ppm. 
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Figure 5. MFR at pass 5 of the thiodipropionates at 2000 ppm. 

The MFR studies on the thiodipropionates show that they are capable of some level of stabilisation. At concentrations 
of 1000 and 2000 ppm, the thiodipropionates do not stabilise the polymer as effectively as Anox 20 and Alkanox 240. At 
lower levels, however, (250 ppm) only the Cyanox 711, Cytec stabilises the polymer at the same level as the Anox 20 and 
Alkanox 240. This illustrates an interesting novel feature for this mono-sulfur thioester. 

DLTDP has a shorter alkyl chain than DSTDP, so theoretically, this means that DLTDP will stabilise the polymer better 
than DSTDP, as shown in Figures 3-5. The Cyanox 711 has a molar activity of 1.8. This value lies between 1.9 and 1.5, 
which are respectively the molar activities of DLTDP and DSTDP. Theoretically, the MFR values of Cyanox 711 should 
be between the MFR values of DLTDP and DSTDP. Because the MFR values of Cyanox 711, Cytec and Cyanox 711, and 
Evans are not the same. The Cyanox 711 from Cytec stabilises the polymer better than the product from Evans, even 
though they have the same chemical structure. Samples of both products were analysed. The percentage sulphur of Cyanox 
711, Cytec is 5.5 +/- 0,2 and the content of Cyanox 711, Evans is 5.9 +/- 0,3. These values illustrate some differences in 
product quality, a property quite common in the industrial world of additive manufacturing. Actual concentration plots 
with MFR at multi-pass are compared in Figure 6 to illustrate the trend.  

 
Figure 6. MFR of thiodipropionates at pass 5. 
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Higher concentrations will lead to a better stabilisation of the polypropylene. In Figure 7, the curves of the thiodipropi-
onates are extrapolated. This can only be achieved if there is no solubility limit. DLTDP was tested at 3000 ppm, and at 
this concentration, the solubility limit was not yet attained. 

Figure 7 shows that, hypothetically, if there is no solubility limit, a concentration of 4500 ppm of Cyanox 711 (Cytec 
and Evans) would be needed so that no degradation would take place during PP processing to achieve an MFR of 12 for 
the base unstabilised and unprocessed polymer. For the DLTDP and DSTDP, 6000 and 6500 ppm must be added to the 
polypropylene to stabilise the polymer for 100% MFR retention, albeit hypothetical. Nevertheless, the data here shows 
that the thiodipropionates do stabilise during processing. DSTDP and DLTDP are often used in the industry, but they don’t 
give the best stabilisation for MFR. In industry, concentrations of 4000 to 8000 ppm are used for long-term stabilisation. 
At these levels, the thiodipropionates do stabilise the polymer during processing. If the extrapolated values can be consid-
ered as true, all the tested thiodipropionates stabilise polypropylene completely during processing at 6500 ppm. 

 
Figure 7. Extrapolated MFR of thiodipropionates at pass 5 (Extrapolated values beyond 2000ppm are theoretical and not 

experimentally validated). 

3.2.1.2 Yellowness Index 
The colour of the polypropylene containing a thiodipropionate is the same as the colour of the polymer when Alkanox 240 
is added. The colour is the same as that of the unstabilised polypropylene. This is important industrially because in most 
applications, discolouration is often crucial. Figure 8 shows us that no thiodipropionate causes yellowing of the polymer. 

 
Figure 8. YI of thiodipropionates at pass 5. 
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Although the thiodipropionates cannot maintain the initial MFR of polypropylene (at the tested concentrations), they 
can maintain the colour. So, for the thiodipropionates, they stabilise the polymer during processing but are unable to main-
tain the initial MFR at the tested concentrations. At concentrations of 1000 and 2000 ppm, the stabilising effect of the 
thiodipropionates is not as good as that displayed by the Anox 20 and Alkanox 240. The MFR values of DLTDP and 
DSTDP are as expected. The shorter the alkyl chain, the higher the percentage sulphur, the better the product will stabilise. 
The DLTDP curve lies below the curve of DSTDP. Cyanox 711 stabilises better than was theoretically expected. Based 
on the percentage of sulphur, the values should be between the DSTDP and DLTDP. A positive note is that they all inhibit 
colour production. 

