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Abstract 

Polyisobutylene succinimide lubricaƟng oil addiƟve is manufactured from waste inner tubes, 
which have shown mainly excellent properƟes such as oxidaƟon stability, dispersancy, viscosity 
index, and improved properƟes like Ňash point and pour point. The goal of this study is to 
reclaim polyisobutylene rubber from waste inner tubes by chemical dissoluƟon method using 
kerosene solvent. AŌer conĮrming the chemical composiƟon of the polyisobutylene and its 
crystalline, morphological and thermal properƟes using FTIR, 1H NMR, XRD, DSC and FESEM, it 
was reacted with maleic anhydride to obtain the intermediate compound polyisobutylene 
succinic anhydride, which in turn was reacƟvated with diethylene triamine to manufacture the 
lubricant oil addiƟve polyisobutylene succinimide. The laƩer was mixed in diīerent proporƟons 
with lubricaƟng oil. A number of tests have been performed on the mixture and the 2% mixture 
has demonstrated a clear improvement in the required qualiƟes of the lubricant.  
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1. IntroducƟon 

AccumulaƟon of rubber and plasƟc waste is considered a global problem, where these polymers 
represent a large part of solid industrial waste that causes environmental polluƟon [1]. The lack 
of proper polymer waste accumulaƟon treatment techniques has led to criƟcal and incurable 
problems [2, 3]. SyntheƟc rubbers are hydrocarbons that have limited sources, mostly 
petroleum; therefore, they must be used wisely rather than wastefully [4]. Accordingly, recycling 
rubber has become compulsory to save its raw materials and reduce polluƟon [5, 6]. Recently, 
diīerent methods have been used for the recycling of rubber and plasƟc waste and have been 
designed to be suitable for diīerent polymer composite materials [1, 7]. 

Butyl rubber (mainly consisƟng of polyisobutylene with a small amount of polyisoprene) has 
been used in a wide range of applicaƟons, most importantly in Ɵres and others such as Ɵre 
inner liners, inner tubes, and Ɵre curing bladders due to its low unsaturaƟon [8]. Butyl rubber, 
more precisely the inner tube of Ɵres, has become obsolete due to its inability to decompose 
easily and its non-reusability because of its three-dimensional network structure. Therefore, 
suitable recycling processes need to be applied for the recovery of its materials, including 
microwaving [9], thermomechanical and mechanochemical devulcanizaƟon methods [10], as 
well as chemical dissoluƟon processes [1, 5]. These methods can be used for recycling butyl 
rubber, parƟcularly the use of organic processes where the reagents used, such as decalin, 
xylene, thiophenols, etc., can be applied to the cleavage of sulfur crosslinks (i.e., scission of S – S 
or C – S bonds) of the vulcanized rubber [11, 12]. The basic consƟtuent substance of butyl 
rubber can be reclaimed using hydrocarbon solvents, which penetrate among the rubber chains, 
causing interacƟons between polymer – polymer and solvent – polymer that encourage the 
swelling of rubber chains and break them into small segments [5]. Butyl rubber, a copolymer of 
98% isobutylene and 2% isoprene, has very good industrial properƟes such as low gas 
permeability, chemical and moisture resistance, and good thermal and oxidaƟve stability. Butyl 
rubber is mainly used in Ɵre applicaƟons such as Ɵre inner liners, inner tubes, Ɵre curing 
bladders, etc. The recovered polyisobutylene has a wide range of applicaƟons; it is used in 
lubricants, adhesives, sealants, etc. Modern lubricants are prepared from a variety of base Ňuids 
and chemical addiƟves, where the addiƟves must be included to minimize wear by forming a 
low shear strength surface Įlm and to prevent rust formaƟon, with concentraƟons varying from 
a few ppm to over 30% [13]. The solubility of chemical addiƟves in petroleum products must be 
maintained over a broad temperature range [14]. The main funcƟon of oil addiƟves is indeed to 
prevent accumulated sludge and deposits in the crankcase within the engine and on the 



cylinder walls [15]. Such types of addiƟves are called detergents, which prevent engine damage 
by cleaning, inhibiƟng deposit formaƟon, and neutralizing acids [16]. 

Surfactants and detergents with amphipathic chemical structures at the oil - water interface 
form micelles in the oil phase and promote the stability of micelles parƟcularly at elevated 
temperatures, like polyisobutylene succinic anhydride (PIBSA) – based surfactants [17, 18]. The 
ability of polyisobutylene (PIB) to interact with nonpolar liquids will help the polymer be used in 
several other applicaƟons such as absorbing crude oil; it is also used as a dispersant [19]. 

The reacƟon of polyisobutylene (PIB) with maleic anhydride at high temperature via an Alder – 
Ene reacƟon will produce polyisobutylene succinic anhydride (PIBSA), which is used in engine oil 
formulaƟons as the most popular dispersant [20]. Moreover, the reacƟon of PIBSA with 
diīerent polyamines in (1:1) or (1:2) raƟos forms dispersants called polyisobutylene succinimide 
(PIBSI) [21]. They are the most well - known non - ionic dispersants, and because of their 
excellent dispersancy of insoluble oxidaƟon products and low - temperature performance, they 
are widely used in the oil industry [22]. 

Using a greater number of secondary amines in the core of the polyamines used in PIBSI 
dispersants will form a stronger binding dispersant and provede beƩer oil performance [23, 24]. 

In the present work, polyisobutylene (PIB) was reclaimed from inner tube waste by a chemical 
dissoluƟon process using a hydrocarbon solvent represented by kerosene one of the petroleum 
oil derivaƟves. The recovered PIB was then reacted with maleic anhydride for the preparaƟon of 
polyisobutylene succinic anhydride (PIBSA) – based dispersants. Finally, oil dispersants were 
synthesized from the reacƟon of PIBSA with diethylenetriamine (DETA), resulƟng in the 
formaƟon of polyisobutylene succinimide (PIBSI) with a diethylenetriamine bridge. The 
synthesized lubricaƟng oil dispersants have PIB chains soluble in oil, whereas the succinimide 
group acts as a polar head. The reclaimed substances and those synthesized from them were 
diagnosed by various characterisƟc methods, including FTIR, 1H NMR, X - ray diīracƟon, thermal 
analysis (DSC), FESEM, and their molecular weights (𝑀𝑊̅̅ ̅̅ ̅̅ ). In addiƟon, the synthesized oil 
addiƟve blended in diīerent percentages with lubricant oil was evaluated for its kinemaƟc 
viscosity, anƟoxidaƟon, and dispensability. 

2. Experimental 
2.1. Chemicals 

Inner tube scrap from a local market was collected and cleaned by washing with water and 
detergent. The cleaned rubber was dried and ground into parƟcles of about 450 microns in size. 
Kerosene was supplied by Baiji ReĮnery, Iraq. The chemicals maleic anhydride (MA) and 
diethylenetriamine were obtained from BDH Chemical Company (Poole, UK) and were used as 
received. The solvents methanol and dimethyl sulfoxide (DMSO) were supplied by Fluka 



Company (Switzerland) and used without further puriĮcaƟon. Silicon dioxide (SiO2) and 
aluminum oxide (Al2O3) were obtained from Sigma - Aldrich Company. 

