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The Malaysian palm-based oleochemicals industry is growing rapidly and producing an 

increasing array of products like fatty acid methyl esters, fatty alcohols and glycerine. In 

the production of these oleochemicals, by-products are produced in which many of 

them are potentially useful. One of the by-products is glycerol residue which is 

generated by a glycerol refining plant (the glycerine source is from methanolysis of 

palm kernel oil). Glycerol residue is a waste under Schedule Waste SI8I of the 

Environmental Regulations in Malaysia. Currently, this waste is disposed off in landfills 

with the cost of about RM700.00/tonne. This research was therefore undertaken to 

characterize the glycerol residue, and to recover and utilize its valuable components. It 

was found that thirteen batches of glycerol residue, GRI to GR13, showed variation in 

the contents of glycerol, ash, moisture and matter organic non-glycerol (MONG). Salt 

(63.7%), glycerol (19.7%) and MONG (12.9%, mainly as soap) were the three main 
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valuable components of glycerol residue, accounting for 96.3% of the residue, and the 

rest of 3 .7% was moisture. 

Seven methods based on chemical and physical treatments (Route I to Route 7) were 

developed to recover crude glycerine, crude fatty acid and salt from glycerol residue. 

The most simple and efficient method was Route 7 which was technically optimized 

from Route 6, and involved; acidification, filtration, decantation and evaporation. The 

most optimum condition of chemical treatment was to acidify the glycerol residue with 

dilute sulfuric acid (6%, v/v) to pH range of 4 to 5 .  Typical compositions of the 

recovered components (by Route 7) from GR9-20 and GR9-2l samples were: 24.7 

wt.% and 30. 1 wt.% crude glycerine, 7 . 1  wt.% and 7 .9 wt.% crude fatty acid, and 75.8 

wt.% and 74.4 wt.% salt respectively. The typical compositions of the recovered crude 

glycerines, GR9-20CG and GR9-21CG, were: 53 .7% and 55.5% glycerol, 12 .2% and 

12.4% ash, 6.6% and 10.7% water, 27.5% and 2 1 .4% MONG, and pH 4.1  and 4.4 

respectively. 

The crude glycerines (GR9-20CG and GR9-21CG) were vacuum distilled at 120°C to 

137°C and 1 .8 to 5.0 x 10-1 mbar pressure to produce distilled glycerine (42.0 wt.% and 

42.6 wt.% respectively) and distilled bottom (DB) (47 .9 wt.% and 46.4 wt.% 

respectively). The typical characteristics of distilled glycerine (DG) from both GR9-

20DG and GR9-2 1DG samples were: 96.0% and 96.8% glycerol, 0 . 12% and 0 .09% ash, 

0.5% and 0.2% water, 3 .4% and 2.9% MONG, 3 .8 of pH, 5 1 .0 and 66.0 of colour 

(Hazen), and 1 .2591 and l .2603 of relative density (20°C) respectively. The typical 
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compositions of distilled bottoms (DB) were: 22.3% and 24.8% glycerol, 26.8% and 

25.4% ash, 0.7% and 1.0% moisture, 50.2% and 48.8% MONG; and pH 7.5 and 8.4, 

both for GR9-20DB and GR9-21DB samples respectively. Further analysis of distilled 

bottom using HPLC and GC revealed that distilled bottoms (averages of samples GR7-

16DB, GR7-17DB, GR8-18DB, GR8-19DB, GR9-20DB and GR9-21DB) contained 

36.9% and 28.2% diglycerol, 3.6% and 2.6% triglycerol, and 0.2% and 0.3% 

tetraglycerol respectively. 

Based on thirteen batches of glycerol residue, GRI to GR13, the content of the isolated 

crude fatty acids (CFA) varied considerably, but averaged 7.2%. The main components 

of the crude fatty acids isolated from glycerol residue were C12:0 (40.3%), C8:0 

(30.8%) and CI0:0 (9.8%). The chemical characteristics of the CFA (based on GRI-3F, 

GR2-4F, GR4-13F and GR7-16F) samples were: acid value 319.4, saponification value 

317.8, iodine value 3.5 and unsaponifiable matter 0.1%. The typical composition of the 

recovered salt (averages of samples GR 7 -16S, GR 7 -17S, GR8-18S, GR8-19S, GR9-20S 

and GR9-21 S) was: 68.8% sodium chloride, 113 % sodium sulfate, 7.5% of weight loss 

on heating at 110°C, and pH (5%) of 2.9 to 4.8. Results showed that molecular 

distillation was an efficient method to purify crude medium chain triglycerides (MCTs) 

which were synthesized from the recovered fatty acids and glycerol. The properties of 

the purified MCTs were close to commercial MCTs specification. 
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Industri oleokimia di Malaysia berkembang pesat dan mengeluarkan pelbagai jenis 

produk: seperti ester metil asid lemak, alkohol lemak: dan gliserin. Dalam pengeluaran 

bahan-bahan berkenaan, hasil sampingan dike1uarkan dan kebanyakan hasil sampingan 

ini mempunyai potensi untuk diguna semula. Salah satu daripada hasil sampingan ini 

adalah sisa gliserol yang dikeluarkan daripada kilang penulenan gliserol (sumber 

gliserol adalah dari proses metanolisis minyak isirong sawit). Sisa gliserol adalah sisa 

buangan dibawah 'Schedule Waste' SI8I, Akta Perundangan Alam Sekitar di Malaysia. 

