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จําพวกแคโรทินอยด และในสวนท่ีสองเปนการสกัดสารในกลุมฟนอลิกดวยนํ้าท่ีสภาวะกึ่งวิกฤต (อุณหภูมิระหวาง 
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Abstract 

This research aims to investigate suitable conditions for sub- and supercritical fluids extraction of 

natural materials in Thailand to produce value added products. The first part involves extraction of 

carotenoids and the purification of the compound by chromatography. The second part of the 

project involves subcritical water extraction of herbs and natural materials. 
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Executive Summary 

ของไหลวิกฤตยวดย่ิงหมายถึงของของไหลใดๆ ท่ีมีอุณหภูมิและความดันสูงกวาอุณหภูมิวิกฤตของของไหล

น้ัน โดยท่ีสภาวะวิกฤตหมายถึงสภาวะอุณหภูมิและความดันท่ีสสารจะไมปรากฎอยูในท้ังสภาวะไอหรือ

ของเหลว ของไหลกึ่งวิกฤต (ของไหลท่ีสภาวะใกลสภาวะวิกฤต) และของไหลวิกฤตยวดย่ิงน้ีเอง สามารถ

นํามาประยุกตใชกับกระบวนการท่ีสําคัญตางๆ หลายชนิด เชน กระบวนการสกัดสารสําคัญจากพืชสมุนไพร 

การผลิตเคมีภัณฑ ยาและเภสัชภัณฑ และอนุภาคพอลิเมอรขนาดเล็กเพื่อการประยุกตใชในอุตสาหกรรม

ตางๆ นอกจากน้ีเทคโนโลยีของไหลวิกฤตย่ิงยวดและของไหลกึ่งวิกฤตน้ี ยังใชกับกระบวนการยอยสลาย

ของเสียจากโรงงานอุตสาหกรรมอีกดวย กระบวนการตางๆ ขางตนในของไหลกึ่งวิกฤตและของไหลวิกฤต

ยวดย่ิง เปนกระบวนการท่ีรวดเร็ว และปลอดภัย และไมตองใชตัวเรงปฏิกิรยา งานวิจัยมีวัตถุประสงคท่ีจะใช

เทคโนโลยีของไหลกึ่งวิกฤตในการพัฒนาผลิตภัณฑจากทรัพยากรทางการเกษตรของประเทศ และทําใหสาร

สกัดมีความบริสุทธิ์สูงข้ึนดวยวิธีโครมาโตรกราฟ ในสวนแรกคําถึงการพัฒนาสารสกัดจําพวกแคโรทินอยด 

และในสวนท่ีสองเปนการสกัดสารในกลุมฟนอลิกดวยนํ้าท่ีสภาวะกึ่งวิกฤต (อุณหภูมิระหวาง 100 ถึง 375 

องศาเซลเซียส โดยความดันสูงพอท่ีรักษาสภาวะของเหลว)  
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เน้ือหางานวิจัย 

บทนํา 

เปนท่ีทราบดีวาเทคโนโลยีของไหลวิกฤตย่ิงยวดและของไหลกึ่งวิกฤตไดรับความสนใจและมีการประยุกตใช

เทคโนโลยีน้ีในกระบวนการทางอุตสาหกรรมตางๆ อยางกวางขวาง เชน กระบวนการสกัดสารสําคัญจากพืช

สมุนไพร การผลติเคมีภัณฑ ยาและเภสัชภัณฑ และอนุภาคพอลิเมอรขนาดเล็กเพื่อการประยุกตใชใน

อุตสาหกรรมตางๆ นอกจากน้ีเทคโนโลยีของไหลวิกฤตย่ิงยวดและของไหลกึ่งวิกฤตน้ี ยังใชกับกระบวนการ

ยอยสลายของเสียจากโรงงานอุตสาหกรรมอีกดวย กระบวนการตางๆ ขางตนในของไหลกึ่งวิกฤตและของ

ไหลวิกฤตยวดย่ิง เปนกระบวนการท่ีรวดเร็ว และปลอดภัย และไมตองใชตัวเรงปฏิกิรยา  

 ในโครงการท่ีเสนอขอรับทุนน้ี ผูวิจัยจะศึกษาการใชเทคโนโลยีของไหลวิกฤตยวดย่ิงและของไหลกึ่ง

วิกฤตในการพัฒนากระบวนการผลิตผลิตภัณฑตางๆ จากทรัพยากรทางการเกษตรของประเทศ โดยแบง

งานวิจัยออกเปนสองสวน ในสวนแรก จะศึกษาการใชคารบอนไดออกไซดวิกฤตยวดย่ิงในการสกัดสารท่ีมี

ข้ัวต่ํา ไดแกสารจําพวกแคโรทินอยด จากพืชสมุนไพรไทย เชนสกัดสารลูทีน จากดอกดาวเรืองแหง

 นอกจากน้ี เน่ืองจากมูลคาของสารสกัดยังข้ึนกับความบริสุทธิ์ของสาร ซ่ึงเม่ือพิจารณาจากราคาของ

สารในกลุมแคโรทินอยดแลว นับวาเปนการคุมคาท่ีจะพัฒนากระบวนการทําใหบริสุทธิ์ของสารแคโรทินอยด 

ผูวิจัยจึงเสนอท่ีจะศึกษาการทําใหบริสุทธิ์ของสารแคโรทินอยดท่ีสกัดไดโดยเฉพาะสารลูทีนบริสุทธิ์จากดอก

ดาวเรือง (เน่ืองจากมีความพรอมดานวัตถุดิบของดอกดาวเรืองท่ีเพาะปลูกมากภายในประเทศ รวมถึงราคา

ของสารบริสุทธิ์ท่ีสูงถึงเกือบ 20,000 บาทตอมิลิกรัม) เน่ืองจากกระบวนการทําใหบริสุทธิ์ดวยการตกผลึกท่ี

ใชท่ัวไปน้ัน มีข้ันตอนหลายข้ันตอน ทําใหการพัฒนาขยายขนาดในระดับอุตสาหกรรมเปนไปไดคอนขาง

ยาก ในสวนน้ีผูวิจัยเสนอท่ีจะพัฒนากระบวนการโครมาโครกราฟ โดยศึกษาสภาวะท่ีเหมาะสมตอการแยก 

(เชน ชนิดของ Stationary phase และ Mobile phase ขนาดอนุภาคของ Stationary phase และอัตราการ

ไหลของ Mobile phase)  

 สําหรับการสกัดสารประเภทมีข้ัว การใชคารบอนไดออกไซดวิกฤตยวดย่ิงอาจไมเหมาะสมเน่ืองจาก

คารบอนไดออกไซดเปนสารท่ีมีข้ัวต่ํา ดังน้ันในสวนท่ีสองของขอเสนอโครงการ ผูวิจัยจึงเสนอท่ีจะใชนํ้าท่ี

สภาวะกึ่งวิกฤต (อุณหภูมิระหวาง 100 ถึง 375 องศาเซลเซียส โดยความดันสูงพอท่ีรักษาสภาวะของเหลว) 

เปนตัวกลางในการสกัดสารสําคัญจากพืชไพรในกลุมน้ี จากงานวิจัยท่ีผานมาพบวา นํ้ากึ่งวิกฤตสามารถ

สกัดสารกลุมแอนทราควิโนนสจากรากของตนยอ หรือสารกลุมฟนอลิคจากพืชสมุนไพรหลายชนิด เชน 

มะระข้ีนก หรือสมอไทยไดอยางมีประสิทธิภาพ และนอกจากสมบัติดานความมีข้ัวท่ีลดลงของนํ้ากึ่งวิกฤต

แลว นํ้ากึ่งวิกฤตยังมีสมบัติการแตกตัวเปนไอออนไดดี จึงสามารถเปนตัวกลางสําหรับปฏิกิริยาไฮโดรไลซิส

ของชีวมวลหรือกากของพืชผลทางการเกษตร เพื่อการผลิตผลิตภัณฑมูลคาเพิ่ม งานวิจัยในอดีตพบวานํ้ากึ่ง

วิกฤตสามารถนํามาใชในการสกัดโปรตีนและกรดอะมิโนจากรําขาวไดอยางมีประสิทธิภาพ ดังน้ันในสวนท่ี

สองของขอเสนอโครงการน้ี จึงมีวัตถุประสงคเพื่อศึกษาการสกัดสมุนไพรชนิดอื่นดวยวิธีดังกลาว รวมถึง

ศึกษาความเปนไปไดในการเพิ่มประสิทธิภาพของการสกัดดวยการเตรียมวัตถุดิบในการสกัดโดยใช

เทคโนโลยีไมโครเวฟ 
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 ผลของงานวิจัยน้ีนําไปสูการพัฒนากระบวนการท่ีปลอดภัยตอผูบริโภคและสิ่งแวดลอมในการเพิ่ม

มูลคาใหกับพืชสมุนไพรไทยซ่ึงเปนทรัพยากรสําคัญของประเทศ รวมถึงวัตถุดิบท่ีเปนผลพลอยไดทาง

การเกษตร อีกท้ังยังเปนการสรางองคความรูใหม ท่ีจําเปนตอการประยุกตเทคโนโลยีของไหลกึ่งวิกฤตและ

ของไหลวิกฤตยวดย่ิงในกระบวนการดังกลาว 
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Accepted (IF 2012=1.164). 

 

 

เร่ืองท่ี 1-3 เปนการพัฒนาสารลูทีนอิสระจากดอกดาวเรือง สารสกัดถูกนํามาทําใหมีความบริสุทธิ์สูงข้ึนดวย

วิธีโครมาโตกราฟ และทําใหเปนอนุภาคขนาดเล็กในคารบอนไดออกไซดวิกฤตยวดย่ิง เร่ืองท่ี 4 เปนการ

ประยุกตข้ันตอนท่ีไดศึกษามาสําหรับการสกัดและแยกสารลูทีนอิสระจากดอกดาวเรืองกับการแยกสารลูทีน

อิสระท่ีไดจากสาหรายคลอเรลลา แวลการิส เร่ืองท่ี 5-6 เปนการศึกษาการสกัดสารสําคัญจากพืชสมุนไพร

และจากรําขาวดวยนํ้ากึ่งวิกฤต
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เร่ืองท่ี 1 

ช่ือเร่ือง (อังกฤษ) Purification of Free Lutein from Marigold Flowers by Liquid Chromatography  

 

ช่ือเร่ือง (ไทย) การทําใหบริสุทธิ์ของลูทีนอิสระจากดอกดาวเรืองดวยโครมาโตรกราฟของเหลว 

ช่ือผูเขียน (ไทย) ปณัฐพงศ บุญนวล
1
, ธนวิช โอภาสกรกุล

1
, พัฒานนท ประสิทธิ์โชค

2
, โกโตะ โมโตโนบุ

3
 

และอาทิวรรณ โชติพฤกษ
1
  

 

ช่ือหนวยงาน/สังกัดของผูเขียน (ไทย)  

1. ภาควิชาวิศวกรรมเคมี คณะวิศวกรรมศาสตร จุฬาลงกรณมหาวิทยาลัย กรุงเทพ 10330  

2. บริษัท ปตท. โกลบอล เคมิคอล ระยอง 

3. ภาควิชาชีวเคมีและเคมีประยุกต มหาวิทยาลัยกูมาโมโตะ ญี่ปุน 

 

ช่ือวารสาร (อังกฤษ) Engineering Journal 
 

ดาวเรืองเปนแหลงของแซนโทฟลท่ีเรียกวาลูทีน ซ่ึงเปนสารท่ีมีฤทธิ์ตานอนุมูลอิสระและตานมะเร็ง รวมถึงมี

ประโยชนตอสายตา ทําใหมีการศึกษาการสกัดและการทําใหบริสุทธิ์ของสารลูทีนท่ีมีความเหมาะสมตอการ

ใชงานในมนุษย โครมาโตรกราฟของเหลวเปนวิธีท่ีใชมากในการทําใหสารประกอบธรรมชาติมีความบริสุทธิ์ 

วัฎภาคเคลื่อนท่ีและวัฎภาคน่ิงเปนปจจัยสําคัญตอการแยกดวยวิธีน้ี ในงานวิจัยน้ีจึงศึกษาการแยกสารลูทีน

อิสระดวยวิธีโครมาโตรกรฟ โดยใชซิลิกาเจล และตัวทําละลายผสมระหวาเฮกเซนและเอทธิลอะซิเตตเปนวัฎ

ภาคน่ิงและวัฎภาคเคลื่อนท่ี ตามลําดับ เร่ิมจากการหาอัตราสวนท่ีเหมาะสมของตัวทําละลายผสมโดย

ทดสอบกับโครมาโตรกราฟแผนบาง พบวาตัวทําละลายผสมท่ีอัตราสวน 70:30 โดยปริมาตรของเฮกเซน:เอ

ทธิลอะซิเตต เปนตัวทําละลายท่ีเหมาะสมสําหรับการแยกลูทีนดวยวิธีโครมาโตรกราฟแบบนอรมอบเฟส 

การทดลองการแยกดวยวิธีโครมาโตรกราฟในคอลัมนขนาดใหญข้ึน พบวาสามารถแยกสารลูทีนท่ีมีความ

บริสุทธิ์ไดถึง 97.1 % โดยมีปริมาณผลไดเทากับ 60 % นอกจากน้ี เน่ืองจากการแยกดวยวิธีน้ีอาศัย

หลักการของการดูดซับของสารลูทีนบนซิลิกาเจล งานวิจัยน้ีจึงศึกษาการดูดซับของระบบดังกลาว ซ่ึงพบวา

มีพฤติกรรมการดูดซับท่ีสมดุลเปนไปตามแบบจําลองของแลงเมียร 
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เร่ืองท่ี 2 

ช่ือเร่ือง (อังกฤษ) Supercritical Anti-solvent Micronizaton of Marigold-derived Lutein Dissolved in 

Dichloromethane and Ethanol 

 

ช่ือเร่ือง    (ไทย) การทําใหเปนอนุภาคขนาดเล็กของลูทีนท่ีไดจากดาวเรืองท่ีละลายในไดคลอโรมีเทนและ

เอทธานอล 

 

ช่ือผูเขียน (ไทย)  ปณัฐพงศ บุญนวล  ฮาซูกิ เนโรเม ซิต มาชมูดาห โมโตโนบุ โกโตะ และอาทิวรรณ โชติ

พฤกษ 

ช่ือหนวยงาน/สังกัดของผูเขียน (ไทย)  

1. หนวยปฏิบัติการวิศวกรรมเคมีเพื่อเพิ่มมูลคาของทรัพยากรทางชีวภาพ 

ภาควิชาวิศวกรรมเคมี คณะวิศวกรรมศาสตร จุฬาลงกรณมหาวิทยาลัย กรุงเทพ 10330  

2. บัณฑิตวิทยาลัยดานวิศวกรรม มหาวิทยาลัยนาโกยา ญี่ปุน 

 

ช่ือวารสาร (อังกฤษ) Journal of Supercritical Fluids 

 

งานวิจัยน้ีมีวัตถุประสงคเพื่อศึกษาการทําใหเปนอนุภาคขนาดเล็กของลูทีนไดไดจากดอกดาวเรืองดวยการ

ตกตะกอนออกจากตัวทําละลาย สารละลายลูทีนในไดคลอโรมีเทนหรือเอทธานอลถูกพนเขาไปใน

คารบอนไดออกไซดวิกฤตยวดย่ิงผานหัวฉีดท่ีมีแกนรวมกันซ่ึงอยูภายในหองความดัน โดยศึกษาอิทธิพล

ของความดันและอัตราการไหลของคารบอนไดออกไซดวิกฤตยวดย่ิงตอขนาดเฉลี่ยและการกระจายตัวของ

ขนาดของอนุภาค พบวาขนาดเฉลี่ยของอนุภาคเล็กลงจาก 202.3 ไมโครเมตรสําหรับลูทนีท่ีไมผาน

กระบวนการน้ีจนมีขนาด1.58 ไมโครเมตรและ 902 นาโนเมตร สําหรับการทําใหเกิดอนุภาคขนาดเล็กโดย

ใชไดคลอโรมีเทนและเอทธานอล ตามําดับ ในท้ังสองระบบ ไมพบวาความดันและอัตราการไหลของ

คารบอนไดออกไซดวิกฤตยวดย่ิงมีผลตอรูปรางลักษณะของอนุภาคอยางมีนัยสําคัญ อยางไรก็ตาม พบวา

ความดันมีผลตอขนาดและการกระจายตัวของอนุภาคของลูทีน 
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เร่ืองท่ี 3 

ช่ือเร่ือง (อังกฤษ) Supercritical Anti-solvent Micronization of Chromatography Purified Marigold 

Lutein Using Hexane and Ethyl Acetate Solvent Mixture 

 

ช่ือเร่ือง    (ไทย) การทําใหเปนอนุภาคขนาดเล็กของลูทีนท่ีไดจากดาวเรืองโดยใชตัวทําละลายผสมเฮกเซน

และเอธิลอะซิเตต 

 

ช่ือผูเขียน )ไทย (  ปณัฐพงศ บุญนวล  ฮาซูกิ เนโรเม ซิต มาชมูดาห โมโตโนบุ โกโตะ และอาทิวรรณ โชติ

พฤกษ 

 

ช่ือหนวยงาน/สังกัดของผูเขียน )ไทย (  

1. หนวยปฏิบัติการวิศวกรรมเคมีเพื่อเพิ่มมูลคาของทรัพยากรทางชีวภาพ 

ภาควิชาวิศวกรรมเคมี คณะวิศวกรรมศาสตร จุฬาลงกรณมหาวิทยาลัย กรุงเทพ 10330  

2. บัณฑิตวิทยาลัยดานวิศวกรรม มหาวิทยาลัยนาโกยา ญี่ปุน 

 

ช่ือวารสาร )อังกฤษ ( Journal of Supercritical Fluids 

 

งานวิจัยน้ีมุงเนนการทําใหเปนอนุภาคขนาดเล็กของสารลูทีนบริสุทธิ์ท่ีไดจากดอกดาวเรืองท่ีละลาย

ในตัวทําละลายผสมระหวางเฮกเซนและเอทธิลอะซิเตต (70:30 โดยปริมาตร) ซ่ึงเปนตัวทําละลายท่ีใชเปน

เฟสเคลื่อนท่ีในกระบวนการทําใหสารบริสุทธิ์ดวยวิธีโครมาโตรกราฟ ผลการทดลองแสดงใหเห็นวาความดัน

มีผลมากตอลักษณะของอนุภาค การเพิ่มความเขมขนเร่ิมตนของลูทีนจาก 1.5 เปน 3.2 มิลิกรัมตอมิลิลิตร 

และการเพิ่มอัตราการไหลของคารบอนไดออกไซดวิกฤตยวดย่ิงจาก 15 เปน 25 มิลิลิตรตอนาที ไมมีผลตอ

ลักษณะของอนุภาค อยางไรก็ตาม  พบวาขนาดอนุภาคเฉลี่ยลดลงจาก 2 เปน 0.8 ไมโครมิเตอร เม่ือเพิ่ม

อัตราการไหลของคารบอนไดวิกฤตยวดย่ิง รูปแบบของการหักเหของรังสีเอกซของอนุภาคลูทีนแสดงใหเห็น

วาลูทีนมีลักษณะไมเปนโครงรางผลึก ขณะท่ีฟูเรียร ทรานสฟอรม สเปคโตรสโคป ระบุวาไมมีการ

เปลี่ยนแปลงของโครงสรางทางเคมีของสารลูทีนภายหลังจกากระบวนการทําใหเปนอนุภาคขนาดเล็ก 

นอกจากน้ีความสามารถในการละลายของลูทีนในสารละลายนํ้ามีคาสูงข้ึนจากท่ีมีคาการละลายนอยมากกอน

ผานกระบวนการทําใหเปนอนุภาคขนาดเล็ก จนมีคาการละลายประมาณ 20%   
 

 11 



 

เร่ืองท่ี 4 

ช่ือเร่ือง (อังกฤษ) Simultaneous Production of Biodiesel and Free Lutein from Chlorella vulgaris  