3.2.2 Process Stabilisation of Mixtures of Thiodipropionates 

3.2.2.1 Melt Flow Rate 
Cyanox 1212 is a mixture of DSTDP, DLTDP, and lauryl stearyl thiodipropionate (LSTDP). The correct concentrations 
of the three products are not provided by the supplier Cytec. The product is used for long-term stabilisation of polyolefins. 
In Figure 9, the MFR values of Cyanox 1212, the references, DSTDP, and DLTDP are shown at the same concentration 
(250, 1000, and 2000 ppm) at multi-pass 5. The Cyanox 1212 does not stabilise the polymer as well as Anox 20 and 
Alkanox 240 over the 2000 ppm concentration range. Analysis of the percentage sulphur of Cyanox 1212 shows (Table 2) 
that it fits right in the middle of the percentage sulphur of DSTDP and DLTDP. The percentage sulphur of Cyanox 1212 
is 5.4. This is the average of 4.7 and 6.2, respectively, the percentage sulphurs of DSTDP and DLTDP. Theoretically, 
Cyanox 1212 can be considered as a 50/50 mixture of DSTDP and DLTDP because the amount of sulphur (the active 
component) is the same. The MFR values of Cyanox 1212 should therefore lie in the middle of the values of DSTDP and 
DLTDP. But the results do not confirm this. They do lie close to the MFR curves of DSTDP and DLTDP. So, for the 
thiodipropionates, they stabilise the polymer during processing but are unable to maintain the initial MFR at the tested 
concentrations. At concentrations of 1000 and 2000 ppm, the stabilising effect of the thiodipropionates is not as good as 
that displayed by the Anox 20 and Alkanox 240. The MFR values of DLTDP and DSTDP are as expected. The shorter the 
alkyl chain, the higher the percentage sulphur, the better the product will stabilise. The DLTDP curve lies below the curve 
of DSTDP. Cyanox 711 stabilises better than was theoretically expected. Based on the percentage of sulphur, the values 
should be between the DSTDP and DLTDP. A positive note is that they all inhibit colour production. 

 
Figure 9. MFR of Cyanox 1212, DSTDP, and DLTDP at pass 5 with references. 

3.2.2.2 Yellowness Index 
Figure 10 shows that Cyanox 1212 doesn’t cause yellowing of the polymer. The colour is the same as that of the polypro-
pylene with Alkanox 240 and the unstabilised polymer after multi-pass 5. 
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Cyanox 1212, so far, is together with DSTDP the worst stabilising thioester of all the tested thioesters for MFR retention. 
Although Cyanox 1212 is a mixture of DSTDP, DLTDP, and LSTDP, the MFR curve lies very close to the curve of 
DSTDP and shows no synergy between DSTDP, DLTDP, and LSTDP. 

 
Figure 10. YI of Cyanox 1212 at pass 5. 

3.2.3 Process Stabilisation of Disulphides 

Hostanox SE-10 is a disulfide. The alkyl chain is like that of DSTDP, but the disulfide has two sulphur atoms, hence double 
molar activity. The molar activity, which is 3,5 and the percentage sulphur, which is 11.2, are the highest compared with 
the values of all tested thioesters so far.  

 
Figure 11. MFR of Hostanox SE-10, Cyanox 1212, Cyanox 711, Cytec at pass 5. 

In Figure 11, the MFR values for stage 5 of Hostanox SE-10 are compared with those of the Cytec stabilisers alongside 
the reference formulations. The best performing thiodipropionate, Cyanox 711, Cytec, and a mixture of thiodipropionates, 
Cyanox 1212, are shown at the same concentration range (250, 1000, and 2000 ppm). Here it is seen that at low concen-
trations, Hostanox SE-10 stabilises the polymer slightly better than Anox 20 and Alkanox 240. Starting from 1000 ppm, 
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the process stabilisation of Hostanox SE-10 is the same as the stabilisation of Anox 20 and Alkanox 240. Of all the tested 
thioesters the Hostanox SE-10 stabilises the best. Theoretically, this is correct. Hostanox SE-10 has the highest molar 
activity and the highest percentage of sulphur activity. Hostanox SE-10 is the most efficient of all tested thioesters. But it 
cannot maintain the initial MFR.  

The data plots again show that at concentrations higher than 1000 ppm, the stabilisation of Hostanox SE-10 is the same 
as that of Anox 20 and Alkanox 240. At lower levels, the stabilisation of Hostanox SE-10 is better than the two references. 
The MFR values of Hostanox SE-10 are the same at 1000 and 2000 ppm. This means that the product is in saturation 
(additive solubility is exceeded). Adding more products has little use; the stabilising effect will not be improved. At 1000 
ppm, a good stabilising effect is seen, but still, the initial MFR cannot be obtained. To reach the same process stabilisation 
as Hostanox SE-10 at 2000 ppm, more traditional thioesters (DSTDP and DLTDP) must be added (around 5250 ppm). As 
such, Hostanox SE-10 is a very effective process stabiliser: no large concentrations need to be added to achieve a good 
stabilising effect. Whether it can be used in the industry is, of course, determined by the cost/performance of the product 
against the traditional products like DSTDP and DLTDP. 