Pada masa kini, sisa ini dilupuskan dengan kos kira-kira RM 700.00/tan. Oleh itu, 

kajian ini dijalankan untuk menciri sisa gliserol berkenaan dan mengeluarkan serta 

mencari kegunaan untuk komponen berguna daripadanya. Keputusan daripada tiga 

belas 'batches' sisa gliserol, GRI hingga GR13, menunjukkan julat yang besar untuk 

kandungan gliserol, kandungan abu, kandungan lembapan dan MONG. Garam (63.7%), 
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gliserol ( 19.7%) dan MONG (12.9%, kebanyakannya adalah sabun) adalah tiga 

komponen utama sisa gliserol, jumlahnya mencapai 96.3% daripada sisa gliserol, dan 

3 .7% lagi merupakan lembapan. 

Tujuh kaedah (Kaedah 1 ke Kaedah 7) berasaskan rawatan kimia dan fizik telah 

dikembangkan untuk mengeluarkan gliserin mentah, asid lemak mentah, dan garam 

daripada sisa gliseroL Kaedah yang paling ringkas dan efisien adalah Kaedah 7 yang 

dioptimakan daripada Kaedah 6, yang mehbatkan; pengasidan, penurasan, 'decantation' 

dan penyejatan. Keadaan paling optima untuk rawatan kimia adalah pengasidan sisa 

gliserol dengan larutan akuas asid sulftuik (6%, v/v) sehingga pH di antara 4 - 5 .  

Komposisi tipikal komponen yang dikeluarkan dari sisa glycerol, sampel GR9-20 dan 

GR9-21 (melalui Kaedah 7) adalah masing-masing: 24.7 wt.% dan 30.1 wt.% gliserin 

mentah, 7 . 1  wt.% dan 7 .9 wt.% asid lemak mentah, dan 75 .8 wt.% dan 74.4 wt.% 

garam; manakala komposisi tipikal gliserin mentah dari sampel GR9-20CG dan GR9-

21CG adalah: 53 .7% dan 55 .5% gliseroL 12 .2% dan 12.4% abu, 6.6% dan 10.7% air, 

27.5% dan 21 .4% MONG, dan pH bernilai 4.1 dan 4.4 masing-masing. 

Gliserin mentah (sampel GR9-20CG dan GR9-21CG) telah ditulenkan melalui 

penyulingan vakum pada suhu 120°C hingga 1 37°C dan tekanan 1 .8 hingga 5 .0 x 10-1 

mbar untuk menghasilkan gliserin tersuling (42 wt.% dan 42.6 wt.%) dan sisa tersuling 

(47 .9 wt.% dan 46.4 wt.%). Ciri-ciri tipikal gliserin tersuling (masing-masing bagi 

sampel GR9-20DG dan GR9-21DG) adalah: 96.0% dan 96.8% gliseroL 0 .12% dan 

0.09% abu, 0.5% dan 0.2% air, 3 .4% dan 2 .9% MONG, pH bernilai 3 .8, 5 1 .0 dan 66.0 
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untuk warna (Hazen), dan 1 .2591 dan l .2603 ketumpatan relatif (20°C). Komposisi 

tipikal sisa tersuling adalah: 22.3% dan 24.8% gliserol, 26.8% dan 25 .4% abu, 0.7% dan 

l .0% lembapan, 50.2% dan 48.8% MONG, dan pH bernilai 7 .5 dan 8.4, masing-masing 

bagi sampel GR9-20DB dan GR9-2IDB. Analisis lanjutan bagi sisa tersuling 

menunjukkan bahawa sisa tersuling (purata untuk sampel GR7-16S, GR7-17S, GR8-

I8S, GR8-19S, GR9-20S dan GR9-21 S) mengandungi 3 6.9% dan 28.2% digliserol, 

3 .6% dan 2.6% trigliserol, dan 0.2% dan 0.3% tetragliserol, masing-masing ditentukan 

dengan menggunakan HPLC dan GC. 