 

ช่ือเร่ือง    (ไทย) การผลิตไบโอดีเซลและลูทีนอิสระไปพรอมกันจากคลอเรลลา วัลการิส 

 

ช่ือผูเขียน (ไทย)  ฉัตรทิพย พรหมหมวก ประเสริฐ ภวสันต อารมานโด ที คิตาอิน โมโตโนบุ โกโตะ และ 

    อาทิวรรณ โชติพฤกษ 

 

ช่ือหนวยงาน/สังกัดของผูเขียน (ไทย)  

1. หนวยปฏิบัติการวิศวกรรมเคมีเพื่อเพิ่มมูลคาของทรัพยากรทางชีวภาพ 

ภาควิชาวิศวกรรมเคมี คณะวิศวกรรมศาสตร จุฬาลงกรณมหาวิทยาลัย กรุงเทพ 10330  

2. ภาควิชาชีวเคมีและเคมีประยุกต มหาวิทยาลัยกูมาโมโตะ ญี่ปุน 

3. บัณฑิตวิทยาลัยดานวิศวกรรม มหาวิทยาลัยนาโกยา ญี่ปุน 

 

ช่ือวารสาร (อังกฤษ) Chemical Engineering&Technology 

 

ไบโอดีเซลและสารมูลคาสูงลูทีนสามารถผลิตไดพรอมกันจากสารสกัดไขมันของคลอเรลลา วัลการิส ตัวเรง

ปฏิกิริยาดางใชในทรานสเอสเทอริฟเคชันของไตรกลีเซอไรด ประพฤตตนเปนสารตั้งตนในการเปลี่ยนลูทีน

เอสเทอรของกรดไขมันใหเปนลูทีนอิสระ ผลไดของไบโอดีเซลสูงสุดมีคาเทากับ 33.6% โดยนํ้าหนักของ

ไขมันจากสาหราย เม่ือปฏิกิริยาเกิดข้ึน 4 ช่ัวโมง และอัตราสวนระหวางเมทธานอลและชีวมวลเทากับ 16:1 

โดยใชตัวเรงปฏิริยาดาง 6%  ดางและเมทธานอลในปริมาณท่ีเกินพอสําหรับไบโอดีเซลจะทําใหเกิดการส

ปอนนิฟเคชันอยางสมบูรณของลูทีนเอสเทอรของกรดไขมันไปเปนลูทีนอิสระ โดยใหผลไดเทากับ 2.3% 

โดยนํ้าหนักของไขมันจากสาหราย นอกจากน้ี กระบวนการสําหรับการแยกไบโอดีเซลและลูทีนอิสระออก

จากผลิตภัณฑของปฏิกิริยา ยังถูกเสนอข้ึน และทายท่ีสุด การประเมินทางเศรษฐศาสตรเบ้ืองตนแสดงให

เห็นวากระบวนการผลิตไบโอดีเซลและลูทีนอิสระจากสาหรายชนิดน้ีมีความเปนไปได   
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เร่ืองท่ี 5 

ช่ือเร่ือง (อังกฤษ) Microwave pretreatment of defatted rice bran for enhanced recovery of total 

phenolic compounds extracted by subcritical water  

 

ช่ือเร่ือง (ไทย) การปรับสภาพของรําขาวท่ีสกัดนํ้ามันออกแลวเพื่อการเพิ่มปริมาณสารประกอบฟนอลิครว

มดวยการสกัดดวยนํ้ากึ่งวิกฤต 

 

ช่ือผูเขียน (ไทย) ปยาภรณ วทานิยะกุล, ประเสริฐ ภวสันต โกโตะ โมโตโนบุ และอาทิวรรณ โชติพฤกษ  

 

ช่ือหนวยงาน/สังกัดของผูเขียน (ไทย)  

1. ภาควิชาวิศวกรรมเคมี คณะวิศวกรรมศาสตร จุฬาลงกรณมหาวิทยาลัย กรุงเทพ 10330  

2. คณะวิศวกรรมศาสตร มหาวิทยาลัยนาโกยา ญี่ปุน 

 

ช่ือวารสาร (อังกฤษ) Bioresource Technology 

 

บทคัดยอ (ไทย) 

การปรับสภาพรําขาวท่ีสกัดนํ้ามันออกแลวดวยไมโครเวฟสามารถการเพิ่มปริมาณสารฟนอลิครวมท่ี

สกัดไดดวยวิธีสกัดดวยนํ้ากึ่งวิกฤต  โดยศึกษาผลของอุณหภูมิในการปรับสภาพดวยไมโครเวฟ (60-100 

°C) และระยะเวลาท่ีใช (0-30 นาที) ตอการสกัดรําขาวดวยนํ้ากึ่งวิกฤตนํ้ากึ่งวิกฤตในอัตราสวนของรําขาว

ตอนํ้าเทากับ 1:2 และ 1:5 สภาวะการปรับสภาพท่ีดีท่ีสุดคือ 80 °C เปนเวลา 10 นาที และอัตราสวน

ระหวางรําขาวตอนํ้าเทากับ 1:2 ซ่ึงเม่ือรําขาวผานการปรับสภาพท่ีสภาวะน้ี จะสงผลใหเวลาท่ีใชในชวงของ

การสกัดดวยนํ้ากึ่งวิกฤตลดลงเหลือเพียง 10 นาที (เม่ือสกัดดวยนํ้ากึ่งวิกฤตท่ี 200 °C) เม่ือใชสภาวะท่ี

เหมาะสมท่ีสุดท้ังตอการปรับปสภาพแตการสกัด จะไดผลไดของฟนอลิครวมเทากับ 190.4±3.3 มิลิกรัมตอ

กรัมรําขาว ซ่ึงเพิ่มข้ึนจากการสกัดรําขาวโดยไมผานการปรับสภาพถึง 55% นอกจากน้ีความสามารถในการ

ตานอนุมูลอิสระของสารสกัดยังสูงข้ึนอีกดวย ซ่ึงเห็นไดวจากคา IC50 ท่ีมีคาลดลง จาก 38.8±0.4 เปน 

27.7±0.5   
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เร่ืองท่ี 6 

ช่ือเร่ือง (อังกฤษ) Subcritical Water Extraction of Resveratrol from Barks of Shorea Roxburghii G. Don  

 

ช่ือเร่ือง (ไทย) การสกัดเรสเวอราทรอลจากลําตนของ Shorea Roxbughii G. Don 

 

ช่ือผูเขียน (ไทย) สุมาลี ไชยนุกูล, โกโตะ โมโตโนบุ สุภา หารหนองบัว และอาทิวรรณ โชติพฤกษ  

 

ช่ือหนวยงาน/สังกัดของผูเขียน (ไทย)  

1. หนวยปฏิบัติการวิศวกรรมเคมีเพื่อเพิ่มมูลคาของทรัพยากรทางชีวภาพ 

ภาควิชาวิศวกรรมเคมี คณะวิศวกรรมศาสตร จุฬาลงกรณมหาวิทยาลัย กรุงเทพ 10330  

2. ภาควิชาชีวเคมีและเคมีประยุกต มหาวิทยาลัยกูมาโมโตะ ญี่ปุน 

3. ภาควิชาเคมี คณะวิทยาศาสตร มหาวิทยาลัยเกษตรศาสตร จตุจักร กรุงเทพ 10903 

 

ช่ือวารสาร (อังกฤษ) Separation Science and Technology 

 

งานวิจัยน้ีศึกษาการสกัดดวยนํ้ากึ่งวิกฤตของสารปะกอบฟนอลิค เชน ทรานสเรสเวอราทรอลและ

สารประกอบของมันท่ีมีโมเลกุลนํ้าตาลเกาะอยู หรือท่ีเรียกวาทรานสพิซีด จากลําตนของพะยอม (Shorea 

roxburghii G. Don.) ผลของอุณหภูมิ (100-190 °C) และอัตราการไหลของนํ้า (2-4 มิลิลิตรตอนาที) สําหรับ

การสกัด 6 ช่ัวโมงท่ีความดันคงท่ี MPa ผลการทดลองถูกนํามาเปรียบเทียบกับผลท่ีไดจากวิธีแบบดั้งเดิม 

โดยท่ีพบปริมาณของสารท่ีมีฤทธิ์สูงกวาคือทรานสเรสูนอย (0.68 – 13.01 μg/g DW) เม่ือเท่ียบกับปริมาณ

สารเรสเวอราทรอลท่ีมีโมเลกุลของนํ้าตาลเกาะอยู ปริมาณสูงสุดท่ีสกัดไดเทากับ 301.70 ไมโครกรัมฟซีดตอ

กรัมนํ้าหนักแหง  โดยสกัดไดท่ีอุณหภูมิ 190 องศาเซลเซียส และอัตราการไหล 3 มิลิลิตรตอนาที ปริมาณ

ของพิซีดท่ีสกัดไดท่ีอุณหภูมิ 190 °C และเวลา 30 นาที คือ 130.88 ไมโครกรัมตอกรัม  ซ่ึงถือวามีปริมาณ

มากกวาท่ีไดจากการสกัดดวยตัวทําละลายอินทรีย แลละการสกัดโดยใชซอกเลตซ่ึงไดเทากับ 68.37 และ 

74.87, ตามลําดับ ถึงแมวาปริมาณทรานสพิซีดมีคาสูงกวา แตสารทรานสพิซีดท่ีไดสามารถถูกเปลี่ยนให

เปนทรานสเรสเวอราทริล 
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สกัดมีอนุภาคขอนาดเล็ก โดยเฉพาะการคารบอนไดออกไซดหรือนํ้าท่ีสภาวะน้ี จะทําใหไดผลิตภัณฑท่ีปลอดภัย
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ใชกระบวนการน้ีรวมกับกระบวนการแยกท่ีใชตัวทําละลายอินทรีย เชน กระบวนการโครมาโตกราฟท่ีใชตัวทํา

ละลายอินทรียเปนเฟสเคลื่อนท่ี  
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Abstract. Marigold is a rich source of a Xanthophyll called lutein, which shows anti-
oxidant and anti-cancer activities and is beneficial to eye health. This has led to various 
extraction and purification studies to obtain the high purity free lutein suitable for human 
applications. Liquid chromatography is extensively used to purify high value natural 
compounds because the process results in high purity products. The suitable mobile phase 
and stationary phase are the key factors to achieve high purity. In this work, 
chromatographic separation of lutein extracted from marigold flowers was investigated, 
using silica gel and mixture of hexane:ethyl acetate  as a stationary and a mobile phase, 
respectively. Initially, the suitable composition of hexane:ethyl acetate was determined 
using a thin layer chromatography. Hexane:ethyl acetate mixture at 70:30 volume ratio was 
found to be an appropriate mobile phase for a normal phase chromatographic separation 
of free lutein. Preliminary experiments on a semi-preparative and a preparative column 
carried out at the mobile phase flow rate of 10 ml/min suggested that as high as 97.1 % 
purity free lutien could be obtained with a 60 % approximate yield. Moreover, since the 
separation by chromatography arises from the adsorption of free lutein onto silica gel, thus 
to better understand the process, a batch adsorption study was carried out to obtain the 
equilibrium adsorption data. The isotherm plotted from these data was found to be 
reasonably described by Langmuir adsorption model.  
 
Keywords: Preparative chromatographic purification, free lutein, marigold flower, 
adsorption isotherm. 
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1. Introduction 
 
Marigold flower is one of the richest sources of natural carotenoids. The major carotenoid in marigold is 
lutein, which has been reported to be beneficial in several aspects to human health such as supporting eyes 
and skin, and reducing the failure of the eyesight due to age-related macular degeneration (AMD), coronary 
heart disease and cancer [1]. Therefore, lutein has gained much interest due to its potential in nutraceutical 
and pharmaceutical applications. 

In marigold flowers, lutein generally exists in the form of lutein fatty acid esters. Conventional method 
for marigold lutein fatty acid esters extraction is achieved by solvent extraction (generally using hexane). 
Alternatively, the environment friendly and non-toxic extraction solvent such as supercritical carbon 
dioxide (SC-CO2) can also be used so as to provide milder extraction conditions [2]. Since only in its free 
form that lutein can be taken up by human body [3-4], marigold extract or marigold oleoresin must 
therefore be saponified with an alkali solution, i.e. KOH solution, to obtain free lutein [5]. Unfortunately, 
the saponified lutein mixture contains many impurities such as soap, oil, unreacted lutein fatty acid esters. 
Thus, a purification process is generally required to obtain purified lutein for human applications. 
Crystallization is a common process for purifying free lutein, however it results in rather low yield and 
purity. Although high purity could be achieved by re-crystallization, the process requires several steps, 
making it rather complicated, and thus lowering the overall yield [6].  

Alternatively, liquid chromatography is extensively used to purify high value compounds from natural 
product. The development of an appropriate protocol (i.e., the optimization of mobile phase system) for 
chromatographic purification of a specific compound is generally performed via trial-and-error on an 
analytical High Performance Liquid Chromatography (HPLC). The isolation procedure on such analytical 
scales has been reported in existing literatures for free lutein derived from different raw materials, including 
fruits, vegetables and marigold flowers [7-8]. However, very few reports on chromatographic purification of 
lutein in larger semi-preparative and preparative scale were found.   

In this work, normal phase chromatography with silica gel as a stationary phase was used for purifying 
free lutein from the saponified marigold oleoresin. Firstly, the suitable mobile phase system was 
investigated by using a thin layer chromatography (TLC), and with this suitable mobile phase, a preliminary 
study on an open column semi-preparative chromatography for lutein purification was conducted. Finally, a 
chromatographic separation was carried out on a preparative column to obtain the high purity free lutein. 
In addition, since the chromatographic separation arises from the partitioning of lutein between the mobile 
phase and the stationary phase by adsorption, the study on the adsorption equilibrium will provide better 
understanding of this process. Batch adsorption experiments were thus carried out to determine the 
adsorption isotherm of lutein on silica gel. The experimental results were fitted with the linearized forms of 
various adsorption models, and an appropriate model was proposed. 
 

2. Materials and Methods 
 
2.1. Materials and Chemicals 
 
Dried marigold flowers were obtained from PTT Grobal Chemical Public Company limited (Rayong, 
Thailand). All the samples were finely powdered prior to use. Hexane (purity>99.5%) used for solvent 
extraction, recovery of total xanthophylls and mobile phase of semi-preparative, preparative liquid 
chromatography was supplied by Sigma-Aldrich. Chemicals used for saponification such as ethanol, 
potassium hydroxide and hydrochloric acid were purchased from Merck, USA. Diethyl ether was supplied 
by Merck, Thailand. Silica gel supplied by Merck, Thailand, was used as a chromatography column packing 
material. Ethyl acetate supplied by Merck, Thailand, was used as one of the components in the mobile 
phase of semi-preparative and preparative liquid chromatography. Lutein standards (analytical grade) were 
purchased from Sigma-Aldrich, Germany. 
 
2.2. Solvent Extraction 
 
The amount 100 grams of dried marigold powder was extracted with 500 ml of hexane in a 1 L beaker. The 
extraction was carried out for 4 h in a water bath whose temperature was controlled at 40°C. After 
extraction, the mixture was left to stand for 20 min at room temperature to allow the residue to settle. The 
supernatant was isolated and the caroteniods containing hexane solution was concentrated by a rotary 
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evaporator at 40 °C. The extract was then dried by a vacuum oven at 30 °C for 8 h. The remaining solid 
(marigold oleoresin) was collected and stored in a refrigerator at -20 °C for use in the next saponification 
step [6]. 
 
2.3. Saponification 
 
The amount 0.6 of gram KOH was dissolved in 10 ml of ethanol in a 125 ml flask, into which one gram of 
marigold oleoresin was then added. The flask was shaken at 150 rpm and 50°C for 4 h. After the reaction 
was completed, 50 ml of ethanol was added into the saponified mixture, and this mixture was then 
transferred to a separation funnel, into which 100 ml of 5% Na2SO4 solution (in distilled water) and 80 ml 
of diethyl ether were added. All components were allowed to mix, and then separated into two phases. The 
upper phase (ether fraction) was collected as free lutein stock solution, while the lower phase was discarded 
water-soluble impurities still remained in the free lutein stock solution were extracted repeatedly with water 
until the water phase became colorless [9]. The resulting free lutein stock solution was then stored in a -
20ºC refrigerator for use in a column chromatography. 

 
2.4. Purification by Chromatography 
 
2.4.1. Thin layer chromatography experiment 
 
Silica gel coated thin layer chromatography plates (TLC silica gel 60, 25 Aluminium sheets 20 x 20 cm, 
Merck, USA) were used for screening for a proper mobile phase. Lutein stock solution was spotted onto 
TLC plates, each of which was then placed in a chamber containing the mobile phase of different 
composition. Mobile phases tested were mixtures at various compositions of hexane and ethyl acetate (at 
the ratios of 100:0, 90:10, 80:20, 70:30 and 60:40 hexane:ethyl acetate). 

     
2.4.2. Column packing procedures 
 
Silica gel was suspended in hexane to the slurry at a concentration of 5% (w/v). The suspension was then 
degassed overnight using a sonicator. The slurry was packed into a 8 mm × 240 mm semi-preparative open 
column or a 35 mm × 240 mm preparative chromatography column.  
 
2.4.3. Semi-preparative open column chromatography 
 
The amount 5 grams of silica gel slurry prepared as described above were packed into a glass column 
(8×240 mm) and 0.5 ml of lutein stock solution was then loaded into the semi-preparative glass column. 
Then mobile phase mixture of hexane: ethyl acetate (70:30 v/v) was allowed to flow by means of gravity. 
Fractions were collected on a one minute intervals for the HPLC analysis of free lutein content. 
 
2.4.4. Preparative column chromatography 
 
The amount 100 grams of silica gel slurry was packed into a glass column (35×240 mm). 10 ml of lutein 
stock solution was loaded to the column and eluted with the mixture of hexane: ethyl acetate (70:30 v/v). 
The sample was eluted from the bottom of the column by means of a peristaltic pump (Masterflex, model 
number 7523-60, Cole Parmer Thailand) at a flow rate of 10 ml/min. The fractions were collected at 10 
minute intervals and were analyzed by HPLC.  
 
2.5. Adsorption of Lutein on Silica Gel 

 
A known concentration of free lutein stock solution was diluted to give a series of solutions of free lutein 

whose concentrations range from 2.0 to 12.0 g ml-1. Batch mode adsorption studies were carried out in a 
125 ml covered conical flasks by first equilibrating an accurately weighed amount of silica gel (about 1 g) 
with 10 ml of sample solutions of known initial concentration of free lutein. The samples were agitated in 
an orbital shaker at 120 rpm and 30 °C for 30 min. After reach equilibrium, the contents of the flask were 
analyzed for the concentration of free lutein by a spectrophotometer. The concentration of the adsorbed 
free lutein was calculated by the difference of the known total amount of free lutein and the amount 
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measured in the solution after equilibrium. The amount of adsorbed solute (Cad, g free lutein/g dry silica) 
was calculated from Eq. (1). 

    
                 

  
 (1) 

where the dilution volume, ∆V (ml) = (Ww – Wd)/  in ml, Ww and Wd are the weights of wet and dry silica 
in g, respectively, V0 is the volume of the solution (ml), C0 and Ceq are the initial and equilibrium 

concentrations (g/ml). 
 

 
2.6. Analysis of Free Lutein by High Pressure Liquid Chromatography (HPLC) 
 
The extracted, saponified and chromatography purified samples were analyzed by HPLC to identify luteins 
components in the samples. The reversed phase HPLC analysis was carried out using Agilant 1100, 
Lichrocart C-18 column (30 cm length), a Diode Array Detector Module 335 and an automatic injector. 
The mobile phase was a gradient solvent system composed of acetonitrile:methanol (9:1,v:v) (A) and ethyl 
acetate (B). The gradient system was run by linearly increasing solvent B from 0% to 100% over 30 min, at 
a flow rate of 1 ml/min. The sample injection volume was 20 µl and the detection wavelength was set at 
450 nm [10].  
 