2.2. PIB Rubber ReclamaƟon 

A chemical dissoluƟon method was used for polyisobutylene (PIB) reclamaƟon. A certain weight 
of inner tube scrap parƟcles, 10.0 g (10.0 wt%), is poured into a 500 ml conical Ňask. Kerosene, 
200 ml, is added, and the Ňask is closed and Įxed inside a water bath that operates at 50 oC for 
three days. The Ňask is kept inside the water bath and shaken from Ɵme to Ɵme. AŌer the 
determined Ɵme, the soaked rubber soluƟon is transferred into a 250 ml round - boƩom Ňask; 
subsequently, 7.0 g of SiO2 and 3.0 g of Al2O3 are added. The contents of the Ňask are heated 
using a mantle with a magneƟc sƟrrer to the boiling point of kerosene (about 200 oC) for 2 
hours with sƟrring. In the end, the heat is stopped, and the soluƟon is leŌ to cool under sƟrring. 
The soluƟons are Įltered, and then 30 % (V/V) methanol is added to the Įltrate. The mixture is 
heated at 50 oC inside a water bath and leŌ for suĸcient Ɵme for rubber precipitaƟon in an oily 
form, which has a brown color and becomes solid with a dark brown color aŌer two days. 

2.3. PIB's Molecular Weight Measurement 

The viscosity average molecular weight (𝑀̅v) of the reclaimed PIB is measured, and an 
Ubbelohde viscometer is used. Diīerent known concentraƟons (0.01 – 0.03 g/mL) are prepared 
using DMSO solvent. The intrinsic viscosity (η) of the reclaimed PIB is determined from 
measuring the intercept of a linear relaƟonship in a plot of reduced viscosity (ηred) versus 
concentraƟon. 

The value of the intrinsic viscosity is then applied in the Mark – Houwink equaƟon for the 
calculaƟon of 𝑀̅v [ߟ]30℃ =  𝑀௩௔      (1)ܭ̀

Where ̀0.0158 = ܭ cm3.g-1; and a = 0.70 in DMSO solvent at 30 oC. 

2.4. CharacterizaƟon of PIB Rubber 

The reclaimed PIB rubber was studied using the following techniques. The FTIR spectroscopy of 
the main funcƟonal groups of PIB with their absorpƟon frequencies was measured using a 
Bruker Instrument 6300, Germany. The XRD of PIB was measured with a Philips X - ray 
diīractometer (PW1730) using Cu - Kα radiaƟon (40 kV and 30 mA). Moreover, DSC in the 
thermal analysis was performed using an instrument from Linseis type, chip - DSC - L 66 
UlƟmate, USA, with a heat rate of 20 oC/ min and a resoluƟon of 0.13. The organic structure of 
PIB was detected using 1H NMR by UXNMR, Bruker AnalyƟsche Messtechnik GmbH, Germany; 



the solvent used was deuterated DMSO. Finally, the FESEM images of the PIB morphological 
surface were measured using a TESCAN MIRA FESEM, Czech Republic. 

2.5. Synthesis of Polyisobutylene Succinic Anhydride (PIBSA) 

In a three - necked round boƩom Ňask equipped with a nitrogen gas inlet, 10 g of the reclaimed 
PIB was added and heaƟng was started using a sand bath. When the solid PIB melted with rising 
heat, sƟrring began. When the temperature reached 250 oC, 40 g of maleic anhydride (MA) was 
added, and the reacƟon mixture was maintained at 250 oC with conƟnuous sƟrring for about 10 
hours. Nitrogen gas was kept Ňowing in a slow stream to the reacƟon mixture during the 
heaƟng period. At the end, the reacƟon was stopped, and the mixture was cooled to ambient 
temperature; the obtained product was honey brown in color. 

2.6. Synthesis of Polyisobutylene Succinimide (PIBSI) 

In a round - boƩom Ňask with three necks connected to a nitrogen gas inlet, 5.0 g of 
polyisobutylene succinic anhydride (PIBSA) was dissolved in 50 ml of toluene and kept under 
conƟnuous sƟrring. To the mixture, 25 ml of diethylene triamine was added, and sƟrring and 
nitrogen gas Ňow were maintained for 1 hour. The reacƟon mixture was gradually heated to the 
boiling point of the solvent, about 120 oC over approximately 2 hours. Finally, to remove the 
solvent and water from the reacƟon, the mixture was transferred to an open Ňask and kept 
under vigorous sƟrring condiƟons. A highly viscous compound with a dark brown - black color 
was produced. 

2.7. Tests to Determine the Validity of PIBSI as an Oil AddiƟve 

Diīerent tests were depended on for the evaluaƟon of PIBSI as an oil addiƟve, where in this test 
three samples were prepared, including lubricaƟng oil samples blended with 1.0 %, 1.5 %, and 
2.0 % PIBSI oil addiƟve, called sample 1, sample 2, and sample 3, respecƟvely. 

2.7.1. AnƟ - Oxidant Test 

The test includes measuring the oil's ability to neutralize diīerent acids formed during engine 
operaƟon and the result is called the total base number (TBN). From each sample, 100 ml was 
subjected to saline water, then to severe oxidaƟon condiƟons in the presence of strips of iron 
and copper, and the mixture was kept for 72 hours at 165.5 oC according to the Indiana test 
method used for oxidaƟon [25]. 

The TBN of lubricant oil blend represents its capacity to neutralize acids formed during the 
operaƟon of oil engines due to combusƟon by - products and oil degradaƟon. TBN is expressed 
in mg KOH per gram of oil during the oxidaƟon period. Three samples from the examined 
mixture are taken: one aŌer 24 hours, the second at 48 hours and the Įnal sample aŌer 72 
hours. 



2.7.2. KinemaƟc Viscosity 

The kinemaƟc viscosity of the lubricant oil blend samples was measured using a capillary tube 
viscometer. The method uƟlizes a calibrated capillary viscometer Įxed inside a temperature - 
controlled bath. The kinemaƟc viscosity is measured at 40 oC (KV40), which represents the 
lubricant's viscosity at a standard temperature of 40 oC. Moreover, it is measured at 100 oC 
(KV100), and the viscosity index (VI) of the tested sample is calculated according to the formula: 

VI = (௅−௄௏40)(௅−ு)  x 100      (2) 

Where KV40 represents the kinemaƟc viscosity of the oil at 40 oC. L represents the kinemaƟc 
viscosity at 40 oC of reference oil with a VI of zero. H is the kinemaƟc viscosity at 40 oC of 
reference oil with a VI of 100. 