Berdasarkan tiga belas 'batches' sisa gliserol, GRI bingga GR13 ,  yang dianalisis, 

kandungan asid lemak mentah yang dikeluarkan adalah amat berbeza, tetapi 

mempunyai nilai purata sebanyak 7 .2%. Komponen utama dalam asid lemak mentah 

adalah C12:0 (40.3%), C8:0 (30.8%) dan ClO:O (9.8%). Sifat-sifat kimia untuk asid 

lemak mentah (berdasarkan sampel GRl-3F, GR2-4F, GR4-1 3F dan GR7-16F) adalah: 

3 19 .4 nilai asid, 3 17.8 nilai saponifikasi, 3.5 nilai iodin dan 0. 1 % bahan tak 

tersaponifikasi. Komposisi tipikal garam yang dikeluarkan (purata untuk sampel GR 7-

1 6S, GR7-17S, GR8-18S, GR8-19S, GR9-20S dan GR9-21S) adalah: 68.8% natrium 

klorida, 11.3% natrium sulfida, 7.5% kehilangan jisim dalam pemanasan pada suhu 

1 10°C, dan pH (5%) yang bernilai antara 2 .9 bingga 4.8. Keputusan menunjukkan 

penyulingan molekular adalah suatu kaedah yang efisien untuk menulen trigliserida 

berantai sederhana mentah yang disintesis daripada asid lemak dan glycerol yng 

dikeluarkan daripada sisa gliserin. Ciri-eiri MCTs tersuling adalah mencapai spesifikasi 

MCTs komersial. 

VIll 



ACKNOWLEDGEME NTS 

I would like to express my sincere and deepest appreciation to Associate Professor Dr. 

Dzulketly Kuang Abdullah, the Chairman of my Supervisory Committee, for his 

intenectual advice, suggestions and guidance throughout the course of this project and 

for reviewing this thesis with constructive criticisms. I am equally indebted to Professor 

Dr. Wan Md Zin Bin Wan Yunus who, as a member of my Supervisory Committee, 

gave invaluable supports, guidance and comments. My sincere thanks and deepest 

gratitude must extended to Dr. Ooi Tian Lye (a member of my Supervisory Committee), 

Group Leader of Agro and Industrial Chemicals Research Group (ANI), Advanced 

Oleochemical Technology Centre (AOTC), Malaysian Palm Oil Board (MPOB), for his 

kind, intellectual and direct supervision of my entire research work in his laboratory at 

AOTC, without which I would not be able to accomplish my Ph.D. degree. 

I am also heartily thanking Dr. Salmiah Ahmad, Head of AOTC (MPOB) for 

permission to conduct my entire project at AOTC. I acknowledge with thanks for the 

financial support from Pasca Siswazah, in form of Graduate Assistantship, through the 

Department of Chemistry, Universiti Putra Malaysia. I would express my heartfelt 

thanks to Dr. Kang Yew Beng, Dr. Hazimab Abu Hassan, Mr. Tang Thin Sue and Mr. 

Felix Moh Mee Ho (all of whom are Research Officers of MPOB), for their technical 

advice. I am grateful to staff of AOTC for their technical assistance throughout the 

entire course of my research, especially Asma Don, Sapiah Hashim, Bahriah Bilal, 

Khomsatun T elepok, Sefiah Ariffin, Selasiah Abdullah, Zamiah Hasman, Aziz Hamid, 

IX 



Rosmah Umam, Mohammed Ahir Musa, Roslan Ramli and many others. My 

appreciation also goes to Cognis Oleochemicals (M) Sdn Bhd, for providing samples of 

glycerol residue and commercial short and medium chain fatty acids. 

Last but not least, I am also greatly indebted to my parents, Yong Yap Foo and Lue 

Woo Man; sister, Yong Eek Ching; brother, Yong Kuang Chen; and friends, Ng Kim 

Nee, Loh Chin Peen, Lim Wen Huei and Teoh Chun Ming; whose relentless 

encouragement and support have contributed towards the accomplishment of this 

project. 

x 



TABLE OF CONTENTS 

Page 

DEDICATION.......................................................................... 11 
l\135;�c:1l.......................................................•.......•...••••...••• III 
l\135;�....................................................••...••.....•••..••••....•• V1 
ACKN'OWLEOOEMENTS............... ........................................................ ...... IX 
APPRO V � SHEET........................................................................................................................ Xl 
DECLARATION FORM... ... ......... ... ...... ......... ...... ... ......... ........... Xlll 
LIST OF TABLES........................ .................................... .......... xx. 
LIST OF FIGURES... ....................... ..................................................................................... XXIV 
LIST OF ABBREVIATIONS...... ...... ............... ........................ ...... XXVllI 

CHAPTER 

1 

2 

INTRODUCTION .......................................................................... .. 
1.1 Malaysian Oil Palm Industry and Its Palm Oil Products ..... . 
1.2 Palm-based Oleochemicals ...................................... . 