2.7. Analysis of Saponified Sample by Liquid Chromatography Mass Spectrometery (LC-MS) 
 
The saponified sample was analyzed by by HPLC to identify the luteins components. The reversed phase 
HPLC analysis was carried out using Agilant 1100, Lichrocart C-18 column (15 cm length), a Diode Array 
Detector Module 335 and an automatic injector. The mobile phase was a gradient solvent system of 
acetonitrile:methanol (9:1,v:v) (A) and ethyl acetate (B), from 0% to 100% of B using a linear gradient 
injected over 30 min, at a flow rate of 1 ml/min. The eluents were analyzed by Bruker Daltanic Model: 
Esquire 3000 to confirm mass of free lutein. MS was carried out in the positive ion measurement mode 
with a detection voltage of 1.6 kV, an APCI temperature of 400 °C, a curved desolvation line of 250 °C, 
and a block temperature of 200 °C. The flow rate of the nebulizer gas was 2.5 ml/min. Full scan spectra 
were obtained by scanning masses between m/z 200 and 800 [11]. 
 
2.8. Analysis of Purified Sample by Hydrogen Nuclear Magnetic Resonance Spectrometry (H-

NMR) 
 
Hydrogen Nuclear Magnetic Resonance Spectrometer (H-NMR) was acquired on a Varian INOVA model. 
All spectra were measured in CDC13 at 25°C with CP/MAS solid probe and Nano probe. 
 
2.9. Analysis of Adsorption Isotherm 
 
Adsorption data obtained from the experiment were fitted to the Langmuir and Freundlich models (shown 
in Table 1), to determine which of the models appropriately describes the results. 
 
Table 1. Isotherm models. 
 

Name Equation Linear form 

Freundlich model          
   

              
 

 
       

Langmuir model     
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3. Results and Discussion 
 
3.1. Liquid Chromatography Purification 
 
HPLC and LC-MS analyses were used to determine the components of the saponified samples. The HPLC 
analysis results indicated that the solution consisted of two major compounds whose retention times were 
about 10 and 11 min, respectively (Fig. 1). The other impurities in saponified sample were detected at 
retention times of about 8 and 16 min. The identification of the compounds was then carried out by Liquid 
chromatography mass spectrometry (LC-MS), which indicated that the two compounds corresponding to 
the mass of 568 and 551 were, respectively, free lutein and the anhydrolutein, a lutein compound whose 
molecule was absent of an OH group (Fig. 2). This anhydrolutein might be a result of oxidization in the 
presence of oxygen by light or at moderate temperatures [12] during the extraction and saponification 
processes. LC-MS result of purified sample was compared to LC-MS result of lutein standard from 
Molnar’s work [13]. From LC-MS results, purified sample contains free lutein, anhydrolutein and small 
amount of other impurities but lutein standard contains only free lutein and anhydrolutein. 
 

 
Fig. 1. HPLC chromatogram of saponified lutein sample. 
 

 

 
Fig. 2. LC-MS chromatogram of saponified lutein sample. 

 
 
3.1.1. Screening of mobile phase by thin layer chromatography (TLC) 
 
The hexane:ethyl acetate mixtures of various compositions were tested. The results shown in Fig. 3 
indicated that the green spots of the samples were moved upwards from the base line when the mobile 
phase contains higher volume ratio of ethyl acetate. The most suitable ratio of the mobile phase was found 
to be 70:30 (hexane: ethyl acetate v/v), giving the clearest separation of the two major components. 
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                                                            (a)                 (b)                  (c) 

                                                            
                                                    (d)                (e) 

Fig. 3. Separations on TLC by hexane: ethyl acetate mobile phases at various compositions: (a) hexane: 
ethyl acetate = 100:0 v/v, (b) hexane: ethyl acetate = 90:10 v/v, (c) hexane: ethyl acetate = 80:20 
v/v, (d) hexane: ethyl acetate = 70:30 v/v, (e) hexane: ethyl acetate = 60:40 v/v. 

 
 
3.1.2. Chromatographic purification on semi-preparative and preparative columns  
 
From the previous experiment, a mixture of hexane and ethyl acetate (70 : 30 v/v) shows the possibility to 
purify the free lutein from saponified solution. In this section, the 8 mm × 240 mm open column packed 
with silica and mixture of hexane and ethyl acetate (70 : 30 v/v) were used for preliminary study of free 
lutein purification. At this preliminary state, all the collected fractions were combined based on the color of 
the fractions that was observed visually on the semi-preparative columns as the samples were eluted, where 
two main color bands were observed: the yellow and the orange bands. The orange fractions eluted from 
the semi-preparative sample made up to relatively large amounts, which were expected to be mostly free 
lutein and its decomposed form mentioned above. Therefore the eluted fractions collected from this band 
were divided into 3 fractions and were analyzed by HPLC, the first and second combined fractions that 
were eluted from the semi-preparative column contain free lutein at rather high purity, whereas the last 
combined fractions of the same orange band contained the decomposed form of lutein, and thus has lower 
free lutein purity.  

From the feasibility of semi-preparative column to purify free lutein, the larger scale of preparative 
chromatography of free lutein was studied for purifying free lutein from the saponified product. Originally, 
the scale up factor was calculated from the diameter of semi-preparative and preparative chromatography 
columns as 19.14 (Eq. (2)) which was then used to estimate the operational conditions such as mass of 
packing material, mobile phase flow rate and sample loading volume. For example, the scale up factor was 
multiplied by the previous conditions on semi-preparative open column (10 gram of packing material, 2.5 
ml/min of flow rate and 0.5 ml sample loading). Consequently, the conditions estimated from this factor 
for the preparative chromatography column were 100 gram of packing material (silica gel), 70:30 v/v of 
hexane: ethyl acetate mixture mobile phase, the flow rate was at at 50 ml/min and sample loading was 10 
ml. However, due to the limit in the flow rate of the peristaltic pump currently employed in the study, the 
lower flow rate of 10 ml/min was used. 

                
 
  
 
 
 

 
  
 
 
              (2) 

Similar to semi-preparative purification, the two main color bands of yellow and the orange bands were 
observed. The purity, yield and amount of free lutein in each fractionated solutions is shown in Table 2. 
The first yellow bands were observed at fraction 2, 3 and 4 and the HPLC results show these fractions 
contain more impurities which were weakly adsorbed on silica gel, thus were eluted easily from the column 
(but eluted later from the HPLC reversed phase column) (Fig. 4(a)). The colorless fractions were observed 
at fraction 5, 6 and 7 and no compound could be detected by HPLC from these fractions. The orange 

Lutein 

 

Anhydrolutein 
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bands were observed in fraction 8 and 9 and the HPLC results show the higher purity of free lutein at 97.1% 
(based on the HPLC peak area ratios) (Fig. 4(b)). Moreover, yield of free lutein which calculated base on 
the amount of free lutein in stock solution before chromatographic purification was about 61%. The mixed 
solution of free lutein and anhydrolutein was observed at fraction 10 to 17 (Fig. 4(c)). The purity and yield 
of free lutein in these fractions were about 65% and 27% respectively. After the chromatographic 
separation, the column was then washed by 100% ethyl acetate. This washed solution was also analyzed and 
was found to contain the impurities which were most strongly adsorbed on silica and also a small amount 
of free lutein (Fig. 4(d)). 
 
 
Table 2. Purity, yield and amount of free lutein in each fractionation solutions. 
 

Fraction number Fraction color 

Amount of free 
lutein 

detected by 
HPLC (mg) 

% Yield of free 
lutein (%) 

Purity of free 
lutein (%) 

1 Colorless Not detected 0 0 

2 - 4 Yellow Not detected 0 0 

5 - 7 Colorless Not detected 0 0 

8 - 9 Orange 6.43±0.38 61.78±3.63 97.1±1.85 

10 - 17 Yellow 2.68±0.38 25.72±3.63 66.25±2.75 

Washed solution Light yellow 1.3±0.02 12.7±0.02 5±0.04 

 
 
 

 
(a) 
 

 
(b) 
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(c) 
 

 
(d) 

Fig. 4. HPLC chromatograms of lutein sample after liquid chromatography purification; (a) fraction 2-4, 
(b) fraction 8-9, (c) fraction 10-17, and (d) washed solution. 

 

 
Fig. 5. H-NMR chromatograms of lutein sample after chromatographic purification. 
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To confirm structure of free lutein after chromatographic purification, the purified free lutein sample 

was analyzed by H-NMR. The H-NMR result in Fig. 5 showed the similar peak pattern to those of Aman’s 
work [14] and Khachik’s work [15]. From the result, it can be concluded that the purified free lutein sample 
contained only free lutein, free lutein’s stereoisomers and anhydrolutein. The H-NMR result thus verifies 
the HPLC analysis and the calculation of free lutein purify based on the HPLC peak area reported in Table 
2. 
 
3.2. Adsorption of Lutein on Silica Gel 
 
To determine the time required for lutein to reach equilibrium adsorption on silica gel, a preliminary batch 
adsorption study was conducted at initial free lutein concentration of 12.0 µg/ml and 1 g of silica at 30 oC. 
The result showed that adsorption has quickly reached equilibrium within about 5 min. However, to ample 
time for all samples to attain equilibrium, 30 min of agitation was allowed during the subsequent adsorption 
experiment. 
 
3.2.1. Profile of equilibrium isotherm 
 
Adsorption isotherm of free lutein on silica gel is shown in Fig. 5. Two isotherm equations: Freundlich and 
Langmuir equations have been tested in the present study to establish appropriate correlation for the 
equilibrium curves of the adsorption data. The data fitted to the linearized models are shown in Figs. 6-7. 
 

 
 
Fig. 6. Adsorption isotherm of free lutein on silica at 30°C. 
 

Comparing the two models, it would appear that the Langmuir isotherm can better predict the equilibrium 

adsorption results for free lutein on silica gel as indicated by higher R2 (R2  0.992). 
 

 
 
Fig. 7.  Fit of Freundlich model to experimental data. 
 

0 

5 

10 

15 

20 

25 

30 

35 

40 

45 

0 2 4 6 8 

C
ad

 (
u

g/
g)

 

Ceq (ug/ml) 

y = 0.8221x + 0.9742 
R² = 0.9786 

0.8 

0.9 

1 

1.1 

1.2 

1.3 

1.4 

1.5 

1.6 

1.7 

1.8 

-0.01 0.19 0.39 0.59 0.79 0.99 

lo
g(

C
ad

) 

log(Ceq) 



DOI:10.4186/ej.2012.16.5.145 

154                            ENGINEERING JOURNAL Volume 16 Issue 5, ISSN 0125-8281 (http://www.ej.eng.chula.ac.th/eng/) 

 
 
Fig. 8. Fit of Langmuir model to experimental data. 
 
 

4. Conclusions 
 
Screening for suitability of mobile phase composition of different ratios of hexane:ethyl acetate mixture 
using thin layer chromatography, Hexane: ethyl acetate mixture at 70:30 volume ratio was found to be an 
appropriate mobile phase on the normal phase chromatography system. Semi-preparative column 
chromatography by using 70:30 volume ratio of hexane:ethyl acetate as mobile phase showed the feasibility 
for purifying free lutein from saponified solution. The scale up factor was then used to estimate the 
operational conditions for preparative column chromatography such as mass of packing material, mobile 
phase flow rate and sample loading volume. At the most suitable condition, preparative chromatography 
could produce high purity free lutein (>95%). Langmuir adsorption model was found to reasonably 
describe the equilibrium adsorption data of free lutein on silica gel. Nevertheless, experiments at extended 
range of concentrations would be needed to more accurately determine the maximum adsorption capacity.  
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This  work  aims to study  supercritical  anti-solvent  (SAS)  micronization  of  lutein  derived  from  marigold
flowers.  Lutein  solution  in  dichloromethane  (DCM)  or ethanol  was  atomized  into  the  stream  of  supercrit-
ical  carbon  dioxide  (SC-CO2) through  a concentric  nozzle  in a  pressurized  vessel.  The  effects  of  pressure
and  SC-CO2 flow  rate  on  morphology,  mean  particle  size  (MPS)  and  particle  size  distribution  (PSD) were
eywords:
upercritical anti-solvent
icronization

utein
arigold

investigated.  The  reduction  in  lutein  MPS  from  202.3  �m of  unprocessed  lutein  to 1.58  �m  and  902  nm
could  be  achieved  by SAS  micronization  using  DCM  and  ethanol,  respectively.  In both  solvent  systems,
no  significant  effects  of pressure  and  SC-CO2 flow  rate on  particle  morphology  were  observed.  However,
pressure  was  found  to have  a  significant  effect  on MPS  and PSDs  of  lutein  particles.

© 2013 Elsevier B.V. All rights reserved.

upercritical fluid

. Introduction

Lutein (C40H56O2, MW = 568.87) whose molecular structure
s shown in Fig. 1, is an active pharmaceutical ingredient (API)
hat have received considerable interest as it possesses sev-
ral beneficial properties such as preventing age-related macular
egeneration and having high antioxidant activity [1,2]. The com-
ound has been shown to have an amorphous structure, and have
he melting point of 177 ◦C and the heat of fusion of 27,500 kJ/mol
3]. Natural sources of lutein include various fruits and vegetables,

any of which are taken as human diet. However, marigold flower
s well perceived as the most important natural source of lutein cur-
ently produced commercially. Lutein is highly soluble in organic
olvents such as tetrahydrofuran (THF) and chloroform [4] but
lmost insoluble in water. However, same as other drugs and APIs,
utein must be dissolved in water in order to exert their effects [5].

One approach to improve water solubility of drugs and APIs is by
icronization of these compounds which leads to increased parti-

le surface area [6]. Lutein made into nano-sized particles has been
hown to have 76% solubility in water [7]. However, some prob-
ems arise when employing conventional micronization processes

ncluding the degradation of thermal labile compounds by frictional
eat, such as in milling and grinding, and contamination with toxic
olvents used in chemical method such as re-crystallization [8].

∗ Corresponding author. Tel.: +66 2 218 6868; fax: +66 2 218 6877.
E-mail  address: artiwan.sh@chula.ac.th (A. Shotipruk).

896-8446/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.supflu.2013.02.026
Nowadays, techniques of particle micronization employing
supercritical fluids are widely studied as they require mild oper-
ating temperatures, making the processes particularly suitable for
heat-sensitive compounds. Of these techniques, supercritical anti-
solvent (SAS) micronization is one of the simplest processes and is
suitable for compounds that have rather low solubility in super-
critical fluids. In a typical SAS process, a solution in an organic
solvent is flown through a nozzle into a chamber simultaneously
with a supercritical fluid, which acts as an anti-solvent. Mass trans-
fer between the solution and the fluid thus occurs, leading to the
supersaturation state, which then results in the formation of the
solute particles. The particle morphology, size and size distribution
are influenced by several factors such as experimental set up (noz-
zle type and nozzle inner diameter) and the nature of the organic
solvent, as well as the operating conditions (pressure, tempera-
ture, and solution flow rate). Accurate prediction of the effects of
the process variables to particle size and morphology is however
difficult. This is due to the fact that SAS micronization involves
several processes such as the solvent jet disintegration or solvent
dispersion as it flows through the nozzle, mass transfer between
the liquid jet and the supercritical anti-solvent, as well as particle
nucleation and growth. Nevertheless, consideration of the mecha-
nisms involved, together with the fluid phase equilibrium provides
some basic guidelines of how particle size and morphology may  be

controlled [9–16].

In  this study, the SAS technique using CO2 as an anti-solvent was
employed for micronization of marigold derived lutein particles,
due to its near zero solubility in CO2 at our operating conditions

dx.doi.org/10.1016/j.supflu.2013.02.026
http://www.sciencedirect.com/science/journal/08968446
http://www.elsevier.com/locate/supflu
mailto:artiwan.sh@chula.ac.th
dx.doi.org/10.1016/j.supflu.2013.02.026
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Fig. 2. SEM image of un-processed lutein sample.

17]. Because their binary phase equilibrium data with CO2 are
vailable in literature [18], dichloromethane (DCM) and ethanol
ere chosen as solvents in which lutein was dissolved prior to the

AS experiments. The effects of micronization operating conditions
ncluding pressure and supercritical carbon dioxide (SC-CO2) flow
ate on the morphology, mean particle size (MPS) and particle size
istribution (PSD) of the resulting particles were investigated.

.  Materials and methods
.1.  Materials and chemicals

Dried  powdered marigold flower sample was provided by
TT Global Chemical Public Company Limited (Rayong, Thailand).

Fig. 3. Schematic of supercritic
cture of lutein.

Hexane  (purity > 99.5%) was supplied by Sigma–Aldrich. Ethanol
and potassium hydroxide (KOH) used for sample preparation step
were purchased from Merck, USA. Diethyl ether, ethyl acetate and
sodium sulfate (Na2SO4) were supplied by Merck Ltd., Thailand.
Liquid CO2 was  supplied by Uchimura Sanso Co. Ltd. (Osaka,
Japan) with a purity of 99.97%. DCM and ethanol used for SAS
precipitation were supplied by Wako Pure Chemical Industries Inc.
(Tokyo, Japan).

2.2.  Preparation of lutein sample

Following the procedure described in Vechpanich and Shotipruk
[19], 100 g of dried marigold powder was  extracted with 500 ml of
hexane for 4 h at 40 ◦C in a stirred vessel whose temperature was
controlled by a water bath. The system was  then left to stand for
20 min at room temperature to allow the residue to settle and sep-
arate from the extract. Hexane in the extract was evaporated under
vacuum at 40 ◦C, and the concentrated extract was  further dried in
a vacuum oven at 30 ◦C for 8 h. The dried marigold extract which is
hereby called marigold oleoresin was further subjected to saponi-
fication to convert lutein in the esterified forms to the free lutein.
0.6 g KOH was dissolved in 10 ml  of ethanol in a 125 ml Erlenmeyer
flask, into which one gram of marigold oleoresin was then added.
The flask was shaken at 150 rpm at 50 ◦C for 4 h. After the reac-
tion was  completed, 50 ml  of ethanol was  added into the saponified
solution, and this solution was  then transferred to a separation fun-
nel, into which 100 ml  of 5% Na2SO4 solution (in distilled water) and
80 ml of diethyl ether were added. All components were mixed
thoroughly and the mixture was then allowed to be separated

into two  phases. The upper phase (the ether fraction) was col-
lected and was  then extracted with water to remove water-soluble
impurities. After repeated extractions with water until the water
phase became colorless, the ether upper phases were collected and

al antisolvent apparatus.
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Table  1
Operating conditions for SAS micronization of lutein using DCM as solvent.

Sample number P (MPa) T (◦C) Solution flow
(ml/min)

CO2 flow
(ml/min)

Density of CO2

(kg/m3)
Re of CO2 Re of DCM CO2 molar

fractiona
Mean particle
size

1 8 55 0.25 20 205 8261 489 0.935 –
2 10  55 0.25 20 303 9543 482 0.935 2.05 �m
3 12 55 0.25 20 504 12,149 475 0.935 2.49 �m
4 8 55 0.25 25 205 10,326 489 0.947 –
5  10 55 0.25 25 303 11,929 482 0.947 1.58 �m
6 12 55 0.25 25 504 15,186 475 0.947 1.94 �m

a CO2 molar fraction is based on the binary DCM–CO2 system.

Table  2
Operating conditions for SAS micronization of lutein using ethanol as solvent.

Sample number P (MPa) T (◦C) Solution flow
(ml/min)

CO2 flow
(ml/min)

Density of CO2

(kg/m3)
Re  of CO2 Re of ethanol CO2 molar

fractiona
Mean particle
size

7 8 55 0.25 20 205 8261 40.4 0.93 –
8 10 55 0.25 20 303 9543 40.2 0.93 3.41 �m
9 12 55 0.25 20 504 12,149 40.0 0.93 1.58 �m

10 8 55 0.25 25 205 10,326 40.4 0.943 –
11  10 55 0.25 25 303 11,929 40.2 0.943 1.08 �m

504
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t
i
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w
p

F
fl

12 12 55 0.25 25 

a CO2 molar fraction is based on the binary ethanol–CO2 system.

ombined to obtain the lutein stock solution [20]. This solution was
hen dried overnight in a vacuum oven. The SEM image of the result-
ng dried sample is shown in Fig. 2 and the MPS  was determined to
e 202.3 �m.  The dried sample was tightly wrapped and stored in

 freezer for use in SAS micronization experiments.