3.2.3.1 Yellowness Index 
Figure 12 shows that Hostanox SE-10 doesn’t cause discolouration of the polymer. The colour is the same as the unstabi-
lised polymer. Thus, at low concentrations, Hostanox SE-10 stabilises the polymer better than Anox 20 and Alkanox 240. 
At concentrations starting from 1000 ppm, the stabilising effect is the same. Hostanox SE-10 is the best process stabiliser 
of all tested thioesters. This can be explained by the fact that it has the highest molar activity (3.5) and percentage sulphur 
(11.2). Hostanox SE-10 is saturated at 1000 ppm. 

 
Figure 12. YI of Hostanox SE-10 at pass 5. 

3.2.4 Process Stabilisation of Other Sulphur Compounds 

3.2.4.1 Melt Flow Rate 
Figure 13 shows the MFR values of the other tested sulphur compounds, ADK STAB AO-23 and ADK STAB AO-412S, 
the best thiodipropionate, a mixture of thiodipropionates, and a disulphide at the same concentrations (250, 1000, and 2000 
ppm) after multi-pass extrusion 5. ADK STAB AO-23 and ADK STAB AO-412S are both good process stabilisers, but at 
the tested concentrations, they cannot maintain the initial MFR of polypropylene, which is not unusual for most additives. 
ADK STAB AO-23 has a process stability very similar to Hostanox SE-10. At low load levels (250 ppm), the MFR values 
are slightly better than Anox 20 and Alkanox 240, shown in Figure 14. At high load levels, the MFR values are like the 
values of Anox 20 and Alkanox 240. ADK STAB AO-412S has a slightly worse performance than ADK STAB AO-23, 
but it is still an improvement over the tested thiodipropionates and the mixture of thiodiopropionates. At low concentrations, 
ADK STAB AO-412S stabilises the polymer in the same way as Anox 20 (Figure 14). At 250 ppm, ADK STAB AO-23 
gives a better stabilisation than Anox 20, but at higher concentrations, they have the same stabilising effect. 
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Figure 13. MFR of the other sulphur compounds, the best thiodipropionate (Cyanox, Cytec), a disulphide (Hostanox SE-10), and a 

mixture of thiodipropionates (Cyanox 1212) at pass 5. 

 
Figure 14. MFR of ADK STAB AO-23, ADK STAB AO-412S, and the references at pass 5. 
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ADK STAB AO-412S. At 250 ppm, ADK STAB AO-23 stabilises slightly better than the disulphide Hostanox SE-10, but 
the difference is very small. At 500, 750, and 1000 ppm, Hostanox SE-10 is the most efficient. ADK STAB AO-23 is not 
yet saturated at 2000 ppm. Hypothetically, if more than 2000 ppm is added, it will probably stabilise the polymer better 
than Hostanox SE-10. 

3.2.4.2 Yellowness Index 
The Yellowness Index plots for the Adeka stabilisers are compared in Figure 15 over the 2000ppm concentration range 
and multi-pass extrusion 5. ADK STAB AO-412S does not cause yellowing of the polymer. The colour is the same as 
when Alkanox 240 or no antioxidant is added. 

ADK STAB AO-23 is a yellow liquid, but this doesn’t give a colour initially. ADK STAB AO-23 is an aromatic com-
pound, and if it reacts in the stabilisation reaction, it can form products with conjugated double bonds. This explains the 
yellowing that can be seen in Figure 15. Thus, ADK STAB AO-23 stabilises a little better than ADK STAB AO-412S. At 
2000 ppm, ADK STAB AO-23 stabilises the polymer as well as Anox 20 and Alkanox 240. The stabilisation of ADK 
STAB AO-23 is as good as the stabilisation of Hostanox SE-10. These two products are the best stabilisers of all the 
evaluated thioesters. ADK STAB AO-23 causes yellowing of the polymer. The yellowing is not as strong as the yellowing 
caused by Anox 20. ADK STAB AO-412S doesn’t cause discolouration of the polymer. 

 
Figure 15. YI of ADK STAB AO-23 and ADK STAB AO-412S at pass 5. 