LITERATURE REVIEW ............................................. . 
2.1 Glycerol ........................................................... .. 
2.2 Production of Glycerol from Hydrolysis of Fats or Oils, 

Saponification of Neutral Fats or Oils and Methanolysis 

1 
1 
5 

11 
11 

of Fats or Oils........... ............ .......................................... .............................. ............ 12 
2.2.1 Hydrolysis of Fats or Oils................................ 13 
2.2.2 Saponification of Neutral Fats or Oils.................. 14 
2.2.3 Methanolysis of Fats or Oils............................. 16 

2.3 Recovery of Glycerine from Hydrolysis of Fats or Oils, 
Saponification of Neutral Fats or Oils and Methanolysis 
of fats or Oils....................................................... 18 
2.3.1 Recovery of Glycerol from Sweetwater......... ....... 19 
2.3.2 Recovery of Glycerol from Spent Soap Lye............ 21 
2.3.3 Recovery of glycerol from Raw Glycerine from 

Methanolysis of Fats or Oils.............................. 24 
2.3.4 Evaporation of Crude Glycerine......................... 25 
2.3.5 Refining of Crude Glycerine by Distillation........... 26 
2.3.6 RefIning of Crude Glycerine by Ion Exchange........ 27 

2.4 Chemical Reactions of Glycerol... ...... ......... ......... ....... 29 
2.5 Applications of GlyceroL................. ..................... .... 35 
2.6 Medium Chain Triglycerides (MCTs)........................... 37 

2.6.1 Synthesis of Medium Chain Triglycerides (MCTs).... 37 
2.6.2 Analysis of Medium Chain Triglycerides (MCTs)..... 39 
2.6.3 Application and Nutritional Properties of Medium 

Chain Triglycerides (MCTs)...... ............ ...... ...... 40 

XlV 



3 

2.7 Objectives of Study................................................. 42 

ME.THODOLOG Y ........................................................................ .. 
3.1 Materials an.d Reagents ..................................................... . 

3.1.1 Stan.d.ard Solutions ...................................................... . 
3.2 Procedures Used for Characterization of Glycerol Residue 

44 
44 
47 

and Its Isolated Fractions..................... .••.....••.. .•....... 47 
3.2.1 Glycerol Content - By Titrimetric Method............. 47 
3.2.2 Ash Content - By Gravimetric Method................. 50 
3.2.3 Moisture Content........................ .••.....•...... •... 51 
3.2.4 Water Content.............................................. 52 
3.2.5 MONG (Matter Organic Non-glycerol)................. 53 
3.2.6 Determination of Density at 20°C........................ 54 
3.2.7 Hydroxyl Value............................................. 55 
3.2.8 Soap Content..... ............. ................... ...................... 58 
3.2.9 Measurement of pH... ... ....•.... ... ...... ....•.... •....•. 58 
3.2.10 Determination of Colour.................................. 59 
3.2.11 Infrared Spectroscopic Analysis... .....•... ........•.... 59 

3.3 Characterization of Glycerol Residue (GR).................... 59 
3.4 Preliminary Study on the Recovery of Crude Glycerine, 

Crude Fatty Acid and Salt from Glycerol Residue............ 60 
3.4.1 Neutralization (Elimination of Excess 

Sulfuric Acid)........ .............. ............ .................. ... 70 
3.4.2 Evaporation of Water (Elimination of Water 

and Salt).................. ... .•.... .•............. .......... 70 
3.4.3 Extraction with Methanol.................. ... .•.... .•.... 70 
3.4.4 Evaporation to Remove Methanol................ ......• 71 

3.5 Refining of Crude Glycerine Recovered from Different 
Routes - By Vacuum Distillation...... .....•... .......•• ........ 72 
3.5.1 Vacuum Distillation of Crude Glycerine............... 73 

3.6 Recovery of Valuable Components from Glycerol Residue 
with Less than 12% Glycerol Using Route 6................... 74 

3.7 Optimization Study (Route 7) of Recovery of Crude 
Glycerine, Crude Fatty Acid and Salt from Glycerol 
Residue......... ...... ................................................ 77 
3.7.1 Optimized Recovery Process... ..• •..... ...... ...... .... 79 

3.8 Characterization of Crude Fatty Acids and Its 
Fractionated Products............................................. 82 

3.8.1 Fatty Acid Composition of the Fatty Acid 
Fractions...... .•...•....................•........•........ ... 84 

3.8.2 Thin Layer Chromatographic Analysis...... ............ 85 
3.8.3 Infrared Spectroscopic Analysis of Fatty Acids 

Fractions.................................................... 85 
3.8.4 Acid value...... ...... .•. ... ...•.. ... ... ... ..•.•. ... ... ... ... 85 
3.8.5 Saponification Value....................................... 86 
3.8.6 Unsaponifiable Matter ................................. .... 87 

xv 



3.8.7 Iodine Value........................ .•..••..•..•...... .•••.. 90 
3.8.8 Vacuum Distillation of Crude Fatty Acids............. 90 
3 � 8.9 Determ.in.ation of Colour... ... .. . ... . .. ... ... .. . ... ....... 91 