.3. SAS micronization of lutein
The apparatus for SAS micronization of lutein is shown in Fig. 3,
hich consists of an LC-8A preparative liquid chromatography
ump (Shimadzu, Japan), a PU-980 intelligent HPLC pump (Jasco,

ig. 4. SEM images of SAS micronized lutein samples using DCM as solvent at 55 ◦C, 0.25 m
ow rate, and (c) 10 MPa, (d) 12 MPa  for 25 ml/min CO2 flow rate.
 15,186 40.0 0.943 902 nm

Japan),  a cooler (Eyela Cool Ace CA 1100, Japan), a precipitation
vessel (SUS316 cell, inner diameter: 3 cm,  length: 17.0 cm,  vol-
ume: 120.1 cm3, P-max: 30 MPa) and a double-tube nozzle (inner
diameter: 1/16 and 1/8 in.) through which the CO2 and lutein
solution were delivered. The precipitation vessel was housed in
a heating chamber whose temperature was  controlled by air con-
vection (AKICO, Japan; T-max: 100 ◦C). The experiments begin with

pumping liquid CO2 through a cooler at 0 ◦C, to ensure the lique-
faction of the gas to prevent cavitation, before being delivered to
a precipitation vessel at a specified flow rate through the annu-
lar cross-sectional surface of the concentric nozzle. The pressure

l/min solution flow rate, and at pressure (a) 10 MPa, (b) 12 MPa  for 20 ml/min CO2
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of the nozzle; (ii) the laminar regime, in which the solvent flows
smoothly and continuously before a break-up zone where uniform
size droplets are formed; (iii) the turbulent regime, in which the jet
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f the precipitation vessel was set to a desired value by a back-
ressure regulator (AKICO, Japan). The temperature of the heating
hamber was then set to a fixed value of 55 ◦C. The initial lutein
olution in an organic solvent was prepared by dissolving lutein
n DCM or ethanol with continuous stirring for 30 min. Although
utein solubility in DCM and ethanol at ambient temperature has
een reported to be 0.8 and 0.3 mg/ml, respectively [21], at the
ame temperature as the SAS operating temperature (55 ◦C), lutein
olution of higher concentration of 1 mg/ml  could be prepared. The
utein solution was then pumped to the precipitation vessel by the
PLC pump, through the inner tube of the concentric nozzle. Precip-

tated lutein particles were trapped by a filter (SUS316, Swagelok)
xed at the bottom of the vessel. After the micronization process
as completed, the flow of the lutein solution was stopped but that

f pure SC-CO2 was continued for an additional hour to ensure that
ll the residual solvent was removed from the lutein particles. No
esidual solvent could be detected by the gas chromatography (GC)
nalysis of the solution of micronized sample in chloroform. This
as also confirmed by constantly weighing the micronized lutein

ample that was placed in a rotary vacuum evaporator at 40 ◦C at
very 30 min  interval for 3 h. The SAS micronization experiments
ere conducted 2–3 times at some selected conditions to test the

eproducibility of the results. The conditions employed for the SAS
xperiments with DCM and ethanol as solvents, respectively, are
hown in Tables 1 and 2, along with information on CO2 density,
eynolds’ numbers (Re) for solvent and CO2 flows and the MPS  of
he resulted particles.

.4.  Evaluation of particle morphology, MPS  and PSD

A  JEOL model JSM-6390LV scanning electron microscope (SEM)
as used to examine the morphology and size of the particles.
onductive double-sided tape was used to fix the particles to the
pecimen holder. A thin layer of gold was sputtered onto the sample
sing an ion sputtering device (JEOL model JFC-1100E). In deter-
ining the MPS  and PSD, 500 particles were measured using Image

 analytical software.

.  Results and discussion

.1.  SAS micronization of lutein dissolved in DCM

SAS micronization at various operating conditions of lutein
issolved in DCM resulted in particles of various MPS, PSDs, and
orphologies. The effect of pressure (8, 10 and 12 MPa) on the
orphology, MPS  and PSD of lutein could be drawn from the

ample numbers 1–3, whose operating conditions are listed in
able 1. At 8 MPa, no particles could be collected. This could be
xplained by considering the phase equilibrium data of all three
omponents involved in the SAS process. Although the ternary
ata for lutein, DCM, and CO2 are not available in literature, binary
hase equilibrium data of CO2 and DCM [18] could be used initially
o address the feasibility of the process. The fact that the operating
ondition at 8 MPa  and 55 ◦C is located below the critical point of
he binary mixture caused the liquid and vapor phases to coexist.
utein then remained dissolved in the liquid organic solvent, which
as then carried over by the flowing stream of carbon dioxide,

hrough the filter, out of the micronization chamber, without
orming any particles. On the other hand, the pressures of 10 MPa
nd 12 MPa  were above the mixture critical point in which the
ingle supercritical region is reached. At these conditions, SC-CO2

ecame dissolved into the organic phase, causing the state of
upersaturation, thus resulting in the production of fine particles
Fig. 4(a) and (b)). In both cases, rather than being spherical,
utein particles have flake-like morphology, which can probably
al Fluids 77 (2013) 103– 109

be  explained by the competition of the diffusion rate of SC-CO2
into organic solvent droplet as the solvent flowed out of the nozzle
and the nucleation rate of the lutein particles. In this case, it was
likely that the rate of SC-CO2 diffusion was  lower than that of
particle nucleation, causing the nucleation to start as soon as the
diffusion front forms, and not far from the droplet surface. Thus,
the flake-like particles whose morphology is similar to the droplet
surface were formed [22]. The results in Table 1 also indicated
that the increase in pressure leads to the increase in lutein MPS.
For the process operated at the SC-CO2 flow rate of 20 ml/min, the
increase in MPS  from 2.05 to 2.49 �m was observed as the pressure
increased from 10 MPa  to 12 MPa, while for the SC-CO2 flow rate
of 25 ml/min, particle MPS  increased from 1.58 to 1.94 �m with
the same increased pressure. It should be noted that although the
flake-like morphology might lead to overestimation of particle
size when viewed under SEM, at all conditions, flake-like particles
were obtained, thus general trend could still be drawn from the
results of this present study. In addition to higher MPS, as shown in
Fig. 5, wider PSDs were observed at higher pressures. These results
could largely be due to the effect of pressure on the characteristics
of jet disintegration [23–25]. Generally, depending on the flow
rate and operating conditions such as temperature and pressure,
three regimes of liquid phase dispersion are observed: (i) the
dripping regime, in which the droplets are formed at the outlet
Par�cle size  (μm)

Fig. 5. PSD of SAS micronized lutein samples using DCM as solvent at 55 ◦C,
0.25  ml/min solution flow rate, and at pressure (a) 10 MPa, (b) 12 MPa  for 20 ml/min
CO2 flow rate, and (c) 10 MPa, (d) 12 MPa  for 25 ml/min CO2 flow rate.
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ig. 6. SEM images of SAS micronized lutein samples using ethanol as solvent at 55
ow rate and (c) 10 MPa, (d) 12 MPa  for 25 ml/min CO2 flow rate.

urface becomes irregular and the resulting non-uniform droplets
re formed as stretched or small broken droplets [16].

In  general, the ratio of inertia force and viscous force of liq-
id flow, known as a Reynolds’ number (Re = �DU/�; where � is
ensity, D is nozzle diameter, U is liquid velocity and � is liquid
iscosity) can be use to estimate flow regime. The Re numbers of
CM at both pressures of 10–12 MPa  were calculated to be about
00 (as shown in Table 1) which lie in the laminar flow regime.
owever Re alone could not describe such complicated system of
AS micronization. Indeed the jet hydrodynamics is determined
y another important dimensionless number, namely a Ohnesorge
umber (Oh = (�/(D��)1/2); where � is interfacial tension), which
elates the viscous force and the interfacial tension [26]. However,
ince the data for the transient interfacial tension of our system
t supercritical conditions is not available, it was not possible to
stimate the Oh numbers for the systems in this study. Despite
he unavailibity of Oh numbers, previous literature has shown
hat the interfacial tension of DCM–CO2 and ethanol–CO2 systems
ecreased with increasing pressure, and this in turn caused the
ransition in the modes of jet dispersion [16]. At low pressure, and
hus high system interfacial tension, the smooth and continuous
olvent flow (laminar regime) is maintained, which results in the
ormation of symmetric jet and uniform drops of solvent. At higher
ressure, solvent flow becomes irregular (turbulent) due to the low
alue of interfacial tension, thus non-uniform drops are formed.
he increase in MPS  and wide PSD as the pressure increased from
0 MPa  to 12 MPa  for this case suggested therefore that a transition
rom laminar to turbulent regime could have occurred.

The effects of SC-CO2 flow rate on lutein particle morphol-

gy and MPS  were observed for the SC-CO2 flow rates of 20 and
5 ml/min at a fixed lutein solution flow rate of 0.25 ml/min. As
hown in Fig. 4(a)–(d), increasing SC-CO2 flow rate shows no sig-
ificant effect on particle morphology, that is, similar flake-like
5 ml/min solution flow rate and pressure (a) 10 MPa, (b) 12 MPa for 20 ml/min CO2

particles  were observed at both SC-CO2 flow conditions. However,
the MPS  of lutein decreased as the SC-CO2 flow rate increased as
shown in Table 1 (sample numbers 2, 3, 5 and 6). As SC-CO2 flow
rate increased, supersaturation was reached more readily as CO2
diffuse into the droplet, resulting in precipitation of fine particles.

3.2.  SAS micronization of lutein dissolved in ethanol

Similar to SAS micronization with DCM as a solvent, no parti-
cles could be formed by SAS micronization of lutien dissolved in
ethanol at 8 MPa  and 55 ◦C. Based on the binary phase equilibrium
data reported by Tsivintzelis et al. [18], this operating condition
again was below the critical point of ethanol and CO2 mixture and
thus lie within the two phases region. Operated at higher pressures,
SAS micronization at 10 MPa  and 12 MPa  resulted in flake-like
lutein particles (Fig. 6(a) and (b)). On the contrary to the previous
results with DCM as a solvent, when ethanol was used as a sol-
vent, the increase in pressure leads to the decrease in lutein MPS.
The decrease of MPS  from 3.41 to 1.58 �m and from 1.08 �m to
902 nm was  observed for the SC-CO2 flow rates of 20 ml/min and
25 ml/min, respectively. Moreover, narrower PSDs were observed
at higher pressures (as shown in Fig. 7). The Re numbers for ethanol
flow at both 10 and 12 MPa  were about 40 (as shown in Table 2),
which was similar to the system with DCM, which lie in the laminar
flow regime. The decrease in MPS  at higher pressure of 12 MPa  how-
ever suggested that the jet dispersion characteristics of this system
might be different. As the interfacial tension of ethanol–CO2 system
was reported to be lower than that of DCM–CO2 at ambient condi-
tion (about 22 mN/m versus 28 mN/m)  [16], it might be drawn from

this data that at higher pressure of 12 MPa, the ethanol–CO2 inter-
facial tension would also be lower and would possibly approach
zero. When this is the case, jet dispersion behavior did not
follow any of the three flow regimes described earlier, instead no
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Fig. 7. PSD of SAS micronized lutein samples using ethanol as solvent at 55 ◦C,
0
r

d
o
w
p
o
p
m

w
w
c
o
p
a

[

[

[

[

[

[

[16] E. Badens, O. Boutin, G. Charbit, Laminar jet dispersion and jet atomization in
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istinct droplets are formed and the particle formation on the
ther hand occurred in favor of gas-phase nucleation and growth
ithin the dispersed gas plume, resulting in very fine nano-sized
articles [26]. The decrease in lutein MPS  and narrower range
f PSDs observed at higher pressures in these experiments was
ossibly the results of this shift from droplet formation to gas
ixing.
The effect of SC-CO2 flow rate on morphology and MPS  of lutein

as carried out at 20 and 25 ml/min. Similar to the previous results
ith DCM, an increase in SC-CO2 flow rate showed no signifi-

ant effect on particle morphology: flake-like lutein particles were

bserved as shown in Fig. 6(a)–(d). The decrease in MPS  of lutein
articles could be obtained when the SC-CO2 flow rate is increased
s shown in Table 2 (sample numbers 8, 9, 11 and 12).

[

al Fluids 77 (2013) 103– 109

4. Conclusions

Supercritical anti-solvent (SAS) micronization using DCM and
ethanol was  shown to effectively produce fine particles of lutein
derived from marigold flowers. In both solvent systems, the
increase in pressure and SC-CO2 flow rate did not have signifi-
cant effects on lutein particle morphology. However, significant
effects of increasing pressure on MPS  and PSDs of lutein parti-
cles were observed. The increase in SC-CO2 flow rate from 20 to
25 ml/min shows the reduction of MPS  in both DCM and ethanol
system. It is noted some loss of product was observed in this study
and this was attributed to the relatively large filter pore diameter
(1 �m).  Thus, filter with small pore size should be used in future
study. In addition, in order to further gain better insights into the
entire process, the investigations on interfacial tension and other
hydrodynamic parameters such as jet breakup lengths and diffu-
sion lengths should be carried out.
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This  work  aims  to study  supercritical  anti-solvent  micronization  of  marigold  derived  purified  lutein  that
was  dissolved  in the  mixture  of  hexane  and  ethyl  acetate  (70:30  v/v),  the  solvent  used  as  the mobile  phase
for  chromatographic  purification.  The  results  show  significant  effect  of  pressure  on the morphology  of
micronized  lutein  particles.  The  increase  in  lutein  initial  concentration  from  1.5  mg/ml  to  3.2  mg/ml
and  the increase  in  SC-CO2 flow  rate from  15  ml/min  to  25 ml/min  show  no significant  effects  on  the
upercritical anti-solvent
utein
arigold  flower
icronization
icro-particle

hromatography

morphology  of  lutein  particles.  However,  the  reduction  of  mean  particle  size  from  about  2 �m  to  0.8  �m
was  observed  by increasing  SC-CO2 flow  rate.  The  X-ray  diffraction  patterns  of the  micronized  lutein
particles  show  apparent  amorphous  nature,  while  the  Fourier  transform  infrared  spectroscopy  results
show  that  no  chemical  structural  changes  occurred.  Moreover,  the  solubility  of the  micronized  lutein
particles  in aqueous  solution  was  found  to increase  significantly  from  being  almost  insoluble  to having
approximately  20%  solubility
. Introduction

Lutein (C40H56O2, MW = 568.87) whose molecular structure is
hown in Fig. 1 is one of the most important active pharmaceutical
ngredients (APIs), which is now widely used as natural colorants.
n addition, due to its high antioxidant activity, the compound
xhibits other positive effects such as reducing the failure of the
yesight due to age-related macular degeneration, as well as fight-
ng against coronary heart disease and cancers [1,2]. Although
utein can be found in various fruits and vegetables, one of the rich-
st natural sources of lutein is known to be marigold flowers [3].
herefore, a number of studies have been conducted on extrac-
ion and purification of lutein from this source [4–6]. Recently, we
uccessfully employed preparative chromatography technique to
urify marigold derived lutein to the purity up to 97%. In this pro-
ess, silica gel was used as a stationary phase and a mixture of
exane:ethyl acetate (70:30 v/v) was used as a mobile phase [7].

Despite having high medicinal activities, many APIs and lutein
like, are of low bioavailability due largely to their low solubility in

ater [8]. An improvement in aqueous solubility of an API can gen-

rally be achieved by micronizing it to smaller particles. As a result,
he surface area increases, and thus the dissolution rate increases

∗ Corresponding author. Tel.: +66 2 218 6868; fax: +66 2 218 6877.
E-mail  address: artiwan.sh@chula.ac.th (A. Shotipruk).

896-8446/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.supflu.2013.03.033
© 2013 Elsevier B.V. All rights reserved.

[9,10]. This not only helps lower the dosage requirement, it can
also reduce any possible side effects associated with up-taking the
compound [11]. However, there are some concerns over the con-
ventional particle micronization such as grinding, milling, chemical
precipitation and spray drying. APIs undergoing mechanical pro-
cesses could be degraded by friction heat; and those undergoing
chemical processes may  contain toxic organic solvent residues.

Alternatively, supercritical fluids, especially carbon dioxide
(CO2), have recently played an important role in the processing
of natural compounds, polymers, drugs and APIs. Micronization
of particles with supercritical carbon dioxide (SC-CO2) requires
mild operating temperature; and is therefore suitable for thermally
labile compounds. In addition, SC-CO2 can easily be separated from
the particles as it returns to gas phase at ambient temperature
and pressure, leaving a solvent-free product [12]. Among several
particle micronization techniques using supercritical fluids, super-
critical anti-solvent (SAS) micronization has been widely studied
due to the effectiveness of the method in making fine particles
from various sources of compounds [13–17]. In a typical SAS pro-
cess with SC-CO2 used as an anti-solvent, the interested solute is
first dissolved in an organic solvent, which is then flown simul-
taneously with SC-CO2 through a nozzle. The solution becomes

supersaturated, and the solute is thus forced to precipitate into fine
particles. Previous research has demonstrated that beside the pro-
cess conditions such as temperature, pressure, as well as solution
and SC-CO2 flow rates, the type of organic solvents in which the

dx.doi.org/10.1016/j.supflu.2013.03.033
http://www.sciencedirect.com/science/journal/08968446
http://www.elsevier.com/locate/supflu
mailto:artiwan.sh@chula.ac.th
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Fig. 1. Chemical structure of

olute is initially dissolved also plays a key role in the formation of
he particles by the SAS process [18–20]. Common organic solvents
sed include ethanol and dichloromethane and their equilibrium
ata with CO2 have been determined [21]. We  have indeed demon-
trated that SAS micronization of lutein was possible using ethanol
nd dichloromethane at some specified process conditions [22].

In  this work, the feasibility of employing SAS technique was
etermined for micronization of marigold derived purified lutein
hat was dissolved in the mixture of hexane and ethyl acetate
70:30 v/v), the solvent used as the mobile phase for the prior chro-

atographic purification step [7]. This solvent system was hardly
sed in previous SAS micronization study, and to our knowledge,
he phase equilibrium data with CO2 are not available. Here, the
ffects of SAS micronization conditions including pressure, the ini-
ial concentration of lutein in the solvent and the supercritical
arbon dioxide (SC-CO2) flow rate were determined on particle
orphology, mean particle size (MPS) and particle size distribu-

ion (PSD). In addition, the crystallinity of the micronized particles
as examined from the X-ray diffraction (XRD) patterns and any

hemical structural changes of the micronized lutein particles com-
ared to un-processed lutein were examined by the analysis of
ourier transform infrared (FTIR) spectrum. Furthermore, the solu-
ility in aqueous solution of micronized lutein and un-processed

utein were also investigated. The success of SAS micronization
sing the same solvent system as the mobile phase of the chro-
atography process will imply that a step of solvent evaporation

rom the eluted samples and re-dissolving the dried sample into
nother organic solvent can be omitted. By this, not only the process
ost can be reduced, the degradation of lutein during complicated
rocessing steps can also be minimized.

. Materials and methods

.1.  Materials and chemicals

Dried  powdered marigold flower sample was provided by PTT
lobal Chemical Public Company Limited (Rayong, Thailand). Hex-
ne (purity > 99.5%) used for sample preparation step was supplied
y Sigma–Aldrich. Ethanol (95% purity) and potassium hydrox-

de (KOH, purity > 99%) were purchased from Merck, USA. Diethyl
ther (purity > 99%), ethyl acetate (purity > 99%) and sodium sulfate
Na2SO4, purity > 99%) were supplied by Merck Ltd., Thailand. Liq-
id CO2 was supplied by Uchimura Sanso Co. Ltd. (Osaka, Japan)
ith a purity of 99.97%. Hexane (purity > 99.5%) and ethyl acetate

purity > 99%) used for SAS precipitation were supplied by Wako
ure Chemical Industries Inc. (Tokyo, Japan). Lutein standards
purity > 90%) were purchased from Sigma–Aldrich, Germany.

