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บทคดัย่อ: 

มลพษิอนุภาคเขม่า (Particulate Matters: PMs) จ าเป็นต้องถูกก าจดัจากไอเสยีเครื่องยนต์ดเีซล
เพื่อปกป้องสภาพแวดล้อมและสุขภาพของมนุษย ์โดยปญัหาของมลพษิอนุภาคเขม่าสามารถแก้ไขไดโ้ดย
การใช้อุปกรณ์กรองมลพษิอนุภาคเขม่าดเีซล (Diesel Particulate Filter: DPF) นอกจากนัน้การใช้
เชือ้เพลงิไบโอดเีซลยงัสามารถลดปรมิาณมลพษิอนุภาคเขม่าจากเครือ่งยนตล์งไดป้ระมาณรอ้ยละ 50  

โครงสรา้งในระดบันาโนของมลพษิอนุภาคเขมา่ถูกศกึษาดว้ยกลอ้งอเิลคตรอนแบบส่องกราดและ
แบบส่องผ่าน ขนาดเฉลีย่ของกลุ่มมลพษิอนุภาคเขมา่อยูใ่นช่วง 100-300 nm ส่วนขนาดเฉลีย่ก้อนเดีย่วของ
มลพษิอนุภาคเขม่าไบโอดเีซลและดเีซลประมาณ 30-40 nm และ 50-60 nm ตามล าดบั การวเิคราะห์
ภาพถ่ายจากกล้องอิเลคตรอนแบบส่องผ่านสามารถวเิคราะห์เกล็ดคาร์บอนในมลพษิอนุภาคเขม่าดเีซล
และไบโอดเีซลซึ่งพบว่าความยาวเฉลีย่ของเกลด็คารบ์อนอยู่ในช่วง 0.1-7.0 nm นอกจากนัน้ยงัสามารถ
ค านวนปรมิาณอะตอมคารบ์อนต่อหน่วยปรมิาตรของมลพษิอนุภาคเขม่าซึ่งพบว่ามคี่าประมาณ 500-900 
carbon-atom/nm3  

ส่วนประกอบทางเคมแีละจลศาสตร์เคมขีองการออกซเิดชนัมลพษิอนุภาคเขม่าถูกศึกษาด้วย
เครื่องมอืวเิคราะห์ทางความร้อน (Thermo-gravimetric Analysis: TGA) และเครื่องมอืวิเคราะห์
ส่วนประกอบของก๊าซ (CHN analyzer) มลพษิอนุภาคเขม่าประกอบดว้ยน ้า เชือ้เพลงิทีเ่ผาไหมไ้ม่สมบูรณ์
ในรปูของไฮโรคารบ์อนและคารบ์อน พลงังานกระตุ้นของการท าปฏกิริยิาเคมรีะหว่างออกซเิจนและมลพษิ
อนุภาคไบโอดีเซลและดีเซลมีค่าต ่ ากว่าคาร์บอนแบลคเพราะมลพิษอนุภาคเขม่ามีส่วนประกอบของ
ไฮโดรคารบ์อน พลงังานกระตุ้นของการออกซเิดชนัมลพษิอนุภาคเขม่าไบโอดเีซลและดเีซลมคี่าประมาณ  
147–157 kJ/mole และ 153–165 kJ/mole ตามล าดบั 

 
 

ค าหลกั: เครื่องยนตด์เีซล ไบโอดเีซล มลพษิอนุภาคเขม่า โครงสรา้งนาโน อเิลคตรอนไมโครสโคป 
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Abstract  
 

Project Code :  MRG5580249 
 

Project Title :  Renewable Bio-oxygenated Fuels Particulate Matter Trapping and Oxidation   
                         Behaviors 

 
Investigator :  Dr.Preechar Karin  

 
E-mail Address :  kkpreech@kmitl.ac.th, karintr@hotmail.com, aeautolab@gmail.com    

 
Project Period :  2 years (August 1, 2012 – July 31, 2014) 

 
Abstract:  

Particulate matters (PMs) must be removed from the exhaust gas emitted from engines 
to protect the environment and human health. The problem of particulate emissions from diesel 
engine can be treated by Diesel Particulate Filter (DPF). In addition, biodiesel combustion 
produces PM about two times lower than that of diesel combustion.  

Nanostructures of diesel and biodiesel engine Particulate Matters (PMs) were 
investigated by using a Scanning Electron Microscopy (SEM) and a Transmission Electron 
Microscopy (TEM). The average agglomerated particle sizes PMs are in the range of 100-300 nm. 
The average single particle sizes of biodiesel and diesel PMs are approximately 30-40 nm and 50-
60 nm, respectively. Image processing process was used to estimate each carbon platelet length 
by using TEM image. The average carbon platelet length of biodiesel and diesel PMs are in the 
range of 0.1-7.0 nm. Moreover, carbon atoms per cubic volume of PMs are approximately 500-900 
carbon-atom/nm3.  

PM oxidation kinetics by Thermo-gravimetric analysis (TGA) was successfully studied. 
The chemical content percentage of PM can be divided by oxidation temperature zoning in three 
main regions which are moisture, unburned hydrocarbon and carbon. The estimated apparent 
activation energies (Ea) of biodiesel and diesel PM oxidation are lower than that of carbon black 
because of unburned oxygenated molecule. The estimated apparent activation energy of biodiesel 
and diesel PMs oxidize with air is in the range of 147–157 kJ/mole and 153–165 kJ/mole, 
respectively. 

 
Keywords : Diesel Engine, Biodiesel, Particulate Matter, Nanostructure, Electron Microscopy  
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บทสรปุผูบ้ริหาร 
 

รหสัโครงการ :  MRG5580249 
 

ช่ือโครงการ :  พฤตกิรรมการดกัและออกซเิดชนัของมลพษิอนุภาคจากเชือ้เพลงิหมุนเวยีนชวีภาพ 
                   ออกซเิจนเนต 

 
มลพษิอนุภาคเขม่า (Particulate Matters: PMs) จ าเป็นต้องถูกก าจดัจากไอเสยี (Exhaust 

Gas) เครื่องยนต์ดเีซล (Diesel Engine) เพื่อปกป้องสภาพแวดลอ้มและสุขภาพของมนุษย ์โดย
ปญัหาของมลพิษอนุภาคเขม่าสามารถแก้ไขได้โดยการใช้อุปกรณ์กรองมลพษิอนุภาคเขม่าดเีซล 
(Diesel Particulate Filter: DPF) ซึง่เป็นอุปกรณ์ทีท่ าหน้าทีก่ าจดัมลพษิอนุภาคทีไ่ดร้บัการออกแบบ
พฒันาจนสามารถน ามาใชง้านอย่างแพร่หลายในบรษิทัผูผ้ลติรถยนต์ ในปจัจุบนัเทคโนโลยหีลงัการ
เผาไหมน้ี้ (After-treatment Technology)  ถูกน ามาใชก้บัประเทศที่มกีฎหมายมลพษิเขม้งวด เช่น 
สหภาพยุโรป ญี่ปุ่น และอเมรกิา คาดว่าอุปกรณ์ดงักล่าวจะถูกน ามาใช้ในประเทศไทยในอนาคต
อนัใกล้นี้ โดยทัว่ไปดพีีเอฟจะมโีครงสร้างเป็นวสัดุพรุน (Porous Media) ที่ผลิตจากเซรามคิ 
(Ceramics) เช่น ซลิคิอนคารไ์บด ์(SiC) และคอรด์ไิรท ์(Cordierite) ดพีเีอฟจะถูกตดิตัง้ไวเ้ป็นส่วน
หนึ่งของท่อไอเสยี (Exhaust Pipe) ของไหลทีม่สีถานะเป็นก๊าซในไอเสยีจากเครื่องยนต์จะไหลผ่าน
ผนังของวสัดุพรุนนี้ได้ ในขณะเดยีวกนัมลพษิอนุภาคซึ่งเป็นของแขง็จะถูกดกัไว้ด้วยวสัดุพรุนซึ่ง
ขบวนการนี้เรยีกว่าขบวนการดกั (Trapping Process) และหลงัจากมลพษิอนุภาคถูกดกัจนสะสมกนั
มากพอทีค่วามดนัในท่อไอเสยีสูงขึน้จะมผีลกระทบกบัเครื่องยนต์ มลพษิอนุภาคเหล่านัน้ก็จ าเป็นที่
จะต้องถูกก าจดัโดยสามารถท าได้ด้วยการเพิม่อุณหภูมไิอเสยีให้สูงขึ้นถึงจุดที่มลพษิอนุภาคเขม่า
สามารถท าปฏกิิรยิากบัออกซเิจนได้ซึ่งมคี่าสูงถงึประมาณ 600 องศาเซลเซยีส คาร์บอนในมลพษิ
อนุภาคเขม่าจะสามารถท าปฏิกิริยากับออกซิเจนกลายเป็นก๊าซคาร์บอนไดออกไซด์ซึ่งเรยีกว่า
ขบวนการรเีจนเนอเรชัน่ของดพีเีอฟ (DPF Regeneration Process) อย่างไรกต็ามขบวนการดกัและ
เผามลพษิอนุภาคเขม่าดงักล่าวมพีฤตกิรรมทีซ่บัซ้อนมากจ าเป็นอย่างยิง่ทีจ่ะต้องศกึษาในเชงิลกึบน
หลกัการทางกลศาสตรข์องไหล (Fluid Mechanics) ควาบคู่ไปกบัจลศาสตรเ์คม ี(Chemical Kinetics)
ของการเกดิปฏกิริยิาเคมรีะหว่างมลพษิอนุภาคเขม่ากบัออกซเิจนในอากาศ  

เชือ้เพลงิชวีภาพ (Bio Fuels) เป็นอกีทางเลอืกหนึ่งทีส่ามารถน ามาใชไ้ด้จรงิในเครื่องยนต์
ส าหรบัภาคขนส่งทัว่โลกเพราะมคีุณสมบตัิทางกายภาพและเคมขีองเชื้อเพลิงที่สามารถใช้แทน
เชือ้เพลงิฟอสซลิ (Fossil Fuels) ได ้ดงัแสดงใน รปูที ่1 สเปรยข์องเชือ้เพลงิดเีซลและไบโอดเีซลใน
หอ้งเผาไหมไ้ม่ไดม้คีวามแตกต่างทางดา้นคุณสมบตัเิชงิกล (Mechanical Properties) ในวศิวกรรม
เครื่องยนต์สนัดาปภายใน (Internal Combustion Engine Engineering) อย่างมนีัยส าคญัมากนัก
ถงึแมว้่าจะมผีลกระทบของความหนืด (Viscosity) ของเชือ้เพลงิไบโอดเีซลทีสู่งกว่าดเีซลบา้งเลก็น้อย
เพราะมคีวามหนาแน่น (Density) ทีส่งูกว่า  
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ในมุมมองทางดา้นวศิวกรรมการเผาไหม ้(Combustion Engineering) การใชเ้ชือ้เพลงิไบโอ
ดเีซล (Biodiesel) ยงัสามารถลดปรมิาณมลพษิอนุภาคเขม่าจากเครื่องยนต์ลงไดป้ระมาณรอ้ยละ 50 
ดงัแสดงใน รปูที่ 2 เนื่องจากในโมเลกุลของเชื้อเพลงิไบโอดเีซลมอีะตอมของออกซเิจนที่จะช่วยให้
การออกซเิดชนัเกดิได้รวดเรว็มากกว่าดเีซล อย่างไรกต็ามคุณลกัษณะเฉพาะทางกายภาพและเคม ี
(Physical and Chemical Characteristics) ของมลพษิอนุภาคจากเครื่องยนต์ไบโอดเีซลจ าเป็นต้อง
ศกึษาวจิยัในเชงิลกึบนพืน้ฐานทางวทิยาศาสตรเ์พื่อท าความเขา้ใจถงึโครงสรา้งในระดบัมาโคร ไมโคร 
นาโนและโมเลกุลของมลพษิ (Macro-, Micro-, Nano- and Molecular of PMs) ขอ้มลูทีไ่ดจ้ะสามารถ
น าไปใชใ้นการออกแบบและเลอืกใชด้พีเีอฟทีเ่หมาะสมและมปีระสทิธภิาพสงูสุดได ้

 

 
 

รปูที ่1 สเปรยข์องเชือ้เพลงิดเีซล (Left) และไบโอดเีซล (Right) ในหอ้งเผาไหม ้
 
 

 
 

รปูที ่2 ปรมิาณมลพษิอนุภาคจากการเผาไหมเ้ชือ้เพลงิดเีซลและไบโอดเีซลในเครือ่งยนต์ 
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นอกจากนัน้การใชเ้ชือ้เพลงิไบโอดเีซลยงัเป็นการลดปญัหาโลกรอ้น (Global Warming) ที่
เกดิจากภาวะเรอืนกระจก (Greenhouse Gas) ซึง่มสีาเหตุหลกัจากการปล่อยคารบ์อนไดออกไซด์
จากการเผาไหมข้องเชือ้เพลงิ อย่างไรกต็ามพชืสามารถดูดก๊าซคารบ์อนไดออกไซดก์ลบัมาใชใ้นการ
สงัเคราะหแ์สงได้ดงันัน้การใช้เชื้อเพลงิไบโอดเีซลจากปาล์น ้ามนัจงึเป็นที่ยอมรบักนัว่าไม่ถอืว่าเป็น
การปล่อยก๊าซคารบ์อนไดออกไซด ์(Carbon Neutral) 

โครงสรา้งในระดบัไมโครและนาโน (Micro-nanostructure) ของมลพษิอนุภาคเขม่าถูกศกึษา
ดว้ยกลอ้งอเิลคตรอนแบบส่องกราด (Scanning Electron Microscopy: SEM) และกลอ้งอเิลคตรอ
นแบบส่องผ่าน (Transmission Electron Microscopy: TEM) ขนาดเฉลีย่ของกลุ่มมลพษิอนุภาค
เขม่า (Agglomerated PM) อยู่ในช่วง 100-300 nm ส่วนขนาดเฉลีย่ก้อนเดีย่วของมลพษิอนุภาค
เขม่า (Single PM) ไบโอดเีซลและดเีซลประมาณ 30-40 nm และ 50-60 nm ตามล าดบั ดงัแสดงใน
รปูที ่3 การวเิคราะหภ์าพถ่ายจากกลอ้งอเิลคตรอนดว้ยคอมพวิเตอร ์(Image Processing) สามารถ
วเิคราะห์ใหเ้หน็ขนาดเกลด็คารบ์อน (Carbon Platelets) ในมลพษิอนุภาคเขม่าดเีซลและไบโอดเีซล
ซึง่พบว่าความยาวเฉลีย่ของเกลด็คารบ์อนอยู่ในช่วง 0.1-7.0 nm นอกจากนัน้ยงัสามารถค านวน
ปรมิาณอะตอมคาร์บอนต่อหน่วยปรมิาตรของมลพษิอนุภาคเขม่าซึ่งพบว่ามคี่าประมาณ 500-900 
carbon-atom/nm3  

 

  
 

  
 

รปูที ่3 ภาพถ่ายมลพษิอนุภาคเขม่าและการวเิคราะหห์าความหนาแน่นดว้ยคอมพวิเตอร์ 
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ส่วนประกอบทางเคม ี(Chemical Composition) และจลศาสตรเ์คม ี(Chemical Kinetics) ของ
การออกซเิดชนัมลพษิอนุภาคเขม่า (PM Oxidation) ถูกศกึษาดว้ยเครื่องมอืวเิคราะหท์างความรอ้น 
(Thermo-gravimetric Analysis: TGA) และเครื่องมอืวเิคราะห์ส่วนประกอบของก๊าซ (CHN 
Analyzer) จากผลการวิเคราะห์แสดงให้เห็นว่ามลพิษอนุภาคเขม่าประกอบด้วยน ้า (Moister) 
ประมาณไม่เกินร้อยละ 20 เชื้อเพลิงที่เผาไหม้ไม่สมบูรณ์ในรูปของไฮโรคาร์บอน (Unburned 
Hydrocarbon) ประมาณไม่เกนิรอ้ยละ 60 และคาร์บอน (Carbon) ไม่เกนิรอ้ยละ 70 ขึน้อยู่กบั
คุณสมบตัเิชือ้เพลงิและภาระโหลดของเครือ่งยนต์ มลพษิอนุภาคเขม่าไบโอดเีซลสามารถท าปฏกิริยิา
กบัออกซิเจนในอากาศได้รวดเร็วกว่ามลพษิอนุภาคดเีซลและคาร์บอนแบลค (Carbon Black) 
ตามล าดบั ดงัแสดงในรปูที ่4 นอกจากนัน้ยงัพบว่าพลงังานกระตุ้น (Apparent Activation Energy: 
Ea) ของการท าปฏกิริยิาเคมรีะหว่างออกซเิจนและมลพษิอนุภาคไบโอดเีซลมคี่าต ่ากว่าดเีซลและ
คาร์บอนแบลค ตามล าดบั เพราะมลพษิอนุภาคเขม่ามสี่วนประกอบของไฮโดรคาร์บอนท าให้ท า
ปฏกิริยิาได้เรว็กว่าคารบ์อนโดยเฉพาะอย่างยิง่ไฮโดรคารบ์อนในเชื้อเพลงิไบโอดเีซลมอีะตอมของ
ออกซเิจนในโมเลกุลดว้ยจงึท าใหท้ าปฏกิริยิาไดร้วดเรว็มากยิง่ขึน้ โดยจากการทดลองพบว่าพลงังาน
กระตุ้นของการออกซเิดชนัมลพษิอนุภาคเขม่าไบโอดเีซลและดเีซลมคี่าประมาณ  147–157 kJ/mole 
และ 153–165 kJ/mole ตามล าดบั 

 

 
 

รปูที ่4 จลศาสตรเ์คมขีองการท าปฏกิริยิาระหว่างมลพษิอนุภาคเขมา่กบัออกซเิจนในอากาศ  
 

ผลงานวจิยัเกี่ยวกบัคุณสมบตัเิชงิกลและเคมขีองเชือ้เพลงิ คุณสมบตัทิางกายภาพและเคมี
ของมลพษิอนุภาคเขม่าและพฤตกิรรมการดกัและออกซเิดชนัของมลพษิอนุภาคเขม่าในโครงสรา้ง
ระดบัไมโครของผนังดีพเีอฟจะสามารถน าไปใช้ในการออกแบบและเลอืกใช้อุปกรณ์กรองมลพิษ
อนุภาคที่เหมาะสมกับเครื่องยนต์ดีเซล ไบโอดีเซลและเชื้อเพลิงผสมได้อย่างเหมาะสมและมี
ประสทิธภิาพสงูสุดได ้ 
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เน้ือหางานวิจยั 
 

รหสัโครงการ :  MRG5580249 
 
ช่ือโครงการ : พฤตกิรรมการดกัและออกซเิดชนัของมลพษิอนุภาคจากเชือ้เพลงิหมุนเวยีนชวีภาพ 
                   ออกซเิจนเนต 

 

บทน า  
 

มลพษิอนุภาคเขม่า (Particulate Matters: PMs) จ าเป็นต้องถูกก าจดัจากไอเสยีเครื่องยนต์
ดเีซลเพื่อปกป้องสภาพแวดล้อมและสุขภาพของมนุษย ์โดยปญัหาของมลพษิอนุภาคเขม่าสามารถ
แก้ไขไดโ้ดยการใชอุ้ปกรณ์กรองมลพษิอนุภาคเขม่าดเีซล (Diesel Particulate Filter: DPF) ซึง่เป็น
อุปกรณ์ที่ท าหน้าที่ก าจดัมลพิษอนุภาคที่ได้รบัการออกแบบพฒันาจนสามารถน ามาใช้งานอย่าง
แพร่หลายในบรษิทัผูผ้ลติรถยนต์ ในปจัจุบนั เทคโนโลยนีี้ถูกน ามาใชก้บัประเทศที่มกีฎหมายมลพษิ
เขม้งวด เช่น สหภาพยุโรป ญี่ปุ่น และอเมรกิา คาดว่าอุปกรณ์ดงักล่าวจะถูกน ามาใชใ้นประเทศไทย
ในอนาคตอนัใกลน้ี้ โดยทัว่ไปดพีเีอฟจะมโีครงสรา้งเป็นวสัดุพรนุ (Porous Media) ทีผ่ลติจากเซรามคิ 
เช่น ซลิคิอนคารไ์บด ์(SiC) และคอรด์ไิรท ์(Cordierite) ดพีเีอฟจะถูกตดิตัง้ไวเ้ป็นส่วนหนึ่งของท่อไอ
เสีย ของไหลที่มีสถานะเป็นก๊าซในไอเสียจากเครื่องยนต์จะไหลผ่านผนังของวัสดุพรุนนี้ได้ ใน
ขณะเดยีวกนัมลพษิอนุภาคซึง่เป็นของแขง็จะถูกดกัไวด้ว้ยวสัดุพรุนซึง่ขบวนการนี้เรยีกว่าขบวนการ
ดกั (Trapping Process) และหลงัจากมลพษิอนุภาคถูกดกัจนสะสมกนัมากพอทีค่วามดนัในท่อไอเสยี
สูงขึ้นจะมผีลกระทบกบัเครื่องยนต์ มลพษิอนุภาคเหล่านัน้ก็จ าเป็นที่จะต้องถูกก าจดัโดยการเพิ่ม
อุณหภูมไิอเสียให้สูงขึ้นถึงจุดที่มลพษิอนุภาคสามารถท าปฏิกิรยิากับออกซิเจนได้ประมาณ 600 
องศาเซลเซยีสและกลายเป็นก๊าซคารบ์อนไดออกไซดซ์ึง่เรยีกว่าขบวนการรเีจนเนอเรชัน่ของดพีเีอฟ 
(DPF Regeneration Process) อย่างไรก็ตามขบวนการดกัและเผามลพษิอนุภาคจากเครื่องยนต์
ดงักล่าวมพีฤตกิรรมทีซ่บัซอ้นมากจ าเป็นอย่างยิง่ทีจ่ะต้องศกึษาบนหลกัการทางกลศาสตรข์องไหลค
วาบคู่ไปกบัจลศาสตรเ์คมขีองการเกดิปฏกิริยิาเคมรีะหว่างมลพษิอนุภาคเขม่ากบัออกซเิจนในอากาศ   