2.7.3. Dispensability Test 

The test in lubricant oil analysis represents the ability of the oil to keep contaminants, chieŇy 
soot from combusƟon, agglomerated and seƩled down, but only suspended in the oil. The 
bloƩer spot test was used to evaluate the ability of the lubricant oil blend to maintain 
dispersion of contaminants. The method involves puƫng a few milliliters of the lubricant oil 
blend, which was used in the anƟoxidant test, onto Įlter paper (type Durieux 122), carefully 
placing a droplet of the oil. The resulƟng paƩern on the Įlter paper, which has been observed 
under speciĮc lighƟng condiƟons, allows the dispersancy percentage of the oil to be calculated 
from the following formula:  

%Dispersancy = ஽௜௔௠௘௧௘௥ ௢௙ ௕௟௔௖௞ ௦௣௢௧஽௜௔௠௘௧௘௥ ௢௙ ௧ℎ௘ ௧௢௧௔௟ ௦௣௢௧ x 100    (3) 

2.7.4. Density Measurement 

The density of lubricant oil blended with addiƟves is measured by determining the mass and 
volume of the oil sample using the following formula: 

P = M/ V       (4) 

The correlaƟon between density and addiƟve content is that as addiƟve content increases, the 
density of the lubricant oil increases, but this is not always the case; it depends on the type of 
addiƟve and the base material. 

2.7.5. Pour Point and Flash Point Tests 

The pour point of the lubricant oil blended with addiƟves is determined by gradually cooling the 
oil and observing the temperature at which it ceases to Ňow. The pour point equipment 
includes a cooling bath, test jar, and thermometer. The Ňash point of the lubricant oil blended 



with addiƟves is the lowest temperature at which its vapors will ignite when exposed to an 
igniƟon source. The Cleveland open cup method is used for measuring the Ňash point, where 
the oil sample is heated in an open cup exposed to the air, and the Ňash occurs when an igniƟon 
source is passed over the oil surface. 

3. Results and Discussion 

Polyisobutylene (PIB) material was reclaimed from inner tube scrap by a chemical dissoluƟon 
process. Therefore, the reclaimed PIB, before reacƟng with maleic anhydride (MA), must be 
characterized for its structure using 1H NMR and FTIR. The average molecular weight of PIB 
rubber must be known, along with its crystallinity and surface morphology using X - ray 
diīracƟon and FESEM techniques, respecƟvely. Moreover, the thermal stability of reclaimed PIB 
is important to establish. The reacƟon of PIB with maleic anhydride and the produced 
polyisobutylene succinic anhydride (PIBSA) must be characterized by FTIR. Finally, the reacƟon 
of PIBSA with diethylene triamine yields lubricant oil addiƟves called polyisobutylene 
succinimide (PIBSI), which has been characterized by FTIR. Mixing diīerent percentages of PIBSI 
addiƟves with lubricant oil will produce blended oil, which needs several tests to conĮrm its 
dispersibility, anƟoxidaƟon, kinemaƟc viscosity, and suitability as engine oil, along with its 
density, pour point and Ňash point.  

3.1. PIB characterizaƟon 

3.1.1. FTIR spectroscopy 

The FTIR spectrum of the reclaimed PIB (Figure 1a) shows the absorpƟon frequencies in Table 1 
of some important funcƟonal groups. The reclaimed PIB exhibits its γ(C-H)str of the methylene 

groups at 2921cm-1, 2853cm-1 and 1463cm-1. The γ(C-H)str of PIB methyl groups (-CH3) 
shows absorpƟon frequencies at 1388 cm-1. The peak at 1714 cm-1, which represents the 
carbonyl groups γ(C=O)str, is possibly due to the oxidaƟon of PIB, or it can be funcƟonalized to 
incorporate carbonyl groups [26]. The presence of the peak at 1605cm-1 indicates the presence 
of unsaturaƟon. 

Table 1 FTIR adsorpƟon frequencies of PIB, PIBSA, and PIBSI.  

    FT-IR main funcƟonal groups  

examined 
samples  

ɣ (C-H) str 
methylene-  

ɣ(C-H)str 
methyl- 

ɣ(C-H)str 
methine- 

ɣ(C=O)str ɣ(C=C)str 
ɣ(C-
C)str 

ɣ(C-O)str ɣ(N-H)str 
ɣ(C-
N)str 

                wave number v/cm-1 



PIB 

2921 

1388 ---- 1714 1604 

1230 

1008 ----- ----- 2853 
1162 

1463 

PIBSA 

3058 

1457 1431 1704 1633 1218 966 ----- ----- 2916 

2874 

PIBSI  2936 1388 1308 1617 1561 
1239 

1038 3382 
1345 

1185 1119 

 

                                    

                   Figure 1: FTIR spectrum of: a-reclaimed PIB, b- syntheƟc PIBSA, and c- syntheƟc PIBSI. 

γ(C=C)str groups, which is due to the existence of some degree of unsaturaƟon along the 
polymer backbone or each PIB polymer precursor moiety having at least two unsaturated end 
groups -CH2-CH(CH3)2=CH2, CH2=C(CH3)2 [27]. 

3.1.2. 1H NMR Spectroscopy 

The 'H NMR spectrum (Figure 2) of the reclaimed PIB illustrates the chemical shiŌs of the PIB 
protons, which are detailed in Table 2. The proton resonance (singlet, H) at chemical shiŌ 



 .ppm is aƩributed to the methylene group  in the PIB polymer backbone 1.23-1.53=ߜ
AddiƟonally, the proton resonance (singlet, H) at 0.91-1.17= ߜ ppm corresponds to the methyl 
groups (-CH3). The chemical shiŌs 3.48-6.28= ߜ ppm appear as weak signals indicaƟng the 
presence of vinylic protons (C=C-H) and protons aƩached to oxygen (CH-O) formed during the 
recycling of PIB [28]. 

 

Table 2: 1H NMR chemical shiŌs and proton descripƟon of reclaimed PIB from inner tube. 

Sample Chemical shift  σ/ ppm Description of protons 

Reclaimed 

PIB from 

Inner tube 

1.23 – 1.53 Methylene ( ) group 

0.91 – 1.17 Methyl (-CH3) group 

3.48 – 6.98 (C = C - H) and (CH - O) 

 

 

                                    

                             Figure 2: 1H NMR Spectrum of reclaimed PIB from inner tube. 

 



3.1.3. DSC analysis 

The diīerenƟal scanning calorimetry (DSC) of the reclaimed PIB (Figure 3) shows an 
endothermic peak, starƟng at 146.3 oC and oīset at 159.9 oC, with a peak maximum at 155.0 oC. 
The area under the peak (Figure 3) represents the enthalpy change ∆Hf = - 0.1 µVs/mg of the 
transiƟon. The endothermic peak corresponds to the heat absorbed during the transiƟon [29]. 

                                   

                             Figure 3: DSC thermogram of the reclaimed PIB from inner tube. 

3.1.4. X –ray diīracƟon 

The XRD paƩern (Figure 4) conĮrms that reclaimed PIB from the inner tube has a broad peak 
suggesƟng amorphous or disordered regions. The XRD paƩern also shows small crystalline 
peaks, likely due to the recycling process. The presence of diīerent small crystalline peaks 
indicates a low degree of crystallinity, which is aƩributed to impuriƟes or defects that occurred 
during recycling [30]. 