.2. Sample preparation

Following  the procedure described in Vechpanich and Shotipruk
6], 100 g of dried marigold powder was extracted with 500 ml

f hexane for 4 h at 40 ◦C in a stirred vessel whose temperature
as controlled by a water bath. The system was left to stand for

0 min  at room temperature to allow the residue to settle and sep-
rate from the extract. Hexane in the extract was evaporated under
 (C40H56O2, M.W.  = 568.87).

vacuum  at 40 ◦C, and the concentrated extract was further dried in
a vacuum oven at 30 ◦C for 8 h. The dried marigold extract which is
hereby called marigold oleoresin was further subjected to saponi-
fication to convert lutein in the esterified forms to the free lutein.
0.6 g KOH was dissolved in 10 ml  of ethanol in a 125 ml Erlenmeyer
flask, into which one gram of marigold oleoresin was then added.
The flask was shaken at 150 rpm at 50 ◦C for 4 h. After the reac-
tion was  completed, 50 ml  of ethanol was added into the saponified
solution, and this solution was  then transferred to a separation fun-
nel, into which 100 ml  of 5% Na2SO4 solution (in distilled water)
and 80 ml  of diethyl ether were added. All components were mixed
thoroughly and the mixture was  then allowed to be separated into
two phases. The upper phase (the ether fraction) was collected and
was then extracted with water to remove water-soluble impurities.
After repeated extractions with water until the water phase became
colorless, the ether upper phases were collected and combined to
obtain the lutein stock solution [23]. This solution was then dried
overnight in a vacuum oven. The dried sample was tightly wrapped
and stored in a freezer for use in SAS micronization experiments.
This sample if further purified by chromatography according to
Boonnoun et al. [7], lutein of up to 97% purity would be obtained.
In this micronization study however, we employed the extracted
and saponified lutein prepared as described earlier. The analysis of
the sample by HPLC following the method given in Boonnoun et al.
[7] indicated that the purity of the sample used in this study was
about 89%.

2.3.  SAS micronization of lutein

The apparatus for SAS micronization of lutein is shown in Fig. 2,
which consists of an LC-8A preparative liquid chromatography
pump (Shimadzu, Japan), a PU-980 intelligent HPLC pump (Jasco,
Japan), a cooler (Eyela Cool Ace CA 1100, Japan), a precipitation
vessel (SUS316 cell, inner diameter: 3 cm,  length: 17.0 cm,  vol-
ume: 120.1 cm3, P-max: 30 MPa) and a double-tube nozzle (inner
diameter: 1/16 and 1/8 in.) through which the CO2 and lutein
solution were delivered. The precipitation vessel was housed in
a heating chamber whose temperature was controlled by air con-
vection (AKICO, Japan T-max: 100 ◦C). The experiments begin with
pumping liquid CO2 through a cooler at 0 ◦C, to ensure the lique-
faction of the gas to prevent cavitation, before being delivered to
a precipitation vessel at a specified flow rate through the annu-
lar cross-sectional surface of the concentric nozzle. The pressure
of the precipitation vessel was set to a desired value by a back-
pressure regulator (AKICO, Japan). The temperature of the heating
chamber was then set to a fixed value of 50 ◦C, after which the
lutein solution in mixture of hexane and ethyl acetate (70:30 v/v)
was then pumped to the precipitation vessel by the HPLC pump,
through the inner tube of the concentric nozzle. Precipitated lutein
particles were trapped by a filter (SUS316, Swagelok) whose nomi-
nal pore diameter was 1 �m fixed at the bottom of the vessel. After
the micronization process was completed, the flow of the lutein

solution was  stopped but that of SC-CO2 was continued for an addi-
tional hour to ensure that all the residual solvent was  removed from
the lutein particles. At some selected conditions, SAS micronization
of lutein was  conducted 2–3 times to test the repeatability of the
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Fig. 2. Schematic diagram of SAS micronization apparatus.

Table 1
Operating conditions for SAS micronization of free lutein and resulting mean particle size (MPS) and yield.

Sample
number

P  (MPa) T (◦C) C0 (mg/ml) Lutein solutiona

flow rate (ml/min)
CO2 flow rate
(ml/min)

CO2 molar
fractionb

Mean particle
size  (�m)

Yield (%)

1 6.5 50 2.5 0.5 20 0.931 – 0.0
2  8 50 2.5 0.5 20 0.931 2.1 58
3  12 50 2.5 0.5 20 0.931 Agg 30
4  10 50 1.5 0.5 20 0.931 Agg 21
5  10 50 2.5 0.5 20 0.931 Agg 23
6  10 50 3.2 0.5 20 0.931 Agg 27
7  8 50 2.5 0.25 15 0.953 2.2 67
8  8 50 2.5 0.25 20 0.964 2.0 31
9  8 50 2.5 0.25 25 0.971 0.8 27
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apparatus Pharmatest PTW SIII (Pharma Test, Germany) at 37 ◦C at
rotating speed of 100 rpm in 500 ml  of a buffer prepared by mix-
ing 50 ml  of 0.2 M KCl with 85 ml  of 0.2 M HCl at pH 1.2. 15 mg  of
lutein samples were then placed in the basket which was connected
gg = agglomerated particles.
a Lutein dissolved in the mixture of hexane and ethyl acetate (70:30 v/v).
b CO2 molar fraction is based on the tertiary hexane–ethyl acetate–CO2 system.

esults. The purity of micronized samples was determined to be
he same as before SAS micronization (89% purity). The conditions
mployed for the SAS experiments are shown in Table 1, along with
he MPS  and yields of the resulted particles. The yields of lutein from
AS micronization was calculated based on Eq. (1).

ield of lutein

= weight of free lutein final product (collected at filter)
dry weight of free lutein before SAS precipitation

× 100%

(1)

.4. Evaluation of particle morphology, MPS, and PSD of
icronized lutein samples

A  JEOL model JSM-6390LV scanning electron microscope (SEM)
as used to examine the morphology particles. Conductive double-

ided tape was used to fix the particles to the specimen holder. A
hin layer of gold was sputtered onto the sample using an ion sput-
ering device (JEOL model JFC-1100E). The sizes of lutein particles
ere analyzed. To determine the mean particle size (MPS) and par-

icle size distribution (PSD), lutein samples were suspended into
I water and 1000 particles were measured three times by HORIBA
aser Scattering Particle Size Distribution Analyzer model LA-950.

.5.  Particle characterization

.5.1.  X-ray powder diffraction (XRD)
X-ray scattering measurements were performed on a Rigaku
AD-1B Discover diffractometer. The dried sample powders were
repared in a 0.5 mm thick specimen holder. Background (air scat-
ering) was measured for the same sampling time, typically 30 min,
nd was subtracted from each measurement.
2.5.2.  Fourier transform infrared spectrometer (FT-IR)
Micronized lutein FTIR spectra was recorded between 4000 and

400 cm−1 in transmission/absorbance mode on FTIR Spectrum One
spectrometer (Perkin-Elmer, Norwalk, USA).

2.5.3. Dissolution test
The  dissolution test was performed for processed and un-

processed lutein by SAS micronization using a USP II rotating paddle
Fig. 3. SAS micronized lutein samples: (a) fine powder obtained at 8 MPa, (b)
agglomerated  particles obtained at 10 and 12 MPa.
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Fig. 5. SEM images of SAS micronized lutein samples obtained at 50 ◦C, 10 MPa,
ig. 4. SEM images of SAS micronized lutein samples obtained at 50 ◦C, 0.5 ml/min
olution  flow rate, 20 ml/min CO2 flow rate, 2.5 mg/ml  lutein concentration, and at
arious pressures (a) 8 MPa, (b) 10 MPa, (c) 12 MPa  (sample numbers 2, 5, and 3).

o rotating paddle apparatus. Then 5 ml  of liquid samples were
ithdrawn at selected time intervals of 5, 15, 30, 45 and 60 min.
liquots were filtered through 0.22 �m filters and assayed by a UV
pectrophotometer at 450 nm [24].

.  Results and discussion

.1.  Micronization of lutein by supercritical anti solvent (SAS)

.1.1.  Effect of pressure
The  effect of pressure on the morphology of micronized lutein

ould be drawn from the sample numbers 1, 2, 3 and 5, listed in
able 1, which were obtained at 6.5, 8, 12 and 10 MPa, respectively.

t 6.5 MPa  however, no particles could be collected. It was possi-
le that the condition at 6.5 MPa  and 50 ◦C was below the mixture
ritical condition, thus CO2 did not act as an anti-solvent. Thus the
wo phases coexisted in the system at this condition, in which the
0.5  ml/min solution flow rate, 20 ml/min CO2 flow rate, and various lutein con-
centrations  (a) 1.5 mg/ml, (b) 2.5 mg/ml, (c) 3.2 mg/ml  (sample numbers 4, 5, and
6).

lutein remained dissolved in the organic liquid phase, which was
then carried over out of system by the flowing stream of CO2. As the
pressure of the system increases to 8 MPa, the single supercritical
region may  have been reached, the solubility of lutein in organic sol-
vent decreased, due to an increase of SC-CO2 concentration in the
organic liquid phase [25]. As a result, the lutein solution immedi-
ately reached the supersaturation state, resulting in the production
of fine particles at 8 MPa  or higher pressures. However, the resulted
lutein particles have different appearances. As shown in Fig. 3(a)
and (b), fine powder with the MPS  of 2.1 �m was obtained at 8 MPa,
while particles obtained at 10 and 12 MPa  tended to be agglomer-
ated. Due to the agglomeration of the particles, it was  difficult to

measure the MPS  at these conditions. Therefore, the effect of pres-
sure on MPS  and PSDs of micronized lutein could not be drawn. In
addition, the agglomerated particles are likely to adhere to the wall
of the precipitation vessel, resulting in much smaller yield (30%),
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ig. 6. SEM images of SAS micronized lutein samples obtained at 50 C, 8 MPa,
.25  ml/min solution flow rate, 2.5 mg/ml  lutein concentration, and various CO2 flow
ates (a) 15 ml/min, (b) 20 ml/min, (c) 25 ml/min (sample numbers 7, 8, and 9).

ompared with the non-agglomerated particles obtained at 8 MPa
58%), whose loss was mainly attributed to the loss of particles of
maller size than the filter pores (1 �m).  At 8 MPa, the resulted par-
icles possess the ellipsoid to spheroid morphology as shown in
ig. 4(a). At 10 and 12 MPa  on the other hand, the flake-like and
he twisted leaf-like particles were obtained, respectively (Fig. 4(b)
nd (c)).

The different morphologies could largely be due to the effect
f pressure on the characteristics of jet disintegration [19,26,27].
his jet disintegration occurs at the early stage in the process as
rganic solvent flows out of the nozzle. The jet flow behavior is
onnected to the presence of two distinct fluid phases because
here is no mass transfer between the organic solvent and anti-
olvent at this stage. Therefore, it could be classified by principal

egime of liquid phase dispersion observed for liquid–liquid and
iquid–gas systems [28]. Although phase equilibrium behavior, on
he other hand, comes in to play at a later stage, it determines the
uccess of the SAS process, and the micronization conditions must
Fig. 7. PSD of SAS micronized lutein samples obtained at 50 C, 8 MPa, 0.25 ml/min
solution  flow rate, 2.5 mg/ml lutein concentration, and various CO2 flow rates (a)
15 ml/min, (b) 20 ml/min, (c) 25 ml/min (sample numbers 7, 8, and 9).

lie above the mixture critical point as previously described. Gen-
erally, depending on the flow rate and operating conditions such
as temperature and pressure, three regimes of liquid phase disper-
sion are observed: (i) the dripping regime, in which the droplets are
formed at the outlet of the nozzle; (ii) the laminar regime, in which
the solvent was flowed smoothly and continuously before a break-
up zone where uniform size droplets are formed; (iii) the turbulent
regime, in which the jet surface becomes irregular [28] and the
resulting non-uniform droplets are formed as stretched and small
broken droplets. The ellipsoid–spheroid morphologies observed at
8  MPa  suggested that the jet disintegration occurred at the laminar
regime. As the pressure increased to 10 and 12 MPa, the organic
solvent and CO2 interfacial surface tension decreased, the jet disin-
tegration entered the turbulent regime [28], resulting in irregular
jet surface. As a result, non-uniform flake-like and twisted leaf-like
particles were formed.
3.1.2.  Effect of lutein initial concentration
The effect of lutein initial concentration (1.5, 2.5 and 3.2 mg/ml)

on the particle morphology could be observed from sample
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Fig. 8. XRD pattern of SAS micronized lutein samples; (a) un-processed lutein (b)

F
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0 P. Boonnoun et al. / J. of Su

umbers 4, 5 and 6 for the fixed pressure of 10 MPa  and the fixed
C-CO2 flow rate of 20 ml/min. The SEM images of the resulted par-
icles are shown in Fig. 5(a–c). There seemed to be no differences
n the morphologies of the particles obtained with different lutein
nitial concentrations. In all cases, the flake-like particles of lutein

ere obtained. However, as mentioned above, the particles formed
t 10 MPa  tended to be agglomerated. As a result, large lumps of par-
icles were seen for the samples formed from the lutein solution as
he initial concentration increased.

.1.3. Effect of SC-CO2 flow rate
The effect of SC-CO2 flow rate on morphology, MPS  and PSD

f micronized lutein could be observed from sample numbers 7,
 and 9 for the fixed pressure of 8 MPa  and the fixed lutein initial
oncentration of 2.5 mg/ml. As shown in Fig. 6, at 8 MPa, similar
llipsoid–spheroid shape morphology of micronized lutein parti-
les were observed for all SC-CO2 flow rates (15, 20 and 25 ml/min).
owever, as SC-CO2 flow rate increased, MPS  decreased from
.2 �m to 0.8 �m.  At higher SC-CO2 flow rates, supersaturation
as  reached more readily as CO2 quickly diffuse into the droplet,

esulting in precipitation of very fine particles.
Moreover, the size distributions of the particles obtained at var-

ous SC-CO2 flow rates are shown in Fig. 7. It can be inferred from
ig. 7 that some particles whose size was smaller than the filter
ores were lost as it passed through the filter. Considerable loss
as observed particularly at the SC-CO2 flow rate of 25 ml/min, in
hich particles of the smallest MPS  were formed giving the yield

f only 27%. Despite this, it could still be drawn from Fig. 7 that
lightly wider lutein PSD was observed when the SC-CO2 flow rate
ncreased from 15 ml/min to 20 ml/min, while increasing SC-CO2
rom 20 ml/min to 25 ml/min, on the other hand, resulted in nar-
ower PSD. The larger PSD as the SC-CO2 flow rate increased initially
rom 15 ml/min to 20 ml/min could be due to the interference by
he increased aerodynamic force resulted from the increasing of

C-CO2 flow rate, thus the liquid phase dispersion became irregular
nd the uniform size of droplet cannot be formed. When the SC-CO2
ow rate increased to 25 ml/min however, much smaller particles
ere formed, thus the PSD became narrower.

ig. 9. FTIR Transmission of lutein samples; (a) un-processed lutein (b) SAS micronized
utein concentration, and 15 ml/min CO2 flow rates.
SAS micronized lutein sample obtained at 50 ◦C, 8 MPa, 0.25 ml/min solution flow
rate, 2.5 mg/ml  lutein concentration, and 15 ml/min CO2 flow rates.

3.2. Characterization of micronized lutein

Because the highest yield of non agglomerated micronized
lutein particles were obtained for the sample number 7 (operated
at pressure 8 MPa, 15 ml/min of SC-CO2 flow rate and 2.5 mg/ml  of
lutein initial concentration), the particles were subjected to char-
acterization study to examine the particle crystallinity and the
changes in the chemical structures using XRD and FTIR analyses,
respectively.

The XRD patterns of un-processed lutein and micronized lutein
powder shown in Fig. 8 imply that lutein was completely amor-
phous in nature. The amorphous structure could be attributed to
the fact that the supersaturation state was  reached suddenly as
a result in of the solubility decrease by the diffusion of SC-CO2
into the solvent. Moreover, the FTIR spectroscopy results of the
processed and un-processed lutein particles are shown in Fig. 9.
The corresponding OH stretching vibration band between 3200
and 3600 cm−1 is a rather broad peak. The bands corresponding
to stretching vibrations in the CH2 groups are at 2852 cm−1 and
2922 cm−1. The band assigned to the stretching vibrations of the

C C groups is at 1630 cm−1. The bands corresponding to bend-
ing vibrations in the CH3 groups are at 1447 cm−1 and 1376 cm−1.
The out of plane deformation of C H group (oop bend) is present

 lutein sample obtained at 50 ◦C, 8 MPa, 0.25 ml/min solution flow rate, 2.5 mg/ml
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ample obtained at 50 ◦C, 8 MPa, 0.25 ml/min solution flow rate, 2.5 mg/ml lutein
oncentration,  15 ml/min CO2 flow rates (dissolution conditions at 37 ◦C, rotating
peed  of 100 rpm, 15 mg  of samples in 500 ml  of medium solution (pH = 1.2)).

t 966 cm−1. From the FTIR results, no chemical structural change
n the micronized lutein particles occurred as a result of the SAS
rocess.

.3. Dissolution of micronized lutein particles

Dissolution study was  conducted on the micronized lutein pow-
er obtained for the sample number 7 (operated at pressure 8 MPa,
5 ml/min of SC-CO2 flow rate and 2.5 mg/ml of lutein initial con-
entration) and the un-processed lutein. As shown in Fig. 10, the
n-processed lutein was  found to be hardly soluble in the aqueous
olution, while the % dissolution of the micronized lutein particles
harply increased to about 17% within 5 min, then slowly increased,
nd reached 20% in 60 min. The improvement in % dissolution of
he micronized lutein particles could be explained by the increased
urface area as the MPS  reduced from 202.3 �m to 2.2 �m (Table 1).

. Conclusions

The supercritical anti-solvent (SAS) process could be employed
or the micronization marigold lutein particles, using a mixture
f hexane and ethyl acetate, the mobile phase in the earlier step
f chromatography purification. Pressure was found to have sig-
ificant effect on the particle morphology. The increase in lutein

nitial concentration from 1.5 mg/ml  to 3.2 mg/ml  and the increase
n SC-CO2 flow rate from 15 ml/min to 25 ml/min show no signifi-
ant effect on the morphology of the micronized lutein particles.
owever, the reduction of lutein particle size from about 2 �m

o 0.8 �m by increasing SC-CO2 flow rate was observed. The suit-
ble conditions for lutein micronization in this work were found
o be at 8 MPa, 2.5 mg/ml  initial concentration and 25 ml/min SC-
O2 flow rate, giving non-agglomerated fine particles of 0.8 �m
PS. The micronized lutein particles were found to be amorphous

nd no significant changes in the chemical structure of lutein were
bserved after the SAS micronization process. Moreover, signifi-
ant improvement in the dissolution micronized lutein particles
as found compared to the un-processed lutein. In addition, in

rder to further gain better insights into the entire process, fur-
her investigations on phase equilibrium of the system and regime
f liquid phase dispersion should be carried out.
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Research Article

Simultaneous Production of Biodiesel and
Free Lutein from Chlorella vulgaris

Biodiesel and valuable free lutein were demonstrated to be simultaneously pro-
duced from Chlorella vulgaris lipid extracts. The alkali catalyst used in the transes-
terification of triglycerides acted as a reactant in converting lutein fatty acid esters
to free lutein. A maximum biodiesel yield of 33.6 % by weight of the algal lipids
was obtained after a 4-h reaction with MeOH at the MeOH/biomass ratio of 16:1
using 6 % alkali catalyst. The excess of alkali and MeOH employed in the produc-
tion of biodiesel ensured the complete saponification of all lutein fatty acid esters
to free lutein, giving a maximum yield of 2.3 % by weight of the algal lipids. In
addition, a process for the separation of the biodiesel and free lutein products
from the reaction mixture is proposed. Finally, a preliminary economic assess-
ment was conducted, the results of which suggest that the process for the simulta-
neous production of biodiesel and lutein from C. vulgaris may be economically
feasible.