3.9 Characterization of Salt............................................ 91 
3.9.1 Determ.in.ation of the Loss of Mass at HO°C........... 91 
3.9.2 Measurement of pH (5%)................................. 92 
3.9.3 Sodium Chloride Content................................. 93 
3.9.4 Sodium Sulphate Content................................. 94 

3.10 Identification of Glycerol and Polyglycerols (Diglycerol, 
Triglycerol and Tetraglycerol) in Crude Glycerine, 
Distilled Glycerine and Distilled Bottom...... •.•.••.••••..• ... 96 
3.10.1 Determination of Glycerol and Polyglycerol Using 

High Performance Liquid Chromatography 
��C)..................................................••.. 97 

3.10.2 Determ.in.ation of Glycerol and Polyglycerol Using 
Gas Chromatography (GC) .•....•.•...•••.••••. ' ...... .... 98 

3.11 Synthesis of Medium Chain Triglycerides (MCTs )........ ... 99 
3.11.1 Isolation of Short and Medium Chain Fatty Acids 

from Crude Fatty Acids Recovered from Glycerol 
Residue by Vacuum Distillation.......................... 104 

3.11.2 Method of Synthesis of Medium Chain Triglycerides 
(MCTs)................................. ..................... 104 

3.11.3 Gas Chromatographic Determination of Standards, 
Reaction Products, Fatty Acid Fraction, Partial 
Glycerides Fraction, and Purified Medium Chain 
Triglycerides........................ ... ...... ............... 105 

3.11.4 Purification of Medium Chain Triglycerides Using 
Molecular Distillation...................................... 106 

3.11.5 Fatty Acid Composition of the Purified Medium 
Chain Triglycerides...................................... ... 107 

3.11.6 Acid Value •.......•.......•.....•...•....•.....••.•..••...•.. 107 
3.11.7 Saponification Value....................................... 108 
3.11.8 Iodin.e Value ...... ".. ...... ......... ... ... ... ... ... ... ....... 109 
3.11.9 Determination of Colour ..•...•..... ....•. .•• ........•.. .•• 109 

4 RESULTS AND DISCUSSION........................................ 110 
4.1 Glycerol Residue ............................ "........................ 110 

4.1.1 Characteristics of Glycerol Residue (GR)............... I I I  
4.1.2 Summary of the Characteristics of Glycerol 

Residue............... ...................... .............. .... 114 
4.2 Preliminary Study on the Recovery of Crude Glycerine, 

Crude Fatty Acid and Salt from Glycerol Residue.............. 115 
4.2.1 Reagents of Chemical Treatment.......................... 115 
4.2.2 Chemical and Physical Treatments............... ...••.... 116 
4.2.3 Composition of the Components Recovered from 

Glycerol Residue by Different Routes...... ......... ..•.. 118 

XVI 



4.6.6 Summary of the Characteristics of Crude Fatty Acids 
and Its Fractionated Products...... .••..•... •.. •...•. ..• .... 173 

4.7 Characteristics of Salt .............. " "" .. "" .... ,," "" " .... " " .. " .... " "" .. """ "" .... ,,"" 174 
4.8 Identification of Glycerol and Polyglycerols (Diglycerol, 

Triglycerol and Tetraglycerol) in Crude Glycerine, 
Distilled Glycerine and Distilled Bottom........................ 176 
4.8.1 Summary of Analysis...................................... 194 

4.9 Synthesis of Medium Chain Triglycerides (MCTs)............ 195 
4.9.1 Isolation of Short and Medium Chain Fatty Acids 

from Crude Fatty Acids for Synthesis of MCT......... 196 
4.9.2 Synthesis of MCT from Commercial Products and 

Recovered Products.""".""."".""""."" .. ,,"""""",,.,,""""""""""" 198 
4.9.3 Purification of Crude Medium Chain Triglycerides 

(CMCTs) by Molecular Distillation...................... 205 
4.9.4 Summary of Synthesis of Medium Chain 

Triglycerides (MCTs ) .. " ... " .... " ......... " .. "" .... " ... ".. ... 210 

5 CONCLUSIONS ....... "" .... " ............. " ...... " ...... " .......... " ..... ,," .... 211 

BffiLIOGR.APHY ...... ......... ...... ... ...... ... ...... ... ...... ... ......... ... ... .... 213 

APPENDICES ... e ... e ... e . . . •  e .. e •.. e ...•...•...• e ...•........................ e......... 219 

A Processed Palm Oil Products (PPOP) Offered by the 
Malaysian Oil Palm Industry..................................... 219 