                                     

                                       Figure 4: XRD paƩern of the PIB reclaimed from inner tube. 

3.1.5. FESEM test      

The FESEM images of the reclaimed PIB (Figure 5(a and b)) show the surface morphology and 
material microstructure. Studying the surface morphology and texture of the PIB, the FESEM 
image (Figure 5a) with 100 Kx magniĮcaƟon reveals a heterogeneous surface morphology with 
no uniform parƟcle shapes. The image shows a rough surface texture that denotes that the 
recycling process of PIB from the inner tube causes changes in the microstructure of PIB. These 
changes, which are defects in the microstructure of the reclaimed PIB, indicate incomplete 
recovery of the rubber chains during the recycling process, which leads to reduced mechanical 
strength compared to the fundamental PIB.  

                           



Figure 5: FESEM images of PIB reclaimed from inner tube, a- 100kx magniĮcaƟon; b- 50kx 
magniĮcaƟon. 

The FESEM image (Figure 5b) with 50 Kx points out a broad parƟcle size distribuƟon aggregaƟng 
alongside smaller, Įner parƟcles that have a diīerent degree of luminosity. The white spots 
represent the crystalline parƟcles, which are aƩributed to impuriƟes or defects from the 
recycling process [31]. 

3.2. Molecular Weight determinaƟon 

The average molecular weight (Mv) of the reclaimed PIB was determined, and the Mark-
Houwink equaƟon (Eq. 1) was used for calculaƟon. The intrinsic viscosity was measured from 
the Mark-Houwink plot, and it was 47 mL/g [ߟ]30℃ = 𝑀௩௔ 47ܭ̀ = 0.0158 𝑀௩0.70 𝑀௩ = 135, 633 gmol 𝑀௩ (ܽܦ) ݎ݋ =  ܽܦܭ 135.6

It seems the molecular weight (MW) of the reclaimed PIB is high, while low MW PIB is favored, 
especially those that have a high percentage of exo-oleĮn groups because they are more 
reacƟve with maleic anhydride in the Alder-ene reacƟon, the Įrst step in the producƟon of 
PIBSA. The eĸciency of the reacƟon of PIB with maleic anhydride becomes less as the MW of 
PIB increases [32]. 

3.3. FTIR analysis and tests examinaƟon of the synthesized addiƟves for hydraulic oil 
3.3.1. FTIR analysis of PIBSA and PIBSI 

Polyisobutylene (PIB), the reclaimed polymer, was reacted with maleic anhydride (MA) in an 
Alder-ene reacƟon. The cycloaddiƟon reacƟon occurs between the alkene such as maleic 
anhydride (MA), and a compound with allylic hydrogen, such as PIB. The addiƟon of the maleic 
anhydride group to the polyisobutylene chain forms polyisobutylene succinic anhydride (PIBSA) 
(Scheme 1) [33]. 

The FTIR spectrum (Figure 1b) points out the main peaks of PIBSA with their absorpƟon 
frequencies (Table 1). The peaks at 3058 cm-1, 2916 cm-1, and 2874 cm-1 belong to ߛ(C-H) str of 
methylene groups present in PIBSA. The absorpƟon bands at 1457 cm-1 and 1431 cm-1 represent ߛ(C-H) str of methyl and methine groups, respecƟvely, present in PIBSA. The peak at 1704 cm-1 
corresponds to ߛ(C=O)str of carbon groups in PIB. The absorpƟon band at 1633 cm-1 belongs to ߛ(C=C)str of the oleĮnic double bonds, which are located at the chain ends and are of vinylidene 



types [34]. The absorpƟon bands at 1218 cm-1 and 966 cm-1 belong to ߛ(C-C)str and ߛ(C-O)str 
present in PIBSA.                                  

 

                                       

                                                Scheme1: Synthesis of PIBSA. 

The intermediate compound polyisobutylene succinic anhydride (PIPSA) was reacted with 
diethylene triamine (DETA) to form polyisobutylene succinimide (PIBSI) (Scheme 2), through an 
imidizaƟon reacƟon [35]. The presence of the PIBSI product serves as a dispersant in lubricants 
and fuels, where the PIB chain provides oil solubility, while the imide group is used to disperse 
contaminants and can prevent them from precipitaƟng on engine parts [36,37]. 

 

                         

                                            Scheme 2: Synthesis of PIBSI. 

The FTIR spectrum (Figure 1c) shows the absorpƟon bands of PIBSI with their frequencies (Table 
1). The peaks at 2936 cm-1 and 2872 cm-1 represent ߛ(C-H)str of methylene groups, whereas the 
absorpƟon bands at 1388 cm-1 and 1308 cm-1 are for ߛ(C-H)str of methyl and methine groups. In 
addiƟon, the peak at 1617 cm-1 is for ߛ(C=O)str of carbonyl groups. The peak at 1561 cm-1 
belongs to ߛ(C=C)str of the oleĮnic bonds, while the peaks at 1239 cm-1 and 1185 cm-1 are of 



-C)ߛ str of PIBSI. Moreover, the peaks at 1345 cm-1 and 1119 cm-1 belong to(N-H)ߛ str and(C-O)ߛ str along the polymer chain. The absorpƟon bands at 1038 cm-1 and 3342 cm-1 refer to(C-C)ߛ
N)str of PIBSI oil addiƟve material. 

3.3.2. AnƟoxidant test of PIBSI/ lubricant oil mixture 

The anƟoxidant properƟes of polyisobutylene succinimide (PIBSI) mixed with lubricant oil are 
measured according to the total base number (TBN), which indicates the alkalinity of PIBSI and 
its ability to neutralize acidic byproducts that appear during engine operaƟon. In this test, three 
samples were mixed with 1.0%, 1.5%, and 2.0% PIBSI in lubricant oil. According to the Indiana 
test method used for oxidaƟon of the samples, the following results were recorded in Table 3. 

 

Table 3: The total base number (TBN) is obtained from ƟtraƟon of the consumed samples with 
KOH base, expressed in mg KOH per gram of oil at diīerent oxidaƟon Ɵmes. 

Time  

(h) 

TBN in mg KOH/ g of oil 

Control sample  

0.0% 

Sample 1  

1.0% 

Sample 2  

1.5% 

Sample 3  

2.0% 

0.0 10.0 10.0 10.0 10.0 

24.0 4.0 7.5 8.0 9.0 

48.0 1.0 5.0 6.0 8.0 

72.0 0.4 1.2 3.5 5.0 

 

The data in Table 3 indicates that the TBN values are highest at zero Ɵme and gradually 
decrease over Ɵme. Generally, the control sample (Figure 6 and Table 3) show the fastest TBN 
drop, reaching 0.4 mg KOH/g aŌer 72 hours. This indicates poor acid neutralizaƟon and quick 
depleƟon of alkaline reserves. The control sample without addiƟves appears to lose its ability 
(Figure 6) to neutralize acids quickly. Sample 1 shows some improvements over the control 
sample, ending at 1.2 mg KOH/g (Table 3 and Figure 6). SƟll, the TBN drops relaƟvely fast, 
showing limited oil addiƟve performance. On the other hand, Sample 2 performs beƩer, 



stabilizing at 3.5 mg KOH/g aŌer 72 hours, (Table 3, and Figure 6), indicaƟng moderate 
resistance to acid buildup.  