นอกจากนัน้การใช้เชื้อเพลิงไบโอดีเซลยงัสามารถลดปรมิาณมลพิษอนุภาคเขม่าจาก
เครื่องยนต์ลงได้ประมาณร้อยละ 50 เนื่องจากในโมเลกุลของเชื้อเพลงิไบโอดเีซลมอีะตอมของ
ออกซเิจนที่จะช่วยให้การออกซเิดชนัเกิดได้รวดเรว็มากขึ้น อย่างไรก็ตามคุณลกัษณะเฉพาะทาง
กายภาพและเคมขีองมลพษิอนุภาคจากเครื่องยนต์ดเีซลและไบโอดเีซลจ าเป็นต้องศกึษาวจิยัในเชงิ
ลกึบนพื้นฐานทางวิทยาศาสตร์เพื่อท าความเข้าใจถึงโครงสร้างในระดบัมาโคร ไมโคร นาโนและ
โมเลกุลของมลพิษ ข้อมูลที่ได้จะสามารถน าไปใช้ในการออกแบบและเลอืกใช้ดพีีเอฟ (Diesel 
Particulate Filter: DPF) ทีเ่หมาะสมและมปีระสทิธภิาพสงูสุดได ้
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วตัถปุระสงค ์
 ศกึษาพฤตกิรรมการเกดิมลพษิอนุภาคเขม่า (Particulate Matter: PM) จาก

การเผาไหมเ้ชือ้เพลงิดเีซลและไบโอดเีซล  
 ศกึษาคุณลกัษณะเฉพาะทางกายภาพและเคมี (Physical and Chemical 

Characterization) ของมลพษิอนุภาคเขมา่จากเครือ่งยนตท์ีใ่ชเ้ชือ้เพลงิไบโอดเีซล  
 ศกึษาพฤตกิรรมการดกัและออกซเิดชนัของมลพษิอนุภาคเขม่า (Particulate 

Matter Trapping and Oxidation) จากเครื่องยนต์ทีใ่ชเ้ชือ้เพลงิไบโอดเีซลในอุปกรณ์กรอง
มลพษิอนุภาคเขมา่ดเีซล (Diesel Particulate Filter: DPF)  

 สรา้งองคค์วามรูเ้กี่ยวกบัมลพษิอนุภาคเขม่าจากเครื่องยนต์ไบโอดเีซลเพื่อ
เป็นข้อมมูลในการออกแบบและพัฒนาอุปกรณ์กรองมลพิษอนุภาคเขม่าดีเซล (Diesel 
Particulate Filter: DPF) 

 
ระเบียบวิธีวิจยั  

 ศกึษาพฤตกิรรมการเกดิมลพษิอนุภาคเขม่า (Particulate Matter) จากการ
เผาไหม้เชื้อเพลิงดเีซลและไบโอดเีซลในเปลวไฟแบบแพร่และศึกษาการกระจายตัวของ
สเปรยเ์ชื้อเพลงิห้องเผาไหม้ปรมิาตรคงที่ (Constant Volume Combustion Chamber: 
CVCC) ด้วยเทคนิคการถ่ายภาพแบบชูรเีรน (Schlieren) และกล้องถ่ายภาพความเรว็สูง 
(High Speed Camera) ดงัแสดงใน รปูที ่1 

 

 
 

รปูที ่1 หอ้งเผาไหมป้รมิาตรคงที ่ (Constant Volume Combustion Chamber) และอุปกรณ์
การถ่ายภาพถ่ายภาพความเรว็สงู (High Speed Camera) แบบชรูเีรน (Schlieren) 
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 ศกึษาคุณลกัษณะเฉพาะทางกายภาพและเคมขีองมลพษิอนุภาคเขม่าจาก
เครื่องยนต์ที่ใช้เชื้อเพลงิไบโอดเีซล (Biodiesel Engine) ด้วยเครื่องมอืวเิคราะห์ทาง
วทิยาศาสตร์ เช่น Scanning Electron Microscopy (SEM), Transmission Electron 
Microscopy (TEM), Energy Dispersive Spectroscopy (EDS), Thermo-gravimetric 
Analysis (TGA) และ Carbon-hydrogen-nitrogen Analysis (CHN) เป็นต้น ดงัแสดงใน รปู
ที ่2 
 

 

   
 

(a)                                                        (b) 
 
 

    
 

           (c)                                                              (d) 
 

รปูที ่2 เครือ่งมอืวเิคราะหท์างวทิยาศาสตร ์(a) Transmission Electron Microscopy (TEM), 
(b) Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy 
(EDS), (c) Thermo-gravimetric Analysis (TGA) และ (d) Carbon-hydrogen-nitrogen 
Analysis (CHN)  
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 ศึกษาพฤติกรรมการดักและออกซิเดชันของมลพิษอนุภาคเขม่าจาก
เครื่องยนต์ที่ใช้เชื้อเพลิงไบโอดีเซลในอุปกรณ์กรองมลพิษอนุภาคดีเซล (Conventional 
Diesel Particulate Filter: DPF) ดว้ยเครื่องมอืวเิคราะห์อุปกรณ์กรองมลพษิอนุภาค (DPF 
Analyzer) โดยการใช้ชุดทดสอบเครื่องยนต์ไดนาโมมเิตอร ์(Engine Dynamometer) ดงั
แสดงใน รปูที ่3  
 

      
     (a)                                            (b) 

           
 (c)                                              (d) 

     
       (e)                                              (f) 

รปูที ่ 3 ชุดทดสอบเครือ่งยนตแ์ละชุดทดสอบอุปกรณ์กรองมลพษิอนุภาคเขม่า (a) Engine 
Dynamometer, (b) CI Diesel Engine, (c) DPF Analyzer, (d) Tube Furnace, (e) DPF 
Wall Surface และ (f) DPF Wall Surface’s Pores  
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รปูที ่4 ชุดทดสอบพฤตกิรรมการดกัและเผามลพษิอนุภาคเขม่าดว้ยอุปกรณ์กรองมลพษิ
อนุภาคเขมา่ดเีซล 

 
 การศกึษาพฤตกิรรมการดกัและเผามลพษิอนุภาคสามารถท าไดด้้วยการทดสอบการดกัและ
เผามลพษิอนุภาคดว้ยอุปกรณ์กรองมลพษิอนุภาคดเีซล (Diesel Particulate Filter: DPF) ดว้ยชุด
อุปกรณ์การทดสอบที่สามารถวดัค่าผลกระทบของความดนัแตกต่าง (Pressure drop) และ
ประสทิธภิาพการกรอง (Filtration efficiency) ในขบวนการดกัและสลายมลพษิอนุภาคได ้ดงัแสดงใน
ที่ 4 DPFs เป็นอุปกรณ์ที่ท าหน้าที่ก าจดัมลพษิอนุภาค ซึ่งได้รบัการออกแบบพฒันาจนสามารถ
น ามาใชง้านอยา่งแพรห่ลายในบรษิทัผูผ้ลติรถยนต ์ในปจัจบุนั เทคโนโลยนีี้ถูกน ามาใชก้บัประเทศทีม่ ี
กฎหมายมลพษิเขม้งวด เช่น สหภาพยุโรป ญี่ปุ่น และอเมรกิา คาดว่าอุปกรณ์ดงักล่าวจะถูกน ามาใช้
ในประเทศไทยในอนาคตอนัใกลน้ี้ โดยทัว่ไป DPF จะมโีครงสรา้งเป็นวสัดุพรุน (Porous Media) ที่
ผลติจากเซรามคิ เช่น ซลิคิอนคารไ์บด ์(SiC) และคอรด์ไิรท ์(Cordierite) DPF จะถูกตดิตัง้ไวเ้ป็น
ส่วนหนึ่งของท่อไอเสยี ของไหล (Fluid) ทีม่สีถานะเป็นก๊าซในไอเสยีของเครื่องยนต์จะไหลผ่านวสัดุ
พรุนนี้ได ้ในขณะเดยีวกนัมลพษิอนุภาคจะถูกดกัไวด้ว้ยวสัดุพรุน ซึง่ขบวนการนี้เรยีกว่า ขบวนการ
ดกั (Trapping Process) และหลงัจากมลพษิอนุภาคถูกดกัจนสะสมกนัมากพอทีค่วามดนัในท่อไอเสยี
สูงขึ้นจะมผีลกระทบกบัเครื่องยนต์ มลพษิอนุภาคเหล่านัน้ก็จ าเป็นที่จะต้องถูกก าจดัโดยการเพิ่ม
อุณหภูมไิอเสียให้สูงขึ้นถึงจุดที่มลพษิอนุภาคสามารถท าปฏิกิรยิากับออกซิเจนได้ประมาณ 600 
องศาเซลเซียสและกลายเป็นก๊าซคาร์บอนไดออกไซด์ ซึ่งเรยีกว่า ขบวนการรเีจนเนอเรชัน่ของ
อุปกรณ์กรองมลพษิอนุภาค (DPF Regeneration Process) อย่างไรก็ตามขบวนการดกัและเผา
มลพษิอนุภาคจากเครื่องยนต์ดงักล่าวมพีฤติกรรมที่ซบัซ้อนมากจ าเป็นอย่างยิง่ที่จะต้องศึกษาบน
หลกัการทางกลศาสตรข์องไหลควาบคู่ไปกบัจลศาสตรเ์คมขีองการเกดิปฏกิริยิาเคมรีะหว่างมลพษิ
อนุภาคเขมา่กบัออกซเิจนในอากาศ   
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 INTRODUCTION TO THE RESEARCH PLOBLEM AND ITS SIGNIFICANTS 
  

Energy Consumption 
The use of all energy sources increases over time. The US Energy Information 

Administration (EIA) [1] reported the estimated world market for energy by fuel type, as 
shown in Fig. 1(a). In the short term, liquid fuels are expected to remain the largest source of 
energy. In the absence of significant technological advances, liquids continue to dominate in 
world transportation markets.   

Because anthropogenic emissions of CO2 result primarily from the combustion of 
fossil fuels, world energy use continues to be at the center of the climate change debate. 
The relative contributions of different fossil fuels to the total energy-related CO2 emissions 
have changed over time, as shown in Fig. 1(b) [1]. The Kyoto Protocol, which requires the 
participating countries to reduce their greenhouse gas emissions to an annual average of 
about 5% below their 1990 level over the period from 2008–2012, came into force on 
February 16, 2005. 

The transportation sector continues to rely heavily on liquid fuels to meet travel 
demand. Total world consumption of liquid fuel increased by 25% from 2006 to 2030, as 
shown in Fig. 1(b) [1]. In the non-Organization for Economic Co-operation and Development 
(OECD) nations, the transportation sector accounts for 69% of the projected increase in 
liquid fuel consumption, 87% of the total increases in transportation energy use.  
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Figure 1 World market for (a) energy use and (b) energy-related CO2 emissions by fuel 
type [1]. 
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Figure 2 World energy use and the sectorial split of fuel use [2].  
 

Figure 2 shows how the world use its fossil fuels, from which we see that we can 
separate use into four main sectors and that these sectors use a very different mix of fuels, 
with most oil being used in transport or heating and most cold being used for electricity 
production [2,3]. 

 
Emission Standards 

Among internal combustion engines, diesel or compression-ignition (CI) engines 
have the highest thermal efficiency for a given output power. However, particulate matter 
(PMs) and NOx must be removed from the exhaust gas emitted from diesel engines to 
protect the environment and human health; therefore, regulation of vehicle emissions has 
become increasingly strict. The Euro regulations for PM and NOx emission levels are shown 
in Fig. 3 [3]. It is very difficult to develop combustion and after treatment systems for 
simultaneous removal of PM and NOx that will match these levels in the near future.  
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Figure 3 EU emission standards for PM and NOx emitted from diesel trucks and buses [3]. 

  
LITURATURE REVIEW 
Diesel Emissions  

J.B. Heywood [4] was clearly described the emissions from the internal combustion 
engines. Concentrations of NOx are comparable to those from gasoline or spark-ignition (SI) 
engines. Diesel hydrocarbon emissions are significant through exhaust concentrations are 
lower by about a factor of 5 than typical SI engine levels. The hydrocarbon in the exhaust 
may also condense to form white smoke during engine starting and warm-up. Specific 
hydrocarbon compounds in the exhaust gases are the source of diesel odor. Diesel engines 
are an important source of particulate emissions; between about 0.2 and 0.5 percent of the 
fuel mass in emitted as small (~0.1 µm diameter) particles which consist primary of soot with 
some additional absorbed hydrocarbon material. Diesel engines are not a significant source 
of carbon monoxide.  

Diesel emission formation was summarized by J.B. Heywood [4]. In a diesel 
engine, the fuel is injected into the cylinder just prior to combustion, hence, throughout most 
of the critical parts of the cycle, the fuel distribution is nonuniform. Pollutant formation is 
strongly dependent on the fuel distribution and its variation with time due to mixing. Figure 4 
illustrates how various parts of the fuel jet and flame affect the formation of NO, unburned 
HC, and soot (or particulates) during the premixed and mixing-controlled phases of diesel 
combustion in a direct injection engine with swirl injection. NO forms in the high-temperature 
burned gas regions as before, but the temperature and fuel/air ratio distributions within the 
burned gases are now nonuniform and the formation rates are highest in the nearly 
stoichiometric regions.  

The formation of soot is through to take place via a number of elemental steps [5, 
6]: pyrolysis, nucleation, surface growth and coagulation, aggregation and oxidation. These 
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processes take place on different time scales, ranging from a few microseconds to some 
milliseconds. Pyrolysis is the process in which gas-phase molecules form soot precursor 
molecules by free radical mechanism. This accelerating effect decreases with increasing 
temperature and with decreasing oxygen (air)-to-fuel ratio. Fuel molecules will first break 
down into olefins and then form acetylene (soot precursor). Nucleation is the process in 
which soot precursor molecules grow into small soot nuclei. The oxidation of pyrolysed diesel 
fuel molecules takes place at high temperatures and at high concentrations of reactive 
compounds such as ions and radical hydrocarbons, O and OH. Under these conditions, the 
decomposition rate of soot nuclei is lower than their rate of reaction other unsaturated, 
charged or radical hydrocarbons, resulting in a net growth of soot nuclei.  

Surface growth is the process in which the precursor molecules grow from some 
1-2 nm to 10-30 nm. Simultaneously, another process takes place: coagulation. Small soot 
particulates collide and coalesce, forming larger, still more or less spherical particles. 
Aggregation or chain-forming coagulation accounts for the formation of the well-known 
“fractal” structure of soot. During surface growth and coagulation, oxidation reactions do not 
seem to play an important role [5, 6]. 

Soot forms in the fuel spray cores containing rich unburned fuel, within the flame 
regions where the fuel vapor is heated by mixing with hot burned gases [4]. Soot then 
oxidizes in the flame zone when it contacts unburned oxygen, giving rise to a flame with 
yellow luminous character. HCs and aldehydes originate in regions where the flame 
quenches both on the walls and where excessive dilution with air prevents the combustion 
process from either starting or going to completion. Fuel vaporizing from the nozzle sac 
volume during the later stages of combustion is also a source of HCs. Combustion-generated 
noise is controlled by the early stage of the combustion process — the initial rapid heat 
release immediately following the ignition-delay period.  

The substructure of primary soot particles was proposed by O.I smith [7]. The 
carbon atoms are bonded together in hexagonal face-centered arrays in planes commonly 
referred to as platelets. As illustrated in Fig. 5, the mean layer spacing is 0.355 nm, which is 
slightly larger than that of graphite. Platelets are arranged in layers to form crystallites. There 
are typically 2–5 platelets per crystallite, and on the order of 103 crystallites per spherical 
soot particle. The crystallites are arranged with their planes more or less parallel to the 
particle surface. This structure of unordered layers is called turbostatic. Spherules, 10–50 nm 
in diameter, are fused together to form particles. A single spherule contains 105 to 106 
carbon atoms. 
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Figure 4 Summary of the pollutant formation mechanism in a direct-injection CI engine during 
premixed and mixing-controlled combustion phases [4].  
 

Figure 6 shows the concept of diluted and cooled diesel PM reported by M.M. 
Maricq [8]. It consists of two particles: (a) fractal-like agglomerates of primary particles 15–30 
nm in diameter, consisting of carbon and traces of metallic ash, and coated with condensed 
heavier and organic compounds and sulfate, and (b) nucleation particles composed of 
condensed HCs and sulfate. 

The mean diameter of the agglomerated particles (accumulation mode) is almost 
always within the range of 60–100 nm. The composition of particles from diesel engines may 
vary widely, depending on the operating conditions and fuel composition. D.B. Kittelson [9] 
reported that the composition of soot emitted by a heavy-duty diesel engine consisted of 
41% carbon, 25% unburned oil, 14% sulfate and water, 13% ash, and 7% unburned fuel.  

The composition of diesel PM was also summarized by W.A. Majewski and M.K. 
Khair [10]. Based on analysis performance with a combination of physical and chemical 
methods, PM is traditionally divided into three main fractions: i) solid fraction (SOL) that 
consists of elemental carbon and ash, ii) soluble organic fraction (SOF) that consists of 
organic material derived from engine lubricating oil and fuel, and iii) sulfate particulates (SO4) 
that consist of sulfuric acid and water.  
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Figure 5 Substructure of a carbon particle [7]. 

 

 
 

Figure 6 Artist’s conception of diesel PM [8]. 
 

The SOL of diesel particulates is composed primarily of elemental carbon, 
sometimes referred to as inorganic carbon. This carbon, not chemically bound with other 
elements, is the finely dispersed carbon black or soot substance responsible for black smoke 
emission. Another important component of the solid fraction of PM is metallic ash. G.A. 
Merkel et al. [11] reported, in general, diesel exhaust ash consists of a mixture of: i) sulfates, 
phosphates, or oxides of calcium, zinc, magnesium, and other metals that are formed in the 
combustion chamber from burning additives in the engine lubricating oil, ii) metal oxide (iron, 
copper, chromium, and aluminum) impurities resulting from engine wear, which are carried 
into the combustion chamber by the lube oil, and iii) iron oxides resulting from corrosion of 
the engine exhaust manifold and exhaust system components. 
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HCs adsorbed on the surface of the carbon particles are present in the form of fine 
droplets from the SOF of diesel particulates. At times, this fraction is also referred to as the 
volatile organic fraction (VOF). The SOF fraction becomes liquid only after cooling to below 
52 °C. The SOF fraction contains most of the polycyclic aromatic HCs (PAHs) and nitro-
PAHs emitted with diesel exhaust gases. PAHs are aromatic HCs with two or more (up to 
five or six) benzene rings joined in various forms that are more or less clustered. These 
require special attention because of their mutagenic and, in some cases, carcinogenic 
character. 

Transmission electron microscopic (TEM) observations of soot particles have been 
conducted by several researchers. The internal structure of primary soot particles was 
proposed by T. Ishiguro et al. [12]. A primary soot particle has two distinct parts: an inner 
core and an outer shell. The inner core, with a diameter of 10 nm, exists at the center of the 
primary particle and consists of several fine particles, 3-4 nm in diameter. The outer shell is 
composed of microcrystallites with periodic orientation of carbon sheets, also called a 
graphitic structure. Almost all the crystallites are planar, 1 nm thick and 3-5 nm wide, and are 
oriented perpendicular to the radius of the primary particle.  

R.L. Vander wal et al. [13] reported the same structure of soot emitted by diesel 
engines. Figure 7 shows high-resolution transmission electron microscopic (HRTEM) images, 
obtained at NASA-Glenn, of soot from a diesel engine. Some primary particles were found to 
have a hollow interior and the outer shell exhibiting evidence of graphitization, with a higher 
crystalline than the non-hollowed particles. The percentage of such particles varied among 
soot samples, and tentatively appeared to be related to the oxidation history of the sample.  

The size is relatively insensitive to the engine operating conditions— only a few 
extreme conditions lead to significantly different size distributions. There is also no strong 
dependence of the size on the engine type. The accumulation mode can be accompanied by 
a nucleation mode consisting of much smaller particles. Figure 8 shows idealized diesel 
exhaust particle number and mass-weighted size distributions reported by D.B. Kittelson et 
al. [9]. Most of the particle mass exists in the accumulation mode in the diameter range of 
100–300 nm. This is where the carbonaceous agglomerates and associated adsorbed 
materials reside. The nuclei mode typically consists of particles in the 5–50 nm diameter 
range. This mode usually consists of volatile organic and sulfur compounds that form during 
exhaust dilution and cooling, and may also contain solid carbon and metal compounds. The 
nuclei mode typically contains 1%–20% of the particle mass, and more than 90% of the 
particle number. The coarse mode contains 5%–20% of the particle mass; it consists of 
accumulation mode particles that deposit on cylinder and exhaust system surfaces, and are 



21 

 

later re-entrained. Also shown in Fig. 1.9 are some size definitions for atmospheric particles: 
PM10, diameter (D) < 10 µm; fine particles, D < 2.5 µm; ultrafine particles, D < 0.10 µm; and 
nanoparticles, D < 0.05 µm or 50 nm. 

 
 

        
 

Figure 7 TEM images of soot particles from a diesel engine [13]. 
 

 

 
Figure 8 Particle size distributions of soot from a diesel engine [9]. 
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Figure 9 Particle size distributions of soot after the DOC [14]. 