B Processed Palm Kernel Oil Products Offered by the 
Malaysian Oil Palm Industry...... ...•.................•..•.... •.. 220 

C BS Refined Glycerine Standards... ............ ..•...........•. ... 221 

D USP Refined Glycerine Specifications... ... ...... ...... •.•... . . •  222 

E 1 Standard Sodium Hydroxide Solution............................ 223 

E2 Standard Alcoholic Potassium Hydroxide Solution............ 225 

E3 Standard Sulfuric Acid Solution.................................. 226 

E4 Standard Hydrochloric Acid Solution............................ 228 

F Solubility (%) of Sodium Sulfate in Water and Sodium 
Chloride Solutions................................................... 230 

G Solubility of NaCI in Water....................................... 231 

XVUl 



H Infrared Spectrum of Pure GlyceroL............................ 232 

I Thin Layer Chromatogram of the Isolated Crude Fatty 
Acids (GRl-3F) and Crude Palm Oil (CPO)... ... ..•... .•• .... 233 

Jl Photos of Glycerol Residue ....•. •.•.......... 000 • •  00. 0 • • •  0 0000.0.0 234 

12 Photos of Recovered and Purified Products ••.••••. 0 0........... 235 

J3 Photos of the synthesized MCTs... •.• ••. . • • . • •  . • •  ••.•.. . • •  • • . • • .  239 

K Estimated Quantity of the Recovered Products from 
I tonne of Glycerol Residue and the Gross Revenue 
Generated from Them............................................. 240 

L Publications................................................... ...... 241 

"I1f}\..................................................................................... 2Ll2 

XiX 



LIST OF TABLES 

Table Page 

1.1 Fatty acid plants in Malaysia..................................... ... 5 

1.2 Malaysian oleochemical producers and their production 
capacities in 1995 ('000 tones/year)...... ..•... ... ...... •..... .•.. 6 

2.1 Typical characteristics of recovered sweetwater and 
finished crude glycerol from fats and oils processing...... .•... 19 

2.2 Viscosity and boiling point of glycerol/water solution........... 26 

2.3 Boiling point of pure glycerol at various pressures....... ...••... 27 

2.4 Specific conductance (�o) and specific resistance (0) 
of sodium hydroxide and sodium chloride solution 
at 2SoC... ............... ...... ...... ............... ... ...... ............ 29 

2.5 Direct applications of glycerol and its derivatives................ 35 

2.6 Commercial specification and commercial product ofMCTs... 38 

2.7 Applications ofMCTs................................................ 41 

3.1 Reagents used in the study........................................... 44 

3.2 Chemicals used in the study...... . . . .  ..... . . . . . . . . .  .•....•.. . . .  .•... 45 

3.3 Solvents used in the study............... ....•............•.......... 46 

3.4 Standards compounds used in the study........................... 46 

3.5 Preliminary study on the recovery of valuable components 
from GR by different routes.................. •••... .•...•.•. ..... .•. 61 

3.6 Recovery of valuable components from GR with less 
than 12% glycerol (by Route 6) .......•....•...........•........... 

3.7 Optimization study of recovery of valuable components 

76 

ffornCJIt............................................................... 78 

3.8 Weight percentages of the recovered crude fatty acids 
from thirteen batches of GR . . . . . . . . . . . . . . . . . . ..•........•....... .... 83 

xx 



3.9 Amount and types of fatty acids and glycerine used, 
reaction temperatures, reaction times, amount of 
collected water and fatty acids, colour of crude MCT and 
percentage conversion, for the synthesis ofMCTs • • • • . • . ••..•. •.. 103 

4.1 Characteristics of glycerol residue obtained from a palm 
kernel oil methyl ester plant • • . • • • • • • •.. • • • . • • • •. • • • • • • . . • • • . • • • . •..• 112 

4.2 Solubility of sulfates in aqueous solution of 40% glycerol. . • • • .  116 

4.3 Composition of the components recovered from glycerol 
residue by different Routes • • . • • • •.. • • • . • • ••..••..• • • • . • • • • • . • • • • • • • •  120 

4.4 Composition of glycerol residue (GR1, GR2 and GR3) and 
the crude glycerine recovered by different routes . • • .. • • • • •. • • •.. 122 

4.5 Comparison of the British standard specification for crude 
glycerine and the average composition of the crude 
glycerine recovered by different routes •....• •...•.....•......• ..... 123 

4.6 Vacuum distillation of crude glycerines ... •.. •...•... • •...•••...••. 133 

4.7 Temperature and pressure of vacuum distillation, the 
mass balances and appearances of the distilled fractions 
recovered from crude glycerine . . • • • . . • • • •. • • • •. • • • . •. • • •.•..•• •...• 134 

