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1. Internal Combustion Engines
2. PPM

3. UHC

4.CO

5. NOx
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1. Transesterification

2. Acrolein

3. Solketal

4. 2,2-dimethyl-1,3-dioxolan-4-methanol
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Table 1- Physical and chemical characteristics of Amberlyst 35.

Physical and chemical characteristics unit amount
Acidity Equivalent/kg 5
Particle size Micrometer 490
Average pore size? Nanometer 30
Maximum temperature tolerance? °C 150
Pore volume? ml/gr 0.35
Area? mY/gr 50

1 Measured by TPD method
2 Measured by nitrogen absorption isotherm method at -196.15 °C
3 Reported by the manufacturer
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Figure 1- The reactor used for Solketal synthesis
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Table 2- Temperature program used for product analysis

Characteristic Unit | Setvalue
Program start temperature °C 80
Initial temperature retention time min 3
The rate of temperature rise °C/min 3
Middle temperature °C 90
Final temperature °C 280
The rate of temperature rise °C/min 35
Retention time min 5
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1. Visual inspection
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Table 3- Technical specifications of the tested engine

Characteristic Unit Value
Cylinder diameter cm 6.7
Piston stroke cm 8.8

Displacement volume cc 1597
Compression ratio - 10:1
Maximum power kW@6500 rpm 82
Maximum torque N.m@1000-4000 rpm 148

18 g0 8 S dos 5d Yol )y dwlno

Ol L) 65 Ol b iy lagly ey o 00l Jlosl sliaS b plej axly o 0ad plowl I & j50a Gl
Ol 055 iy w9 Jenegil (095150 C5 > 4y B0 il e g Cel oy BB j5ise L Jore y0 a5 (5508 (i
Sis 5l SlShaol  adi sl 45 5,08 slore o se Jeol> 3lin] 45 5008 liee b sl il 08 5o
e 5ge S3e OlgE Ned al8,F 00 Wl (5l Slal andl s h pe By gige Slilaie il S g 5ise 5,18
[VA] 098 oo iy 25 (V) dlail) & jg0ay DlgelS

2m.w. T
>~ 1000

M
sl oo igd e S5 i8S T g el ol e laygly Ce e @ o a8
bogie fge Jlad wul yois Sl 50 diogy job 4 @Sz S (b yo g So jaikes 3 jlad a5 ol
el gizn s ol b g oS sl nlie sl ol s (DMED) 505 Lgta e LS 355 0n iy

L]0 oo amslone ¥ bl 51 SISl oy el ol ool 550 (G99 S pos g 031l 5] Jats
Py.n,

bmep = VZ 5

e b J5 o VA ol ¥ ailoj ez slaygige (sl a5 ol jgige 50 JolS 5o S (sl S e 590 ol NI
Ll \.A&OH‘SNQ o> 5 LQ).\.\.L».MJ AW u_:s)l.>

3
x 10 M

(0SFC) " (55055 o5 CFgmw s 35 0 Bpas atine Hlojioe o 0 Gl Jgax sl jo a5 SSsw lade
[Yﬁ] 09....:‘5@ AML‘PLA u.CL.»u‘asLS » rﬁ)f o> g (Y‘) A.L:.sb d.v).la )l 9 0 o..\.‘.al.s

_ my 3
bsfc = P_b x 10 (Yf)

S35 a5 aly S5 0 Shee T ol (sl Salinnge s 50 a8 Sl w9 Sl S ks 5e 5 GeSles 033k
IYA] 3580 dlns (F) alasl, 51 L5 3l 55 (D18) 550,55 035l S5 so s ya3 &S oo ooliial gl )5
Py

bte = ——

X 3600
me. Qruv )

ol 0 15 0 55k J55Re e y EE g ) 51 BBl plgiear Quiav ((F) abal o

1. Brake mean effective pressure
2. Brake specific fuel consumption
3. Brake thermal efficiency
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Figure 2- Chromatogram diagram of Solketal sample produced using gas chromatography device
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Table 4- Physical properties of fuel sample compounds
Abbreviatio| Density at 15 °C Low Heating Value Viscosity at 25 °C Flashpoint