 
The diesel oxidative catalyst (DOC) or catalytic oxidation of CO and HC, used in 

CI engines, consists of an active catalytic material in a specially designed metal casting that 
directs the exhaust gas flow through the catalyst bed. The active material employed for CO 
and HC oxidation (normally noble metals, although base metals oxides can be used) must 
be distributed over a large surface area. One system employs a ceramic honeycomb 
structure or monolith held in a metal can in the exhaust stream. During nucleation mode of 
soot, the SOF and VOF could be oxidized by the catalytic activities of metal oxides inside 
the DOC. 

Figure 9 shows the size distribution of diesel PM emitted by a diesel engine and 
soot generator (SG) as reported by S. Fujii et al. [14]. The solid lines are the particle size 
distributions of the SG and the dashed lines are those from the engine. Particle size 
distributions having two peaks: at around 10–20 and 40–60 nm, were observed for both the 
SG and the engine. The 10–20 nm peaks of the SG were higher than those of the engine. 
The introduction of the DOC reduced the peak; thus, the 10–20 nm peaks might be due to 
the SOF, because DOC helps to reduce the SOF. The 40–60 nm peaks of the SG increased 
with a decrease in the combustion lambda, and lambda 0.7 showed a 40–60 nm higher peak 
than lambda 0.9 and 1.1. The major component of the 40–60 nm peaks is considered to be 
coagulated carbon (soot) particles, and richer combustion is considered to generate more 
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soot than leaner combustion. The particle size distributions of PM from the engine showed 
10–20 nm lower peaks, which are due to the SOF treatment effect of the DOC. 

 

 
 

Figure 10 Variation of the maximum potential energy of two sphere graphite particles with 
diameter and charge [15]. 

 
The electric charge of carbon particles sampled downstream from the reaction 

zone in a premixed flame was reported by R. T. Ball and J. B. Howard [15]. The number of 
charges/particle ranged from 1 to 40, with an average of 2. The charge/particle ratio and 
average particle size decrease with the number of particles/agglomerate. Carbon particles in 
the later stage of growth are assumed to be charged by thermionic emission (thermal 
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electron emission) and electron capture. A given particle approaches equilibrium with the free 
electrons of the frame by assuming a net charge, which adjusts the effective work function 
and electron collision cross section to such values that the rate of electron emission equals 
the rate of electron capture. The energy barrier to the collision of charged carbon particles 
has been calculated by considering both the electrostatic repulsive and attractive energies 
arising from dispersion forces. The energy barrier for the degree of charging observed here 
greatly exceeds the available kinetic energy, implying that agglomeration occurs prior to the 
attainment of observed charge. Agglomeration is believed to occur along with the growth of 
particles in the flame reaction zone. Figure 10 shows that the potential energy increases with 
the number of charges when the radius of the soot particle is fixed, and decreases with an 
increasing radius for a constant number of charges.  

The electrical characteristics of particles emitted in motor vehicle exhaust are 
examined via single and tandem differential mobility analysis (DMA) and reported by M.M. 
Mariq [16]. The measurements reveal large functions of the particles; approximately 60%–
80% are electrically charged, but with near equal numbers of positively and negatively 
charged particles. The analysis reveals exhaust particles with up to ±4 units of electrical 
charge, as shown in Fig. 11. 

 
 

 
Figure 11 Charge selected particle size distributions in diesel exhaust at 64 km/h [16]. 
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Diesel Particulate Filters (DPFs) 
A diesel after-treatment technology that substantially reduces diesel engine 

particulate emissions is a diesel particulate filter (DPF), as shown in Fig. 12. The DPF plays 
an important role in particulate trapping and oxidation. Although these processes involve the 
most complex behavior of particulates and reaction phenomena, not much information is 
available for understanding them.  
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Figure 12 Schematic diagram of Diesel Particulate Filter (DPF). 
 

A DPF is generally made of ceramic materials, such as cordierite or silicon carbide 
(SiC), and consists of several rectangular channels with alternate channels blocked with 
cement at each end. The exhaust gas is forced to flow through a channel wall having 
numerous micron-scale pores that trap the diesel PM. Further, the collected PM must be 
oxidized to regenerate the DPF and reduce the back pressure on the diesel engine.  

There are two methods of DPF regeneration. One of them is an active system 
(periodic regeneration) that ignites particles trapped in the filter with burners or electric 
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heaters. In this system, the temperature of the DPF must be controlled between the DPF 
destruction point and the soot cake oxidation temperature, which is higher than 600 °C. The 
other is a passive system (continuous regeneration), in which catalytic additives reduce the 
overall activation energy required for particulate oxidation; oxidation occurs at a lower 
temperature than with active regeneration. 

 
Simulation of Particulate Trapping  

A number of studies have been performed to simulate particulate trapping and 
chemical reactions inside DPFs provide valuable information in designing them. A.G. 
Konstandopoulos et al. [17] reported many papers on the simulation of diesel PM trapping 
and oxidation processes. In the trapping process, at the filter wall scale, the flow resistance 
is determined by the Darcy permeability k and the Forchheimer coefficient β of the wall as: 

 
(1) 

 
where ∆Pwall is the pressure drop across the filter, µ is the exhaust dynamic viscosity, uw is 
the filtration velocity, ws is the filter wall thickness, and ρ is the exhaust gas density. The 
permeability has the dimension of the length squared, and k1/2 represents a pore-level length 
scale, which is a characteristic of porous medium. The Forchheimer coefficient has the 
dimension of inverse length, and β-1 represents a length scale, which is a characteristic of 
pore roughness. Both parameters depend on the pore size and porosity (ε) of the medium 
and are interrelated, according to Eq. 2. 
 
 

(2) 
 

The value of the constant in Eq. 2 can be 0.143, based on the original Ergun correlation, or 
0.134 for smooth, and 0.298 for rough particles of packed beds, based on newer 
compilations. An additional pressure drop occurs in a wall-flow filter due to the frictional 
losses of the flow along the square channels of the filter. This pressure loss has a linear 
dependence on the channel velocity of the laminar flow in the inlet and outlet channels.   

A.G. Konstandopoulos et al. [17] determined the permeability and the Forchheimer 
coefficient of each DPF structure using the experimental data of the pressure drop and 
filtration velocity, as shown in Fig. 13. Figure 14 compares experimental and simulation 
results of particulate trapping in a DPF sample. Depth filtration occurs at a soot load of about 
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0.5 g/m2. In the phase, the pressure drop increases rapidly, and then surface filtration 
occurs, the pressure drop increases linearly, but more slowly than in the initial stage. 

Diesel particulate transport and capture behavior in a DPF made of cordierite, 
observed with a Microfocus 3D X-ray technique, were simulated and reported by S. 
Tsushima et al. [19]. It was shown that particle diameter and inlet velocity strongly affect the 
deposition behavior in the DPF, because the Brownian motion of particles is highly 
influenced by the particle diameter. The particles penetrate the substrate in the early stage of 
particle loading. It was also shown that less than 40% of the pore channels were used in 
particle loading. 

 

 
Figure 13 Pressure drop versus filtration velocity for samples A (metal fibrous with porosity of 
85% and 1.36 mm thickness), B (SiC with porosity of 48% and 1 mm thickness), C (sintered 
metal with porosity of 50% and 0.57 mm thickness), and D (sintered metal with porosity of 
50% and 0.88 mm thickness) [17]. 
 

 
Figure 14 Experiment versus simulation of soot loading on the DPF sample [18]. 
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Real-time Characterization of Particulate Trapping  
E. Wirojsakunchai et al. [20] proposed the concept of diesel particulate trapping on 

the pore structure of a conventional DPF, as shown in Fig. 15. Stage 1 shows a clean DPF; 
stage 2 illustrates PM being collected on the inside walls of the substrate pores; in stage 3, 
the PM accumulates to cause pore bridging; finally, stage 4 is reached when a thin cake 
layer of PM begins to develop on the inlet channel wall.  

A conceptual model of the pressure drop was described by G.A. Merkel et al. [21], 
as shown in Fig.16. The pressure drop rises quickly as the pores become plugged in stages 
1 to 3 of Fig. 15. As seen in Fig. 16, transitioning from stage 1 to 2 has less effect on the 
pressure drop than the transition from stage 2 to 3. The figure also shows that the pressure 
drop during stages 1 to 3 increases non-linearly, but, once stage 4 is reached, there is a 
linear and slower rise in the pressure drop curve as the cake layer thickens.  

However, from the visualization results, Hanamura laboratory (Tokyo Institute of 
Technology), the process generally called depth filtration is strongly influenced by the surface 
pores, because the mean pore-scale channels that are connected with the surface pores are 
blocked by particulates trapped during the initial stage. The particulates trapped inside the 
deeper pores (stages 1 to 2, according to G.A. Merkel et al. [21]) and on the top surface of 
porous particles, are very small compared to those on the surface pores. Therefore, the 
pressure drop must increase rapidly from stages 1 to 3 in the conceptual model. 

Real-time DPF filtration efficiency measurements during trapping were compared 
using a scanning mobility particle sizer (SMPS) and a motor exhaust gas analyzer (MEXA) 
for particle number analysis and mass analysis, respectively. A plot of mass-based and 
number-based filtration efficiencies is shown in Fig. 17. These two measuring devices give 
very similar results.  

R.A. Yapaulo et al. [22] reported the effect of filtration velocities on the pressure 
drop and penetration depth of soot during diesel particulate trapping. As shown in Fig. 18, a 
higher filtration velocity results in higher wall loading with approximately the same penetration 
depth into the wall. Results from ultraviolet (UV) microscopy and variable-pressure scanning 
electron microscopy (VP-SEM) imaging analysis indicate that the soot penetration depth (red 
regions) into the wall is affected more by the PM characteristics (which change with the 
engine operating conditions) than by filtration velocity.  

The filtration velocity does not have a significant impact on the permeability of the 
soot cake layer; however, different filtration velocities showed distinct effects on wafer 
filtration performance during the wall loading stage (depth filtration). At a lower velocity, the 
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transition between wall filling and soot cake build-up occurs at a lower pressure drop across 
the filter than for a higher velocity.  

 

                        
 

Figure 15 Conceptual model of PM trapping on the DPF wall [20]. 
 
 

 
 

Figure 16 Conceptual model of pressure drop during particulate trapping [21]. 
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Figure 17 Comparison of filtration efficiencies of PM trapping [20]. 

 

 
 

Figure 18 Carbon maps taken from VP-SEM showing soot distribution and penetration depth 
within the wall of wafer for 4 cm/s (left) and 8 cm/s (right) [22]. 
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Kinetics of Diesel Soot Oxidation 
The oxidation reaction of soot has been investigated using thermogravimetric 

analysis (TGA) and temperature program oxidation (TPO) to evaluate reaction activity. The 
kinetics of the uncatalyzed oxidation of flame and diesel soot were studied and reported by 
J.P.A. Neeft et al. [23]. Kinetic models often used to describe the reaction rates of 
carbonaceous materials have the general form:  

 
(3) 

 
where r is the reaction rate, Nt is the total number of active sites, k(T) is a temperature-
dependent reaction rate constant, and f(pO2,pH2O,…) is a function that describes the 
dependence of the reaction rate on the partial pressure of the various reactants and gas-
phase components. The total number of active sites Nt is often described by: 

                                                             
          (4) 

 
where λ is the surface concentration of active sites and Sa the specific surface area. As it is 
generally accepted that the specific surface area Sa is a function of conversion ξ (the fraction 
of carbon that is oxidized), kinetic models describe the dependence of Nt as a function of 
conversion. A simple approach is to use an nth order of (1-ξ): 

 
(5) 

 
where Sa,0 is the initial surface area (at ξ = 0) and nξ is the reaction order in carbon. With 
increasing conversion, the model predicts a decrease in Nt and therefore, in the reaction 
rate. However, for highly porous carbons, such as soot and activated carbons, Sa can 
actually increase as a function of conversion, due to pore growth and opening of concluded 
pore space. Several models have been proposed to account for these phenomena.  
The temperature dependence of the reaction rate is usually described by the Arrhenius 
equation:  
 
                                                                          (6) 
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where T is the absolute temperature, k0 the pre-exponential factor, R the molar gas constant, 
and Ea the activation energy. 

The function that describes the influence of the partial pressures of the gas-phase 
components on the reaction rate is usually limited to the influence of the oxygen partial 
pressure, described by the nth order expression: 

 
(7) 

 
where pO2 is the partial pressure of oxygen and nO2 is the order in the oxygen partial 
pressure. 

The fit curve results of reaction order for both oxygen and carbon, and the 
activation energies, were defined. The order in carbon is ~0.73, which is close to the order of 
2/3 (0.67), making it applicable for the shrinking-core model. The order of reaction rate in 
oxygen is close to 1. The activation energy of carbon oxidation (reaction rates in the same 
conversion level of different isothermal temperature conditions (Fig. 19 (a)) is 168 kJ/mol, as 
shown by the Arrhenius plots in Fig. 19 (b). 

 
 

        
(a)                                                            (b) 

 
Figure 19 (a) carbon reaction rate with respect to carbon conversion and (b) Arrhenius plots 
for uncatalyzed oxidation of carbon [23]. 
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(a)                                                           (b) 

 
Figure 20 (a) reaction rate with respect to soot conversion for uncatalyzed oxidation of soot 
and (b) apparent activation energies with respect to soot conversion for catalyzed and 
uncatalyzed oxidation of soot [24]. 
 

Using a similar method, P. Da Costa et al. [24] reported the kinetics of catalyzed 
and non-catalyzed oxidation of soot emitted from a conventional diesel engine. Soot was 
produced from a diesel common rail engine on a bench test. Particulates were collected on a 
SiC DPF, and then were flushed out with air. Figure 20 shows the reaction rate of soot and 
apparent activation energies with respect to soot conversion by isothermal condition. The 
presence of the catalyst induces the existence of two distinct soot oxidation processes: a 
fast-catalyzed oxidation occurs at low conversion levels, when catalyst and soot are still in 
close contact, while at high conversion levels, only a slow-non-catalyzed oxidation remains, 
due to a loss of contact between soot and catalyst. The apparent activation energy of non-
catalyzed oxidation of soot was about 164 kJ/mol, whereas, the apparent activation energies 
of catalyzed soot oxidation were about 114 kJ/mol for fast oxidation and 161 kJ/mol for slow 
oxidation, which looks like a non-catalytic oxidation.  
 
Evaluation of Soot Oxidation in DPFs  

To evaluate the regeneration behavior of different DPF technologies, the soot 
oxidation rate has to be calculated as a function of temperature. The normalized soot 
oxidation rate (s−1) is defined as: 
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                                                                   (8) 
 

where m0 is the initial amount of soot mass collected. The soot consumption rate dm/dt is 
computed by summing the CO and CO2 produced during oxidation. The evaluation of 
normalized soot oxidation rate as a function of temperature provides a means to compare 
and evaluate different DPF technologies with respect to their catalytic activity. 

Catalytic fuel additives and catalyst DPFs have been proven to reduce the overall 
activation energy required for particulate oxidation, resulting in lower-temperature oxidation 
compared to non-catalyst DPFs. A number of studies have reported high catalytic activity of 
the soot oxidative catalyst. D. Fino et al. [25] reviewed a catalyst for the possible 
simultaneous removal of soot and NOx. S.  
 

 
(a)                                                   (b) 

Figure 21 (a) Effect of catalyst formulation on the oxidation of soot (homogeneously mixed 
with catalyst particles) using thermo-gravimetric analysis (TGA) and (b) Soot oxidation rate 
on the catalytic coated monoliths [26].   

 
Lorentzou et al. [26] reported the problem of a catalyzed DPF. The problem of 

catalyst-soot contact is well recognized as a drawback for the development of active 
catalyzed DPFs (CDPFs). It was observed that the chemistry of the catalyst may be masked 
when it is coated on the filter, due to the reduced contact with soot. Figure 21 (a) shows the 
high catalytic activities of soot oxidation with a uniform contact area of soot and catalyst 
particles.  

However, low catalytic activities of soot oxidation were observed in practical use of 
DPF (catalytic coated monolith), as shown in Fig. 21 (b). As a result, the geometry of the 
DPF wall and catalyst nanostructures plays an important role in the efficient regeneration of 
the filter. 
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Macroscopic Visualization of Particulate Trapping and Oxidation in DPFs 
Although the complexity of particulate behavior and reaction phenomena is well 

known, little information is available for understanding these phenomena. To observe the 
diesel particulate trapping and oxidation behavior inside conventional wall-flow DPFs, a 
macroscopic visualization system was developed by Hanamura et al. [27].  

 
 

➭inlet exhaust gas                      ➭inlet high temperature gas 
 

       
(a1) Time = 0                          (b1) Time = 176 s 

       
(a2) Time = 40 s                       (b2) Time = 188 s 

       
(a3) Time = 5 min                       (b3) Time = 194 s 

       
(a4) Time = 1.5 h                       (b4) Time = 215 s 

 
Figure 22 Surface views of a large-scale DPF made of cordierite in each time step during (a) 
trapping and (b) regeneration [27]. 
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Figure 22 (a) shows the trapping process executed by a half-cylindrical DPF made 
of cordierite. Here, the exhaust gas flows from left to right. The alternate channels, where the 
exhaust gas is introduced, become darker with time. The particulates are almost uniformly 
trapped in all channels and over entire regions in the flow direction in each time interval, 
even in the case of a large-scale DPF. Very similar trapping behavior is observed in a large-
scale DPF made of SiC. 

In the regeneration process, the particulates are first ignited around the inlet, middle, 
and outlet in the flow direction (strongly dependent on the temperature), and the reaction 
zone propagates toward both the upstream and downstream sides. Many large soot cake 
islands remain, and they are uniformly distributed on the entire surface of the DPF wall, as 
shown in Fig. 22 (b). The low oxidation rate of the remaining soot cake is an important 
problem in practical application in actual vehicles.  

 
Microscopic Visualization of Particulate Trapping and Oxidation in DPFs 

According to visualization results [28], a major problem of conventional DPFs is 
the filtration performance at the beginning of the trapping process. During this phase, some 
diesel particulates pass through the DPF wall from the upstream to the downstream side. 
The amount of particulates trapped increases gradually with time along the shape of the 
surface pores after the mean pore-scale channels that are connected with the surface pores 
are blocked by particulates trapped during the initial stage. As a result, filtration performance 
increases with time, and most particulates are trapped by the soot cake layer after it 
develops. As shown in Fig. 23, the surface pores are filled with particulates and only a few 
particulates, which may have passed through at the beginning of the trapping process, are 
trapped in the deeper pores. However, the filtration performance decreases again after the 
DPF is regenerated. Consequently, the process generally called “depth filtration” is strongly 
related to the surface pores. The existence of the soot cake layer is also an important 
advantage for filtration performance because it can trap most particulates.  

A nanoparticle membrane filter was proposed on the basis of the previous studies. 
It consists of a SiC-nanoparticle membrane filter sintered onto the conventional SiC-DPF. 
The filter was made of SiC nanoparticles with a mixed size of 80 nm and 500 nm and 
sintered onto the conventional SiC-DPF. The DPMF has a thickness of 20 m and a 
porosity of 60%, while the conventional DPF has 300 m thickness and 42% porosity.  

Figure 24 shows SEM images of the DPMF sintered on the in-flow channel (top), 
microgrooves (middle), and the fine surface pores (bottom) on the surface of the DPMF. 
Because the nanoparticles were homogeneously distributed, the mean pore size of the 
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DPMF (0.5 m) was much smaller than that of the conventional filter (11 m). However, 
some microgrooves can be seen on the DPMF surface, as well as fine surface pores with a 
mean size of about 1 m. The PM trapping and oxidation in regeneration were investigated 
through microscopic visualization experiments and gas analysis during regeneration.  

Figures 25 (a) and (b) show SEM images of ultrafine sizes dominant diesel 
particulates captured by glass fiber filters after passing through a conventional DPF with 
porosity of 42% and a DPMF, respectively, during five min of trapping. The SEM images 
show amount of particulate trapped after pass through the conventional DPF larger than that 
of the DPMF. This is because most of the ultrafine diesel particulates are likely to get 
trapped by the membrane, whereas they pass through the conventional DPF at the 
beginning of trapping. 

 

    
(a)                                                          (b) 

Figure 23 (a) Filtration efficiency of the conventional DPF and (b) SEM image of particulate 
trapped on the surface pore of DPF [28]. 
 

 

Figure 24 SEM images of DPMF sintered onto the conventional DPF wall (top), microgrooves 
on the DPMF surface (middle), and fine surface pores on the DPMF surface (bottom) [28].  
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(a)                                                         (b) 

Figure 25 SEM images of soot captured by glass fiber filters after passing through (a) the 
conventional DPF and (b) DPMF [29]. 
 

               
(a)                                                         (b) 

Figure 26 Optical surface views of the conventional DPF and DPMF for ultrafine sizes 
dominant particulate matters (a) trapping and (b) oxidation [29].  
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Figure 26 shows microscopic visualization trapping and oxidation on the 
conventional DPF and DPMF. In the trapping process, the nanoparticulates might contact the 
surface of SiCs near the bottom of the surface pores due to Brownian diffusion. After that, 
the particulates cannot be removed because the friction forces from the fluid dynamics of 
gas are less than the electrostatic forces of charged particulates, especially particulates 
smaller than 300 nm. This blocks the mean pore-scale channels that connect with the 
surface pores. The surface pores fill and a soot cake grows with time; thus, soot cake 
developed faster on the membrane filters than in the conventional DPFs. 

In the regeneration process, the apparent activation energy for the oxidation of 
soot in the DPMFs becomes smaller than in the conventional non-catalyst DPFs. As a result, 
there might be some catalytic activity for the enhancement of oxidation of the soot layer on 
the SiC nanoparticles, which are elements of the DPMF. Some catalytic activity of oxide of 
silicon and silicon oxycarbide might support oxygen mobility around the soot oxidation 
territory. 