4.8 Characteristics of the crude glycerine used in the refining 
stIt<i)' • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •.• • • • • • • • • • • • • • • • • • • • • • • •••• 135 

4.9 Characteristics of the recovered distilled glycerine •.•....•• ••..• 137 

4.10 Characteristics of distilled bottom • • • • • • • • • • • • • • • • • • • • • • • • • • • • . . • • •  142 

4.11 Amount of crude glycerine, distilled glycerine and distilled 
bottom recovered from one kilogram of glycerol residue .•..•• 143 

4.12 Composition of the components recovered from glycerol 
residue with less than 12% glycerol. ....•.•• • • ••....••.. •........• 145 

4.13 Composition of glycerol residue with less than 12% 
glycerol (GR4, GR5 and GR6) and the crude glycerine 
recovered by Route 6 ................................................. 145 

4.14 Temperature and pressure of vacuum distillation, mass 
balances and appearances of the distilled fractions 

XX1 



recovered from crude glycerine (from glycerol residue 
with less than 12% glycerol) .••••.....•...•.•............••....•••.. 147 

4.15 Characteristics of the distilled glycerine recovered from 
glycerol residue with less than l2% glyceroL ...••••.•••••..•••• 148 

4.16 Characteristics of distilled bottom from glycerol residue 
with less than 120/0 glycerol. •••...••••...•••.....•.....•••..••••••.• 149 

4.17 Composition of the recovered components from glycerol 
residue (optimization study) •.•..••.......••....•..•..••••••.•••...• 152 

4.18 Composition of glycerol residue (GR) and the recovered 
crude glycerine (obtained in optimization study) •••••..•••...•••• 153 

4.l9 Temperature and pressure of vacuum distillation, mass 
balances and appearances of the distilled fractions 
recovered from crude glycerine (optimization study) .•.•.....•.• 155 

4.20 Composition of distilled glycerine (DG) and distilled 
bottom (DB) (optimization study) .......••.••...••.•.•..•...•••...•. 157 

4.21 Fatty acid composition of crude fatty acids isolated from 
glycerol residue ................................................... ..... 166 

4.22 Mean fatty acid composition of crude fatty acids isolated 
from glycerol residue by chain length •.•••.••.•...•..••.••••.•••.•. 167 

4.23 Chemical characteristics and appearances of the crude 
fatty acids isolated from glycerol residue .••..•..••••...••......••• 168 

4.24 Fatty acid composition of crude palm kernel oil (CPKO), 
methyl ester of CPKO (ME of CPKO) and crude fatty 
acids (CFA) isolated from glycerol residue (%) ••..•••..•.•.••••. 169 

4.25 Temperature and pressure of distillation, weight percentages 
(mass balances) and appearances of the fractionated products 
of crude fatty acids isolated from glycerol residue •.•••••••.•..•• 170 

4.26 The characteristics and the fatty acid composition of 
the fractionated products of crude fatty acid isolated 
from glycerol residue ....•.••..•.•.•••.....••••...••.•..•.•.....•••••. 172 

4.27 Characteristics of salt recovered from glycerol residue ....•• •.•. 175 

4.28 Retention times of commercial glycerol and poly glycerols 

XXII 



by HPLC...... ............ ........................... .................. 177 

4.29 Retention times of commercial glycerol and polyglycerols 
byGC .......................................... ......................... 177 

4.30 The composition of the distilled glycerines by HPLC............ 181 

4.31 The composition of the distilled glycerines by GC................ 182 

4.32 The composition of the crude glycerines by HPLC............... 183 

4.33 The composition of the crude glycerines by GC.................. 184 

4.34 The composition of the distilled bottoms by HPLC.............. 185 

4.35 The composition of the distilled bottoms by GC................. 186 

4.36 Mean composition of crude glycerine by HPLC and GC 
(based on six samples)....................................... ......•.. 187 

4.37 Mean composition of distilled bottom by HPLC and GC 
(based on six samples)................................................ 187 

4.38 Determination of retention time of standards by GC............. 195 

4.39 Properties of commercial short and medium chain fatty 
acid, purified fatty acid 1 (PF AI), purified fatty acid 2 
(PFA1) and commercial specification of fatty acid used 
for synthesis of M CT... ... .. . . . . .. . ••• . .. . .• . . . . . •  . . . . .. .•• . .. ... .• . 197 

4.40 Characteristics of distilled glycerine (GR9-21DG)............... 197 

4.41 Acid value and the composition of reaction products 
(percentages of fatty acids, monoglycerieds, diglycerides 
and MCTs) ofPPl, PP2, RPI, RP2 and RP3 varying 
with times............................................................... . .. 199 

4.42 Mass balances of molecular distillation of crude MCTs 
(CMCTs) and composition of its fractions........................ 206 