Keywords: Biodiesel, Lutein, Microalgae, Saponification, Transesterification
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1 Introduction

As an alternative to fossil fuels, biodiesel has now become widely
accepted as a potential fuel that may help overcome the energy
crisis faced by countries all over the world. However, currently it
is still produced from oil crops, which poses some concerns re-
garding the invasion of the food crop area and the future avail-
ability of sufficient food for the growing world population.

Microalgae are another interesting source for biodiesel pro-
duction due to their rapid growth rate, comparable lipid con-
tent and, above all, the need for only relatively small cultiva-
tion land areas [1]. Nevertheless, the production of biodiesel
from microalgae has not yet been economically practiced on
the industrial scale since the production cost is still much
higher than that of the conventional fossil fuel. Besides, most
systems for algal fuel production consume more energy than
that contained in the algae [2]. Indeed, it has been suggested
that the overall economic feasibility of biodiesel production
from microalgae is largely dependent on the selection of a suit-
able microalgal strain. Desirable traits include not only an
alga’s rapid growth and high lipid content but also its environ-
mental hardiness and the possibility of simultaneously gener-

ating valuable coproducts. Microalgal species that have re-
cently been extensively studied as potential biodiesel
feedstocks include Chlamydomonas reinhardtii, Dunaliella sali-
na, Botryococcus braunii, and Chlorella sp. [3]. Due to the pos-
sible capacity of Chlorella species to produce high-value copro-
ducts in particular, cultivation of these algal species to harvest
the lipids [4–6] for biodiesel synthesis [7, 8] has gained a surge
of interest in recent years. Besides their high lipid content
(14–56 % by dry weight) [9], Chlorella is also one of the major
sources of the naturally occurring carotenoid lutein (2–4 mg/g
of dry biomass) [10, 11]. The compound has great capability
of preventing cancers as well as eye and heart diseases [12]; its
price is as high as USD 570–790 per kilogram (prices from
Changsha Winner Bio-tech Co., Ltd., Changsha, China; Chang-
sha Sunfull Bio-Tech Co. Ltd., Changsha, China; Xi’an Aladdin
Biological Technology Co., Ltd., Xi’an, China). Indeed, Chlorella
species have long been cultivated for the production of biomass
(for protein) and high-value products [4, 5] and, as a conse-
quence, the economical harvesting and processing methodolo-
gies for these products are already well established, regardless of
biodiesel production [3]. Although a number of studies have
recently been conducted on the production of biodiesel from
Chlorella lipids, we believe our investigation into the simulta-
neous production of both biodiesel and free lutein from Chlor-
ella microalgae to be the first study of its kind.

Specifically, we sought first to isolate algal lipids from
Chlorella vulgaris which are rich in lutein fatty acid esters
(LFE) and then to transesterify them using an excess of alka-
line MeOH, yielding fatty acid methyl esters (FAME) (Fig. 1 a)

Chem. Eng. Technol. 2013, 36, No. 5, 733–739 © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.cet-journal.com

Chattip Prommuak1

Prasert Pavasant1

Armando T. Quitain2

Motonobu Goto3

Artiwan Shotipruk1

1 Chemical Engineering
Research Unit for Value
Adding of Bioresources,
Department of Chemical
Engineering, Faculty
of Engineering,
Chulalongkorn University,
Patumwan, Bangkok, Thailand.

2 Graduate School of Science
and Technology,
Kumamoto University,
Kumamoto, Japan.

3 Department of Chemical
Engineering,
Graduate School of
Engineering,
Nagoya University,
Nagoya, Japan.

–
Correspondence: Dr. A. Shotipruk (artiwan.sh@chula.ac.th), Chemical
Engineering Research Unit for Value Adding of Bioresources, Depart-
ment of Chemical Engineering, Faculty of Engineering, Chulalongkorn
University, Patumwan, Bangkok 10330, Thailand.

Biodiesel 733



known as biodiesel. These conditions were deemed suitable
also for the saponification of LFE into free lutein (Fig. 1 b)
[13], which then allows the production of biodiesel and free
lutein as coproduct in a single step. Furthermore, the effects of
key reaction parameters on the yields of biodiesel and free lu-
tein were investigated, including the amount of catalyst, the
biomass-to-alcohol ratio, and the reaction time. In addition, a
possible process for the separation of the biodiesel and lutein
products from the reaction mixture is proposed. Finally, a pre-
liminary evaluation of the economic feasibility based on the ex-
perimental results is presented.

2 Materials and Methods

2.1 Biomass and Sample
Preparation

C. vulgaris was cultivated in a bubble
column photobioreactor with a diameter of
75 cm and a volume of 170 L (Department
of Chemical Engineering, Chulalongkorn
University) under outdoor conditions, i.e.,
24–32 °C and a diurnal illumination cycle at
the intensity of 0–100 klux. The cultivation
medium, purchased from the Pathumthani
Inland Fisheries Research and Development
Center (Patumthani, Thailand), was com-
posed of fertilizers including 10 mg L–1

triple super phosphate (Ca(H2PO4)2),

120 mg L–1 ammonium phosphate
((NH4)3PO4), urea (CO(NH2)2), and lime.
Aeration was applied at a rate of
10 L min–1. The microalgae were harvested
on day 4 at the end of log phase growth
and dewatered by 8000-rpm continuous-
flow centrifugation in a disc centrifuge
(Alfa Laval DX203B-34; Spain). The result-
ing alga paste was subsequently lyophilized
(FreeZone freeze-dry system (–50 °C);
USA), and the dry Chlorella powder was
then stored at 4 °C until use.

2.2 Feasibility Study on the
Simultaneous Transesterifica-
tion and Saponification of
C. vulgaris Lipids

The experiment was carried out using
a two-step (extraction-transesterification)
method following the flow diagram shown
in Fig. 2. Lyophilized Chlorella algae pow-
der (3 g) was extracted for 4 h in a Soxhlet
apparatus by a 2:1 v/v mixture (180 mL) of
chloroform (RCI Labscan Ltd.) and MeOH
(Mallinckrodt Chemicals Inc.). The solvent
was then removed using a rotary evapora-

tor and the weight of the remaining crude lipid was measured.
The crude lipid was then charged into a glass vessel equipped
with a condenser, along with a solution of KOH (6 % by dry
weight of the biomass) (Wako, Japan) in MeOH, with a ratio
to dry algae of 16:1. The system was then heated to 60 °C un-
der agitation at 350 rpm with a magnetic stirrer, and was kept
at this temperature for 4 h, after which it was cooled to room
temperature. Chloroform and water were then added into the
reaction mixture at a ratio of mixture/chloroform/water of
10:10:9, and the mixture was shaken vigorously. The mixture
was then centrifuged (2000 rpm, 10 min) resulting in separa-
tion into two phases. MeOH and polar impurities such as glyc-
erol dissolved in the water forming the upper phase, and the
lower chloroform phase was retained for the analysis for the
FAME and free lutein contents.

www.cet-journal.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eng. Technol. 2013, 36, No. 5, 733–739

a) 

b) 

Figure 1. Reactions of (a) the transesterification of triglyceride, (b) the saponification of
LFE.

Figure 2. Diagram of the conventional two-step process of extraction and transesterifica-
tion.
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2.3 Effects of Varying Reaction Parameters on the
Biodiesel and Free Lutein Yields

The procedure described in Sect. 2.2 was repeated in subse-
quent experimental runs, each one varying in transesterifica-
tion duration (either 1, 2, 3, or 4 h), amount of KOH (in the
range of 0.1–8.0 % by dry weight of the algae), or MeOH-to-
biomass ratio (1:1, 8:1, 12:1, and 16:1 v/w).

2.4 Gas Chromatographic Analyses for FAME

The analyses for FAME were carried out using a Shimadzu GC-
14B gas chromatograph equipped with a flame ionization detec-
tor (FID). The sample injection volume was 0.1 lL and the col-
umn used was a capillary CP-FFAP CB column of 25 m length,
0.32 mm i.d., and 0.3 lm film thickness (Varian, CA, USA). The
injector and detector temperatures were set at 270 and 300 °C,
respectively. The elution temperature program featured an ini-
tial hold at 100 °C (5 min) prior to a linear ramp (10 °C min–1)
up to 250 °C. This final temperature was then held for 20 min,
resulting in a total run time of 40 min. The samples were quan-
tified using methyl heptadecanoate as internal standard.

2.5 High-Performance Liquid Chromatographic
Analyses for Free Lutein

The high-performance liquid chromatography (HPLC) analy-
ses for free lutein were carried out using the method reported
by Roberta et al. [14] with modifications. Of sam-
ple, 20 lL was injected into a Lichrocart C-18
column equipped with a Diode Array Detector
Module 335 (detection wavelength 450 nm). Chro-
matographic separation was obtained with a gradi-
ent system of acetonitrile/MeOH 9:1 (v/v) as sol-
vent A (HPLC-grade acetonitrile; Sigma-Aldrich,
Germany) and ethyl acetate as solvent B. Solvent B
was run with a linear gradient at a flow rate of
1 mL min–1 from 0 to 100 % over 30 min.

3 Results and Discussion

3.1 Feasibility of the Simultaneous
Production of Biodiesel and Free
Lutein from C. vulgaris Lipids

The transesterification of a C. vulgaris crude lipid
extract with MeOH at the MeOH/biomass ratio of
16:1 and 6 % KOH catalyst by algal weight resulted
in a reaction product that contained FAME with a
yield of 33.6 % by crude lipid weight (or 4.7 % by
algal weight). This yield lies within the range of
biodiesel yields reported by Montes D’Oca et al.
[15] and Li et al. [16] for the transesterification of
C. pyrenoidosa and Nannochloropsis lipids, respec-
tively. In addition, the analysis of this sample re-

vealed that the composition of the FAME produced in this
study was similar to that reported by Lee et al. [6]. Specifically,
methyl palmitate (37.7 wt %) and methyl linoleate (34.6 wt %)
were found to be major components. Other than these, methyl
linolenate (15.6 wt %), methyl oleate (9.7 wt %), and methyl
stearate (2.4 wt %) were also detected.

Apart from the predominant FAME, the same sample was
also analyzed by HPLC for the expected free lutein. The sample
was found to contain free lutein with a yield of 2.0 % by weight
of algal lipids or 3.0 mg free lutein/g of algae. Fig. 3 a shows the
chromatogram of the crude extract, which reveals the peak of
free lutein at the retention time of 9.863 min and a group of
lutein esters at a later time. After the reaction (Fig. 3 b), a de-
crease in the peak intensity of LFE was observed while the peak
intensity of free lutein (retention time of 9.956 min) had in-
creased. This attests the occurrence of saponification of LFE
during the production of algal biodiesel, and thus free lutein
was coproduced.

3.2 Effects of Reaction Parameters on the Biodiesel
and Free Lutein Yields

3.2.1 Effects of Reaction Time

The effects of the reaction time on the biodiesel and free lutein
yields are shown in Fig. 4. The FAME yield increased with the
reaction time from 1 to 4 h, while the free lutein yield in-
creased similarly from 1 to 2 h but remained almost constant
thereafter. This leveling off could simply be a consequence of
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Figure 3. HPLC chromatograms of (a) the crude lipid extract, (b) the product
after alkali reaction (6 % KOH, 16:1 MeOH/biomass, 4 h).
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2 h being sufficient to release the entire free lutein content of
the lipids in the sample [10].

3.2.2 Effects of the Alcohol-to-Biomass Ratio

Employing a fixed reaction time (4 h) and catalyst amount
(4 %), the results shown in Fig. 5 reveal that an increase in the
MeOH-to-biomass ratio from 8:1 to 16:1 resulted in only a
slight increase in the biodiesel yield. This is probably because
this surplus of MeOH was far greater than that in the theoreti-
cal ratio required for biodiesel conversion. Specifically, the the-
oretical molar ratio for the conversion of triglycerides is 3:1,
which is equivalent to a MeOH-to-biomass (v/w) ratio of only
1:100. This was calculated based on the assumption that the
total lipid content of dry algae is, on average, 14 wt % and that
only 50 % of this lipid is suitable for biodiesel production. It
should be noted that no biodiesel product was observed with
the smallest ratio of MeOH/biomass of 1:1 used in this study,

despite the fact that this ratio is consider-
ably higher than the theoretical ratio
(1:100). This result could be attributed to
poor mixing in the highly viscous reaction
system.

On the other hand, the free lutein yields
obtained at any ratio of MeOH/biomass in
this study did not differ significantly. In
fact, the yield decreased slightly with in-
creasing MeOH amount, probably due to
KOH dilution by the excess MeOH slowing
down the reaction.

3.2.3 Effects of the Catalyst Quantity

The effects of varying amounts of KOH
catalyst on the biodiesel yields were investi-
gated by fixing the reaction time (4 h) and

the alcohol-to-biomass ratio (16:1). Fig. 6 illustrates the in-
crease in the biodiesel yield as the concentration of catalyst
was raised from 0.1 to 6 %. However, the yield thereafter
dropped on further introduction of catalyst (8 %). This de-
crease could arise from partial saponification of the FAME
produced (forming water and amphipathic ‘soap’ salts), there-
by competing with the desired transesterification reaction.

The amount of alkali catalyst also seems to have an effect on
the free lutein yield. The use of 0.1 % KOH was found to yield
very little free lutein, despite the fact that this quantity still
provides a stoichiometric excess of KOH with the potential to
completely transesterify all lutein esters in the algal lipid sam-
ple. One possible reason for the low free lutein yield is that
part of the KOH instead preferentially participated (as catalyst)
in the transesterification of triglycerides. Another reason may
be based on interferences with the reaction caused by existing
impurities in the Chlorella crude extract, such as free fatty
acids (FFA) [17] and pigments such as b-carotene, chlorophyll,
and astaxanthin [18]. As more KOH (1 %) was introduced, the

free lutein yield increased from 0.9 to over
2.3 % by weight of algal lipids, after which
further KOH (in the range of 2–8 %) did
not appear to significantly affect the yield.
Based on the results shown in Fig. 6, 1 %
KOH is likely to be sufficient for the com-
plete saponification of LFE from Chlorella
biomass.

3.3 Proposed Product Separation
Process

Although we demonstrated the possibility
to simultaneously transesterify Chlorella
lipid extracts and to saponify their LFE to
produce biodiesel and free lutein, for
achieving technical and economic feasibil-
ity of the entire process, the further down-
stream processing must also be taken into
consideration. Various processes have been
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Figure 4. Effect of the reaction time on the biodiesel and free lutein yields (4 % KOH,
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proposed to isolate and purify lutein extracted from marigold
and C. vulgaris after saponification, such as by recrystallization
[13], chromatography [19], and partitioning in two-phase sys-
tems [20]. The last of these techniques was the simplest and
the most economical method: 85–91 % of free lutein with
90–98 % purity could be recovered just by partitioning the ex-
tract of saponified C. vulgaris in various two-phase systems,
followed by anti-solvent precipitation [20]. Given similar com-
ponents in the saponified lutein extract and in the reaction
mixture in our study (KOH solution in MeOH, free lutein, bio-
diesel, soap, glycerol, and unreacted glycerides), a process modi-

fied from that described in Li et al. [20] is
proposed for the separation of biodiesel and
free lutein from the reaction mixture
(Fig. 7).

As shown in the diagram, the separation
process begins with the addition of a prop-
er organic solvent that dissolves biodiesel
and free lutein (such as dichloromethane
or chloroform) to the reaction mixture
[20, 21]. Water is then added, which causes
the system to form two phases. It should
be noted that, unlike in a typical biodiesel
production process, water should not be
added directly to the reaction before the
addition of the organic solvent. This is nec-
essary to avoid the formation of a thick
layer caused by the interaction between
soap, water, and glycerides present in the
reaction mixtures, which would complicate
the separation process. The system of

chloroform/mixture/water at a volume ratio of, e.g., 10:10:9
forms two phases: the top MeOH/water-rich phase containing
KOH, soap and glycerol and the bottom chloroform-rich
phase containing free lutein, biodiesel and unreacted glycer-
ides. The bottom phase can then be collected and, after evapo-
ration of the solvent, the mixture of free lutein, biodiesel, and
unreacted glycerides is obtained. Isolation of the two main
products (biodiesel and free lutein) can then be achieved in
another two-phase system. Redissolving the mixture first in an
85 % aqueous EtOH solution followed by the addition of hex-
ane at a hexane/aqueous EtOH solution ratio of 2:1 results in
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phase separation into the hexane-rich phase containing biodie-
sel and unreacted glycerides and the EtOH/water-rich phase
containing free lutein. Free lutein in the EtOH/water phase can
be recovered by precipitation with further addition of water as
an anti-solvent. Subsequently, a fine powder of free lutein can
be obtained by filtration. Our preliminary investigation using
a model mixture of free lutein and palm FAME to represent
biodiesel indicated that partitioning of the mixture in a hex-
ane/aqueous EtOH solution system followed by anti-solvent
precipitation of free lutein as described above gave nearly
100 % recovery of the biodiesel and free lutein. Assuming that
the solvents used in the process can be recycled, the additional
cost to the process proposed in Fig. 7 compared with that of
conventional biodiesel production would largely be the cost of
the additional process equipment, such as for phase separa-
tion, precipitation and filtration of the free lutein, and for
additional units needed for the evaporation and recovery of
organic solvents (chloroform and hexane).

3.4 Preliminary Economic Feasibility Assessment

As a potential source of lipid for biodiesel production, micro-
algae have gained increased attention in recent years, and sev-
eral studies on the economic feasibility of their biodiesel pro-
duction process have been published [22–24]. In most of these
studies, the production of algal biodiesel is reported to be un-
economical. Delrue et al. [24] reported the production cost of
algae-derived biodiesel to be as high as USD 2.9–5.0 per kilo-
gram, which was considerably higher than that of a current
commercial biodiesel of only USD 1.63 per kilogram. (The
production cost was the sum of the operating cost – i.e. utili-
ties, labor and other costs at 0.9 % of the capital cost – and the
fixed cost. The fixed cost was calculated from the depreciable
capital cost, consisting of 55 % of the capital cost for the gener-
al maintenance, storage, engineering and spare parts costs, li-
cense fees, initial expenses at 2 % of the capital cost, and pro-
cess start-up cost at 25 % of the operating cost. The calculation
was based on 20-year annuities, an 8 % discount rate, and 7 %
of the capital cost per year for maintenance cost, taxes, insur-
ances, and business expenses.) Their sensitivity analysis indi-
cated that the cost of production varies with the methods of
cultivation (raceway or photobioreactor), dewatering/drying
(centrifugation, belt filter press, solar drying or bed drying),
and lipid extraction (n-hexane or dimethylether). Based on the
14 % lipid content in algal biomass determined in this study,
the biodiesel yield of 20–34 % by weight of the crude lipids
was calculated to be equivalent to 3–5 % by weight of the bio-
mass. A similar calculation resulted in a yield of free lutein
coproduct of approximately 0.15–0.35 % by weight of the bio-
mass, which is equivalent to 0.03–0.12 kg of free lutein pro-
duced per 1 kg of algal biodiesel. Taking the price of free lutein
to be between USD 570–790 per kilogram, our results suggest
that approximately USD 17–95 worth of free lutein could
potentially be produced with each kilogram of biodiesel. De-
spite the higher production cost due to additional equipment
required for the separation process, the high price of free lutein
nevertheless would justify the economic feasibility of the
simultaneous production process described in this work.