 
Influents of Renewable Bio-oxygenated Fuel 

Renewable bio-oxygenated fuels – liquid and gaseous fuels derived from organic 
matter – can play an important role in reducing CO2 emissions (greenhouse gas effect and 
global warming) because of bio-fuels is the carbon neutral, as shown in Fig. 27. To reduce 
dependency on oil and to contribute to growing efforts to decarbonizes the transport sector, 
bio-fuels provide away of shifting to low-carbon, non-petroleum fuels, often with minimal 
changes to vehicle stocks and distribution infrastructure. While improving vehicle efficiency is 
by far the most important low-cost way of reducing co emissions in the transport sector, bio-
fuels will need to play a significant role in replacing liquid fossil fuels suitable for planes, 
marine vessels and other heavy transport modes that cannot be electrified. Production and 
use of bio-fuel can also provide benefits such as increased energy security, by reducing 
dependency on oil imports, and reducing oil price volatility. In addition, bio-fuels can support 
economic development by creating new sources of income in rural areas, as shown in Fig. 
28.   The cost of reducing greenhouse-gas emissions through the use of different fuel can be 
estimated by combining fuel costs with life-cycle greenhouse-gas emissions, compared to a 
common gasoline baseline. The same set of information can be used to evaluate the effect 
of carbon prices on the relative costs of different fuels. The incremental cost of a range of 
alternative fuels as a function of their CO2-equivalent saving potentials varies widely (Fig. 
30). The rectangles in Fig. 29 indicate typical ranges of variation for both Co2-equivalent 
savings and cost [30]. 
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Figure 27 The green house effect (Carbon dioxide) and the concept of carbon neutral of 
renewable bio-oxygenated fuels.  
 
 

       
 

Figure 28 Summary of influent of renewable bio-oxygenated fuel (Ethanol and Biodiesel) for 
economic, environmental and social.  
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Figure 29 Incremental cost of alternative fuels as a function of their co2-equivalent saving 
potentials (at USD 120/bbl) [30].  
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ผลงานวิจยั 
 
คณุสมบติัเช้ือเพลิงไบโอดีเซล  

การใชเ้ชือ้เพลงิไบโอดเีซลเป็นอกีวธิกีารหนึ่งทีส่ามารถลดปรมิาณมลพษิจากการเผาไหมไ้ด ้ 
เพราะออกซิเจนอะตอมในโมเลกุลของไบโอดเีซลจะช่วยในการเผาไหม้ให้มปีระสทิธภิาพสูงกว่า
เชือ้เพลงิจากฟอสซลิซึง่ไม่มอีะตอมของออกซเิจนในโมเลกุลเชือ้เพลงิ  ออกซเิจนอะตอมในเชือ้เพลงิ
ดงักล่าวมผีลท าใหค้่าอตัราส่วนผสมอากาศต่อเชือ้เพลงิทีพ่อดตีามทฤษฎตี ่ากว่าดเีซลทีม่คี่าประมาณ 
14.7:1 นอกเหนือจากส่วนผสมเชือ้เพลงิต่ออากาศทีเ่หมาะสมแลว้ ส่วนประกอบของธาตุในโมเลกุล 
ค่าความรอ้น มวลโมเลกุลของเชือ้เพลงิ ลว้นมผีลกระทบโดยตรงต่ออตัราส่วนผสมเชือ้เพลงิอากาศที่
เหมาะสม ซึ่งคุณสมบตัดิงักล่าวมผีลกระทบโดยตรงต่อการออกแบบเครื่องยนต์ให้มปีระสิทธภิาพ
สูงสุด กล่าวโดยสรุปการเตมิส่วนผสมไบโอดเีซลในน ้ามนัดเีซลมผีลท าให้ต้องการปรมิาณน ้ามนัผสม
ทีม่ากขึน้โดยมวลเมื่อเทยีบกบัดเีซลเมื่อพจิารณาที่ปรมิาณพลงังานเท่ากนั ในขณะเดยีวกนัปรมิาณ
ของอากาศที่ใช้ท าปฏกิิรยิากบัเชื้อเพลงิก็มคี่าต ่าลงเมื่อเปรยีบเทยีบที่น ้าหนักของเชื้อเพลงิเท่ากนั  
ดงันัน้ในกรณีที่เติมเชื้อเพลงิไบโอดเีซลในสดัส่วนที่มากเกินไปควรมกีารปรบัแต่งเครื่องยนต์ให้มี
ส่วนผสมใกล้เคยีงกบัทฤษฎีเพราะเครื่องยนต์ที่ผลติจากโรงงานโดยทัว่ไปจะสามารถออกแบบให้
ท างานไดด้ทีีสุ่ดทีส่่วนผสมอากาศต่อเชือ้เพลงิเพยีงค่าเดยีวหรอืช่วงแคบๆ เท่านัน้  
 จากผลการทดลองพบว่าคุณสมบตัเิบือ้งต้นทางเคมแีละทางกลของเชื้อเพลงิดเีซลและไบโอ
ดเีซลไม่ไดแ้ตกต่างกนัมากนักดงัแสดงใน ตารางที ่1 จะเหน็ว่าเชื้อเพลงิไบโอดเีซลจะมอีะตอมของ
ออกซเิจนในโมเลกุลของเชือ้เพลงิซึง่อะตอมของออกซเิจนดงักล่าวจะส่งผลดโีดยตรงต่อประสทิธภิาพ
ในการเผาไหม ้อย่างไรกต็ามค่าความรอ้นทีไ่ดจ้ากการเผาไหมเ้ชือ้เพลงิต่อน ้าหนักเชือ้เพลงิดเีซลจะ
สูงกว่าไบโอดเีซลเนื่องจากดเีซลมจี านวนพนัธะเคมทีี่แขง็แรงมากกว่าไบโอดเีซล นอกจากนัน้ความ
หนืดและความหนาแน่นของเชือ้เพลงิไบโอดเีซลมคี่าสูงกว่าดเีซลเลก็น้อยซึ่งจะส่งผลโดยตรงต่อการ
กระจายตวัของละอองเชือ้เพลงิและการระเหยระหว่างการฉีดเชือ้เพลงิด้วยหวัฉีดแรงดนัสูงเขา้ไปใน
หอ้งเผาไหม ้

เชือ้เพลงิดเีซลทีผ่ลติจากน ้ามนัดบิมสี่วนประกอบของโมเลกุลไฮโดรคารบ์อนหลายชนิดเมื่อ
เทยีบกบัเชือ้เพลงิไบโอดเีซลทีม่คีวามบรสิุทธิม์าก รปูที ่1 แสดงการทดสอบสดัส่วนโดยปรมิาตรขณะ
เกดิการระเหยตวัของเชือ้เพลงิดเีซล ไบโอดเีซล และ เชือ้เพลงิผสม จากกราฟแสดงใหเ้หน็อย่าง
ชดัเจนถงึความเป็นโมเลกุลชนิดเดยีวกนัของเชือ้เพลงิไบโอดเีซลทีส่ามารถระเหยไดเ้กอืบทัง้หมด  ณ 
อุณหภูมปิระมาณ 330 - 350 °C ในทางตรงกนัเชือ้เพลงิดเีซลจากฟอสซลิมคีวามสามารถในการ
ระเหยทีอุ่ณหภมูติ ่า ปานกลาง และ สงู ในสดัส่วนค่าหนึ่ง ซึง่หมายถงึขนาดทีแ่ตกต่างกนัของโมเลกุล
นัน่เอง จะเหน็ว่าเชือ้เพลงิไบโอดเีซลมโีมเลกุลชนิดเดยีวกนั สามารถระเหยตวัไดพ้รอ้มกนัทีอุ่ณหภูมิ
ค่าไดค่าหนึ่งนัน้สามารถเพิม่ประสทิธภิาพเชงิปรมิาตรของเครื่องยนต์ได้ ในทางตรงกนัขา้มเชือ้เพลงิ
จากฟอสซลิซึง่มคีวามแตกต่างของชนิดโมเลกุลนัน้สามารถท าใหเ้กดิการตดิไฟและเผาไหมไ้ดง้่ายใน
ช่วงแรกของการท า ปฏกิริยิาเคม ี
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  ตารางที ่1 คุณสมบตัเิบือ้งตน้ของเชือ้เพลงิดเีซลและไบโอดเีซล [1] 
 

 Fuel properties Diesel Biodiesel 
Chemical formula C16.17H32.01 C15.26H29.48O1.71 

Calorific value (MJ/kg) 45.80 39.90 
Oxidation stability (hr) 158.21 22.86 

Flash point ( ºC) 65.50 198.00 
Viscosity (mm2/s) 3.205 4.452 

Density (g/cm3) 0.82649 0.87482 
 
 
 
 

 
 

รปูที ่ 1 ผลการเปรยีบเทยีบการระเหยตวัเมือ่เพิม่อุณหภมู ิ (Distillation Curve) ของเชือ้เพลงิดเีซล 
และไบโอดเีซล [2] 
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 ผลการศึกษาการกระจายตัวของสเปรย์เชื้อเพลิงในห้องเผาไหม้ปรมิาตรคงที่ (Constant 
Volume Combustion Chamber: CVCC) แสดงในรปูที ่2 การเปรยีบเทยีบการฉีดน ้ามนัเชือ้เพลงิ
ดเีซลและไบโอดเีซลดว้ยหวัฉีดแรงดนัสงูในหอ้งเผาไหมจ้ าลองเทยีบเท่ากบัสภาวะการท างานจรงิของ
เครือ่งยนตถ์ูกทดสอบโดยก าหนดใหแ้รงดนัในรางของระบบฉีดเชือ้เพลงิสูง 800 บาร ์(Rail Pressure 
of 800 bar, Nitrogen Chamber Pressure of 19 bar & Chamber Density of 21 kg/cm2, Injection 
Duration of 2 ms, Injector Orifice Diameter of 140 micron) และถ่ายภาพดว้ยกลอ้งถ่ายภาพ
ความเรว็สูง (High Speed Camera, Photron SA-3 with z-type schlieren, Frame Rate of 7500 
fps, Shutter Time of 1/100000 sec) จากภาพจะเหน็ว่าองศาของสเปรย ์(Spray Angle) ระยะ
สเปรยท์ีเ่ชือ้เพลงิเคลื่อนทีพุ่่งออกไปไกลสุด (Penetration Depth) นัน้ไมไ่ดม้คีวามแตกต่างกนัอย่างมี
นัยส าคญั จงึสามารถวเิคราะห์เบื้องต้นไดว้่ามคีวามเป็นไปไดสู้งทีจ่ะสามารถน าเชือ้เพลงิไบโอดเีซล
มาใชแ้ทนเชือ้เพลงิดเีซลในเครือ่งยนตไ์ด ้อย่างไรกต็ามจ าเป็นต้องศกึษาผลกระทบระยะยาวทีอ่าจจะ
เกดิขึน้ต่อเครื่องยนต์โดยเฉพาะอย่างยิง่ระบบล าเลยีงและฉีดน ้ามนัเชื้อเพลงิ (Fuel Derivers and 
Injection System) 
 การศกึษาพฤตกิรรมการเกดิมลพษิอนุภาคเขม่า (Particulate Matter: PM) จากการเผาไหม้
เชือ้เพลงิดเีซลและไบโอดเีซลในเปลวไฟแบบแพร่ (Diffusion Flame) ดว้ยเทคนิคการถ่ายภาพแบบชู
รเีรน (Schlieren) และกลอ้งถ่ายภาพความเรว็สูง (High Speed Camera) ดงัแสดงใน รปูที ่3 ท าให้
เหน็ว่าเปลวไฟของเชื้อเพลงิดเีซลมคีวามหนาแน่น (Density) ของล าอนุภาคเขม่าสูงกว่าไบโอดเีซล
อยา่งชดัเจน สามารถกล่าวไดว้่าไบโอดเีซลปล่อยมลพษิอนุภาคเขมา่ทีเ่กดิจากการเผาไหมไ้ม่สมบูรณ์ 
(Incomplete Combustion) ในปรมิาณทีต่ ่ากว่าดเีซล การน าเชื้อเพลงิไบโอดเีซลจากปาลม์น ้ามนัมี
ผลกระทบทางบวกในการลดปรมิาณมลพษิอนุภาคเขม่าทีเ่ป็นต้นเหตุของมะเรง็และมลภาวะเป็นพษิ
ในเมอืงได้ อย่างไรก็ตามเครื่องยนต์ควรถูกออกแบบให้เหมาะสมกบัคุณสมบตัิของเชื้อเพลงิหรอื
ส่วนผสมของเชื้อเพลงิชนิดนัน้ด้วย เพื่อเป็นการใช้พลังงานที่มอียู่อย่างจ ากดัให้เกิดประสทิธภิาพ
สงูสุดไดต้ามเป้าหมายทีว่างไว ้ 
 การวดัปรมิาณมลพษิอนุภาคจากเครื่องยนต์ดเีซลอย่างง่ายสามารถวดัได้ดว้ยเครื่องวดัควนั
ด า (Smoke Meter) ซึง่เป็นทีน่ิยมอย่างมากเนื่องจากสามารถเหน็ภาพไดช้ดัเจนและง่ายต่อการใช้
งาน การทดสอบสามารถท าได้โดยเปรยีบเทยีบปรมิาณควนัด าที่สะสมบนกระดาษกรองเทยีบกบัสี
ขาวของกระดาษกรองทีไ่มม่มีลพษิอนุภาค ดงัแสดงในรปูที ่4 (a) จะเหน็ไดช้ดัเจนว่ามลพษิทีเ่กดิจาก
เครื่องยนต์ไบโอดเีซลมปีรมิาณทีต่ ่ากว่าเครื่องยนต์ดเีซลประมาณ 50% ในท านองเดยีวกนั การวดั
ปรมิาณอนุภาคเขม่าดว้ยความดนัแตกต่าง (ความดนัตกคร่อม, Pressure Drop) ระหว่างขาเขา้และ
ขาออกตวักรองมลพษิอนุภาคจะสามารถแสดงให้เหน็ถงึปรมิาณอนุภาคเขม่าทีถู่กดกัไวไ้ด ้ดงัแสดง
ในรปูที ่4 (b) จากกราฟเหน็ไดช้ดัเจนว่าความดนัแตกต่างระหว่างขาเขา้และขาออกตวักรองมลพษิ
อนุภาคของเครือ่งยนตด์เีซลมอีตัราการเพิม่ขึน้สูงกว่าไบโอดเีซลอย่างเหน็ไดช้ดั ซึง่จากการวเิคราะห์
สามารถสรุปได้ว่าปรมิาณมลพษิอนุภาคเขม่าจากเครื่องยนต์ดเีซลมคี่าสูงกว่าไบโอดเีซลประมาณ  
50% เช่นเดยีวกนักบัผลการทดสอบดว้ยเครือ่งวดัควนัด า 
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(a) Time after trigger = 3.2 ms  

 
(b) Time after trigger = 4.0 ms 

  
(c) Time after trigger = 5.20 ms 

รปูที ่ 2 ผลการเปรยีบเทยีบสเปรยข์องเชือ้เพลงิดเีซล (left) และไบโอดเีซล (right) ในหอ้งเผาไหม้
ปรมิาตรคงที ่ (Constant Volume Combustion Chamber) ดว้ยกลอ้งถ่ายภาพถ่ายภาพความเรว็สงู 
(High Speed Camera) แบบชรูเีรน (Schlieren) 
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รปูที ่ 3 ผลการเปรยีบเทยีบเปลวไฟแบบแพรข่องเชือ้เพลงิดเีซล (right) และไบโอดเีซล (left) ใน
สภาวะบรรยากาศปกต ิ (Ambient pressure & temperature) ดว้ยกลอ้งถ่ายภาพถ่ายภาพความเรว็
สงู (High Speed Camera) แบบชรูเีรน (Schlieren) [3] 

 
 

 
(a)                                                          (b) 

รปูที ่ 4  การวดัปรมิาณมลพษิอนุภาคจากเครือ่งยนตด์เีซลและไบโอดเีซลดว้ย (a) การวดัค่าควนัด า 
(Smoke Meter) และ (b) ความดนัตกครอ่มระหว่างทางเขา้และออกของผนงัอุปกรณ์กรองมลพษิ
อนุภาค [4] 
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(a)                                                          (b) 

รปูที ่5  ภาพถ่ายของมลพษิอนุภาคจากเครือ่งยนตด์เีซลโดยใชก้ลอ้งอเิลก็ตรอนแบบ (a) ส่องกราด 

และ (b) ส่องผ่าน [2] 

 
 คณุลกัษณะทางกายภาพของมลพิษอนุภาค (Physical Characteristics of PMs)  

จากผลงานวิจยั พบว่ามลพิษอนุภาคจากเครื่องยนต์ดีเซลมีโครงสร้างทางกายภาพที่
ซบัซอ้นมาก การน ากลอ้งจุลทรรศน์อเิลก็ตรอนแบบส่องกราด (Scanning Electron Microscope; 
SEM) และกลอ้งจลุทรรศน์อเิลก็ตรอนแบบส่องผ่าน (Transmission Electron Microscope; TEM) มา
ใชใ้นการวเิคราะหโ์ครงสรา้งทางกายภาพของมลพษิอนุภาคท าใหส้ามารถเขา้ใจถงึคุณลกัษณะเฉพาะ
ของมลพษิอนุภาคไดด้ยีิง่ขึน้ ดงัแสดงในรปูที ่6 ภาพถ่าย PM2.5/PM10 ดว้ยกลอ้งอเิลก็ตรอนแบบ
ส่องกราด (SEM)) ภาพถ่ายมลพษิอนุภาคเดี่ยวด้วยกล้องอเิลก็ตรอนแบบส่องผ่าน (TEM) เรา
สามารถมองเหน็โครงสรา้งทางกายภาพของมลพษิอนุภาคเดี่ยว การเกาะกลุ่มของมลพษิอนุภาคใน
ระดบันาโนเมตรและไมครอนอย่างชดัเจน อย่างไรก็ตามจากการศกึษาพบว่าคุณสมบตัทิางกายภาพ
และเคมีเบื้องต้นสามารถเปลี่ยนแปลงได้ในช่วงที่กว้างมากซึ่งขึ้นอยู่กับภาระการท างานของ
เครื่องยนต์และคุณสมบตัทิางเคมขีองเชื้อเพลงิชนิดนัน้ นักวจิยัส่วนใหญ่ตระหนักว่ามคีวามจ าเป็น
อย่างยิง่ที่ต้องได้รบัการวจิยัในเชงิลกึเพื่อแก้ไขปญัหาสุขภาพที่เกดิจากมลพษิที่มขีนาดเล็กมากๆ
ดงักล่าวต่อไป  

มลพษิอนุภาคเดีย่ว (Primary Particle) มขีนาดประมาณ 10-80 นาโนเมตร (Ultrafine 
Particle) และจะเกาะกนัเป็นกลุ่ม (Accumulated Particle) มขีนาดโตขึน้เป็นประมาณ 100-300 นา
โนเมตร (Fine Particle) ดงัแสดงในรปูที ่7 จากการวจิยัพบว่าชนิดของเชือ้เพลงิและแหล่งก าเนิด
มลพษิมผีลโดยตรงต่อพฤตกิรรมการเผาไหมท้ี่สามารถส่งผลกระทบต่อขนาดของมลพษิอนุภาคได ้
การเผาไหมข้องเชื้อเพลงิไบโอดเีซลซึ่งมอีะตอมของออกซเิจนในเชือ้เพลงินัน้จะปล่อยขนาดมลพษิ
อนุภาคที่มีขนาดเล็กกว่าดีเซลเล็กน้อย ซึ่งขนาดที่เล็กลงดังกล่าวอาจจะส่งผลโดยตรงต่อ
ประสทิธภิาพการกรองมลพษิอนุภาคของอุปกรณ์กรองมลพษิ  
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     Diesel lamp PM                                            Biodiesel lamp PM 

  
     Diesel engine PM                                            Biodiesel engine PM 

   
Diesel lamp PM                                            Biodiesel lamp PM 

   
     Diesel engine PM                                            Biodiesel engine PM 

รปูที ่6  ภาพถ่ายจากกลอ้งอเิลคตรอนของมลพษิอนุภาคจากเครือ่งยนตด์เีซลและไบโอดเีซล [4] 
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(a) ขนาดของกอ้นกลุ่มมลพษิอนุภาคเขม่า 

 
 

 
(b) ขนาดของมลพษิอนุภาคเขม่ากอ้นเดีย่ว 

 
รปูที ่7   ผลการวเิคราะห์ขนาดของ (a) มลพษิอนุภาคกลุ่ม (b) มลพษิอนุภาคเดีย่วจากเครื่องยนต์
ดเีซลและไบโอดเีซลโดยใชก้ลอ้งอเิลก็ตรอนส่องผ่าน [4] 
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รูปที่ 8 ขนาดมลพษิอนุภาคจากเครื่องยนต์ดเีซลโดยการวดัด้วยไฟฟ้าสถติย ์(Scanning Mobility 
Particle Sizer: SMPS) [5] 
 