4.43 Properties of the purified MCTs synthesized from 
commercial (PP-MCT) and recovered (RP-MCT) 
products...... ... ... ... ... ... ... ... ... ... ...... ... ...... ... ... ... ... ..... 209 

XXUl 



LIST OF FIGURES 

Figure 

1.1 Various Process Routes for the Production of Distilled 
Hydrogenated Fatty Acids •...•... ••..•••..•..••.. . • • • • • • • . • • • . • • • •.• 

1.2 Flow Diagram of the Methanolysis of Palm Kernel Oil 
and the Refining of Glycerol that Generated Glycerol 

Page 

8 

Residue................ ............................................... ... 10 

3.1 

3.2 

3.3 

3.4 

3.5 

3.6 

3.7 

3.8 

Flow Diagram for the Recovery of Crude Fatty Acid, 
Acidified Glycerine Solution and Salt . • • • • • • • . • . • . • • •.. • • • ... •..•. 

Flow Diagram for the Recovery of Crude Glycerine 
and Salt without Neutralization and with Methanol 
Extraction (R.oute 1 ) ................................................. 

Flow Diagram for the Recovery of Crude Glycerine 
and Salt by Neutralization of Aqueous Glycerine 
Solution with 50% NaOH and with Methanol 
E'Xtraction (R.oute 2) ...... ............................................ 

Flow Diagram for the Recovery of Crude Glycerine 
and Salt by Neutralization of Aqueous Glycerine 
Solution with 30% Ca(OHh and without Methanol 
Extraction (R.oute 3) .................................................. 

Flow Diagram for the Recovery of Crude Glycerine 
and Salt by Neutralization of Partial Concentrated 
Glycerine Solution with 50% NaOH and with 
Methanol Extraction (Route 4) . • • •. . • • • . . • • • • •.•...•.. •.• •.•.•...•• 

Flow Diagram for the Recovery of Crude Glycerine 
and Salt by Neutralization of Concentrated Glycerine 
Solution with 50% NaOH and without Methanol 
Extraction (R.oute 5) ........... ....................................... 

Flow Diagram for the Recovery of Crude Fatty Acid, 
Crude Glycerine and Salt by Route 6 - Without 
Neutralization and Without Methanol Extraction • • • • • • .. • • • • • ••. 

An Optimized Method for Recovery of Crude 
Glycerine, Crude Fatty Acid and Salt from Glycerol 
Residue (Route 7) .•...........•..•.... ••. •.•....•.... • • • .. • • • . • • • •..•. 

63 

65 

66 

67 

68 

69 

75 

81 

XXlV 



3.9 Isolation of Short and Medium Chain Fatty Acids 
from CFA1 Using Vacuum Distillation • • • •.. • •..••.••••. • • • • • • . • • •  100 

3.10 Isolation of Short and Medium Chain Fatty Acids 
from CFA2 Using Vacuum Distillation ............................ 101 

4.1 Typical Infrared Spectrum of Acidic Crude 
Glycerine, GRl -2CG (PH 1-2) ...................................... 121 

4.2 Typical Infrared Spectrum of Distilled Glycerine 
(GRl-3DG) from High Vacuum Distillation of 
Crude Glycerine (GRI-3CG) ....................................... 136 

4.3 Effect of pH in Chemical Treatment on the Ash 
Content of the Recovered Crude Glycerine ....................... 153 

4.4 Effect of pH in Chemical Treatment on the Glycerol 
Content of the Recovered Distilled Glycerine .................... 156 

4.5 Effect of Chemical Treatment on the MONG Content 
of the Recovered Distilled Bottom .. • •.. • •...•.. • • •...•. • • • • • • . • . • •  158 

4.6 Typical Infrared Spectrum of Crude Fatty Acids 
(CiFtI -3It) ............................................................... 164 

4.7 Typical GC Chromatogram of Fatty Acid Methyl 
Esters of the Crude Fatty Acid Isolated from Glycerol 
Residue (GRl-3F) ..................................................... 166 

4.8 Typical HPLC Chromatogram of Distilled Glycerine 
(GR7-17DG) .......................................................... 178 

4.9 Typical HPLC Chromatogram of Crude Glycerine 
(GR7-17CG) ........................................................... 178 

4.10 Typical HPLC Chromatogram of Distilled Bottom 
(CiFt7-17l)IJ) • •. • • • .. • • • • •. . • . • ••... • • • • . • • • • • •. • • • • • • . . • • • • • . . •• • • • •. • •• 179 

4.11 Typical GC Chromatogram of Distilled Glycerine 
(GR7-17DG) ........................................................... 179 

4.12 Typical GC Chromatogram of Crude Glycerine 
(GR 7 -17CG) ............................................................ 180 

4.13 Typical GC Chromatogram of Distilled Bottom 
(GR7-17DB) ........................................................... 180 

xxv 