Fuel sample

n (kg/L) (kJ/kg) (mPa.s) (°C)

Gasoline G 0.737 43400 0.6 -42

Gasoline containing 20% ethanol E20 0.747 40060 0.68 -31
Gasoline containing 20% ethanol+ E20+S1 0.755 39411 19.3 8

2.5% Solketal

Gasoline containing 20% ethanol+
5% Solketal E20+S2 0.763 38762 37.91 -25

Gasoline containing 20% ethanol+

7.5% Solketal E20+S3 0.771 38113 56.52 23
ASTM ASTM ASTM ASTM
Method D4052 D240 D4287 D93A
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Figure 3- variations in braking power resulting from the combustion of fuel compounds containing different amounts of Solketal at
different speeds and loads applied to the engine under test
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Figure 4- variations in bmep resulting from the combustion of fuel compounds containing different amounts of Solketal at different
speeds and loads applied to the engine under test
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Figure 5- variations in bsfc resulting from the combustion of fuel compounds containing different amounts of Solketal at different
speeds and loads applied to the engine under test
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Figure 6- Variations in bte resulting from the combustion of fuel compounds containing different amounts of Solketal at different
speeds and loads applied to the engine under test
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Figure 7- Variations in emitted Carbon dioxide resulting from the combustion of fuel compounds containing different amounts of
Solketal at different speeds and loads applied to the engine under test
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Figure 8- Variations in emitted Carbon monoxide resulting from the combustion of fuel compounds containing different
amounts of Solketal at different speeds and loads applied to the engine under test
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Figure 9- variations in emitted unburned hydrocarbons resulting from the combustion of fuel compounds containing different
amounts of Solketal at different speeds and loads applied to the engine under test
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Figure 10- Variations in emitted Nitrogen oxides resulting from the combustion and exhaust gas temperature of fuel compounds
containing different amounts of Solketal at different speeds and loads applied to the engine under test

Ji g ilisio prolio g9l (18 g OlaS 35 (29,5 SLIE Slod g @l ol 3l o o ()59 yiud (S| Ol puond Ve S
09051 3,90 15 g0 03,9 iliso (sLa )b g ko 5

(02) ¢y s

Q.’;-}w )‘ ,A-AS J}JL" /Y’ 65[} &;}3—&4 )‘ AW )..M.....n u}.....Sl O‘ﬂ'ﬁ ‘W‘ QJ':-MS‘ (5‘)‘.) Jyl." s.,\.’>9...u AS..." .)5}5[.’
Sl S g 4 JuSUgw 0938l D9di oo S Bl 4 e &5 Sl e GerlanST Sl oS cil Al cn

55



VPN 5ol pgw ojled @ao il Jlo (@l 5 S g (ot - oale 40

SlCe pw 53 05 jige b 93 40 (o 9yS ORST B JLasl g Bl 65 p ST 292s U Al o (JoU]
797 O5eeST Oliee S ysbas 9z g (Rl b (Jg g e lpeay 5enST Lasl (69 2 JuSTges 2525 53U (lie YL
Bg Al a5l S JiSse g5l e sw @l o

Yo - =G
_ " E20
i Yoo E20+S1
I m E20+S2
= \ w E20+S3
2
S O
S

39590 4y 0,lg diciion )b oo, (AdBS 5 490) Sy

Figure 11- Variations in emitted oxygen resulting from the combustion of fuel compounds containing different amounts of Solketal
at different speeds and loads applied to the engine under test

2 09,lg alizo sy, g cee pw jo JUSIguw calizio polio gglo (S5 g OLaS 3 Gl 3l ool ylcto oy ST Ol oy 1) SO0