3.3 Interactions of DSTDP and DLTDP 

3.3.1 Melt Flow Rate 
In the industry, often mixtures of thiodipropionates are used. A good example of this is Cyanox 1212, which is a mixture 
of three thiodipropionates as shown. According to the analyses of the percentage sulphurs, Cyanox 1212 has a percentage 
sulphur of around 5.4. The percentage sulphur of DSTDP is 4.7, and the content of sulphur in DLTDP is 6.3. Thus, in 
theory Cyanox 1212 could be considered as a 50/50% mixture of DSTDP and DLTPD. To determine whether a 50/50% 
mixture is the optimal blend ratio, a synergy study was undertaken here. Different amounts of DSTDP and DLTDP were 
tested in polypropylene. In Figure 16, a potential synergy curve of DSTDP and DLTDP is represented. The total concen-
tration of DSTDP and DLTDP is always 1000 ppm. The different concentrations tested are: 0/1000 ppm – 200/800 ppm – 
400/600 ppm – 600/400 ppm – 800/200 ppm – 1000/0 ppm DSTDP/DLTDP. 
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Figure 16. MFR plots of DSTDP and DLTDP ratios at different passes. 

The plots are horizontal, indicating that there is no synergy between the DSTDP and DLTDP. The combination doesn’t 
lead to an increase in the stabilisation effect. The effect observed is an additive effect only. Now, if Cyanox 1212 can be 
considered as a 50/50% mixture of DSTDP and DLTDP, the MFR values of a formulation of 500/500 ppm DSTDP/DLTDP 
should be the same as the values of 1000 ppm Cyanox 1212. This was measured and is represented in Figure 17. 

The formulation of 1000 ppm Cyanox 1212 has the same MFR value as the point of 500/500 ppm DLTDP and DSTDP, 
considering the error of 5%. The error bars overlap. But the two products aren’t the same. Cyanox 1212 is a mixture of 
three products, but the percentage of sulphur and the length of the alkyl chains are about the same as a 50/50% mixture of 
DSTDP and DLTDP. Normally, in the industry, combinations of antioxidants are used because of the synergy. Cyanox 
1212 is not used for this purpose because there is no synergy between the products. 

 
Figure 17. MFR plots of DSTDP and DLTDP with points of 1000 ppm Cyanox 1212. 
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3.3.2 Yellowness Index 
Figure 18 shows the Yellowness Index values versus the concentration ratios for DLTDP/DSTDP after multi-pass extru-
sions. Comparisons are also shown for Anox 20 and Alkanox 240. The Yellowness Index values of the combinations of 
thiodipropionates are like the values of Alkanox 240 at pass 5. 

 
Figure 18. YI plots after multi-pass extrusions for ratios of DSTDP and DLSTDP. 

The colour caused by Anox 20 is much higher. From the plots, there is no synergy between the DSTDP and DLTDP, 
confirming that Cyanox 1212 is not used in the industry because of a synergistic effect between the different products in 
the mixture.  

4. Conclusions 

In this study, the efficacy of a wide range of mono, di- and phenyl-sulphur substituted antioxidants, and their blends, is 
assessed and compared with phenol/phosphite antioxidants in the processing of polypropylene as an alternative to phenolic-
based stabilisers. It provides a novel and valuable basis for the understanding of the relationship between the structure of 
thioesters and their potential thermal stabilisation activity in the melt processing of polypropylene. Melt flow Rate (MFR) 
measurements via multi-pass single screw (Brabender) extrusion, coupled with Yellowness Index for colour inhibition, 
showed some interesting features. The outcomes provide novel information in the design of thioesters in relation to their 
structural activity for effective processing. The data showed that mono-substituted thioesters gave some degree of stabili-
sation, with the effect being dependent upon the alkyl chain length. On the other hand, Di and Phenyl-S-substituted thioe-
sters gave improved MFR protection, either equivalent or better than phenolic or phosphite antioxidants, with a marked 
dependency on concentration. Mixed thioesters exhibited no synergism, while colour reduction was more effective than 
that exhibited by phenolic antioxidants. Overall, molar activity and percentage sulphur appeared to play an important role 
in melt processability. On this basis, the best thioesters were found to be Hostanox SE-10 and ADK STAB AO-23. Disul-
fides serve as (largely permanent) molecular “staples” that direct and stabilise the three-dimensional structure of proteins 
at high temperatures [17]. They are stable bonds and therefore may well extend this property to high-temperature stabili-
sation of PP. Diphenyl sulphides, on the other hand, are well-known high-temperature thermal stabilisers and, in this case, 
operate as a high-molecular-weight lubricant in the PP melt [17-19]. 
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