การวดัขนาดมลพษิอนุภาคจากเครื่องยนต์ดเีซลโดยการวดัด้วยไฟฟ้าสถิตย์ (Scanning 
Mobility Particle Sizer: SMPS) ดงัแสดงในรปูที ่8 ซึง่เป็นอกีวธิทีีแ่ม่นย าและนิยมใชก้นัมากใน
ประเทศที่มีเทคโนโลยขีัน้สูงแต่ในประเทศไทยยงัไม่มอุีปกรณ์ดังกล่าวในสถาบันการศึกษาและ
หน่วยงานวจิยัของรฐั  จะเหน็ว่าผลการวดัขนาดของมลพษิอนุภาคด้วยวธิดีงักล่าวมคี่าใกล้เคยีงกบั
การวดัจากภาพถ่ายจากกลอ้งอเิลคตรอนมาก  
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นอกเหนือจากนัน้การวิเคราะห์โครงสร้างในระดับนาโนจากภาพถ่ายอิเลคตรอนด้วย
คอมพวิเตอร ์(TEM Image Processing Method) โดยอาศยัแนวคดิเรื่องคารบ์อนพื้นฐานหกอะตอม
ซึง่มนีักวทิยาศาสตรไ์ดอ้ธบิายโครงสรา้งทางเคมแีละกายภาพไวอ้ย่างชดัเจนแลว้ ดงัแสดงในรปูที ่9 
ดงันัน้จงึสามารถท าให้ค านวนจ านวนอะตอมคารบ์อนและมวลของมลพษิอนุภาคต่อปรมิาตรซึ่งเป็น
พารามเิตอร์หลกัที่จะสามารถน าไปเป็นข้อมูลพื้นฐานในการออกแบบโครงสร้างทางกายภาพของ
อุปกรณ์กรองมลพษิใหม้ปีระสทิธภิาพมากขึน้ได ้ดงัแสดงในรปูที ่10 โดยจากผลการค านวนเบือ้งต้น
พบว่ามคีวามหนาแน่นของอะตอมคารบ์อนในมลพษิอนุภาคเขม่าประมาณ 800-900 อะตอมต่อ
ลกูบาศกน์าโนเมตร 

 
 
รปูที ่9  โครงสรา้งในระดบัโมเลกุลและการรวมตวัเป็นผลกึและกลุ่มของมลพษิอนุภาคจากเครื่องยนต์
ดเีซล [6, 7] 
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รูปที่ 10 การค านวณปรมิาณอะตอมและมวลของมลพิษอนุภาคต่อปรมิาตรด้วย TEM Image 
Processing Method [4] 

 
ในท านองเดียวกัน จากการศึกษาเบื้องต้นพบว่าความหนาแน่นของอะตอมคาร์บอนใน

มลพษิอนุภาคเขม่าขึน้อยู่กบัชนิดของเชือ้เพลงิ แหล่งก าเนิดมลพษิอนุภาคเขม่าและภาระโหลดการ
ท างานของเครือ่งยนต ์โดยมลพษิอนุภาคเขมา่จากไบโอดเีซลมคีวามหนาแน่นของคารบ์อนอะตอมต ่า
กว่าดีเซลประมาณ 100-300 อะตอมต่อลูกบาศก์นาโนเมตร ขึ้นอยู่กับสภาวะการใช้งานของ
เครือ่งยนต ์ดงัแสดงในรปูที ่10-13 และตารางที ่2  
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รปูที ่11  ภาพถ่ายจากกลอ้งอเิลคตรอนของมลพษิอนุภาคจากเครือ่งยนตด์เีซลและไบโอดเีซล [8] 
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รปูที ่12  ภาพวเิคราะหด์ว้ยคอมพวิเตอรข์องมลพษิอนุภาคจากเครือ่งยนตด์เีซลและไบโอดเีซล [8] 
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รปูที ่13 ผลการวเิคราะหด์ว้ยคอมพวิเตอรข์องมลพษิอนุภาคจากเครือ่งยนตด์เีซลและไบโอดเีซล [8] 

 
  ตารางที ่2 คุณสมบตัเิบือ้งตน้ทางกายภาพของมลพษิอนุภาคเขม่าดเีซลและไบโอดเีซล [8] 
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 คณุลกัษณะทางเคมีของมลพิษอนุภาค (Chemical Characteristics of PMs)  
การศึกษาคุณสมบตัิและส่วนประกอบทางเคมขีองมลพษิอนุภาคก็เป็นอีกแขนงหนึ่งที่มี

ความส าคัญอย่างยิ่งในการพัฒนาเทคโนโลยีหลังการเผาไหม้ของยานยนต์ ผลการวิจัยพบว่า
ส่วนประกอบทางเคมีและอตัราการเกิดปฏกิริยิาเคมใีนการออกซเิดชนัของมลพษิอนุภาคด้วยการ
ทดสอบแบบอุณหภมไิม่คงที่ (Non Isothermal PMs Oxidation Kinetics) แสดงในรปูที ่14-16 พบว่า
มลพษิอนุภาคจากเครื่องยนต์ไบโอดเีซลสามารภท าปฏกิริยิากบัออกซเิจนได้ดกีว่าดเีซลเนื่องจากมี
อะตอมของออกซเิจนในเชือ้เพลงิทีเ่ผาไหมไ้ม่สมบูรณ์ในรปูของไฮโดรคารบ์อน ส่วนทีภ่าระโหลดต ่า
จะมสี่วนผสมของเชื้อเพลิงที่เผาไหม้ไม่สมบูรณ์ในรูปของไฮโดรคาร์บอนสูงกว่าจงึท าให้สามารถ
ออกซไิดซไ์ดด้กีว่ามลพษิอนุภาคเขมา่ทีภ่าระโหลดสงูมากซึง่ประกอบดว้ยคารบ์อนเป็นหลกั 

 

 

 
รปูที ่14 ผลการวเิคราะหอ์ตัราการเกดิปฏกิริยิาเคมดีว้ยเครือ่งมอืวเิคราะห ์TGA Nonisothermal [2] 
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(a) Diesel PM                                           (b) Biodiesel PM 
 

รปูที ่15 ผลการวเิคราะหส์่วนประกอบทางเคมดีว้ยเครือ่งมอืวเิคราะห ์TGA Nonisothermal [2] 
 
 

 
 

รปูที ่16 คณุสมบตัทิางเคมแีละส่วนประกอบทางเคมดีว้ยเครือ่งมอืวเิคราะห ์CHN Analyzer [2] 
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(a) การท าปฏกิริยิาระหว่างออกซเิจนกบัมลพษิอนุภาคเขมา่ดว้ย TGA [2] 
 
 
 

  
 

(b) การท าปฏกิริยิาระหว่างอากาศกบัมลพษิอนุภาคเขมา่ดว้ย TGA [2] 
 
รปูที ่17 ผลการวเิคราะหอ์ตัราการเกดิปฏกิริยิาเคมดีว้ยเครือ่งมอืวเิคราะห ์TGA Isothermal [2] 
 



61 

 

 
 

รปูที ่18 ผลการวเิคราะหพ์ลงังานกระตุน้การออกซเิดชนัของมลพษิอนุภาคเขม่า [2] 
 

ตารางที ่3 ผลการวเิคราะหพ์ลงังานกระตุน้การออกซเิดชนัของมลพษิอนุภาคเขม่า [2] 
 

 
 

จากผลการทดสอบอตัราการเกดิปฏกิริยิาเคมใีนการออกซเิดชนัของมลพษิอนุภาคดว้ยการ
ทดสอบแบบอุณหภมคิงที ่(Isothermal PMs Oxidation Kinetics) สามารถวเิคราะห์หาพลงังาน
กระตุ้น (Apparent Activation Energy) ของการท าปฏกิริยิาระหว่างออกซเิจนกบัมลพษิอนุภาคดว้ย
หลกัการจลศาสตรเ์คมแีละสมการทางคณิตศาสตร ์(Arrhenius) ดงัแสดงในรูปที่ 17-18 ซึ่งพบว่า
พลังานกระตุ้นของการท าปฏิกิริยาระหว่างออกซิเจนกับมลพิษอนุภาคไบโอดีเซลต ่ ากว่าดีเซล
เลก็น้อยอาจจะเกดิจากอะตอมของออกซเิจนในไบโอดเีซลทีม่าในรปูของไอโดรคารบ์อนทีเ่ผาไหมไ้ม่
สมบูรณ์สามารถท าปฏิกิรยิาได้ง่ายกว่าเชื้อเพลิงดีเซล อย่างไรก็ตามค่าพลังง านกระตุ้นเฉลี่ยมี
ค่าประมาณ 147-165 kJ/mole  
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(a) ผลทดสอบดกัมลพษิอนุภาคเขมา่ดว้ยอุปกรณ์กรองมลพษิอนุภาคเขมา่ดเีซล (DPF)   

 

    
(b) ผลทดสอบออกซไิดซม์ลพษิอนุภาคเขมา่ดว้ยอุปกรณ์กรองมลพษิอนุภาคเขมา่ดเีซล (DPF)  

 
รปูที ่19 ผลการทดสอบพฤตกิรรมการดกั (Trapping) และการสลาย (Oxidation) มลพษิอนุภาคเขม่า
ในผนงั DPF ดว้ยชุดทดสอบอุปกรณ์กรองมลพษิอนุภาคเขมา่ DPF Analyzer 

  
 รปูที ่19 แสดงผลการทดสอบพฤตกิรรมการดกั (Trapping) และการสลาย (Oxidation) มลพษิอนุภาค
เขมา่ในผนงั DPF ดว้ยชุดทดสอบอุปกรณ์กรองมลพษิอนุภาคเขม่า DPF Analyzer ซึง่แสดงผลอย่างชดัเจน
ว่ามลพษิอนุภาคดเีซลมปีรมิาณมากและเผาไหมย้ากกว่าไบโอดเีซล ซึง่จากผลการทดลองจะสามารถน าไป
เป็นข้อมูลในการออกแบบและเลอืกใช้อุปกรณ์ก าจดัมลพษิในเทคโนโลยหีลงัการเผาไหม้อย่างเหมาะสม
เพื่อใหเ้กดิการใชพ้ลงังานอยา่งมปีระสทิธภิาพได ้  
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 สรปุผลและอภิปรายผล  
  

Particulate matters (PMs) must be removed from the exhaust gas emitted from 
engines to protect the environment and human health. The problem of particulate emissions 
from diesel engine can be treated by Diesel Particulate Filter (DPF). In addition, biodiesel 
combustion produces PM about two times lower than that of diesel combustion. This means 
the energy consumption of engine for both the effect of pressure drop while driving and DPF 
regeneration process can be reduced approximately two times. 

The first part of this research is study of PM micro-nanostructure by using Scanning 
Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) and Scanning 
Mobility Particle Sizer (SMPS). The single and agglomerated particle sizes of PMs are in the 
range of 10-60 nm and 60-130 nm, respectively. At the engine warm-up idle condition, the 
number of single particle is quite high and then gradually decreased with time. Finally, the 
single particle number is nearly constant after an hour of the engine operates in idle 
condition.  

The average primary sizes of biodiesel and diesel fuels PMs are approximately 30-40 
nm and 50-60 nm, respectively. The average carbon platelet sizes of both PMs are in the 
range of 0.1-7.0 nm. Moreover, approximately 800-900 carbon atoms per cubic nanometer of 
PMs also could be estimated in the present report. The results of this research would be 
used as basic information for design and develop removing process of PM emitted from 
engine combustion which using in diesel and biodiesel fuels. 

Diesel and biodiesel PMs oxidation kinetics was clearly observed in the second part 
of this research. PM in high load condition of the engine has lower unburned hydrocarbons 
(HCs) fraction than that lower load condition. The amount of unburned HC in PM might effect 
in faster oxidation because oxidation temperature at lower than 500  C of unburned HC can 
oxidization. Biodiesel PM is easier to oxidize than diesel PM and carbon black because of 
unburned oxygenated hydrocarbon. 

The calculated apparent activation energy (non-isothermal method as practical use in 
the actual vehicle) of biodiesel PM oxidation is also lower than that of diesel PM and carbon 
black. The apparent activation energy of PMs emitted from the biodiesel and diesel high load 
engine is 152±5 kJ/mole and 159±6 kJ/mole, respectively. Because of oxygen atom included 
inside oxygenated fuel molecule promotes low PM oxidation activation energy. However, 
oxidation rate of PMs is strongly related to not only apparent activation energy but also 
physical impact of reaction order and frequency factor would be investigated.   
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Abstract 

This paper describes a part of an ongoing research project in diesel Particulate Matter (PM) 
reduction by using renewable oxygenated fuel. In order to achieve the particulate matter reduction, 
physical structure and aggregation behavior should be investigated for better understanding of 
designs and configurations of Diesel Particulate Filter (DPF). The nanostructures of diesel and 
biodiesel PMs were investigated by using a Scanning Electron Microscopy (SEM) and a 
Transmission Electron Microscopy (TEM) for better understanding. The primary size distributions 
as well as particulate structures were presented by means of scanning images. The average primary 
sizes of diesel and biodiesel fuels PMs are approximately 50-60 nm and 30-40 nm, respectively. 
The average carbon platelet sizes of diesel and biodiesel PMs are in the range of 0.5-3.0 nm. In 
addition, Thermo-gravimetric Analysis (TGA) was used to investigate chemical kinetics of 
particulate matter oxidation. The apparent activation energies of oxygenated hydrocarbon, diesel 
hydrocarbon and carbon oxidation are approximately 91 kJ/mol, 130 kJ/mol and 155 kJ/mol, 
respectively. 

Keywords: Diesel Engine, Particulate Matter, Diesel Particulate Filter, Oxygenated Fuel  

Introduction  

Among internal combustion engines, diesel engines have the highest thermal efficiency. 
However, particulate matters (PMs) must be removed from exhaust gases emitted from 
diesel engines to protect the environment and human health. Therefore, the regulation on 
the restriction of emission is increased.  

Diesel particulate matters consist of a solid fraction (SOL) and a soluble organic 
fraction (SOF). Primary particles, composed of carbon and metallic ash, are coated with 
SOF and sulfate. The nanostructures of primary soot particles have been characterized 
using transmission electron microscopy (TEM) to understand them in details. The mean 
diameters of the primary and agglomerated particles are usually in the range of 20–80 nm 
and 80–300 nm, respectively. A primary soot particle has two distinct parts: an inner core 
and an outer shell. The inner core has a diameter of 10 nm and it is located at the central 
region of the primary particle. The composition of particles from a diesel engine may vary 
widely depending on the operating conditions and fuel composition [1–9].  

Diesel particulate filters (DPFs) play an important role in particulate trapping and 
oxidation. A DPF is generally made of ceramic materials, such as cordierite or silicon 
carbide, consisting of many rectangular channels with alternate channels blocked using 
cement at each end. The exhaust gas is forced to flow through a channel wall having 
numerous micron-scale pores that trap the particle emissions. Furthermore, the collected 
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particulates must be oxidized to regenerate the DPF and reduce the back pressure on the 
diesel engine [10–17].  

The problem of particle emissions from diesel engine should be reduced by 
development of high efficiency engine, after-treatment and pre-treatment technologies. The 
use of renewable oxygenated fuels is now a widespread means to reduce regulated 
pollutant emissions produced by internal combustion engines [9], as well as to reduce the 
greenhouse gas. However, particulate matter emitted from biodiesel must be investigated 
for better understanding to optimize the design of DPF configuration. The present research 
is to study the physical structure and oxidation behaviors of diesel and biodiesel particulate 
matters. The first objective is to investigate and compare the quantity, microstructure and 
nanostructure of diesel and biodiesel particulate matters by using DPF sample disc for 
particulate trapping, SEM and TEM for particulate structure investigation. The second 
objective is the study of diesel and biodiesel particulate matters oxidation kinetics by using 
Thermo-gravimetric analysis (TGA).  

 

Experimental Setup 

Particulate Matter Generator 

Biodiesel which derived from palm-olein (biodiesel (B100) fuel of TIS 2313-2549) was 
used and compared with the results of commercial grade diesel (conventional diesel (B0) 
fuel of TIS 2155-2546). The carbon fraction of diesel and biodiesel are 82 and 78, 
respectively. Diesel and biodiesel diffusion flame particulate matters were generated by 
diesel and biodiesel lamps, as shown in Fig.1. The fuel consumption of each fuel was 
measured by weight loss respect to time for comparison in the view point of energy 
consumption. Particulate matters were introduced into the DPF samples by using the 
vacuum pump by controlling the constant gas flow rate and temperature base on the actual 
vehicle condition. The pressure drop between inlet and outlet of the DPF sample were 
measured in each trapping time by using manometer and in real time by pressure sensor.  
 

 
 

Figure 1. Experimental setup for particulate matter quantities investigation 

On the other hand, a single cylinder, four strokes, direct injection diesel engine was also 
used in the soot generation process. The fuel injection pressure was 19.6 MPa and the 
engine speed was fixed at 2400 rpm without load on the engine dynamometer. The present 
research is focused on the effect of oxygenated fuel in particle emissions. Therefore, no 
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load condition is studied in this case for the first step even particulate matter size and 
unburned hydrocarbon content are strongly related to engine operating condition.  
 

Particulate Matter Characterization Method 

Nanostructures of single primary particle and carbon platelet structures were investigated 
by TEM image and post process by hand drawn images. Oxidation behaviors of isothermal 
and non-isothermal methods were investigated by TGA. Non-isothermal method was used 
to estimate apparent activation energy of each unburned hydrocarbon (oxygenated and 
fossil) under the condition of temperature increasing rate of 10oC per minute from 25oC to 
800oC with 100% oxygen atmosphere. On the other hand, isothermal method was operated 
by temperature increasing rate of 10oC per minute from 25oC to 450oC to remove unburned 
hydrocarbon. Then, temperature was holding at 450oC for an hour. Similarity, each sample 
was tested under the condition of 500oC, 550oC and 600oC. 

 Chemical kinetics of particulate matter oxidation is studied by using Thermo-
gravimetric analysis (TGA). 
 
 

                                                      (1) 

 The chemical reaction rate in eq.1 can calculate from the TGA curve based on the 
chemical kinetic in eq.2 
 
 

 
                                                      (2) 

Where C is particulate matter mass, t is time, k is the rate constant of chemical reactions, 
m, n are the reaction orders. The dependence of the specific rate constant of chemical 
reactions k is expressed by eq.3 
 

                                                                        (3)   

 
 
Where A is the frequency factor, Ea is the activation energy, R is the gas constant. The 
apparent activation energy can be calculated by eq.4. 
 
   
                                                                        (4)  
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Results and Discussions 

Particulate Matter Concentration 

Figure 2 (a) shows diesel and biodiesel diffusion flames from optical image. The 
soot particle is formed in the fuel spray cores, in which the rich fuel is contained, 
whereas the fuel vapor is heated by mixing with hot burned gases in the flame 
regions. The particle is oxidized in the flame zone when it contacts with available 
oxygen, resulting in yellow luminous flame character. The length of biodiesel 
diffusion flame was shorter than that of diesel. Similarity, Fig. 2 (b) shows diesel 
and biodiesel diffusion flames produced by Schlieren method. The center of 
biodiesel diffusion flame was lighter than that of diesel because oxygen atoms 
inside an oxygenated fuel molecule can promote the conditions which approach to 
the complete combustion.  
 

          
 

(a)  Conventional digital camera                     (b) Schlieren method 
Figure 2. Biodiesel (B100) and diesel (B0) diffusion flame by (a) optical digital camera 

and (b) Schlieren method images [18,19] 

   
 

(a)  Pressure Drop by Manometer               (b) Pressure Drop by Pressure Sensor  
Figure 3. Lamp’s diesel and biodiesel particulate matters concentrations by (a) manometer 

and [19,20] and (b) pressure sensor 
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 Figure 3 (a) shows the comparison of pressure drop between outlet and inlet of DPF 
disc sample with the size of 4.5 x 4.5 cm2. Samples were taken during the trapping process 
at the same energy consumption rate of diffusion flame. As indicated in this graph which 
obtained from measurement of manometer, diesel particulates have a higher pressure drop 
than biodiesel particulates at a given energy input. Pressure drop of DPF wall during diesel 
particulate matters trapping was approximately 2 times higher than that of biodiesel 
particulate matter. Therefore, the apparent amount of diesel particulate matter could be also 
assumed to be 2 times higher than that of biodiesel. However, the actual concentrations 
should be measured by using higher precision device in the next step. Figure 3 (b) shows 
the same trend of particulate matter trapping inside the DPF disc sample size of 6 x 6 cm2 
and pressure drop was measured by pressure sensor.  

 

    
 

(a) Black smoke at DPF inlet                   (b) Black smoke at DPF outlet                                 
 

   
 

     (c)  Black smoke inside paper filter         (d) Pressure drop by pressure sensor 
 

Figure 4. Engine’s diesel and biodiesel particulate matters concentrations by smoke meter 
at (a) DPF inlet, (b) DPF outlet, (c) Inside paper filter [19,20] and by (d) Pressure sensor 
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 In the same method, the remaining soot particle is emitted in the CI engine exhaust 
pipe. The paper filter was used to trap the emitted diesel and biodiesel soot particle at any 
time. Subsequently, smoke meter was applied to measure the concentration of trapped 
particulate on the paper filter by light emitting method. Figure 4 (a) and (b) show the 
percentage of black smoke of diesel and biodiesel at the inlet and outlet of DPF, 
respectively. The concentration of diesel black smoke is approximately two times higher 
than that of biodiesel. Figure 4 (c) shows the percentage of black smoke of diesel and 
biodiesel when the trapping period is varied. The result showed that the percentage of 
black smoke of diesel increased faster than that of biodiesel. In addition, it’s also clearly 
observed that the pressure drop between inlet and outlet of DPF for diesel engine is 
approximately two times higher than that of biodiesel. Hence, diesel particulate formation 
was higher than biodiesel. This could be explained that more soot particulate was remained 
in diesel combustion than those of biodiesel. Because it contains oxygen molecule, 
biodiesel is readily oxidized with available oxygen in the flame zone. Consequently, 
particulate filter trapping duration of biodiesel fuel is longer than that of diesel fuel 
because of particulate concentration emitted from bio-oxygenated fuel combustion flame is 
lower than that of diesel combustion.  
 