4 Conclusions

The results of this work show that, apart from the main prod-
uct biodiesel, free lutein can be obtained as a coproduct, by
the simultaneous transesterification and saponification of
C. vulgaris lipids. The maximum FAME yield (33.6 %) was
achieved from a 4-h reaction with alcohol/biomass 16:1 v/w
and 6 % alkali catalyst. Under these conditions, all LFE was
deesterified to the more valuable free form. Separation of the
biodiesel and free lutein from the reaction mixtures can be car-
ried out by sequential partitioning in various liquid-liquid
two-phase systems, followed by anti-solvent precipitation of
the free lutein. Based on our preliminary evaluation, it can be
concluded that the process for the simultaneous production of
biodiesel and free lutein could be achieved technically and eco-
nomically. Nevertheless, an investigation into process optimi-
zation, such as minimizing the soap formation that lowers the
products yields and improving the product separation process,
should be in the focus of future studies.
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" Microwave pretreatment of defatted rice bran prior to SWE gave enhanced TP yields.
" Suitable pretreatment condition was 80 �C, 10 min and rice bran:water ratio of 1:2.
" SWE of microwave pretreated defatted rice bran gave up to 55% enhanced TP yield.
" Time required for SWE at 200 �C of pretreated bran was reduced from 30 to 10 min.
" Microwave pretreated rice bran gave extracts with increased antioxidant activity.
a r t i c l e i n f o

Article history:
Received 23 May 2012
Received in revised form 11 August 2012
Accepted 14 August 2012
Available online 23 August 2012

Keywords:
Defatted rice bran
Pretreatment
Total phenolics
Microwave heating
Subcritical water extraction
0960-8524/$ - see front matter � 2012 Elsevier Ltd. A
http://dx.doi.org/10.1016/j.biortech.2012.08.053

⇑ Corresponding author. Tel.: +66 2 218 6868; fax:
E-mail address: Artiwan.Sh@chula.ac.th (A. Shotip
a b s t r a c t

Enhanced recovery of total phenolics (TP) from defatted rice bran (DRB) subjected to prior microwave
pretreatment was achieved by subcritical water extraction (SWE). The effects of microwave pretreatment
temperature (60–100 �C) and duration (0–30 min) were determined at raw material:water ratios (1:2
and 1:5) for SWE under fixed conditions. Optimal extraction was observed at 80 �C (for 10 min, at a ratio
of 1:2). With pretreatment carried out under these conditions, a shorter extraction time of 10 min was
required for SWE at 200 �C. Combining both optimized conditions, a TP yield of 190.4 ± 3.3 mg/g of
DRB was achieved, some 55% more than was found to be extractable from un-pretreated samples. The
antioxidant activity of the extract was also greater, as indicated by a corresponding decrease in IC50 from
38.8 ± 0.4 to 27.7 ± 0.5 lg/ml.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Rice bran is a source of protein, oil, nutrients, energy and impor-
tant antioxidants such as vitamin E (tocopherols and tocotrienols),
gamma-oryzanol, and phenolic compounds. These substances sup-
press chronic diseases of the cardiovascular system, help quench
free radicals and exhibit anti-cancer activity (Abdul-Hamid et al.,
2007; Renuka Devi and Arumughan, 2007). As the sixth largest rice
producer in the world, Thailand generates approximately 3 million
tons of rice bran annually as a by-product of rice milling. About
75% of this rice bran is used as animal feeds, and only 15% is used
in the process of edible oil extraction and production of other food.
The defatted rice bran (DRB) by-product has a high content of non-
allergenic proteins as well as phenolic acids which are beneficial to
human health (Sereewatthanawut et al., 2008; Pourali et al., 2010).
ll rights reserved.

+66 2 218 6877.
ruk).
Therefore the recovery of these value-added compounds from DRB
has long been the focus of various research (Renuka Devi and
Arumughan, 2007; Sereewatthanawut et al., 2008; Pourali et al.,
2009, 2010; Wiboonsirikul et al., 2007; Watchararuji et al., 2008;
Hata et al., 2008; Adachi et al., 2009; Sunphorka et al., 2012).

Extraction of active components from rice bran can be carried out
using organic solvents such as methanol, ethanol or acetone (Chiou
et al., 2009). Other methods include hydrolysis with alkali or acid
solution or enzymatic extraction. Alkali extraction results in rather
low yield of products due to degradation of the desired compounds
at high pH (Sereewatthanawut et al., 2008) and the process usually
generates large quantities of waste water. Enzymatic extraction is a
milder technique and is much more environmentally benign. The
process is, however, time consuming and the high cost of enzymes
is problematic for the feasibility of this technique on a large scale.

Subcritical water extraction (SWE) is an alternative technique
which employs water at temperature between its boiling point
(100 �C) and its critical temperature (374.15 �C), kept at a

http://dx.doi.org/10.1016/j.biortech.2012.08.053
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sufficiently high pressure to sustain the liquid state. Under these
conditions, water has drastically altered properties such as a low-
ered relative dielectric constant and an increased Kw (ion product).
When the temperature of water increases from ambient to 250 �C,
its relative dielectric constant drops from 80 to 27, a value compara-
ble to that of acetone at ambient temperature (Wiboonsirikul et al.,
2007). The increased ionization of superheated water generates ex-
tra hydronium and hydroxide ions which catalytically accelerate
hydrolysis reactions (Watchararuji et al., 2008).

A number of studies have been conducted on SWE of DRB for the
recovery of valuable substances. Early work focused on the extrac-
tion of protein, amino acids and reduced sugars (Sereewatthanawut
et al., 2008; Watchararuji et al., 2008; Hata et al., 2008), while sub-
sequent studies revealed an abundance of phenolic compounds
including caffeic, ferulic, gallic, gentisic, p-coumaric, p-hydroxyben-
zoic, protocatechuic, sinapic, syringic, vanillic acids and vanillin.
Compared with conventional organic solvent extraction, SWE has
been shown to be particularly favorable for recovering phenolic
compounds since it is capable of releasing compounds that are
known to extensively bind to carbohydrate lignin complexes in
the cell walls (Pourali et al., 2010, 2009). Nevertheless, the need
to pressurize the water means that SWE is often viewed as a rela-
tively expensive technique. As a consequence, there is now great
interest in both optimizing and economizing SWE, so that the full
potential of this technique can be harnessed.

Various biological, physical and chemical methods of sample
pretreatment have been applied in attempts to enhance the hydro-
lysis of lignocellulosic materials by increasing the surface area of
these biopolymers (Hu and Wen, 2008; Liu and Cheng, 2010;
Remond et al., 2010). However, each of these methods presents
some drawbacks. For example, biological enzymatic methods re-
quire long treatment times, while physical treatments (e.g. chip-
ping, milling, and grinding) are energy-intensive and are too
costly to be scaled up. Physicochemical processes (e.g. steam
explosion), on the other hand, require unfeasibly high pressures
and temperatures, whereas chemical processes (e.g. dilute acid, al-
kali, using organic solvent, etc.) often involve toxic and environ-
mentally damaging compounds (Ha et al., 2011).

As an alternative, microwave pre-heating offers the advantage
of shorter required treatment times, accompanied by a consequent
reduction in energy consumption (Gong et al., 2010; Liu et al.,
2010). In this study, we attempted to enhance the recovery of TP
by employing microwave pretreatment of DRB prior to SWE. To
this end, we sought to evaluate the effects of pretreatment condi-
tion variables including temperature, time and the raw material-
to-water ratio on the recovered yield of TP and to evaluate the
antioxidant activity of the extracts obtained. Once the optimal pre-
treatment conditions were determined, the effects of varying the
SWE conditions would then also be investigated. Finally, the struc-
tural morphologies of the DRB, the microwave pretreated rice bran
and the solid residue obtained after SWE were all examined under
a scanning electron microscope (SEM).

2. Methods

2.1. Materials and chemicals

DRB was obtained from Thai Edible Oil Co. Ltd., Ayuthaya,
Thailand. The reference standards (gallic acid), Folin–Ciocalteau
reagent, and ABTS were purchased from Sigma–Aldrich Chemicals
(Missouri, USA). All water used had been distilled.

2.2. Microwave pretreatment

A microwave system from CEM Corp. (Matthews, NC, USA) was
used in our experiments, consisting of 12 � 100 ml closed polyethe-
retherketone (PEEK) vessels covered with special TFM sleeves, a
power sensor, a temperature sensor, and a temperature controller
of MARS 5™. Pretreatment was carried out as follows: DRB (1 g)
was placed in each vessel and mixed with 2 or 5 ml distilled water.
The rice bran-to-water ratio of 1:5 was selected because it had
previously been shown to be favorable for the SWE of DRB
(Watchararuji et al., 2008). A lower water ratio of 1:2 was later em-
ployed to evaluate the possibility for reducing energy requirements
during the microwave pretreatment. The vessels were closed and
then arranged symmetrically in the microwave field. Irradiation
pretreatment was then carried out for the specified temperature
and time, after which bran samples were removed from the vessels.
It should be noted that, for each run, the pretreatment time refers to
the holding time at the desired pretreatment temperature, which in
all cases took 5 min to be reached. Thus, a pretreatment time of
0 min implies that pretreatment was allowed to take place during
the heating up process and was stopped as soon as the set temper-
ature was reached.

After pretreatment, the reactor was submerged in a cooling
water bath for 5 min, after which the liquid and solid contents of
the reaction products were separated with a centrifuge and stored
at 4 �C. The liquid was analyzed for the amount of TP released dur-
ing the pretreatment, and the solid was subjected to SWE. In the
first part of this study (determining the effect of pretreatment tem-
perature and time on the extract’s TP content), the extraction tem-
perature remained fixed at 200 �C and the extraction time at
30 min. In the second part of the study, the pretreatment temper-
ature and time were held constant at these optimized values to al-
low the subsequent determination of the best conditions for SWE.
All experiments were conducted in duplicate.

2.3. SWE

SWE of DRB was conducted in an 8.8 mL SUS-316 stainless steel
closed batch reactor (AKICO Co., Japan). In each run, microwave
pretreated DRB (1 g) and distilled water (5 ml) were charged into
the reactor. The reactor was then electrically heated to the desired
temperature, 180–220 �C, which generally took 15–20 min. After a
holding period of 10–30 min at the desired reaction temperature
(referred to as the reaction time), the reactor was rapidly cooled
to room temperature by submerging it in an ambient temperature
water bath. The DRB residue was separated from the soluble liquid
portion of the reaction products using a filter paper (Whatman No.
1). The liquid and solid contents in the reactor were collected and
the remaining solid in the reactor was washed with distilled water
(5 ml). These washings were then combined with the bulk of the
aqueous extractant and samples from this mixture were then
assayed for TP levels and antioxidant activity. It should be noted
that the yields reported in this study indicate the sum of TP ob-
tained from both the liquid portion obtained after microwave pre-
treatment and the combined soluble SWE extracts. IC50 values
reported represent the average TP concentration of the two liquid
portions.

2.4. Analytical methods

The TP content of aqueous extractant mixtures was determined
by the Folin–Ciocalteau method, modified from that described in a
previous study (Rodriguez-Meizoso et al., 2006) and calculated on
the basis of a gallic acid calibration curve.

The antioxidant activity of the extracts was tested using the
ABTS (2,20-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid))
method (Re et al., 1999). For the purpose of comparing the antiox-
idant activity of various extracts, the percent inhibition (PI) was
measured (see Eq. (1)). To find this value, the concentrated extract
was sequentially diluted with distilled water and each diluted
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extract was added into ABTS�+ solution (mixture of 7 mM ABTS and
2.45 mM potassium persulfate having absorbance of 0.70 ± 0.02 at
734 nm) with a volume ratio of 1:10 (sample solution:ABTS solu-
tion). The solutions were mixed using a vortex and then incubated
in the dark at room temperature for 10 min, after which the absor-
bance (734 nm) was measured using distilled water as a reference.
The value of percent inhibition (PI) was then calculated for each
reading using the following equation:

PIð%Þ ¼ ½1� ðAt=ArÞ� � 100 ð1Þ

where At and Ar are the absorbances of the test sample and of the
ABTS�+ reference, respectively. Specifically, the concentration of
antioxidant sample required to produce a 50% reduction in the
radial ABTS�+ absorbance was determined. These values were plot-
ted against sample concentration and linear regression of the data
was made and used to determine the IC50 value.

The mophological structures of all rice bran samples were
observed under a Supra 25 scanning electron microscope (Carl
Zeiss Microimaging, Inc., Thornwood, NY) at an accelerating
voltage of 15 kV.
Fig. 1. Effects of microwave pretreatment temperature and time on TP yields
obtained from SWE at 200 �C for 30 min, raw material-to-water ratio (a) 1:2, (b) 1:5.
3. Results and discussion

3.1. Determination of suitable microwave pretreatment conditions

3.1.1. Effects of microwave pretreatment temperature and time on TP
yield

The effects of pretreatment temperature and duration on TP
yields are shown in Fig. 1 for the sample whose raw material-
to-water ratios were 1:2 and 1:5. All samples were subjected to
SWE at 200 �C for 30 min. Compared with the TP yields obtained
from the un-pretreated DRB (dashed lines), microwave pretreat-
ment is seen to significantly enhance the TP content of the extracts.
It is likely that microwave energy is delivered efficiently to mate-
rials through interaction with the electromagnetic field and offers
a rapid transfer of energy to both the extraction solvent and the
sample of interest (Hayat et al., 2009). This rapid energy transfer
could cause structural and morphological changes to the plant tis-
sues making them more accessible to the extraction solvent (Hu
and Wen, 2008).

For both raw material-to-water ratios, the TP yield significantly
increased with pretreatment time, showing the greatest yield of TP
for 10 min of pretreatment for both water ratios studied (Fig. 1). As
the pretreatment time was prolonged further, the TP yields there-
after fell steadily. Structural morphological changes of the rice bran
sample caused by long exposure to microwave over a certain limit
could make it susceptible to harsh SWE conditions, resulting in the
degradation of TP at long pretreatment time.

Considering the effect of pretreatment temperature, for the
sample whose raw material-to-water ratios was 1:2, Fig. 1(a) indi-
cates that the TP yields of the extracts increased slightly as the pre-
treatment temperature was increased from 60 to 80 �C. The highest
TP yield of 169.3 ± 1.9 mg/g of DRB was obtained for the pretreated
sample at 80 �C, a 38% increase from the 122.8 ± 1.8 mg/g obtained
without any pretreatment. TP yields were seen to decrease consid-
erably, however, when the temperature was raised to 100 �C. This
drop in TP yield could, again possibly be due to TP decomposition
at the high extraction temperature (200 �C) rather than the pre-
treatment itself, although the higher pretreatment temperature
could also have contributed to the extent of degradation. The re-
sults for pretreatment at raw material-to-water ratio of 1:5, shown
in Fig. 1(b), were slightly different, in that the TP yield continued to
improve as the temperature was increased from 60 all the way to
100 �C.
3.1.2. Effects of pretreatment temperature and time on antioxidant
activity

The antioxidant activity of the extracts, was evaluated with an
ABTS�+ scavenging assay. The IC50 values of the extracts at various
pretreatment temperatures and times (Fig. 2) are the average of
values of the liquid samples obtained after microwave pretreat-
ment and after SWE for raw material-to-water ratios of 1:2
(Fig. 2(a)) and 1:5 (Fig. 2(b)). The IC50 values of the extracts
obtained from SWE of the pretreated sample at 60 �C were not sig-
nificantly different from those from un-pretreated samples. On the
other hand, the IC50 values of the extracts of the DRB pretreated at
higher temperature (80 and 100 �C) were lower in most cases, indi-
cating stronger antioxidant activities. At high pretreatment tem-
perature, it is possible that hydrolysis occurred to such an extent
that antioxidative compounds such as phenolics could be released
more easily. Considering the effect of pretreatment time on the IC50

values of extracts, there seems to be some interdependency be-
tween the pretreatment time and temperature and the antioxidant
activity. For instance, at the highest pretreatment temperature of
100 �C, the IC50 values of the extract increased as the pretreatment
time was extended to 30 min, producing the extract the lowest
antioxidant activity. This decrease in the antioxidant activity was
probably caused by the prolonged exposure to microwave irradia-
tion at high pretreatment temperature, causing some oxidative
compounds in the plant tissue to become susceptible to degrada-
tion during SWE.

It should be noted that there was no clear relation between the
TP yields and the antioxidant activities of the extracts. For
example, although the highest antioxidant activity (IC50 = 31.3 ±
0.5 lg/ml) was obtained at 100 �C for 10 min with 1:2 raw



Fig. 2. Effects of pretreatment temperature and time on antioxidant activity for
extracts obtained from SWE at 200 �C for 30 min, raw material-to-water ratio (a)
1:2, (b) 1:5.

Fig. 3. Effects of SWE temperature and time on TP yield (Pretreatment condition:
80 �C, 10 min, 1:2 raw material-to-water ratio).
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material-to-water ratio, the pretreatment condition at 80 �C for
10 min and raw material-to-water of 1:2 gave only a slightly lower
antioxidant activity (IC50 = 34.1 ± 0.6 lg/ml) but considerably
higher TP yields (169.3 ± 1.9 versus 151.5 ± 2.0 mg/g of DRB). This
discrepancy could arise from the presence of antioxidative com-
pounds other than phenolics in the extracts. Nevertheless, due to
its higher TP yields, the latter condition was chosen as the pre-
ferred pretreatment condition, and was henceforth employed
throughout subsequent optimization of SWE conditions.

3.2. Determination of suitable SWE condition

When determining the effects of pretreatment conditions previ-
ously, the fixed condition of SWE at 200 �C and 30 min was used
based our previous study which adopted it as the most suitable
condition for extraction of un-pretreated DRB (Sereewatthanawut
et al., 2008). Nevertheless, we deemed as necessary a complete
reevaluation of suitable SWE conditions for our new pretreated
samples.

3.2.1. Effects of temperature and time of SWE
Fig. 3 shows the effects of temperature and time on the TP

yields of the subcritical water extracts of DRB (microwave pre-
treated at 80 �C for 10 min). The results indicate that the TP yields
slightly increase as the temperature is raised from 180 to 200 �C.
The increase in TP yield at elevated temperature is due to the en-
hanced hydrolysis activity caused by the raised water ionization
constant (Kw) (Watchararuji et al., 2008). The maximum TP yield
of 190.41 ± 3.34 mg/g of DRB was obtained at 200 �C, some 55%
greater than that obtained with the un-pretreated rice bran. How-
ever, the TP yield sharply decreased as the temperature was in-
creased further (to 220 �C), possibly due to the thermal
degradation of the compounds at this extreme temperature. At
all hydrolysis temperatures, TP yield was found to fall as the
extraction time was extended from 10 to 30 min, again due to
the degradation that probably arises from prolonged heating.

3.2.2. Effects of SWE temperature and time on antioxidant activity
At 200 and 220 �C, the antioxidant activity of the extracts ob-

tained after SW hydrolysis time of 10 min (Fig. 4) corresponds well
to the TP yield (Fig. 3). It therefore seems the antioxidant activity
here appears to be mainly attributable to the phenolics content
of the extract. Nevertheless, the antioxidant activity of DRB extract
obtained at 180 �C was greater at longer extraction time, despite
the significant expected TP decomposition during these longer
experimental runs. Thus, there could here again be other contribu-
tions to the antioxidant activity of the extract from other non-phe-
nolic oxidative compounds in rice bran. Although long exposure to
high temperature is known to cause decomposition of antioxida-
tive compounds, the antioxidant activities of the extracts did not
considerably vary with extraction times in the range studied.

Apart from having high content of TP, the extract resulting from
SWE at 200 �C for 10 min has a significantly lower IC50 (27.7 ±
0.5 lg/ml) than those obtained under most of the alternative con-
ditions. Thus this condition was selected to be the optimum SWE
condition. Compared with un-pretreated sample from previous re-
search (Sereewatthanawut et al., 2008), in which the extracts hav-
ing the highest antioxidant activities were those obtained at 200 �C
after 30 min of SWE or 220 �C after 20 min, it can be concluded that
microwave pretreatment of DRB could enhance the TP recovery
and the extract antioxidant activity, while considerably shortening
the SWE time and thereby saving energy.