                                 

                                    Figure 6: TBN VariaƟon values over oxidaƟon Ɵme.  

 

The highest TBN retenƟon was marked for Sample 3, where it reaches 5.0 mg KOH/g. Therefore, 
Sample 3 records the best acid-neutralizing ability, and its mixture possibly contains a suitable 
addiƟve percentage. 

3.3.3. KinemaƟc viscosity test of PIBSI/ lubricant oil mixture 

In general, viscosity is a measure of a liquid's internal resistance to Ňow. Viscosity, like many 
properƟes, can be described. 

3.3.3.1. Viscosity stability and high-temperature performance 

Viscosity stability is deĮned as the ability of a Ňuid or liquid to maintain its viscosity or 
resistance to Ňow over Ɵme or under diīerent condiƟons. Viscosity stability plays a decisive role 
in determining the eīecƟveness of lubricant oil under diīerent temperature condiƟons. In this 
research, viscosity stability was measured at 40oC and 100oC according to ASTM D445, which is 
used in kinemaƟc viscosity Table 4 evaluates the thermal stability of the PIBSI/lubricant oil 
mixture. 

Table 4: Physical properƟes of PIBSA/ lubricant samples with demonstraƟon of their 
performance. 



Sample 

Viscosity stability at Viscosity   

index     

(V1) 

Density  

Kg/ m
3
 

Pour  

point  

(
o
C) 

Flash     

Point 

 (
o
C) 

40oC          

(cSt) 

100 oC           

 (cSt) 

1 40.9 6.3 101 819 -9 216 

2 44.5 7.8 108 848 -16 219 

3 58.6 9.5 115 894 -21 223 

 

The kinemaƟc viscosity of the PIBS1/lubricant oil mixture indicates that Sample 3 shows the 
highest viscosity at 40oC and 100oC. Accordingly, Sample 3 maintains its Įlm thickness more 
eīecƟvely at elevated temperatures, thereby providing superior protecƟon against wear and 
thermal degradaƟon [38]. Conversely, Sample 1 shows the lowest viscosity at 100oC, denoƟng a 
greater suscepƟbility to thinning, which means compromising the eĸciency of lubricaƟon in 
high-temperature applicaƟons.  

3.3.3.2. Viscosity index (VI) 

Viscosity index (VI) is a dimensionless parameter that indicates the change in viscosity with 
temperature. Higher VI values indicate less suscepƟbility to temperature changes, and vice 
versa for those with a lower VI. 

According to ASTM D2270, the VI was calculated using Eq. 2, and the results showed (Table 4) 
that the highest VI was Sample 3 which indicates that the mixture has beƩer viscosity retenƟon 
across a wide temperature range. In other words, Sample 3 is the most thermally stable 
mixture. Therefore, it is suggested that Sample 3 is perfectly suitable for applicaƟons involving 
ŇuctuaƟng temperature condiƟons, where the stability of viscosity is criƟcal to maintaining 
opƟmal lubricaƟon [39]. 

3.3.4. Dispensability test of PIBSI/ lubricant oil mixture 

The spot dispersancy test (SDT), also known as the bloƩer spot test, is a simple method used to 
evaluate in-service engine oil's ability to suspend contaminants like soot. 

The test depends on a drop of oil placed on Įlter paper; the Įlter paper absorbs all components 
of the oil and spreads out. The Įlter paper is placed horizontally on a level surface, like an 
empty container, and allowed to dry completely aŌer 24 to 48 hours. For characterizaƟon of the 



prepared dried oil spot on the paper, fresh oil or standard examples are used for comparison. 
According to the following observaƟons, the dried oil spot can be analyzed [19]: 

a. A fresh, clear, and light spot denotes good oil. 

b. A uniformly dark stain may indicate that the oil is not new, but it can sƟll be used; however, it 
needs immediate change if the spot is very dark. 

c. A spot of visible parƟcles or debris means the oil is contaminated. 

d. A spot that shows a light periphery around the dark center of the stain means the oil is 
contaminated with water. 

e. A black spot in the center indicates dirt contaminaƟon. 

Table 5: Dispersancy of lubricant oil sample and its blend containing PIBSI addiƟve aŌer 
diīerent oxidaƟon periods. 

Sample 

Dispersancy at different oxidation periods (mm) 

24h 48h 72h 

Control (unused oil) 34 32 30 

                                                      Used oil from the rest of the antioxidant test 

1 61 65 69 

2 64 68 72 

3 70 74 78 

 

The lubricant oil alone, without addiƟves (Table 5), shows high dispersancy using Eq. 3 at the 
beginning of oxidaƟon (24h) when it is fresh; then it decreases aŌer 48h and decreases further 
at 72h because of oxidaƟon and the formaƟon of solid parƟcles. On the other hand, the used oil 
obtained from the anƟoxidant test blended with diīerent percentages of PIBSI lubricant oil 
addiƟve shows excellent dispersancy power aŌer diīerent oxidaƟon periods (Table 5). The 
results denote that the addiƟon of PIBSI not only disperses the oil contaminants in the oil and 
thus prevents their accumulaƟon and deposiƟon on the metal parts of the engine, which can 



cause damage, but also slightly neutralizes the acidic products resulƟng from oxidaƟon due to 
their basic nature [25, 40].  

The eĸciencies of lubricant oil blended with PIBSI as a dispersant become clear, and its values 
increase as the percentage of PIBSI increases in the lubricant oil and as the oxidaƟon Ɵme 
period is extended (Table 5) [25, 19]. 

3.3.5. Density test of PIBSI/ lubricant oil mixture 

Density serves as the main indicator of the composiƟon of the lubricant, especially with regard 
to the concentraƟon of the added material to enhance performance. The density of the mixture 
for the three samples was measured using Eq.4 in accordance with ASTM D4052. Accordingly, 
Sample 3 in Table 4 exhibited the highest value, suggesƟng an increased presence of PIBSI 
addiƟve components, potenƟally including dispersants, kinemaƟc viscosity, and anƟoxidants 
that contribute to the superior performance characterisƟcs of the blend mixture. At the same 
Ɵme, the lower density of Sample 1 refers to a relaƟvely low concentraƟon of PIBSI addiƟve, 
which may explain its lower resistance to oxidaƟon, reduced viscosity and depressed 
dispersancy [19, 41]. 