Microstructure of Particulate Matter 

In this research, the particle image is taken to verify the diesel and biodiesel particle and 
carbon platelet sizes by micro- and nano- image. Figure 5 shows SEM images of ultrafine 
particle sizes from of (a) diesel lamp, (b) biodiesel lamp, (c) diesel engine and (d) biodiesel 
engine (left hand side). The image showed that the biodiesel particle sizes from both 
sources are slightly smaller than that of diesel particle. On the other hand, particle emitted 
from the lamp is a slightly smaller than that particle emitted from engine in both fuels. The 
single particle sizes from diesel and biodiesel diffusion flame are approximately 50-60 nm 
and 30-40 nm, respectively. However, it is difficult to measure primary size of engine 
particle by SEM image because the surface of particulate matter emitted from engine could 
be covered by much amount of unburned hydrocarbon. The TEM method was used to 
measure primary particle size from diesel and biodiesel fuel. Figures 5 (a), (b), (c) and (d) 
show particulate matter emitted from diesel lamp, biodiesel lamp, diesel engine and 
biodiesel engine (right hand side). The primary particle size is approximately 20-80 nm 
which is in the range of ultrafine particles (diameter size lower than 100 nm). However, the 
biodiesel particulate matter is a bit smaller than that of diesel particulate matter for both 
combustions. 
 The particulates were trapped from exhaust gas from lamp and engine. The TEM 
method was used to visualize the particle diameter. The particulate size distribution in 
primary mode for approximately 100 particles which taken from TEM image, was shown 
in Fig. 6. Most of diesel lamp particle size is around 50-60 nm while the biodiesel lamp 
particle size has peaked in the range between 30-40 nm which is slightly smaller than that 
of diesel lamp particle. The peak of primary particle size from diesel and biodiesel engines 
are approximately 30-40 nm. The primary size of diesel particles is larger than that of 
biodiesel. This is due to the lower concentration of biodiesel particle, which is readily 
oxidized with more available oxygen in combustion flame due to oxygenated biodiesel fuel. 
On the other hand, the primary particle size from diesel engine is smaller than that of diesel 
lamp particle possibly because of engine conditions such as homogeneous of air/fuel 
mixture, high pressure in combustion chamber, exhaust gas temperature, may effect to 
particulate matter oxidation before exiting to the atmosphere. Moreover, higher oxygen 
content and homogeneity mixture closed to the stoichiometric condition of bio-oxygenated 
fuel can produce smaller size of primary particulate particle.  



78 
 

                  
(a) SEM (left) and TEM (right) images of Diesel lamp PMs 

 

                  
(b) SEM (left) and TEM (right) images of biodiesel lamp PMs 

 

                  
(c) SEM (left) and TEM (right) images of diesel engine PMs 

 

                   
(d) SEM (left) and TEM (right) images of biodiesel engine PMs 

 
Figure 5. SEM (left) and TEM (right) images of (a) Diesel lamp, (b) Biodiesel lamp (c) 

Diesel engine and (d) Biodiesel engine particulate matters [19-20] 



79 
 

 
 

Figure 6. Primary particle size distribution of particulate matter by TEM images which 
normalized from 38 to 108 particles to be 100 samples of each fuel’s particle 

 
 

Nanostructure of Particulate Matter 

Figure 7 shows the nanostructure of diesel particulate matter which emitted from diffusion 
flame combustion inside a diesel engine. Particulate matter is investigated for number of 
carbon atom contained in the particle. TEM image is used for numerating platelet number 
that aggregate layered in the particle. Each of platelets is consisted of proper amount of 
carbon atom from incomplete combustion product. For each of combustion, lamp and 
engine, the platelet sizes are shown in Fig. 8. The average of diesel and biodiesel carbon 
platelets is in the range of 0.5-3.0 nm. However the distance of each platelet for different 
fuels is not the same.  
 Another result of carbon atom number per volume is also estimated. The concept of 
estimation is “the molecule of carbon-6 (C6) is the possible smallest size”. Such molecules 
are agglomerated to be the large ring of carbon then becomes a platelet. The particulate 
matter from biodiesel lamp and diesel lamp contain 129, 205 atom per nm3 while the 
particulate matter from biodiesel engine and diesel engine are consisted by carbon atom 
number of 63 and 72 per nm3, respectively, as shown in Table 1.  
 The particulate matter from diesel combustion contains carbon atom that is larger 
than that of biodiesel combustion. The biodiesel combustion which emits lower carbon 
concentration results in lower carbon atom consisted in particulate matter. In addition, 
platelet length and atom concentration of particulate matter emitted from the engine are 
smaller than that of diffusion flame of lamp due to the impact of pressure, temperature and 
homogeneous mixture of fuel and oxygen.  
 This is an interesting result of bio-oxygenated fuel combustion behavior and 
particles emission nanostructure which should be researched in more details to discover the 
useful information for better understanding and future designs of modern Internal 
Combustion Engines and DPF configurations.    
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(a) TEM image                                                  (b) Post process image 
 

Figure 7. (a) TEM and (b) Post process (by hand draw) images of carbon platelet inside 
particulate matter 

 
 
 

 
 

Figure 8. Carbon platelet size distribution of particulate matter by TEM images normalized 
from 24 to 45 platelets to be 100 samples of each fuel’s particle 
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Table 1. Carbon Atom Include in Particulate Matter 

Particulate Matter Type Density (atom/nm
3
) 

Biodiesel Lamp PM 

Diesel Lamp PM 

 129 

205 

Biodiesel Engine PM 

Diesel Engine PM 

   63 

  72 

 

Oxidation of Particulate Matter 

Figure 9 (a) shows Arrhenius plots of diesel and biodiesel particulate matter oxidation by 
non-isothermal method of TGA at temperature of 400 ˚C to 480 ˚C using Eq.1-4. It is 
assumed that the diesel and oxygenate unburned hydrocarbons oxidation could be oxidized 
and calculated apparent activation energies are approximately 130 and 91 kJ/mol, 
respectively. On the other hand, temperature from 490 ˚C to 520 ˚C is assumed to be 
carbon oxidation which has 155-177 kJ/mol of apparent activation energy.  
 Figure 9 (b) shows Arrhenius plots of remaining pure carbon inside diesel and 
biodiesel particulate matter oxidation by TGA isothermal method at the temperature from 
450 ˚C to 600 ˚C. Unburned hydrocarbons were assumed to be successfully oxidized 
before holding the constant temperature. Apparent activation energy of pure carbon is 
approximately 155 kJ/mol for both of diesel and biodiesel carbon.  
 Table 2 summarizes the apparent activation energy of each particulate matter 
oxidation by non-isothermal and isothermal methods. It is clearly observed that unburned 
bio-oxygenated hydrocarbon oxidized at the lower temperature and requires lower apparent 
activation energies than that of fossil fuel even the remaining carbon are oxidized in the 
same range of apparent activation energies. 

 

  
 

(a) Non-isothermal                                      (b) Isothermal  
 

Figure. 9 Arrhenius plots of PM oxidation by (a) Non-isothermal and (b) Isothermal 
methods  
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Table 2. Apparent Activation Energy (Ea) of Particulate Matter Oxidation 

Particulate Matter Type Ea (kJ/mol) 

             Non-isothermal 

  400-480 oC         490-520 oC 
Isothermal 

       450-600 oC 
 

Biodiesel Lamp PM 
 

Diesel Lamp PM 
 

          91.3               155.4 
 
          129.6               176.7 

 155.6 
 
            155.9 
 

 
Conclusions 

 Biodiesel combustion produces particulate matter two times lower than that of diesel 
combustion. Therefore, the conventional DPF can be used for two times of trapping 
duration. This means the energy consumption of engine for both the effect of 
pressure drop while driving and DPF regeneration process can be reduced 
approximately by two times.    

 The primary size of diesel particles is larger than that of biodiesel. This is due to the 
lower concentration of biodiesel particles, which is readily oxidized with more 
available oxygen in combustion flame due to oxygenated biodiesel fuel. On the other 
hand, the primary particle size from diesel engine is smaller than that of diesel lamp 
particle due to homogeneous air/fuel mixture effect for complete combustion. 
However the impact is not strong for DPF trapping process because of the pore size 
of DPF is very large compared to the size of the particle emission. 

 The carbon atom density in diesel particulate matter is higher than that of biodiesel. 
As a result, the impact of carbon and oxygen atom contents in oxygenated fuel must 
be researched for more understanding to optimize the internal combustion engine and 
DPF configurations.   

 Unburned hydrocarbon from biodiesel combustion can be oxidized faster than that of 
unburned hydrocarbon from diesel combustion because of oxygen atoms included 
inside oxygenated fuel molecule promote complete combustion. Moreover, it is 
clearly observed that there is the same value of apparent activation energies for 
particulate matter without unburned hydrocarbon due to the condition of pure carbon 
oxidation. 
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Abstract 

Particulate matters (PMs) must be removed from the exhaust gas emitted from engines to protect the environment and 
human health. The problem of particulate emissions from diesel engine can be reduced in many ways, for examples: 
development of modern engine, fuel additives, diesel particulate filter (DPF) and oxygenated fuel. This paper 
describes a part of an ongoing research project in PM reduction as emitted from combustion. The main part is study 
of PM nanostructure by using Transmission Electron Microscopy (TEM). The primary size distributions as well as 
PM structures were presented by TEM images. The average primary sizes of biodiesel and diesel fuels PMs are 
approximately 30-40 nm and 50-60 nm, respectively. The average carbon platelet sizes of both PMs are in the range 
of 0.1-7.0 nm. Moreover, approximately 830 carbon atoms per cubic nanometer of PMs also could be estimated and 
presented in the present report. The results of this research would be used as basic information for design and develop 
removing process of PM emitted from engine combustion which using in diesel and biodiesel fuels. 
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1. Introduction 

Among internal combustion engines (ICE), diesel or compression-ignition (CI) engines have the 
highest thermal efficiency for a given output power. However, particulate matters (PMs) and NOx must 
be removed from the exhaust gas emitted from diesel engines to protect the environment and human 
health. Therefore, regulation of vehicle emissions has become increasingly strict. However, it is very 
difficult to develop internal combustion engine and after treatment systems for simultaneous removal of 
PM and NOx. 

The problem of particle emissions from diesel engine should be improved by developing the high 
efficiency modern engine, after-treatment and pre-treatment technologies. Diesel Particulate Filters 
(DPFs) play an important role in PM trapping and oxidation. A DPF is generally made of ceramic 
materials, such as cordierite or silicon carbide, consisting of many rectangular channels with alternate 
channels blocked using cement at each end. The exhaust gas is forced to flow through a channel wall 
having numerous micron-scale pores that trap the PM. Furthermore, the collected PM must be oxidized to 
regenerate the DPF and reduce the back pressure on the diesel engine [1-3]. 

The nanostructures of soot primary particles have been characterized using scanning electron 
microscope (SEM) and transmission electron microscopy (TEM) to understand them in detail. The mean 
diameter of the primary and agglomerated particles is usually in the range of ultrafine particle and fine 
particle, respectively. A primary soot particle has two distinct parts: an inner core and an outer shell. The 
inner core is located at central region of the primary particle [4 11]. The composition of PMs from a 
diesel engine may vary widely depending on the operating conditions and fuel composition. Based on 
analysis performance with a combination of physical and chemical methods, PM is traditionally divided 
into three main fractions: solid fraction (SOL), soluble organic fraction (SOF), and sulfate particulates 
(SO4) that consist of sulfuric acid and water. The SOL of diesel PMs is composed primarily of elemental 
carbon, sometimes referred to as inorganic carbon. This carbon, not chemically bound with other 
elements, is the finely dispersed carbon black or soot substance responsible for black smoke emission. 
HCs adsorbed on the surface of the carbon particles are present in the form of fine droplets from the SOF 
of diesel particulates. At times, this fraction is also referred to as the volatile organic fraction (VOF). The 
SOF fraction contains most of the polycyclic aromatic HCs (PAHs) and nitro-PAHs emitted with diesel 
exhaust gases. PAHs are aromatic HCs with two or more benzene rings joined in various forms that are 
more or less clustered. These require special attention because of their mutagenic and, in some cases, 
carcinogenic character. The water, unburned HC, carbon and ash regions are verified for oxidation 
reaction by Thermogravimatric Analysis (TGA) and Temperature Program Oxidation (TPO) [12 17]. 

Applications of renewable oxygenated fuels is nowadays a widespread means to reduce amount and 
particle size of regulated pollutant emissions produced by internal combustion engines because oxygen 
atoms inside fuel molecules promote more completed combustion, as well as to reduce the green house 
gas resulting from carbon neutral. The combustion of bio-oxygenated fuel emits carbon dioxide (CO2) to 
the atmosphere for the growth of plants, which are produced by biodiesel fuel and released out of the 
atmosphere as carbon by photosynthesis. More advantages of biodiesel over other fuels are that it 
contains much lower sulfur and aromatic HC content [18].  

The objective of the present research is to study diesel and biodiesel PMs nanostructure by using TEM 
images. The report would be successfully described as the useful information of diesel and biodiesel PM 
nanostructures for better understanding and future design of DPF configuration for diesel and biodiesel 
blends engine application in Thailand and Asian countries. 
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2. Experimental Setup and Method 

2.1. Fuels and PM generators   

A conventional diesel fuel (B4-5) was used and compared with the results of biodiesel fuel derived 
from palm-olein (biodiesel (B100) fuel of TIS 2313-2549). Diesel and biodiesel PMs were emitted from 
diesel and biodiesel diffusion flame which were generated by lamp and small engine. The lamp energy 
consumption is 0.01 g/s. On the other hand, the small diesel engine has displacement of 638 cm3 and a 
rated output of 8.8 kW. The small diesel engine is a single cylinder, four strokes and direct injection. The 
fuel injection pressure was approximately 19.6 MPa. The engine was operated by constant speed of 2400 
rpm on the Eddy current engine dynamometer (Tokyo plant ED-60-LC). The fuel consumption of each 
fuel was measured by weight loss respect to time for comparison in the view point of energy 
consumption. PMs were introduced into the micro pores of DPF samples, as shown in Fig.1. The pressure 
drop between inlet and outlet of the DPF sample were measured in each trapping time in real time by 
pressure sensor.  

 
 

         
 

Fig.1. SEM images of cordierite DPF surface pores 
 

2.2. SEM and TEM   

The PM emitted from diffusion flame was collected by metal net in exhaust pipe and be removed to be 
a powder. The nanostructures of PMs and carbon platelet were investigated by using a scanning electron 
microscopy (FE-SEM: Hitachi S-4700, JEOL JSM-6301F) and a transmission electron microscopy 
(TEM: JEOL JEM-2010). In addition, carbon platelet length and atom density of PMs were estimated by 
TEM image using image processing.  
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3. Results and Discussions 

3.1. PMs quantity  

Figure 2 (a) and 2 (b) show the results of lamp and engine PMs trapping behaviours. Pressure drop 
between the inlet and outlet of the filter wall during diesel PM trapping was approximately 2 times higher 
than that of biodiesel PM. Hence, diesel soot formation was higher than biodiesel. This could be 
explained that more soot particle was remained in diesel combustion than those of biodiesel. Because it 
contains oxygen molecule, biodiesel is readily oxidized with available oxygen in the flame zone. 
Consequently, DPF trapping duration of biodiesel fuel has longer than that of diesel fuel because of PM 
concentration emitted from bio-oxygenated fuel combustion frame is lower than that of diesel 
combustion. 

  
  

(a) Lamp PM trapping                                                    (b) Engine PMs trapping 
 

Fig.2. Pressure differential of diesel and biodiesel (a) lamp and (b) engine PMs trapping 
 
 

3.2. PMs size distribution  

The soot particle is formed in the fuel spray cores, in which the rich fuel is contained, whereas the fuel 
vapor is heated by mixing with hot burned gases in the flame regions. Simultaneously, the surface of soot 
particle is also oxidized in the flame zone when it contacts with available oxygen. In this research, the PM 
image is taken to verify the diesel and biodiesel particle and carbon platelet sizes by micro- and nano- 
image.  

Figure 3 show SEM images of (a) diesel, (b) biodiesel PMs emitted from the lamp and (c) diesel, (d) 
biodiesel PMs emitted from the engine. Uniform submicron scale agglomeration of PMs is clearly seen. 
The agglomerate size was about 100 to 600 nm. The normalized of PM size distribution of approximately 
100 particles measured by SEM images were shown in Fig. 4 (a) based on particle number. Much amount 
number of 100 to 300 nm size was observed for both their particles emitted by the engine and lamp. The 
image showed that the biodiesel agglomerate particle size from both sources is slightly smaller than that 
of diesel particle.  

Figure 4 show TEM images of (a) diesel, (b) biodiesel PMs emitted from the lamp and (c) diesel, (d) 
biodiesel PMs emitted from the engine. Uniform ultrafine single (primary) particle of soot is clearly seen. 
The primary size was about 20 to 80 nm. The normalized of PM size distribution of approximately 100 
particles measured by TEM images were shown in Fig.4 (b). Much amount number of 30 to 50 nm size 
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was observed for both their particles emitted by the engine and lamp. Single particle sizes of biodiesel 
PMs are smaller than that of diesel.  

Absolutely, the oxygen content of bio-oxygenated fuel is strongly affected to the more complete 
combustion resulting in the smaller size of agglomerate and single particle of PMs. Moreover, the 
remaining oxygen atoms of bio-oxygenated fuel may be also strongly affected to the oxidation of PM 
surface. Consequently, the different size of a single particle might be depends on not only the 

genated fuel 
combustion.    

 
 

     
 

(a) Diesel l agglomerate PMs                     (b)  Biodiesel l agglomerate PMs 
 

     
 

(c) Diesel engine agglomerate PMs                     (d)  Biodiesel engine agglomerate PMs 
 

Fig.3. SEM images of (a) diesel lamp, (b) biodiesel lamp, (c) diesel engine and (d) biodiesel engine PMs 
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(a) Agglomerate particle of PMs by SEM images                             (b)  Primary particle of PMs by TEM images [18] 

 
Fig.4. Size distribution of (a) agglomerate and (b) primary particle of PMs by SEM and TEM images 

     
(a) Diesel l single particle of PMs                     (b)  Biodiesel l single particle of PMs 

     
(c) Diesel engine single particle of PMs                     (d)  Biodiesel engine single particle of PMs 

 
Fig.5. TEM images of (a) diesel lamp, (b) biodiesel lamp, (c) diesel engine and (d) biodiesel engine PMs 
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3.3. Carbon platelet size distribution   

The nanostructures of primary diesel soot particles have been characterized using a TEM to 
understand them in detail. Figure 6 (a) shows the nanostructure of diesel PM which is emitted from 
diffusion flame combustion inside a conventional small diesel engine. PM is investigated for number of 
carbon atom include in the particle. TEM image is used for numerate platelet number that aggregate 
layered in the particle. Each of platelet is consisted properly by carbon atom from incomplete combustion 
product. Figures 6 (b), (c), and (d) are the images of focused area before, after post processing of two 
colors and after post processing of carbon platelet length estimation, respectively. The estimated of 
platelet sizes are shown in Fig.7. The average of diesel carbon platelets is in the range of 0.1-7.0 nm. 
Another result of carbon atom number per volume is also estim
molecule of carbon-
ring of carbon then becomes a platelet. The PM from diesel engine contains approximately 829 atoms per 
nm3, 9.37 million atoms per a 30 nm diameter of single particle and 2776.46 million atoms per a 200 nm 
diameter of agglomerate particle, as shown in Table 1. As a result, the estimated of a 30 nm and 200 nm 
diameter of single and agglomerate particles mass are approximately 0.002 and 0.553 pico-grams, 
respectively. The atom density and mass of particle emissions is one of useful information for 
development of automobile after-treatment technology to improve the reduction of particle emission 
during trapping and oxidation process of the particulate filters.   

 

      
(a) TEM image of diesel PM                                (b) Focused TEM image of diesel PM 

 



764   Preechar Karin et al.  /  Energy Procedia   34  ( 2013 )  757 – 766 

     
 

(c) Black and white distribution of carbon platelets                                       (d)  Estimated length of carbon platelets 
 

Fig.6 , (b) focused area and after image processing of (b) two colors and (c) platelet length images  

 
 

Fig.7. Estimated carbon platelet length of PM by image processing method  
 

Table 1. An example of a table 

Carbon inside PM Atom density  

(atoms) 

Mass  

(pg) 

A cubic nanometer 829 1.65  E-8 

 

Single particle  (30 nm diameter) 

 

9.37  E6 0.002 

 

Agglomerate particle  (200 nm diameter) 2776.46  E6 0.553 
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4. Conclusions 

Biodiesel combustion produces PM about two times lower than that of diesel combustion. Therefore, 
the conventional DPF also can be used for about two times of trapping duration. This means the energy 
consumption of engine for both the effect of pressure drop while driving and DPF regeneration process 
can be reduced approximately two times.    

The single (primary) and agglomerate size of diesel particles is larger than that of biodiesel. This is due 
to the lower concentration of biodiesel carbon particles, which is readily oxidized with more available 
oxygen, in combustion flame due to oxygenated biodiesel fuel. 
assisted by oxygenated fuel combustion. On the other hand, the primary particle size from diesel engine is 
smaller than that of diesel lamp particle due to homogeneous air/fuel mixture effect to complete 
combustion.  

The carbon atom density and mass of PM could be estimated by using TEM image processing method. 
The length and density of carbon platelet might be strongly depended on the fuel properties and soot 
generation method. The bio-oxygenated fuel plays an important role for agglomerate particle and single 
particle size due to oxygen atom inside fuel molecule. Moreover, the impact of oxygenated fuel in the 
length of platelet also needed to investigate for better understanding. This is an interesting result of bio-
oxygenated fuel combustion behavior and particles emission nanostructure which should be researched in 
more details to discover the useful information for better understanding and future designs of modern ICE 
and DPF configurations.   
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ABSTRACT 

Nanostructures of diesel and biodiesel engine particulate 
matters (PMs) were investigated by using a Transmission 
Electron Microscopy (TEM). The average single particle 
sizes of biodiesel and diesel PMs are approximately 30-40 
nm and 50-60 nm, respectively. Image processing process 
was used to estimate each carbon platelet length by using 
TEM image. The average carbon platelet length of biodiesel 
and diesel PMs are in the range of 0.1-7.0 nm. Moreover, 
carbon atoms per cubic volume of PMs are approximately 
500-900. The result shows that engine load and fuel 
property are strongly impact on the size of single particle 
and carbon atom density of particle. This is one of 
interesting behaviors need to be investigated for better 
understanding. The results of this research would be used as 
basic information for design and develop removing process 
of PM emitted from engine combustion which using in 
diesel and biodiesel fuels. 