0903l 9590 yeige

&bl Jukexs
s sloyial)y (slilar 3l ) ol glooai¥T g 5350 60,8kes gloyial )y polia sl (ANOVA) (uily s 51
Oyge o)l da 1o JiSed p eizme g iz job 4 jise 2 00)lg b g jige S (IS gu 0 392 g0 JUiSIgw (e
O Jsuz 5o eoilly 5T 5 bapl s)losime (e cmizmen 5 F ojlel ctlaye 0Sils clayyo ggome piolie 285
i 2y Hledl iz « (P<e0) Wosh duulons /4D 3 1S 65 sinn polie 4alS &S Llowlyl il sad LI5S
SHS1n 595 2 el dw o Blite S| aizen 5 550 p 03)ly b g sige s98 S gms & 00938 JiSIges ine 3G
Lol I gna cosl (6 oIl (293 S 5 oad (o) 60 hes Sl yial )y adS

Gl g Gl 5l eas piiie slooan ¥l 5 jeige o Slas o drmlne oyl (eSile polie () Cux
A ey 0 (5l gire g 0 SO ae3l ygige  0dyly Jb 5 s aliBie ko o JUSUgw calitee yolie
Al aods> £ Jaax )3 cdelcawsdy s

Sl polie 3l ls cae jgb 4 ool awlxe Dte g bmep Pb il polie (JuSIgus 7.0 s9l> g sy
e e Bl 5 a5 et 5o o 3 o s o JiSge e sloi 0 b g 5o bl
Gl 5l Jols (39,5 ooVl (1Sl polie w50 ool Lls 1) E20 g 51l gixe O3 L bsfc
fogine BT b JuSIpm 0 (solr E20 cbgm 3ol 5 4 wb Ladiie (oSl yge)] Lamys cilie slac g
Dl oo piiie (359 oS g ST (S Pl

Y



AR l;y ‘Lg)Li:;M) J?Lb RV G?b ‘_qls “S:L,JoL]a W“““’ ‘sl.wL»&] ‘S@JA ‘6)')3L.i'5 o

Glizeo sLaauo )5 sol> s gu Bl ol Jol> sbouiu¥T 5 65, hoe 5l yolyly (595 2 19790 32 09,19 bt § o yaw (g digod 1T (2351 512 (ANOVA) il yls 5001 gl -8 oo

Jusd g

Table 5- The results of analysis of variance (ANOVA) to evaluate the effect of fuel sample, speed and engine load on performance parameters and Exhaust emissions containing different percentages

of solketal

The amount of addition of Solketal to the

Engine speed(df=4)

Engine load(df=2)

Solketal amount*speed*load (df=24)

fuel(df=3)
parameter — — — —
sum of mean F significance sum of mean F significance sum of mean F significance sum of mean F significance
square square level square square level square | square level square | square level
performance parameters Engine
Pb 10.1 3.4 65.68 0.00 5119.9 1280.0 2.5E4 0.00 1.1E4 5400.1 1.0E5 0.00 10.8 0.4 8.8 0.00
bmep 83.4 27.8 54.97 0.00 52.1 13.0 25.7 0.00 1.1E5 5.3E4 1.0E5 0.00 84.1 35 6.9 0.00
bsfc 9157.3 3052.4 4257.4 0.00 9937.1 2484.3 3454' 0.00 6.2E5 3.1E5 4.3E5 0.00 4091.9 170.5 237.8 0.00
bte 97.8 32.6 194.52 0.00 105.9 26.5 158.1 0.00 4513.9 | 2406.9 1.4E4 0.00 13.8 0.6 34 0.00
Exhaust emission
CO, 1.48E6 4.63E5 1115.27 0.00 1.63E7 4.09E6 92:0' 0.00 8.9E7 4.4E7 1.0E5 0.00 8.5E5 3.5E4 79.7 0.00
CcoO 879.8 293.3 9.53 0.00 1725.8 431.4 14.0 0.00 201.9 101.0 33 0.04 2343.9 97.7 3.2 0.00
UHC 0.016 0.005 50.36 0.00 0.011 0.003 26.2 0.00 0.027 0.013 129.0 0.00 0.013 0.001 5.3 0.00
NOx 1042.7 347.6 110.06 0.00 300.2 75.1 23.8 0.00 46.1 23.1 7.3 0.01 887.2 37.0 11.7 0.00
02 1.55E6 5.16E 770.91 0.00 1.20E7 2.99E6 4458' 0.00 2.2E7 1.1E7 1.7E4 0.00 9.4E5 3.9E4 58.8 0.00
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Table 6- The results of Duncan test comparing the average values of performance parameters and exhaust emissions
containing different percentages of Solketal in different conditions of the percentage of Solketal added to the fuel, and the speed and