3.3.6. Pour Point and Flash Point Tests 

AddiƟves in lubricant oil can signiĮcantly enhance pour point and Ňash point. Adding polymers 
to lubricant oil can depress the pour point at which the oil Ňows by prevenƟng the formaƟon of 
wax crystals; at the same Ɵme, these polymer addiƟves can increase the Ňash point by 
modifying the oil’s volaƟlity, where its vapors ignite. The type of addiƟves and their 
concentraƟons determine the size of these property changes [42, 43]. Sample 3 shows the 
highest Ňash point and lowest pour point (Table 4) because PIBSI has a high molecular weight 
which can reduce the volaƟlity of the lubricant oil and eīecƟvely remove more volaƟle 
components, lowering the boiling point and thus raising its Ňash point [19]. 

At the same Ɵme, PIBSI depresses the pour point by interfering with the wax crystals present in 
the lubricant oil at low temperatures, where the hydrophobic PIB chains can interact with wax 
crystals and, as a result, prevent the formaƟon of larger solid structures that impede oil Ňow 
[44]. 

4. Conclusions 

Polyisobutylene (PIB) was reclaimed from the inner tubes consumed using a chemical 
dissoluƟon method. A cheap solvent, kerosene, was used in the process of rubber extracƟon, 
which was separated from carbon black and the rest of the materials using aluminum oxide and 
silicon oxide adsorbent materials. Polyisobutylene is obtained in a solid state and has a dark 
brown color in a raƟo of 20 parts per hundred parts of rubber, and a molecular weight of 135.6 



kDa. The reclaimed rubber PIB was reacted with maleic anhydride (MA) for the preparaƟon of 
an intermediate compound, polyisobutylene succinic anhydride (PIBSA), of honey brown color. 
The laƩer was reacted with diethylene triamine for the synthesis of a lubricant oil addiƟve 
called polyisobutylene succinimide (PIBSI).  

The synthesized PIBSI was mixed in diīerent percentages with lubricant oil and characterized 
chemically by applying an anƟoxidant test. Moreover, the lubricant oil addiƟve was 
characterized physically using viscosity stability, viscosity index (VI), dispersancy, density, pour 
point, and Ňash point tests. 

An addiƟve sample of 2% PIBSI added to lubricant oil was shown to be a suitable mixture, 
having excellent dispersing power for contaminant parƟcles and demonstraƟng high viscosity, 
viscosity index, and density, along with the best ability for acid neutralizaƟon of solid parƟcles 
that appeared during engine operaƟon. In addiƟon, the 2% PIBSI can minimize the pour point 
and elevate the Ňash point of the lubricant oil. 

CRediT authorship ContribuƟon statement 

F. H. Jabrail: ConceptualizaƟon; Methodology. R. K. Al-Ojar; M. E. Mahmood; Y. A. Ismael: 
InvesƟgaƟon; ValidaƟon; Data CuraƟon.  F. H. Jabrail:  WriƟng - Original draŌ preparaƟon; 
VisualizaƟon. 

Data availability statement 

     Original data are available on request. 

DeclaraƟon of compeƟng interest 

 The authors declare that they have no known compeƟng Įnancial interests or personal 
relaƟonships that could have appeared to inŇuence the work reported in this paper. 

Acknowledgements 

The authors acknowledge University of Mosul, Mosul, Iraq, for supporƟng the faciliƟes to carry 
out this work. 

 

References 

[1] A S Abdulrahman and F H Jabrail. Treatment of scrap Ɵre for rubber and carbon black 
recovery. Recycling 2022; 7, 27. hƩps://doi.org/ 10.3390/recycling7030027  

https://doi.org/
https://doi.org/10.3390/recycling7030027


[2] P Lamba, D P Kaur, S Raj and J Sorout. Recycling/reuse of plasƟc waste as construcƟon 
material for sustainable development: review. Environmental Science and PolluƟon Research 
2022; 29, 86156-86179. hƩps://doi.org/ 10.1007/s11356-021-16980-y 

[3] H M Naguib, E G Zaki, D E AbdelsaƩar, A S Dhmees: M A Azab,S M Elsaeed and U F 
Kandil. Environmentally Friendly Polymer Concrete: polymer treatment, processing, and 
invesƟgaƟng carbon footprint with climate change. ACS Omega 2023; 8(9), 8804-8814. 
hƩps://doi.org/10.1021/acsomega.3c00086  

[4] C A Velis, B D Hardestry, J W CoƩom and C Wilcox. Enabling the informal recycling sector 
to prevent plasƟc polluƟon and deliver an inclusive circular economy. Environmental Science & 
Policy 2022;138, 20-25. hƩps://doi.org/10.1016/j.envsci.2022.09.008  

[5] R J N Al-Jubouri and F H Jabrail. Chemical characterizaƟon of eco-friendly recovery 
method for rubber from waste Ɵres. Kimya Problemleri 2024; 22(4), 458-467. 
hƩps://doi.org/10.32737/2221-8688-2024-4-458-467  

[6] S S A AL- Jewari, R K AL-Ojar, S Hasim and F H Jebrail. Reclaiming natural rubber latex 
from disposable glove Waste and characterizing its structure. New Materials, Compounds and 
ApplicaƟons 2025; 9(1), 58-64. hƩps://doi.org/10.62476/nmca.9158  

[7] A M T Sultan and F H Jabrail. Decalin dissolving method for recover of Styrene–
Butadiene Rubber from scrap Ɵres. American Journal of Environmental Sciences 2019; 15(4), 
145-153. hƩps://doi.org/10.3844/ajessp.2019.145.153  

[8] B Karaağaç, M Şen, V Deniz and O Güven. Recycling of gamma irradiated inner tubes in 
butyl-based rubber compounds. Nuclear Instruments and Methods in Physics Research SecƟon 
B: Beam InteracƟons with Materials and Atoms 2007; 265(1), 290-293. 
hƩps://doi.org/10.1016/j.nimb.2007.08.061  

[9] W Feng and A I Isayev. ConƟnuous ultrasonic devulcanizaƟon of unĮlled butyl rubber. 
Journal of Applied Polymer Science 2004; 94(3), 1316-1325. hƩps://doi.org/10.1002/app.21103  

[10] A Gursel, E Akca, and N Sen. A review on devulcanizaƟon of waste Ɵre rubber. Periodicals 
of Engineering and Natural Sciences (PEN) 2018; 6(1), 154-160. 
hƩps://doi.org/10.21533/pen.v6i1.167  

[11] Y Kong, X Chen, Z Li, G Li, and Y Huang. EvoluƟon of crosslinking structure in vulcanized 
natural rubber during thermal aging in the presence of a constant compressive stress. Polymer 
DegradaƟon and Stability 2023; 217, 110513. 
hƩps://doi.org/10.1016/j.polymdegradstab.2023.110513 

https://link.springer.com/journal/11356
https://doi.org/
https://doi.org/10.1007/s11356-021-16980-y
https://doi.org/10.1021/acsomega.3c00086
https://doi.org/10.1016/j.envsci.2022.09.008
https://doi.org/10.32737/2221-8688-2024-4-458-467
https://doi.org/10.62476/nmca.9158
https://doi.org/10.3844/ajessp.2019.145.153
https://doi.org/10.1016/j.nimb.2007.08.061
https://doi.org/10.1002/app.21103
https://doi.org/10.21533/pen.v6i1.167
https://doi.org/10.1016/j.polymdegradstab.2023.110513