INTRODUCTION 

Among internal combustion engines (ICE), diesel engines 
have the highest thermal efficiency for a given output 
power. However, particulate matters (PMs) must be 
removed from the exhaust gas emitted from diesel engines 
to protect the environment and human health. Therefore, 
regulation of vehicle emissions has become increasingly 
strict. Diesel Particulate Filters (DPFs) play an important 
role in PM trapping and oxidation. A DPF is generally made 
of ceramic materials, such as cordierite or silicon carbide, 
consisting of many rectangular channels with alternate 
channels blocked using cement at each end. The exhaust gas 
is forced to flow through a channel wall having numerous 
micron-scale pores that trap the PM. Furthermore, the 
collected PM must be oxidized to regenerate the DPF and 
reduce the back pressure on the diesel engine [1-3]. 

The nanostructures of soot primary particles have been 
characterized using scanning electron microscope (SEM) 
and transmission electron microscopy (TEM) to understand 
them in detail. The mean diameter of the single primary and 
agglomerated particles is usually in the range of ultrafine 
particle and fine particle, respectively [4–11].  

The composition of PMs from a diesel engine may vary 
widely depending on the operating conditions and fuel 
composition. PM is traditionally divided into three main 
fractions: solid fraction (SOL), soluble organic fraction 
(SOF), and sulfate particulates (SO4) that consist of sulfuric 
acid and water. The SOL of diesel PMs is composed 
primarily of elemental carbon, sometimes referred to as 
inorganic carbon. This carbon, not chemically bound with 
other elements, is the finely dispersed carbon black or soot 
substance responsible for black smoke emission. 
Hydrocarbons (HCs) adsorbed on the surface of the carbon 
particles are present in the form of fine droplets from the 
SOF of diesel particulates. At times, this fraction is also 
referred to as the volatile organic fraction (VOF). The SOF 
fraction contains most of the polycyclic aromatic HCs 
(PAHs) and nitro-PAHs emitted with diesel exhaust gases. 
PAHs are aromatic HCs with two or more benzene rings 
joined in various forms that are more or less clustered. 
These require special attention because of their mutagenic 
and, in some cases, carcinogenic character. The water, 
unburned HC, carbon and ash regions are verified for 
oxidation reaction by Thermogravimatric Analysis (TGA) 
and Temperature Program Oxidation (TPO) [12–17].  

 
Applications of renewable oxygenated fuels is nowadays a 
widespread means to reduce amount and particle size of 
regulated pollutant emissions produced by internal 
combustion engines because oxygen atoms inside fuel 
molecules promote more completed combustion, as well as 
to reduce the greenhouse gas resulting from carbon neutral. 
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The combustion of bio-oxygenated fuel emits carbon 
dioxide (CO2) to the atmosphere for the growth of plants, 
which are produced by biodiesel fuel and released out of the 
atmosphere as carbon by photosynthesis. More advantages 
of biodiesel over other fuels are that it contains much lower 
sulfur and aromatic HC content [18, 19]. Therefore, the 
objective of the present research is to study nanostructure of 
biodiesel PMs by using TEM images and image processing 
process. The report would be successfully described as the 
useful information of biodiesel PM nanostructures for better 
understanding and future design of DPF configuration for 
diesel and biodiesel blends engine application in Thailand 
and Asian countries.  

METHODOLOGY 

A conventional diesel fuel (B4-5) was used and compared 
with the results of biodiesel fuel derived from palm-olein 
(biodiesel (B100) fuel of TIS 2313-2549). Diesel and 
biodiesel PMs were emitted from small engine. The engine 
has displacement of 638 cm3 and a rated output of 8.8 kW. It 
is a single cylinder, four strokes and direct injection. The 
fuel injection pressure was approximately 19.6 MPa. The 
engine was operated by constant speed of 2400 rpm on the 
Eddy current engine dynamometer (Tokyo plant ED-60-
LC). The PM emitted from engine which fuelled by 
conventional diesel and palm-olein biodiesel were collected 
to be a test sample. The metal net was installed at the end of 
original exhaust pipe, 30 cm after the exhaust valve, of the 
engine to collect the PM sample in exhaust pipe.  The 
nanostructures of PMs and carbon platelets were 
investigated by using a transmission electron microscopy 
(TEM: JEOL JEM-2010).  

In addition, carbon platelet length and atom density of PMs 
were estimated by TEM image using image processing. A 
high magnification particulate matter image from TEM was 
investigated in nanostructure by matlab image processing. 
The 10 nm x 10 nm image was cropped from the TEM 
image of the particulate matter from each fuel and each load 
condition as shown. These images were removed a noise 
and converted to be a black white image. After that, they 
were changed to be a skeleton to measure the carbon 
crystallites length which arranged as a layer in a spherical 
particle. Then, the crystallite lengths were calculated to 
carbon atom density. For the concept of estimation, the 
molecule of carbon-6 (C-6) is the possible smallest size. 
Such molecules are agglomerated to be the large ring of 
carbon then becomes a platelet. A crystallite length from 
black white image was valuated a carbon atom by assumed 
that the crystallite is consisted by 3 layers of platelet.  
 

RESULTS 

The nanostructures of primary diesel soot particles have 
been characterized using a TEM to understand them in 
detail. Figure 1 shows SEM image of diesel agglomerated 
PMs. Uniform fine agglomerate particle is clearly seen. The 
agglomerate size is about 100 to 600 nm and much amount 
number of 100 to 300 nm diameter was observed for both 
their particles emitted by the diesel and biodiesel engine. 
The result showed that the biodiesel agglomerate particle 
size from both sources is slightly smaller than that of diesel 

particle. Figure 2 shows TEM image of diesel PMs emitted 
from a small diesel engine of the present research. Uniform 
ultrafine single particle of PM is clearly observed. The PM 
single particle size was about 20 to 80 nm. The different size 
of a single particle might be depends on not only amount of 
carbon atoms accumulation but also the oxidation of PM’s 
surface during fuel combustion process. High temperature 
and high oxygen concentration conditions would be one of 
important oxygenated fuel advantage point on PM’s surface 
oxidation.   
 
Figure 3 shows TEM images of engine 50% load (a) diesel 
and (b) biodiesel, and 80% load (c) diesel and (d) biodiesel 
single PMs. Single particles are nearly sphere shape even 
though surface are not so smooth. Carbon platelets in the 
surface of particle are not so close distance and look like not 
so strong contact with other platelets. TEM image shows the 
different structure of inner core zone and outer shell zone of 
PMs. The inner core diameters are approximately 5 to10 nm.  
 

 
 
Figure 1. SEM image of fine agglomerated PM emitted 

from a small diesel engine.  
 

 
 
Figure 2. TEM image of ultrafine single PMs emitted from 

a small diesel engine.  
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(a) Diesel 50% load 

 

 
(b) Biodiesel 50% load 

 

 
(c) Diesel 80% load 

 

 
(d) Biodiesel 80% load 

 

Figure 3. TEM images of engine 50% load (a) 

diesel and (b) biodiesel, and 80% load (c) diesel 

and (d) biodiesel single PMs.  

 
(a) Diesel 50% load 

 

 
(b) Biodiesel 50% load 

 

 
(c) Diesel 80% load 

 

 
(d) Biodiesel 80% load 

 

Figure 4. TEM images of engine 50% load (a) diesel and 

(b) biodiesel, and 80% load (c) diesel and (d) biodiesel 

single PMs 10nm
2
 focused area.  
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(a) Diesel 50% load 

 

 
(b) Biodiesel 50% load 

 

 
(c) Diesel 80% load 

 

 
(d) Biodiesel 80% load 

 

Figure 5. Two colors TEM images post process of 

engine 50% load (a) diesel and (b) biodiesel, and 

80% load (c) diesel and (d) biodiesel single PMs 

10nm
2
 focused area.  

 
(a) Diesel 50% load 

 

 
(b) Biodiesel 50% load 

 

 
(c) Diesel 80% load 

 

 
(d) Biodiesel 80% load 

 

Figure 6. Skeleton TEM images post process of engine 

50% load (a) diesel and (b) biodiesel, and 80% load (c) 

diesel and (d) biodiesel single PMs 10nm
2
 focused area.  
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Moreover, the structure of carbon platelet inside inner core 
zone shows short length and non-homogeneous platelets, 
whereas long length and homogeneous platelets could be 
clearly observed in outer shell zone. Single particle could be 
observed two to four inner core portions. In the first process 
of PM formation, agglomerated inner core portion might be 
accumulated to be a single primary particle. After that, 
surface of single primary particle growth up by carbon atom 
with time until approximately 100 nm of diameter depended 
on engine operation condition which might be strongly 
effect on density of carbon atom per volume. In the last 
process, surface of PM is oxidized by oxygen molecule 
during combustion process. In addition, images show carbon 
platelet structures of connection zone between two single 
primary particles are also quite homogeneous platelet 
density compare to the inner core zone.   
 
PM is investigated for number of carbon atom include in the 
particle. TEM image is used for numerate platelet number 
that aggregate layered in the particle. Each of platelet is 
consisted properly by carbon atom from incomplete 
combustion product. Figures 4, 5 and 6 are the images of 
original 10 nm2 focused area, after post processing of two 
colors and after post processing of skeleton carbon platelet 
length estimation, respectively. Condition of 50% load 
diesel, 50% load biodiesel, 80% load diesel and 80 load 
biodiesel engines are shown in (a), (b), (c), and (d) of each 
Fig. The focused areas of all images are homogeneous 
platelet area in each outer shell zone. Original gray color 
could be successfully changed to two colors images in the 
first step. The lengths of each platelet in each sample are 
quite different, whereas the distances of each platelet are 
also not too different. From the skeleton images, the carbon 
platelets inside the PM were measured by image processing 
program. The skeleton carbon platelets, which have 1 unit 
pixel width for each platelet, were measured for the white 
area in the image to be a carbon platelet length. The 
estimated of platelet sizes distribution in each condition are 
shown in Fig.7. The average of diesel and biodiesel PM 
carbon platelets is in the range of 0.1-7.0 nm. Another result 
of carbon atom number per volume is also estimated. Much 
amount of about 1 nm carbon platelet length is clearly 
observed in this research. 
 
The concepts of estimation are “the molecule of carbon-6 
(C6) is the possible smallest size” and “there are 3 layers 
arranged to be a platelet”. Such molecules are agglomerated 
to be the large ring of carbon then becomes a platelet. The 
PM are contains approximately 600 to 900 atoms and 1.1E-8 
to 1.7E-8 pico-grams per a cubic nanometer, as shown in 
Table 1. The particle mass and carbon atom number inside 
single particle was estimated by base on atom density and  
average primary size of each condition particle. The million 
atom number and mass of each particle size and engine 
operation condition could be successfully calculated and 
summarized in Fig. 8 (a) and 8 (b), respectively. Atom 
density and mass per volume of biodiesel is a little bit lower 
than those of diesel PMs. Moreover, the different result of 
different load condition was also clearly observed in the 
present research. The carbon atom density and mass of 
particle emissions is one of very useful information for 
development of advanced engine after-treatment technology 
to improve the reduction of particle emission during 
trapping and oxidation process of the particulate filters.  

Therefore, the different of carbon density inside diesel and 
biodiesel particle emission would be investigated for better 
understanding and optimization of after-treatment devices.    

 
(a) Diesel 50% load 

 
(b) Biodiesel 50% load 

 
(c) Diesel 80% load 

 
(d) Biodiesel 80% load 

Figure 7. Platelet length distribution of 50% load (a) diesel 

and (b) biodiesel, and 80% load (c) diesel and (d) biodiesel 

single PMs 10nm
2
 focused area.  
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Table 1. Result of estimated atom density, mass per volume 

and atom number of PMs. 

  

 

PMs 
Diesel Biodiesel 

50% 
load 

80% 
load 

50% 
load 

80% 
load 

Atom Density                  
(atoms/nm3) 800 838 706 584 

Mass per Volume                      
(pg/nm3) 

1.594 
E-8 

1.670       
E-8 

1.407                 
E-8 

1.164                
E-8 

Average Single Diameter 
(nm) 32.13 30.90 31.59 30.31 

Average Single Particle 
Mass (pg) 

2.767 
E-4 

2.578                  
E-4 

2.321                  
E-4 

1.696                
E-4 

Average Single Particle 
Atom (Million atoms) 13.887 12.939 11.647 8.510 

 

 
(a) Atom number versus particle diameter 

 

 
(b) Mass  versus particle diameter 

 
Figure 8. Calculated total (a) carbon atom number and (b) 

carbon mass versus diameter of each engine load and fuel 

PMs.    
 
CONCLUSION 

Nanostructure of particulate matters (PMs) emitted from 
diesel and biodiesel are clearly discussed in the present 
report. The carbon atom density and mass of PM could be 
successfully estimated by using TEM image processing 
method. The length and density of carbon platelet strongly 
depended on fuel properties and engine operation condition. 
Estimated atom density and mass per volume of PM are in 
the range of 600 to 900 atoms and 1.1E-8 to 1.7E-8 pico-
grams per a cubic nanometer. The impact of oxygenated fuel 
and combustion temperature on the length and distance of 
platelet needed to investigate for better understanding. This 
is an interesting result of bio-oxygenated fuel combustion 
behavior and particles emission nanostructure which should 

be researched in more details to discover the useful 
information for better understanding and future designs of 
modern Internal Combustion Engines and Diesel Particulate 
Filter (DPF) configurations.    
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Abstract 
Size distribution of particulate matters (PMs) emitted from a diesel vehicle were investigated by using 

a Scanning Mobility Particle Sizer (SMPS). The single and agglomerated particle sizes of PMs are in the 
range of 10-60 nm and 60-130 nm, respectively. The maximum single and agglomerated particle numbers 
are approximately 20-40 nm and 90-110 nm. At the engine warm-up idle condition, the number of single 
particle is quite high and then gradually decreased with time. Finally, the single particle number is nearly 
constant after an hour of the engine operates in idle condition. This is an interesting result of particles 
emission which should be researched in more details to discover the useful information for better 
understanding and future designs of modern Internal Combustion Engines and Diesel Particulate Filter 
configurations.    

 
Keywords: Diesel Engine, Particulate Matter, SMPS, Electrostatic Classifier  

 
1. Introduction 

Among internal combustion engines (ICE), 
diesel engines have the highest thermal efficiency 
for a given output power. However, particulate 
matters (PMs) must be removed from the exhaust 
gas emitted from diesel engines to protect the 
environment and human health. Therefore, 
regulation of vehicle emissions has become 
increasingly strict.  

The composition of PMs from a diesel engine 
may vary widely depending on the operating 
conditions and fuel composition. PM is 
traditionally divided into three main fractions: solid 
fraction (SOL) and soluble organic fraction (SOF). 
The SOL of diesel PMs is composed primarily of 

elemental carbon, sometimes referred to as 
inorganic carbon. This carbon, not chemically 
bound with other elements, is the finely dispersed 
carbon black or soot substance responsible for 
black smoke emission. Hydrocarbons (HCs) 
adsorbed on the surface of the carbon particles 
are present in the form of fine droplets from the 
SOF of diesel particulates. At times, this fraction 
is also referred to as the volatile organic fraction 
(VOF). The SOF fraction contains most of the 
polycyclic aromatic HCs (PAHs). PAHs are 
aromatic HCs with two or more benzene rings 
joined in various forms that are more or less 
clustered. The water, unburned HC, carbon and 
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ash regions are verified for oxidation reaction by 
Thermogravimatric Analysis (TGA) [1–11].  

Particle emissions size and structure is very 
complicate and difficult to measure the exact 
value because of very small size. Size distribution 
and nanostructures of soot primary particles have 
been characterized using scanning electron 
microscope (SEM) and transmission electron 
microscopy (TEM) to understand them in detail. 
The mean diameter of the single primary and 
agglomerated particles is usually in the range of 
ultrafine particle (30-60 nm) and fine particle 
(100-300 nm), respectively [12-16]. 

The present research objective is to 
characterize diesel vehicle PM size distribution by 
using a Scanning Mobility Particle Sizer (SMPS). 
The results could be compared to the previous 
research which successfully report PM size 
distribution by using SEM and TEM images. The 
result would be successfully described as the 
useful information of biodiesel PM nanostructures 
for better understanding and future design of DPF 
configuration for diesel engines. 

 
2. Methodology 

A conventional diesel fuel in Graz, Austria as 
shown in Table 1 was used in the present 
research. The lower heating value (LHV) of diesel 
fuel is 42,482 J/g. Carbon, hydrogen and oxygen 
contents are 85.6, 13.4 and 0.5 percent, 
respectively. Diesel PM was emitted from a diesel 
van as shown in Table 2. The vehicle engine has 
displacement of 2,461 cm3 and a rated output of 
75 kW. It is a four cylinders, four strokes and 
direct injection. The engine was operated by idle 
condition at neutral position. The PM emitted from 
engine was characterized by “Particle Emission 

Test Laboratory”, Institute for Internal Combustion 
Engines and Thermodynamics, Graz University of 
Technology, Graz as shown in Fig. 1.   

  

Table 1 Diesel Fuel Properties 
 Method Value Unit 

LHV DIN 51 900-2 mod. 42,482 J/g 
Carbon DIN 51 732 85.6 % (m/m) 

Hydrogen DIN 51 732 13.4 % (m/m) 
Oxygen DIN 51 732 mod. 0.5 % (m/m) 

 
 

Table 2 Vehicle and Engine Specification 
 Method Unit 

Maker VOLKSWAGEN - 
Trade Name KASTENWAGEN TDI - 
Vehicle Type 70 T - KASTEN - 

Fuel Diesel - 
Engine Displacement 2,461 cc 

Rated Output 75 kW 
After Treatment Non-DPF - 
 
 

 
 

Fig. 1 A diesel van particle emissions test 
laboratory in “Institute for Internal Combustion 
Engines and Thermodynamics, Graz University of 
Technology. 
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Fig. 2 Particle size distribution measurement 
device “Series 3080 Electrostatic Classifiers 
(Courtesy of www.tsi.com)”.  
 
 

 
 

Fig. 3 A Scanning Mobility Particle Sizer (SMPS) 
for particle size distribution at “Institute for Internal 
Combustion Engines and Thermodynamics, Graz 
University of Technology. 

Exhaust gas emitted from the exhaust pipe of 
vehicle was introduced into the dilution system 
and then gas sample was sucked from the 
dilution system to a Scanning Mobility Particle 
Sizer (SMPS) for size distribution characterization 
in the range of 10 nm to 400 nm diameter as 
shown in Fig.2 and Fig.3. Gas sample was 
characterized for both during engine warm-up 
approximately one hour and also after engine 
warm-up. The sample was characterized every 10 
to 20 minutes.   

 
3. Results and Discussion 

Figure 4 shows the particle size distribution 
during engine warm-up condition. The first peak 
of particle size distribution is approximately 20 nm 
to 30 nm. This first region is the single particle of 
PMs. The second peak of particle size distribution 
is approximately 90 nm to 100 nm. This second 
region is the agglomerated particle of PMs. It was 
clearly observed that during engine warm-up, 
particle number decreased with time for both 
single and agglomerated zones. It means 
combustion efficiency of the engine increased 
with the temperature of engine during warm-up 
condition. Moreover, much amount number of 
single particle could be observed at the beginning 
of warm-up condition and decreased with time. 
The number of single and agglomerated particle 
number are in the same range after 40 minutes 
engine warm-up in idle condition.  

Figure 5 shows the particle size distribution 
during the second hour of testing. It was clearly 
seen that amount of single and agglomerated 
particles are nearly constant in 300 and 400 
particles per cubic centimeter, respectively.    
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Fig. 5 Particle size distribution of PMs after an hour engine warm-up. 

Fig. 4 Particle size distribution of PMs during an hour engine warm-up. 
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Figure 6 and 7 show Scanning Electron 
Microscope (SEM) and model images of PMs. 
Single and agglomerated particle model could be 
imaged based on the result of SEM images. The 
particle size range is also acceptable value when 
compare to the result from Scanning Mobility 
Particle Sizer (SMPS). However, the small 
different of size from both type of measurement is 
depend on the definition of each diameter which 
should be clearly clarify for high performance 
DPF design and development.      

 

 
 

Fig. 6 Scanning Electron Microscope (SEM)  
images of PMs (Courtesy of Doctoral Thesis, 
P.Karin Tokyo Institute of Technology). 
 

 
Fig. 7 Model of PMs which consisted of single 
and agglomerated size.  

  5. Conclusions 
Size distribution of particulate matters (PMs) 

emitted from a diesel vehicle were successfully 
investigated by using a Scanning Mobility Particle 
Sizer (SMPS). The single and agglomerated 
particle sizes of PMs are in the range of 10-60 
nm and 60-130 nm, respectively. Much amount of 
single and agglomerated particle diameter are in 
the range of approximately 20-40 nm and 90-110 
nm. At the engine warm-up idle condition, the 
number of single particle is quite high and then 
gradually decreased with time.  

Particle size and structure are agreed with 
SEM image result from previous research. This is 
an interesting result of particles emission which 
should be researched in more details to discover 
the useful information such as particle weight and 
charge for future designs of modern Internal 
Combustion Engines and Particulate Filter 
configurations.    
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ABSTRACT Particulate matters (PMs) oxidation kinetics by Thermo-gravimetric analysis (TGA) was successfully studied. 
The chemical content percentage of PM can be divided by oxidation temperature zoning in three main regions which are 
moisture, unburned hydrocarbon (HC) and carbon. It is clearly observed that the amount of each region is strongly depending on 
engine operating condition, the amount of unburned HC in low load condition of the engine load are larger than that of high load 
condition. The calculated apparent activation energies of biodiesel PM oxidation are lower than that of diesel PM and carbon 
black because of unburned oxygenated molecule. The calculated apparent activation energy of biodiesel and diesel PMs oxidize 
with air is in the range of 147–157 kJ/mole and 153–165 kJ/mole, respectively. The results of this research would be used as 
basic information for design and develop removing process of particulate matter emitted from engine combustion which using in 
diesel and biodiesel fuels. 