load
Uk sy, ?;:(fjgétli?(;);f Sl Engine speed(rpm) Engine load (%)
parameter
o | 25 | 5 | 75 | 1500 | 2000 | 2500 | 3000 | 3500 | 25 | 50 [ 75
Engine performance parameters
Pb 19.21° | 19.64° | 19.63° | 19.13° | 11.77° | 15.70° | 19.42° | 23.31° | 26.82° | 9.88* | 19.48" | 28.85°
bmep 60.74" | 61.83° | 61.93° | 60.36° | 61.76° | 61.76° | 61.13° | 61.13" | 60.30° | 31.24° | 61.51° | 90.89°
bsfc 313.78°| 319.64° | 304.65* | 323.61° | 306.1° | 309.0° | 316.4° | 3185" | 327.1° | 396.0° | 292.3" | 258.0°
bte 29.63* | 29.55* | 31.37° | 30.46° | 31.33" | 30.83° | 30.05" | 29.95° | 29.11° | 23.35° | 31.61° | 35.80°
Exhaust emissions
CO;, 1791.8°| 1622.0° | 1540.5° | 1656.0° | 1065.2° | 1698.0° | 1813.1% | 1776.1° | 1910.0° | 2614.6° | 1383.7° | 959.5°
co 0.05* | 6.22° 2.78 2.25° 0.49% 1.50° 3.10° 8.70° 0.34* 4.25° 1.72° | 2.51%
UHC 0.021° | 0.033° | 0.026° | 0.046" | 002° | 003" | 004° | 0.04° | 003" | 005° | 003" | 0.02°
NOx 7.98° | 2.76° 2.59° 6.87° 3.96° 5.02° | 4.86° 3.93 7.47° 5.58" 5.20° | 437
0, 536.7° | 688.7° | 749.1° | 776.3" | 1200.0° | 615.3° | 546.3" | 550.45° | 526.5* | 540.2° | 540.2° | 349.8°
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Solketal production from glycerin as a gasoline fuel additive: Synthesis,
physical and chemical properties, engine performance and emissions
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The driving force of typical urban vehicles is usually produced by spark-ignited internal combustion engines operating with
gasoline as fuel. The combustion of gasoline fuel in spark ignition engines leads to air pollution in urban areas and also to
the reduction of fossil fuel reserves. Due to the biological structure of the fuel, using ethanol as a blend with gasoline, along
with other alternatives to fossil sources, is one of the solutions to decrease gasoline-based air pollution. Even though adding
ethanol compounds allows better fuel combustion and reduces pollutants, these compounds lead to an elevated emission of
nitrogen oxides into the air when used at higher percentages in blended with fuel. On the contrary, glycerin, a byproduct of
the biodiesel production process, acts as a restricting factor in the mass production of biodiesel. Taking these into account,
this study proposes a novel blend of biofuels for gasoline fuel by converting glycerin into solketal and then injecting it into
ethanol-containing gasoline fuel. The proposed fuel blend provides optimal performance and comes with the least emission
of pollutants. The results showed that adding 5% by volume of solketal to gasoline fuel containing 20% by volume of
ethanol resulted in the best engine performance and lower air pollution compared with the combustion of pure gasoline alone
and gasoline fuel containing 20% ethanol. In addition, brake specific fuel consumption with fuel containing 5% solketal at
25, 50 and 75% torques has decreased by five, two and seven tenths of percent, respectively. Also, the addition of 5%
solketal, in addition to maintaining the positive effects of adding ethanol in reducing engine exhaust emissions, causes a
significant reduction in the emission of nitrogen oxides by about 90%, which is one of the disadvantages of adding ethanol to
fuel.

Keywords: Ethanol; Solketal; Gasoline; Exhaust emissions; Engine performance
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