[12] J R Innes, N Siddique, G Thompson, X Wang, P Coastes, B Whiteside, H Benkreira, F 
Caton-Rose, C Lu, Q Wang, and A Kelly. The InŇuence of DevulcanizaƟon and revulcanizaƟon on 
sulfur cross-link type/rank: Recycling of ground Ɵre rubber. ACS Omega 2024; 9(40), 41797-
41806. hƩps://doi.org/10.1021/acsomega.4c06159  

[13] M A Mekewi. Synthesis and characterizaƟon of anƟoxidants and detergent dispersant 
based on some polyisobutylene copolymers. Materials Research InnovaƟons 2002; 6(4), 214-
217. hƩps://doi.org/10.1007/s10019-002-0194-2  

[14] A Patnaik, T Singh and V Kukshal. Tribology in materials and manufacturing: g-wear, 
fricƟon and lubricaƟon, Intech open: lubricant and lubricant addiƟves by Puhan D., chapter 9, 
2021. hƩps://doi.org/10.5772/intechopen.93830.   

[15] N S Ahmed. PreparaƟon and evaluaƟon of some lube oil addiƟves based on polyethylene 
glycol. InternaƟonal Journal of Polymeric Materials 2006; 55(10), 761-771. 
DOI: 10.1080/00914030500403391 

[16] A Y Shabanov, Y V Galyshev, A B Zaitsev and A A Sidorov. Analysis of the eīect of 
detergent addiƟves on fuel on the performance of a diesel engine. In IOP Conference Series: 
Materials Science and Engineering 2020; 791(1), p. 012073. hƩps://doi.org/10.1088/1757-
899X/791/1/012073  

[17] R K Singh, S Pandey, R C Saxena, G D Thakre, N Atray and S S Ray. Study of cysƟne Schiī 
base esters as new environmentally benign mulƟfuncƟonal biolubricant addiƟves. Journal of 
Industrial and Engineering Chemistry 2015; 26, 149-156. 
hƩps://doi.org/10.1016/j.jiec.2014.11.027  

[18] R Cao, C wang, C zhou, Y Liu, Y Yin, H Chen, F li, W Zhou, M Xu and W Yang. Polymeric 
surfactant (PIBSA-X) facilitates the formaƟon of a Water- in Oil emulsion reactor for the 
preparaƟon of ultrasmall nanosilica. ACS Omega 2023; 8(47), 44647-44658. hƩps://doi.org/ 
10.1021/acsomega.3c05335 

[19] E Özdemir, E Kan, B Guo, E Pashkovski, A Agiral and E Yildirim. The Role of 
Polyisobutylene-Bis-Succinimide (PIBSI) Dispersants in Lubricant Oils on the Deposit Control 
Mechanism. Polymers 2025; 17(8), 1041. hƩps://doi.org/10.3390/polym17081041.  

[20] A Rahman, Y Z Kei, A Ariĸn, and M D ShaĮq. A review on oil- soluble polyisobutylene- 
based dispersant for colloidal stabilizaƟon. Materials Science Forum 2023; 1102, 41-48. 
hƩps://doi.org/10.4028/p-UtE00m  

[21] S Amiri and S Mokhtari. Synthesis and CharacterizaƟon of modiĮed polyisobutylene-
based dispersants from polyisobutylene Succinimides. Polymer BulleƟn, 2022; 79(2), 1069-1079. 
hƩps://doi.org/10.1007/s00289-021-03538-8  

https://doi.org/10.1021/acsomega.4c06159
https://doi.org/10.1007/s10019-002-0194-2
https://doi.org/10.5772/intechopen.93830
https://doi.org/10.1080/00914030500403391
https://doi.org/10.1088/1757-899X/791/1/012073
https://doi.org/10.1088/1757-899X/791/1/012073
https://doi.org/10.1016/j.jiec.2014.11.027
https://doi.org/
https://doi.org/10.1021/acsomega.3c05335
https://doi.org/10.3390/polym17081041
https://doi.org/10.4028/p-UtE00m
https://doi.org/10.1007/s00289-021-03538-8


[22] S Pirouz, Y Wang, J M Chong and J Duhamel. CharacterizaƟon of the chemical 
composiƟon of polyisobutylene-based oil-soluble dispersants by Ňuorescence. The Journal of 
Physical Chemistry B 2014; 118(14), 3899-3911. hƩps://doi.org/10.1021/jp5009576  

[23] F Frasca and J Duhamel. CharacterizaƟon of polyisobutylene succinic anhydride (PIBSA) 
and its PIBSI products from the reacƟon of PIBSA with hexamethylene diamine. Polymers 2023; 
15(10), 2350. hƩps://doi.org/10.3390/polym15102350  

[24] Y Kim, J Kim, D H Hyeon, J S Han, B H Chun, B H Jeong and S H Kim. Development of PIBSI 
type dispersants for carbon deposit from thermal oxidaƟve decomposiƟon of Jet A-1. Fuel 2015; 
158, 91- 97.  hƩps://doi.org/10.1016/j.fuel.2015.05.008  

[25] A M Nassar, N S Ahmed, K I Abd El-Aziz, A A Abdel Azim and A F El-Kafrawy. Synthesis 
and evaluaƟon of detergent/dispersant addiƟves from polyisobutylene 
succinimides. InternaƟonal Journal of Polymeric Materials, 2006; 55(9), 703-713. 
hƩps://doi.org/10.1080/00914030500362050 

[26] A Pucci, R Rausa and F Ciardelli. AggregaƟon-induced luminescence of polyisobutene 
succinic anhydrides and imides. Macromolecular Chemistry and Physics, 2008; 209(9), 900-906. 
hƩps://doi.org/10.1002/macp.200700581  

[27] J Kennedy, T Nugay and N Nugay. 2014, PreparaƟon of polyisobutylene-based polymer 
networks by thiol-ene chemistry, WO Patent 138017A1. 
hƩps://patents.google.com/patent/US11142596B2/  

[28] D E Bergbreiter and D OrƟz-Acosta. Recyclable polyisobutylene-supported pyridyl N-
oxide allylaƟon catalysts. Tetrahedron LeƩers 2008; 49(39), 5608-5610. 
hƩps://doi.org/10.1016/j.tetlet.2008.07.047  

[29] E Ghanbari, S J Picken and J H van Esch. Analysis of DiīerenƟal Scanning Calorimetry 
(DSC): determining the transiƟon temperatures, and enthalpy and heat capacity changes in 
mulƟcomponent systems by analyƟcal model Įƫng. Journal of Thermal Analysis and 
Calorimetry 2023; 148(22), 12393-12409. hƩps://doi.org/10.1007/s10973-023-12356-1  