 
KEY WORDS: Diesel engine, Particulate matter, Biodiesel, Activation Energy, Oxidation Kinetics.

1. INTRODUCTION  

Among conventional internal combustion 
engines (ICE), diesel or compression-ignition (CI) 
engines have the highest thermal efficiency for a given 
output power. However, diesel engines are an important 
source of particulate matters (PMs); between about 0.2 
and 0.5 percent of the fuel mass in emitted as small 
particles which consist primary of soot with some 
additional absorbed hydrocarbon material (Heywood, 
1998). PMs must be removed from the exhaust gas 
emitted from diesel engines to protect the environment 
and human health. Therefore, regulation of vehicle 
emissions has become increasingly strict.   

Recent research trends are reviewed for 
physical and chemical PM characterization methods for 
gasoline and diesel fueled engines under various vehicle 
certification cycles and real-world driving conditions 
(Myung et al., 2014). Physical properties of engine PMs 
have been published by several researchers. The 
formation of PMs is through to take place via a number 
of elemental steps: pyrolysis, nucleation, surface growth  
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and coagulation, aggregation and oxidation. These 
processes take place on different time scales, ranging 
from a few microseconds to some milliseconds (Neeft et 
al., 1996). Surface growth is the process in which the 
precursor molecules grow from nanoparticles. 
Simultaneously, another process takes place: 
coagulation. Small particulates collide and coalesce, 
forming larger spherical particles. Aggregation or 
chain‒forming coagulation accounts for the formation 
of the well‒known “fractal” structure of soot 
(Eastwood, 2008). The carbon atoms are bonded 
together in hexagonal face-centered arrays in planes 
commonly referred to as platelets. Platelets are arranged 
in layers to form crystallites (Smith, 1981). Diesel PM 
consists of two particles: i) fractal-like agglomerates of 
primary particles, consisting of carbon and traces of 
metallic ash, and coated with condensed heavier and 
organic compounds and sulfate, and ii) nucleation 
particles composed of condensed HCs and sulfate 
(Maricq, 2007).  

Chemical composition of diesel PMs have been 
also clearly reported by researchers in all regions. The 
composition of PMs from diesel engines may vary 
widely, depending on the operating conditions and fuel 
composition. PM is traditionally divided into three main 
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fractions: i) solid fraction (SOL) that consists of 
elemental carbon and metallic ash, ii) soluble organic 
fraction (SOF) that consists of organic material derived 
from engine lubricating oil and fuel, and iii) sulfate 
particulates (SO4) that consist of sulfuric acid and water 
(Kittelson, 1998; Majewski et al., 2006). The element 
carbon, not chemically bound with other elements, is the 
finely dispersed carbon black or soot substance 
responsible for black smoke emission. Ash consists of a 
mixture of: i) sulfates, phosphates, or oxides of calcium, 
zinc, magnesium, and other metals that are formed in 
the combustion chamber from burning additives in the 
engine lubricating oil, ii) metal oxide (iron, copper, 
chromium, and aluminum) impurities resulting from 
engine wear, which are carried into the combustion 
chamber by the lube oil, and iii) iron oxides resulting 
from corrosion of the engine exhaust manifold and 
exhaust system components (Merkel, 2001). 

Scanning Electron Microscopic (SEM) and 
Transmission Electron Microscope (TEM) observation 
of PMs have been conducted by several researchers. A 
primary soot particle has two distinct parts: an inner 
core and an outer shell. The inner core, with a diameter 
of 10 nm, exists at the center of the primary particle and 
consists of several fine particles, 3‒4 nm in diameter. 
The outer shell is composed of microcrystallites with 
periodic orientation of carbon sheets, also called a 
graphitic structure. Almost all the crystallites are planar, 
1 nm thick and 3‒5 nm wide, and are oriented 
perpendicular to the radius of the primary particle 
(Ishiguro, et al., 1997). Some primary particles were 
found to have a hollow interior and the outer shell 
exhibiting evidence of graphitization, with a higher 
crystalline than the non-hollowed particles (Vander 
Wal, et al., 2007). 

Size distribution of diesel PMs have been 
reported by several researchers. Most of the particle 
mass exists in the accumulation mode in the diameter 
range of few hundred nanometers. The nuclei mode 
typically consists of particles in the few nanometers 
diameter range. This mode usually consists of volatile 
organic and solid carbon compounds. The nuclei mode 
typically contains lower than 20% of the particle mass, 
and more than 90% of the particle number. The coarse 
mode contains up to 20% of the particle mass; it 
consists of accumulation mode particles that deposit on 
cylinder and exhaust system surfaces, and are later re-
entrained. Size definitions for atmospheric particles are 
PM10, diameter (D) < 10 µm; fine particles, D < 2.5 
µm; ultrafine particles, D < 0.10 µm; and nanoparticles, 
D < 0.05 µm or 50 nm (Kittelson, 1998). The particles 
in the size range from 20 to 200 nm are very sensitive to 
sudden changes of the engine power (Soylu, 2014). 

The oxidation behavior of PMs has been 
investigated using thermogravimetric analysis (TGA) 
and temperature program oxidation (TPO) to evaluate 

reaction activity. The fit curve results of reaction order 
for both oxygen and carbon, and the activation energies, 
were defined and reported. The order in carbon is close 
to the order of 2/3 (0.67), making it applicable for the 
shrinking-core model. The order of reaction rate in 
oxygen is close to 1. The activation energy (Ea) of 
carbon oxidation is around 150‒170 kJ/mole (Neeft et 
al., 1997; Darcy et al., 2007; Fino et al., 2008).  

A diesel after-treatment technology that 
substantially reduces diesel engine particle emissions is 
a Diesel Particulate Filter (DPF). The DPF plays an 
important role in particulate trapping and oxidation. 
These processes involve the most complex behavior of 
PMs and reaction phenomena. Mechanisms of engine 
PMs trapping and oxidation on DPF wall surface were 
successfully clarified via real-time macro-microscopic 
visualization method (Hanamura et al., 2009; Karin et 
al., 2010; Oki et al., 2011).  

Moreover, PMs from biodiesel fuel also 
investigated and compared with the conventional diesel 
fuel. Since, the biodiesel fuel is the alternative fuel 
which is a possible choice for usage instead of diesel 
fuels. Thai government promote biodiesel using to Thai 
people because of Thailand can produce the biodiesel in 
the country by palm oil. The PM diameter size and 
quantity from biodiesel engine emission is smaller than 
that of diesel. It might be the effect of oxygenated fuel 
promotes more completely combustion and makes 
smaller size exiting (Karin et al., 2013). In the case of 
biofuel, especially, measured particle parameters such 
as primary particle size and the radius of gyration were 
decreased compared to those of conventional diesel 
(Lee et al., 2013). The objective of the present research 
is to study diesel and biodiesel blends PMs oxidation 
kinetics by TGA method. The oxidation kinetics and 
apparent activation energies would be calculated by 
using chemical composition, micro-nanostructures and 
oxidation temperature for better understanding and 
future design of DPF configuration for diesel and 
biodiesel blends engine application. 

 

Figure 1. Distillation curves of palm-olein biodiesel 
(B100) and conventional diesel (B4-5) in Thailand. 
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2. METHODOLOGY  
 
2.1. Fuels 

A conventional diesel fuel (B4-5) was used and 
compared with the results of biodiesel fuel derived from 
palm-olein (B100: TIS 2313-2549). Distillation curves 
(Temperature-Vaporization) of both fuels are shown in 
Figure 1. It was clearly observed that diesel fuel could 
be distilled in wide range of temperature due to fossil 
fuel consisted of much kind of molecules whereas 
biodiesel is quite pure molecule resulting in vaporized at 
the constant temperature. The vaporize temperature of 
biodiesel is higher than that of diesel. Therefore, the 
high temperature inside the biodiesel engine combustion 
chamber will be reduced.  

2.2. Engine 
Diesel and biodiesel PMs were emitted by 

diesel and biodiesel small engine. The small diesel 
engine has displacement of 638 cm3 and a rated output 
of 8.8 kW. The small diesel engine is a single cylinder, 
four strokes and direct injection. The fuel injection 
pressure was approximately 19.6 MPa. The engine was 
operated by constant speed of 2400 rpm on the Eddy 
current engine dynamometer (Tokyo plant ED-60-LC).  
 
2.3. Thermo-gravimetric Analysis (TGA) 

The oxidation kinetics of carbon black (N-
330), PMs emitted from diesel and biodiesel engine 
were investigated by using TGA method with 0.1 mg 
sensitivity, 0.1% accuracy of balance mass and    C of 
temperature error. Non-isothermal method was also 
used to investigate oxidation kinetics of each unburned 
HC and carbon under the condition of temperature 
increasing rate of 10  C per minute from  5  C to      C 
with 100% oxygen atmosphere.  

Isothermal TGA test was also done for all PM 
samples. Diesel and biodiesel PM samples were 
collected at 80% load from the single cylinder engine. 
Each sample was tested at four different temperature 
including 450, 500, 550 and 600  C. Nitrogen was used 
to heat up the sample to desired temperature then pure 
oxygen is introduced for soot oxidation for one hour. 
The same process is done with air as oxidizer. Chemical 
kinetics of PM oxidation is studied by using mass 
conversion behavior from TGA. The chemical reaction 
rate in Eq.1 can be calculated from the TGA mass 
conversion curve based on the chemical kinetic in Eq.2. 
Where PM is PM mass, t is time, n, m are the reaction 
order of PM and oxygen, respectively. The reaction 
order n is assumed to be 2/3 as shrinking core model 
because PM is like spherical shape. In order to calculate 
the apparent activation energy (Ea) of PM oxidation, the 
chemical reaction rate constant k at each temperature in 
Eq.2 is expressed by Eq.3. Where A is the frequency 

factor, Ea is the activation energy, R is the gas constant. 
Finally, the apparent activation energy can be calculated 
by Eq.4 using the Arrhenius plot.       
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3. RESULTS AND DISCUSSION 
 
3.1 SEM and TEM images 

Figure 2 (a) and (b) show SEM and TEM 
images of engine diesel PMs. Uniform submicron scale 
agglomeration and single of PM is clearly seen. The 
agglomerate and single size were micron (fine particle) 
and submicron (ultrafine particle) scale, respectively. 
Smaller size of biodiesel agglomerated and single 
particle PMs are clearly seen. Size distribution of PMs 
was clearly observed by SEM and TEM images (Karin 
et al., 2013).  

Figure 3 (a) and (b) show SEM and TEM images of 
engine biodiesel PMs. Uniform submicron and micron 
scale of agglomeration and single of PM is also clearly 
observed. The average agglomerate and single sizes of 
both diesel and biodiesel PMs are approximately 100-
300 nm and 30-60 nm, respectively. PMs are collected 
by the metal net from the exhaust gas during engine 
running for PMs oxidation kinetics investigation by 
TGA method. Chemical composition and morphology 
of PMs surface will strongly impact on the oxidation 
behavior of each PMs.   

3.2 Non Isothermal PMs Oxidation Kinetics 

Figure 4 (a) shows the mass conversion of PM 
emitted from diesel and biodiesel engine. It’s clearly 
observed that carbon black was start of oxidation around 
5      while diesel and biodiesel  Ms were start of 
oxidation around 3  -4    .  Ms emitted from biodiesel 
engine were oxidized faster than that of PMs emitted 
from diesel engine. Moreover, PMs emitted from the 
low load operation condition of the engine were 
oxidized faster than that of the high load operation 
condition of the engine. 
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(a) SEM image of diesel PMs 
 

 
 

(b) TEM image of diesel PMs 
 

Figure 2. (a) SEM and (b) TEM images of uniform 
submicron scale diesel PMs.  
 

 
 

(a) SEM image of biodiesel PMs 
 

 
 

(b) TEM image of biodiesel PMs 

Figure 3. (a) SEM and (b) TEM images of uniform 
submicron scale of biodiesel PMs. 
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(a) Mass conversion of PMs oxidation 

 

 
(b) Mass conversion rate of PMs oxidation 
 

Figure 4. Mass (a) conversion and (b) conversion rate of 
PMs emitted from diesel and biodiesel engine in the 
operation condition of no-load and 80% load compared 
with carbon black by TGA. 
 

Figure 4 (b) shows the mass conversion rate of 
PMs oxidation. It can be described that the different 
oxidation rate at each temperature range are caused by 
the difference of incomplete combustion product inside 
each PM. PMs can be clearly divided the chemical 
consistent by consider the oxidation temperature zone. 
Moisture is vaporized in the first peak at low 
temperature  5–      .  n burned    is oxidized in 
second and third peaks at temperature of    –4      and 

3  –5     .  in ally, carbon inside PM is oxidized in last 
peak at temperature 5  –6      same as carbon black 
oxidation. 

Consequently, the unburned hydrocarbon of 
engine combustion strongly impact on the oxidation 
temperature and oxidation rate of PMs. Oxygenated 
unburned hydrocarbon of biodiesel engine also reduce 
the oxidation temperature and increase oxidation rate of 
PMs. Much amount of unburned hydrocarbon at low 
load condition of the engine operation is play important 
role in lower oxidation temperature of PMs.  
 
3.3 Chemical Consistent of PMS  
 
Figure 5 shows the estimation results of chemical 
consistent inside diesel and biodiesel PM in each 
operation condition of the engine by TGA method. PM 
of the diesel engine is consisted approximately of 4% 
moisture, 68% unburned HC and 28% carbon of no-load 
condition while medium load condition has 6% 
moisture, 54% unburned HC and 40% carbon and high 
load condition has 4% moisture, 38% unburned HC and 
58% carbon, as shown in Figure 5 (a). Figure 5 (b) 
shows the results of PMs emitted from the biodiesel 
engine. PM of biodiesel combustion is consisted 
approximately of 4% moisture, 83% unburned HC and 
13% carbon of no-load condition while medium load 
condition has 9% moisture, 77% unburned HC and 14% 
carbon and high load condition has 4% moisture, 49% 
unburned HC and 47% carbon.  

PM in the high load condition has lower 
unburned HC fraction than that of the lower load 
condition. It might be expected that the combustion 
temperature, the temperature of gas in high load 
condition is higher than from low load condition, are 
strongly impact to unburned HC fraction. Some of 
unburned HC might be oxidized with remain oxygen in 
high temperature inside the combustion chamber and 
exhaust gas in exhaust manifold. PM from biodiesel 
engine combustion has more unburned HC fraction than 
that of diesel engine combustion. According to that 
biodiesel fuel has lower heating value than that of diesel 
fuel. In the same load condition, biodiesel must be used 
more for fuel injection to combustion chamber in 
combustion duration. More of fuel remaining in 
combustion duration is burned to be more HC in PM. 
The estimated carbon and hydrocarbon content inside 
PMs are agree with the results of CHN analysis, as 
shown in Figure 6. Carbon fraction inside carbon black 
is higher than that of diesel and biodiesel engine PMs, 
respectively due to unburned oxygenated hydrocarbon 
of biodiesel PMs. It was clearly observed that carbon 
fraction inside low load engine PMs are lower that of 
high load engine operation condition due to unburned 
fuels. 
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(a) Diesel PMs oxidation 

 
(b) Biodiesel PMs oxidation 

 
Figure 5. Chemical consistent of (a) diesel PMs 
oxidation and (b) biodiesel PMs oxidation using PMs 
mass conversion by TGA. 
 

 
Figure 6. Chemical (carbon and hydrogen) consistent of 
diesel and biodiesel PMs using CHN analyzer.  

3.4 Isothermal PMs Oxidation Kinetics of PMS  
 

The result of isothermal TGA at higher 
temperatures including 450, 5  , 55  and 6    C is 
plotted at Figure 7 and Figure 8 for oxygen and air, 
respectively. The conversion rate of all 80% engine load 
PM samples including diesel and biodiesel increases by 
increase of temperature. The conversion rate of 
biodiesel and diesel PMs is almost the same while after 
introduction of oxygen at desired temperature the PM 
sample from biodiesel shows a relatively faster 
conversion rate in comparison with the diesel. The main 
reason for all these behaviors is due to difference in 
composition of PM from diesel and biodiesel.  

The PM from biodiesel consists of unburned 
oxygenated hydrocarbon (HC) in comparison with 
unburned non-oxygen hydrocarbon from diesel fossil 
fuel. As biofuels are oxygenated fuels, they may have 
more oxygen content in the PM and this can boost 
oxidation and thus biodiesel shows faster oxidation rate 
in comparison with diesel. The increase in temperature 
is also responsible for increase in rate of conversion.  

The difference of composition of PM will 
result in difference of apparent activation energy. In 
comparison between oxygen and air, the conversion 
results of air shows slower graph in all temperatures for 
both diesel and biodiesel PMs. This can be due to lower 
abundance of oxygen in the air (about 21%) in 
comparison with pure oxygen and thus more oxygen 
molecules can be present to start the oxidation reaction 
with PMs, therefore faster conversion and oxidation can 
be seen in presence of pure oxygen and slopes of the 
graphs are sharper in comparison with air. 

Figure 9 and 10 show samples of Arrhenius 
plots of the 80% engine load PM oxidation with pure 
oxygen and air respectively, by using Eq.4. The slope of 
diesel and biodiesel PM oxidation with air are not much 
different even some different results in the case of pure 
oxygen are observed. Moreover, the calculated apparent 
activation energies, Ea which was calculated from the 
results of the present research, of different PM oxidation 
fraction are also showed that it’s not much different. It 
might be expected that high engine load condition 
emitted low concentration of unburned hydrocarbon and 
much amount of carbon fraction which is same apparent 
activation energy of soot oxidation. 

Table 1 shows the comparison of calculated 
apparent activation energies of the 80% engine load 
diesel and biodiesel PMs oxidized with pure oxygen and 
air in different PM burned fraction. The apparent 
activation energy of biodiesel and diesel PMs with air 
are in the range of 147–157 kJ/mole (with error of 3%, 
152±5) and 153–165 kJ/mole (with error of 4%, 159±6), 
respectively. However, the apparent activation energies 
in the case of pure oxygen are very wide range. It might 
be expected that very high concentration of oxygen  
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(a) Diesel vs carbon black 

 
(b) Biodiesel vs carbon black 

 
(c) Diesel vs biodiesel 

Figure 7. Conversion (a) diesel vs carbon black (b) 
biodiesel vs carbon black and (c) diesel vs biodiesel 
PMs oxidation with pure oxygen. 

 
(a) Diesel vs carbon black 

 
(b) Biodiesel vs carbon black 

 
(c) Diesel vs biodiesel 

Figure 8. Conversion (a) diesel vs carbon black (b) 
biodiesel vs carbon black and (c) diesel vs biodiesel 
PMs oxidation with pure air. 
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(a) Arrhenius plots of diesel vs biodiesel PMS 
oxidize with pure oxygen in 30% PM burned 

 
 
 

 
 

(b) Arrhenius plots of biodiesel PM oxidation with 
pure oxygen in different PM burned fraction of 
30%, 50% and 70% 
 
 

Figure 9. Sample of Arrhenius plots of PM oxidation 
with pure oxygen (a) diesel vs biodiesel in 30% burned 
fraction and (b) biodiesel in different burned fraction 
of 30%, 50% and 70%.  

 
 

(a) Arrhenius plots of diesel vs biodiesel PMS 
oxidize with air in 30% PM burned 
 

 
 

 
 

(b) Arrhenius plots of biodiesel PM oxidation 
with air in different PM burned fraction of 
30%, 50% and 70% 
 
 

Figure 10. Sample of Arrhenius plots of PM oxidation 
with air (a) diesel vs biodiesel in 30% burned fraction 
and (b) biodiesel in different burned fraction of 30%, 
50% and 70%.  
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cause very high oxidation rate of PMS and resulting in 
more error of estimation. Consequently, PMs emitted 
from biodiesel can be oxidized at the lower apparent 
activation energy when compared to that of diesel 
because the impact of some unburned oxygenated fuel 
of biodiesel plays an important role in PM combustion 
even though the oxidation behavior of carbon zone for 
both fuel are not too different.  

 
Table 1. The apparent activation energies of diesel and 
biodiesel PMs oxidize with pure oxygen and air. 
PM burned fraction Apparent Ea (kJ/mole) 

   Pure oxygen            Air 
Biodiesel 152±5 

Biodiesel 30% burned 147                  147 
Biodiesel 50% burned 181                  157 
Biodiesel 70% burned 206                  151  

Diesel 159±6 
Diesel 30% burned 182                  153 
Diesel 50% burned 245                  165 
Diesel 70% burned 236                  159 
 
4. CONCLUSIONS  
 

Diesel and biodiesel PMs oxidation kinetics 
was clearly observed in this research. PM in high load 
condition of the engine has lower unburned 
hydrocarbons (HCs) fraction than that lower load 
condition. The amount of unburned HC in PM might 
effect in faster oxidation because oxidation temperature 
at lower than 5    C of unburned HC can oxidization. 
Biodiesel PM is easier to oxidize than diesel PM and 
carbon black because of unburned oxygenated 
hydrocarbon. 

The calculated apparent activation energy 
(non-isothermal method as practical use in the actual 
vehicle) of biodiesel PM oxidation is also lower than 
that of diesel PM and carbon black. The apparent 
activation energy of PMs emitted from the biodiesel and 
diesel high load engine is 152±5 kJ/mole and 159±6 
kJ/mole, respectively. Because of oxygen atom included 
inside oxygenated fuel molecule promotes low PM 
oxidation activation energy. However, oxidation rate of 
PMs is strongly related to not only apparent activation 
energy but also physical impact of reaction order and 
frequency factor would be investigated.   
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