3.3. Evaluation of sample morphology

The spherical bodies seen in the SEM pictures for the un-pre-
treated DRB (Supplementary Fig. S1a) and the DRB pretreated with
microwave (Supplementary Fig. S1b) are globular protein. These
protein globules are seen to have become slightly smaller in micro-
wave pretreated sample as some protein has been dissolved into
water during the pretreatment process.

The globular protein structures were no longer observed in the
SW hydrolyzed samples (Supplementary Fig. S1c–d), indicating
that they have been removed as a result of SWE. Interestingly,
the surface of the DRB SW extracted samples appears to be more
porous than the original DRB, implying that water had indeed pen-
etrated into the rice bran structure during whilst dissolving some
of the solid content of the bran. The residue of the microwave pre-
treated rice bran after SWE (Supplementary Fig. S1c), however,



Fig. 4. Effects of SWE temperature and time on antioxidant activity (Pretreatment
condition: 80 �C, 10 min, 1:2 raw material-to-water ratio).
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seemed to possess higher crystalline structures of the insoluble
rice bran fibers, compared with the un-pretreated DRB undergoing
SWE (Supplementary Fig. S1d). This suggests that through struc-
tural changes of the sample, the microwave pretreatment might
have made the sample more accessible to SW during extraction.
Gong et al. (2010) have suggested that the structural changes occur
as the microwave energy is absorbed and subsequently converted
into heat. During this process, they claim, the moisture begins to
evaporate, thereby generating pressure within the cell wall, which
leads to cell rupture, and consequent loose and irregular surfaces.
Although in our study, the structural changes were not observed
clearly for microwave pretreated samples (Supplementary
Fig. S1a and b), the SEM images of the pretreated sample after
SWE showed that microwave irradiation played a role in the DRB
surface modification, and therefore enhanced the hydrolysis reac-
tion. Similar results have also been observed by other authors Hu
and Wen, 2008 who studied physical structure changes of switchg-
rasses pretreated by microwaves.

4. Conclusions

Microwave pretreatment has been shown to increase the yields
of TP and the antioxidant activity of the extracts obtained by SWE.
The optimal pretreatment conditions were found to be 10 min irra-
diation at 80 �C with a 1:2 raw material-to-water weight ratio.
Moreover, the reduction in time required for SWE suggested the
potential application of microwaves as a means for pretreatment
of plant samples for SWE in a larger scale. A detailed identification
of all extraction products and investigations probing further poten-
tial energy reduction during microwave pretreatment (e.g. by
using lower water ratios) would both be promising focuses of fu-
ture study.
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Abstract 1 

 This study investigated subcritical water extraction of trans-resveratrol and its 2 

glycosylated form, trans-piceid, from barks of Shorea roxburghii G. Don. The effects of 3 

extraction temperature (100-190°C) and water flow rate (2-4 ml/min) at the pressure of 10 4 

MPa were determined on the amounts of compounds extracted. The amount of trans-5 

resveratrol and trans-piceid in the extracts increased with increasing temperature and flow 6 

rate, although the increase in flow rate from 3 to 4 ml/min had no significant effect on the 7 

extraction yield. Thus the flow rate of 3 ml/min was taken to be the most suitable. At suitable 8 

condition (190°C, 3 ml/min), the amount of trans-resveratrol and trans-piceid were 23.18 and 9 

350.28 μg/g dry weight, respectively. With equal extraction duration, the amount of trans-10 

resveratrol and trans-piceid compound obtained from extraction using 190°C subcritical 11 

water were higher than those from extractions with ambient water and 80% ethanol.  12 

Key words: subcritical water extraction; trans-piceid; trans-resveratrol; Shorea Roxburghii 13 

G. Don. 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 



3 
 

1. Introduction  1 

Shorea roxburghii G. Don. (S. roxburghii) is a plant in the Dipterocarpaceae family. It 2 

is found to be distributed in mixed deciduous forests or in evergreen forests of Asia, Africa, 3 

and South America (1). In Thailand, the plant is commonly known as Pha-Yom. All parts of 4 

Pha-Yom including barks, flowers, leaves, roots and seeds have been used for medicinal 5 

purposes as they contain several phenolic compounds particularly resveratrol oligomers (2). 6 

Resveratrol is found as a free form or glycosylated forms (known as piceid) (3), both free and 7 

bound resveratrol exists in cis- or trans- isomeric forms. trans-Resveratrol (TR) is known to 8 

possess various biological activity such as anticancer activity, antifungal activity, anti-9 

inflammatory, anti-aging activity (4-5). In nature, resveratrol is found mostly in the form of 10 

trans-piceid (TP) (6-8) which has been shown to inhibit platelet aggregation (9) and lower 11 

serum cholesterol levels (10). Nevertheless, the bioavailability of the TP is much lower, 12 

compared with TR (11). In some studies, TP in the extract was converted into the TR via 13 

hydrolysis with β-Glucosidase enzyme to increase the quantities of biologically active TR 14 

(12). Nevertheless, TP has been reported to be absorbed more efficiently in human intestine 15 

than TR, due to the conjugation with glucose, which increases the hydrophilicity of the 16 

molecule (13). Moreover, TP can naturally be hydrolyzed to release TR in the digestive tract 17 

by glucosidase produced by human intestinal bacteria (14).  18 

  For extraction of TR and TP, various solvents have been investigated to determine the 19 

suitability for the compound recovery from various plants. Organic solvents such as 100% 20 

acetone, 80% ethanol, 100% ethyl acetate and 90% methanol have been applied for extraction 21 

of resveratrol from grape berry skins (15) and supercritical carbon dioxide extraction (SC-22 

CO2) has also been applied to extract resveratrol from dried grape, including grape pomace, 23 

seed, stem and skin (16). SC-CO2 was shown not to be suitable for extraction of polar 24 

analytes such as TR and TP without use of organic solvent modifier. Alternatively, subcritical 25 
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water extraction (SWE) has become an interesting technique for extraction of herbal plants in 1 

recent years. In this process, hot water at temperatures between boiling and critical point 2 

under sufficient pressure to maintain the liquid state is used as an extraction solvent. SWE 3 

has been shown to be a promising alternative for the conventional method of extraction of 4 

polar and slightly non-polar compounds. Besides being an environmentally friendly 5 

technique, other advantages of SWE include its simplicity, shorter extraction time, low cost 6 

of the extracting agent. Examples of phytochemicals that have been extracted from plants by 7 

using SWE were lactone from kava root (17), total phenolic contents from Chaga Mushroom 8 

(18), terpinene-4-ol and (E)-1-(3,4-dimethoxyphenyl) butadiene from Zingiber cassumunar 9 

(19) and nutraceutical compounds from Citrus Pomaces (20).  10 

  In this study, the suitable condition for SWE of TR and TP from S. roxburghii barks 11 

was determined. The effects of water flow rate and extraction temperature on the amount of 12 

TR and TP contents were considered and the results were compared with those of the extracts 13 

obtained by other extraction methods such as Soxhlet and stirred vessel water, ethanol and 14 

80% ethanol extraction. 15 

 16 

2. Material and methods  17 

2.1 Materials 18 

 The barks of S. roxburghii used in this study were from the plants grown locally in 19 

northeast of Thailand. TR and TP were obtained from Sigma Chemical Co. (St Louis, Mo, 20 

USA.). Water used in the experiments was distilled and deionized water. AR grade acetic 21 

acid, HPLC grade ethanol and acetonitrile, were purchased from Merck (Darmstadt, FR 22 

Germany). 23 

 24 

 25 
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2.2 Sample preparation  1 

The barks of S. roxburghii were dried in an oven at 50°C about 1 day until it reached a 2 

constant weight. The dried sample was crushed into fine powder using moulinex blender. The 3 

powdered samples were sieved through a mesh of size 500 micrometer. The sample (0.2-0.5 4 

mm) was then stored at 4°C in a domestic refrigerator until use. 5 

 6 

2.3 SWE 7 

SWE experiments were carried out to determine the effects of extraction temperature 8 

(100-190 C) and extraction flow rates (2-4 ml/min) on the amount of TR and TP exracted. 9 

The experiments were performed using an apparatus shown in Fig. 1. The extraction system 10 

consisted of two HPLC pumps (PU 980, JASCO, Japan), a degassing instrument (ERC 3215, 11 

CE, Japan), an oven (D63450, HARAEUS, Germany), an  extraction vessel (10 ml, Thar 12 

Design, USA), a pressure gauge, and a back pressure regulator value (AKICO, Japan), a 13 

heating cable and a self-made temperature controller. All connections were made with 14 

stainless steel capillaries (1/16 inch outside diameter). 15 

Distilled water was pumped, first, through a degassing equipment to remove dissolved 16 

oxygen. The degassed water was then passed through the tubing which was wrapped with a 17 

heating cable used to preheat the water before it entered the oven. The water was further 18 

preheated through a preheating coil, made from 3 m stainless steel tubing, installed inside the 19 

oven before it entered the extraction vessel, which was preloaded with 0.5 g of sample. The 20 

back pressure regulator placed at the outlet of the extraction system was used to maintain the 21 

system pressure to ensure that the water was in liquid state at all temperatures employed in 22 

the experiment. Before starting the extraction, all connections were checked for possible 23 

leakage. To prevent the line behind the extraction vessel from clogging, the second pump was 24 

then turned on to deliver degassed water at constant flow rate of 1 ml/min to wash off any 25 
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residual product that may precipitate within the line exiting the extractor. The extract was 1 

cooled in a coil immersed in a water bath to prevent possible product degradation, before 2 

being collected in fractions in sample collecting vials. The samples were taken at every 30 3 

min interval during the first 2 h, and then every 60 min onwards. The extracts were then 4 

evaporated by a vacuum evaporator (R-210/R-215 Rotavapor®, Buchi Co. Ltd, Switzerland) 5 

to reduce the water volume to about 10 ml. Each of the extract was thoroughly passed 6 

through a syringe filter, in which a 13 mm nylon filter (with a 0.45 µm pore size diameter) 7 

was placed inside a polypropylene housing. The filtered samples were stored at 4°C until 8 

being analyzed by HPLC.  9 

 10 

2.4 Extractions with water and ethanol at ambient pressure 11 

Water and ethanol extractions were carried out both in a stirred vessel and in a Soxhlet 12 

apparatus to compare the results with SWE. In a stirred vessel, 0.5 g of ground S. roxburghii 13 

barks was extracted with 200 ml of water or ethanol for 1 hour. For extraction in Soxhlet 14 

apparatus, 0.5 g of ground S. roxburghii barks was placed into a thimble and was extracted 15 

with 200 ml of distilled water or 80% of ethanol for 2 hours. The extraction time of 1 and 2 16 

hours were used here as they were found to give the highest yields for both methods, 17 

respectively. Each extract was then evaporated under vacuum to about 10 ml. The 18 

concentrated extract was stored at 4°C until analysis. 19 

 20 

2.5 HPLC analysis of S. roxburghii extract 21 

The analysis of TR and TP were determined using High Performance Liquid 22 

Chromatography (HPLC) following the modified method of Rudolf et al. (21). The HPLC 23 

were performed with a C18 Inertsil ODS-3 column (250 x 4.6 mm ID, 5 µm particle size), 24 

equipped with a photodiode array (PDA) detector. The PDA absorbance was monitored at 25 
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307 nm. The mobile phase consists of solvent A (0.1% acetic acid in water) and solvent B 1 

(100% acetonitrile, HPLC grade). The gradient system started with 5% solvent B at 0 min 2 

and was changed to 37% solvent B at 23 min, then followed by an increase of solvent B to 3 

72% over 5 min, with the total run time of 30 min. All the sample extract injection volume 4 

was 20 µL. The flow rate was set at 1.5 ml/min and the column temperature was maintained 5 

at 25°C throughout the test. The concentrations of TR and TP in the sample were determined 6 

using standard calibration curves, constructed from a plot of peak areas versus concentrations 7 

for a series of standard solutions whose concentrations range from 0.1-10 µg/ml for TR and 8 

1-25 µg/ml for TP, respectively. The chromatogram of the extract is shown in Fig. 2, which 9 

suggested that the retention times of TP and TR were 19.6 and 24.8 min, respectively. 10 

 11 

3. Results and Discussion   12 

3.1 Effect of extraction temperature  13 

The effects of extraction temperature on the amounts of TR and TP were investigated in 14 

the range of 100-190°C. A constant water flow rate of 2 ml/min was used and the extraction 15 

was carried out at a constant pressure of 10 MPa. Fig. 3 a and b respectively show the amount 16 

of TR and TP extracted at extraction duration from 0 to 360 min. The amount of TR in the S. 17 

roxburghi bark extracts (0.68-13.01 μg/g dry weight) was found to be considerably smaller 18 

than that of TP (61.37-301.70 μg/g dry weight). The extraction yield of both TR and TP 19 

increased as temperature increased up to 190°C. Despite that the high temperature could 20 

cause compound degradation, SWE, in many cases (especially for phenolic compounds 21 

extraction), was reported to give higher yield. This was possibly due to the increase in the 22 

ionization constant of water at high temperatures, which enhances the hydrolysis of larger 23 

and complex lignin structures in the cell wall into the smaller aromatic compounds including 24 

phenolic compounds (22-23). In addition, the increase in extraction yield with temperature is 25 
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due to the fact that the polarity of water decreases with temperature, resulting in increased 1 

solubility of TP in water. It is noted that dielectric constant (ε) of subcritical water at 190°C is 2 

relatively close to that of 80% ethanol at 25°C (24), the concentration of ethanol which was 3 

reported to give the highest yield for TR and TP extraction (25-26).  4 

 5 

3.2 Effect of water flow rates  6 

The effect of water flow rate on the amount of TR and TP extracted was investigated by 7 

varying the flow rate from 2 to 4 ml/min at a fixed extraction temperature of 190°C and a 8 

pressure of 10 MPa. The results are presented in Fig. 4 which shows that the TR and TP 9 

extracted increased with increasing flow rate. The profiles in Fig. 4 for various flow rates can 10 

be divided into two regions, i.e. (i) the initially high extraction rate region between 0-30 min 11 

in which the concentration gradient of the extracted solutes across the surface of the S. 12 

roxburghii sample was high, and (ii) the subsequent lower extraction rate region. For TR, the 13 

initial extraction rates increased with increasing flow rate. This can be explained by the fact 14 

that the mass transfer rate depends principally on two main factors, mass transfer coefficient 15 

( )k and the concentration different driving force ( )C∆ according the following equation (27)  16 

( )s oN k C k C C= ∆ = −                (1) 17 

Where N is the molar flux of component, mole/area.time, k  is the mass transfer coefficients, 18 

m/s, sC  is the concentration of the solute in the solid plant sample, mol/m3 and oC  is the 19 

solute concentration in bulk solution, mol/m3. In a laminar flow region which is the case in 20 

this work here, the quantity ‘ k ’ generally varies with water flow rate.  21 

For TP extraction on the other hand, the extraction rate was found to have different 22 

behavior. In this case, the initial rate did not seem to vary with the variation in ‘ k ’ which 23 



9 
 

suggested that the initial extraction process was not limited by mass transfer, but perhaps to a 1 

more significant level by the driving force or in this case, the concentration difference ( )C∆ . 2 

This is possible as during the initial period, a large amount of TP still stayed inside the solid 3 

matrix, resulting in large difference between the concentrations in the solid matrix and in the 4 

bulk fluid. The extraction at the later time of 30-360 min showed much clearer difference in 5 

the mass transfer rates at various flow rates, which indicates that the mass transfer coefficient, 6 

k , started to play a more important role. As time passed, the solid phase concentration 7 

started to fall which rendered the concentration gradient small, and this is when the rate of 8 

extracted TP became limited by the mass transfer, and the rate increased with the increasing 9 

flow rate. It is noted from the figure that the amount of TP extracted still increased after 360 10 

min. This was probably due to the effect of enhanced extraction with SW. Nevertheless, with 11 

the data up to 360 min, general trends on the effects of different variables could be drawn.  In 12 

practice, the proper flow rate must be chosen such that it would result in shorter extraction 13 

time and higher concentration of the extract. Since TP was present in a much larger amount 14 

compared with TR, the determination of the most suitable flow rate was based on the TP 15 

results. Since the extraction rate of TP did not significantly increased with increasing flow 16 

rate from of 3 to 4 ml/min, the flow of 3 ml/min was taken to be the most suitable.  17 

 18 

3.3  Comparison of SWE and other extraction methods 19 

In the present study, comparisons were made between the SWE and the other extraction 20 

methods such as conventional water and ethanol extractions using a stirred vessel and Soxhlet 21 

apparatus. The results are summarized in Table 1. Extraction in a stirred vessel at 70°C and 22 

Soxhlet extraction at 78°C indicated that ethanol and 80% ethanol were better solvents for TP 23 

and TR than water. These results were similar to previous study which demonstrated that 24 

80% ethanol was the best solvent for TP and TR extraction from Grape Berry Skin (15). 25 
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Nevertheless, the extraction yield can be increased for water extraction at higher temperature 1 

as can be seen by the results obtained with Soxhlet extraction which took place at 100°C. 2 

SWE at 100°C however gave lower amount of TP compared with Soxhlet extraction with 3 

water methods carried out at the same temperature. This was possibly because in the system 4 

used for SWE did not allow loading of the barks sample after the preset extraction 5 

temperature was reached, instead the sample must be loaded into the vessel from the 6 

beginning. The sample therefore was subjected to heating which took approximately 45 min 7 

before actual extraction started, thus leading to the compound degradation. SWE at 190°C 8 

however resulted in higher amounts of TP and TR compared with the other extraction 9 

methods. This is probably because the increase in TP and TR solubility and the degree of 10 

hydrolysis caused by high amount of water ions produced at this condition could exceed the 11 

negative effect from degradation.  12 

 13 

Conclusions  14 

The results in this study demonstrated that S.roxburghii bark is a good source of TR and 15 

TP and could be extracted with subcritical water, which is a suitable and environmentally 16 

benign solvent. The amount of TR and TP in the extracts increased with increasing 17 

temperature and flow rate. The maximum amounts of TR and TP were 23.18 and 350.28 μg/g 18 

DW, respectively, obtained at the extraction temperature of 190°C and the water flow rate of 19 

3 ml/min. The extracts obtained by 190°C subcritical water contained higher amount of TR 20 

and TP than those obtained by ambient water, ethanol and 80% ethanol using either Soxhlet 21 

apparatus or a stirred vessel.  22 

 23 

 24 

 25 
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Figure Caption 1 

Figure 1 Diagram of experimental setup of SWE 2 

Figure 2 HPLC chromatograms of (a) standard compounds: TP (1) and TR (2)                    3 

(b) S. roxburghii extract 4 

Figure 3 Effect of extraction temperature on the amounts of (a) TR and (b) TP at fixed flow 5 

rate of 2 ml/min and pressure 10 MPa.    6 

Figure 4 Effect of water flow rate on the amount of extracted TP and TR for SWE at 190°C 7 

and pressure 10 MPa.  8 
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Table Caption  1 

Table 1 Comparison of TP and TR for other extraction methods 2 
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Table 1   1 

Extraction 
Methods 

Temperature 
(°C) 

Time 
(min) 

TP 
(μg/g DW) 

TR 
(μg/g DW) 

Extraction with 
ethanol stirred 
vessel 

70 60 68.37±1.02 1.91±1.10 

 
Extraction with 
water in stirred 
vessel 

70 60 36.96±1.52 0.88±0.30 

 
Soxhlet extraction 
with 80%ethanol 

78 60 71.12±1.00 2.13±0.05 

 
Soxhlet extraction 
with 80%ethanol 

78 120 92.50±0.50 3.23±0.93 

 
Soxhlet extraction 
with water 

100 60 60.02±0.86 2.09±0.30 

 
Soxhlet extraction 
with water 

100 120 74.87±3.00 3.91±0.90 

 
SWE 

 
100 

 
30 

 
51.71±2.50 3.13±0.60 

 
SWE 

 
100 

 
120 

 
54.90±3.00 4.07±0.21 

 
SWE 

 
190 

 
30 

 
130.88±2.06 6.93±0.40 

 
SWE 

 
190 

 
120 

 
198.97±2.07 8.20±0.26 
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