[30] A J Das and M Ali. MulƟscale EvaluaƟon of Recycled PlasƟc Corrugated Panels for 
Sustainable ConstrucƟon. Buildings 2025; 15(14), 2423. 
hƩps://doi.org/10.3390/buildings15142423 

[31] A T Anifowoshe, A Mukherjee, V A Ajisafe, A M Raichur and U Nongthomba. Synthesis 
and characterizaƟon of micro-sized polyisobutylene and evaluaƟon of its toxicological eīects on 
the development and homeostasis of zebraĮsh (Danio rerio). ScienƟĮc Reports 2024; 14, 20300. 
hƩps://doi.org/10.1038/s41598-024-70757-0  

https://doi.org/10.1021/jp5009576
https://doi.org/10.3390/polym15102350
https://doi.org/10.1016/j.fuel.2015.05.008
https://doi.org/10.1080/00914030500362050
https://doi.org/10.1002/macp.200700581
https://patents.google.com/patent/US11142596B2/
https://doi.org/10.1016/j.tetlet.2008.07.047
https://doi.org/10.1007/s10973-023-12356-1
https://doi.org/10.3390/buildings15142423
https://doi.org/10.1038/s41598-024-70757-0


[32] I E Nifant’ev, S A Korchagina, M S Chinova and A N Tavtorkin. Polyisobutylenes with 
controlled molecular weight and chain-end structure: synthesis and actual 
applicaƟons. Polymers 2023; 15(16), 3415. hƩps://doi.org/10.3390/polym15163415.  

[33] J Streets, N Proust, D Parmar, G Walker, P Licence and S Woodward. Rate of FormaƟon of 
Industrial Lubricant AddiƟve Precursors from Maleic Anhydride and Polyisobutylene. Organic 
Process Research & Development 2022; 26(9), 2749-2755. 
hƩps://doi.org/10.1021/acs.oprd.2c00207 

[34] L K Kemp, J E Poelma, T R Cooper and R F Storey. Structural ConĮrmaƟon of Exo-OleĮn-
Coupled Polyisobutylene via Model Compound Synthesis and CharacterizaƟon. Journal of 
Macromolecular Science. Journal of Macromolecular Science, Part A: Pure and Applied 
Chemistry 2008; 45(2), 137-143. hƩps://doi.org/10.1080/10601320701786901 

[35] S Hueīer, P Schwab, K Fischer, T Berg and H Mach. 2012, Method for producing 
polyalkenyl succinimide products, novel polyalkenyl succinimide products with improved 
properƟes, intermediate products. U.S. Patent 8,263, 535 B2. 

[36] L O Alemán-Vázquez and J R Villagómez-Ibarra. Polyisobutenyl succinimides as 
detergents and dispersants in fuel: infrared spectroscopy applicaƟon. Fuel 2001; 80(7), 965-968. 
hƩps://doi.org/10.1016/S0016-2361(00)00167-8.  

[37] I Sukirno and L Farhandika. Synthesis and characterizaƟon of polyisobutylene-amine 
from polyisobutylene and tetraethylenepentamine and its performance as deposit control 
addiƟve in one cylinder gasoline engine. 2020; 2255(1), 060016. AIP Conference Proceeding 
Publishing LLC. hƩps://doi.org/10.1063/5.0021782.  

[38] J A Heredia-Cancino, M Ramezani and Z E Álvarez-Ramos. Eīect of degradaƟon on 
tribological performance of engine lubricants at elevated temperatures. Tribology InternaƟonal 
2025; 124, 230-237. https://doi.org/ 10.1016/j.triboint.2018.04.015 

[39] S Verdier, J A P CouƟnho, A M S Silva, O F Alkilde and J A Hansen. A criƟcal approach to 
viscosity index. Fuel 2009; 88(11), 2199-2206. hƩps://doi.org/10.1016/j.fuel.2009.05.016.  

[40] M J Marơnez, R Naveiro, A J Soto, P Talavante, S K Lee, R G Arrayas, M Franco, P 
Mauleón, H L Ordóñez, G R López, M Bernabei, N E. Campillo and I Ponzoni. Design of new 
dispersants using machine learning and visual analyƟcs. Polymers 2023; 15(5), 1324. 
hƩps://doi.org/10.3390/polym15051324  

[41] K Avery, M T Devlin and E Kiran. Volumetric ProperƟes and Viscosity of PIBs and PIB-
Based Dispersants in a Mineral Oil. InternaƟonal Journal of Thermophysics 2025; 46, 10. 
hƩps://doi.org/10.1007/s10765-024-03485-2  

https://doi.org/10.3390/polym15163415
https://doi.org/10.1021/acs.oprd.2c00207
https://doi.org/10.1080/10601320701786901
https://doi.org/10.1016/S0016-2361(00)00167-8
https://doi.org/10.1063/5.0021782
https://doi.org/
https://doi.org/10.1016/j.triboint.2018.04.015
https://doi.org/10.1016/j.fuel.2009.05.016
https://doi.org/10.3390/polym15051324
https://doi.org/10.1007/s10765-024-03485-2


[42] H J Saleem and A R Karim. Re-reĮning of used lubricaƟng oil by vacuum disƟllaƟon/thin 
wiped Įlm evaporaƟon technique. Petroleum Science and Technology 2020; 38(4), 323-330. 
hƩps://doi.org/10.1080/10916466.2019.1704782.  

[43] M Shirani, A Semnani, H S Langeroodi and H Haddadi S Hebibollachi. RelaƟonship 
between Ňash points of some binary base oils and their consƟtuent oils. BulleƟn of the Chemical 
Society of Ethiopia 2015; 29(2), 229-237. hƩps://doi.org/10.4314/bcse.v29i2.6  

[44] S Yi and J Zhang. RelaƟonship between Waxy crude oil composiƟon and charge in the 
morphology and structure of wax crystals induced by pour-point-depressant 
beneĮciaƟon. Energy & Fuels 2011; 25(4), 1686-1696. hƩps://doi.org/10.1021/ef200059p  

 

https://doi.org/10.1080/10916466.2019.1704782
https://doi.org/10.4314/bcse.v29i2.6
https://doi.org/10.1021/ef200059p


    M W -


  𝛿


     [ 𝜂 ]  30 ℃ =   K `   M  v  a


  47 = 0 . 0158     M  v  0 . 70


  47 = 0 . 0158     M  v  0 . 70


    M  v = 135 ,   633    g mol o r   ( D a )


    M  v = 135 ,   633    g mol o r   ( D a )


    M  v = 135 . 6   K D a


    M  v = 135 . 6   K D a


  𝛾


  𝛾


    M -


  𝛾


  𝛾


  𝛾


  𝛾


  𝛾


  𝛾


  𝛾


  𝛾


  𝛾


  𝛾


    M -


  𝛾


  𝛾


     [ 𝜂 ]  30 ℃ =   K `   M  v  a


    K `


    ( L − K V 40 )  ( L − H )


    D i a m e t e r   o f   b l a c k   s p o t  D i a m e t e r   o f   t h e   t o t a l   s p o t


  𝛿


  𝛿

