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บทคดัย่อ 

อนุภาคนาโนของเหล็กประจุศูนย์ (NZVI) เป็นวสัดุส าหรบัการฟ้ืนฟูการปนเป้ือน
สารอนิทรยีร์ะเหยทีม่คีลอรนีเป็นองคป์ระกอบในน ้าใต้ดนิทีม่ศีกัยภาพสูง อย่างไรกด็วีสัดุนวตักรรม
นี้ไม่สามารถใช้ในการฟ้ืนฟูการปนเป้ือนในชัน้ดินที่ไม่อิ่มตัวด้วยน ้าได้อย่างมปีระสิทธิภาพ 
ดว้ยโมเลกุลของน ้าไม่พอในการท าปฏกิริยิาการปลดคลอรนีออก อย่างไรกด็ ีNZVI เป็นอนุภาค
แมเ่หลก็ทีส่ามารถสรา้งความรอ้นไดภ้ายใต้การเหนี่ยวน าทางแม่เหลก็ไฟฟ้าดว้ยสนามแม่เหลก็
ความถี่ต ่า (LF-EMF) ซึ่งความรอ้นนี้หากใช้ร่วมกบัการสกดัไอดนิจะสามารถเร่งการฟ้ืนฟูการ
ปนเป้ือนสารอนิทรยีร์ะเหยทีม่คีลอรนีเป็นองคป์ระกอบในดนิทีไ่ม่อิม่ตวัดว้ยน ้าได ้ในงานวจิยันี้
เราศกึษาการใชโ้ฟมเป็นตวัส่ง NZVI เขา้ไปในชัน้ดนิที่ไม่อิม่ตวัดว้ยน ้าแลว้จงึใช ้LF-EMF ตาม
เพื่อเร่งการก าจดัสารอนิทรยีร์ะเหยทีม่คีลอรนีเป็นองคป์ระกอบในดนิทีไ่ม่อิม่ตวัดว้ยน ้า โดยท า
การทดลองในห้องปฏบิตักิาร เราพบว่า sodium lauryl ether sulfate (SLES) (3% w/w) 
สามารถสรา้งโฟมทีส่่ง NZVI ไดเ้สถยีรทีสุ่ด โดยโฟมของ NZVI ทีเ่สถยีรดว้ย SLES เรยีกว่า 
SLES-F-NZVI มคี่าครึง่ชวีติ 173 นาท ีSLES-F-NZVI สามารถส่ง NZVI ในน ้าได้เขม้ขน้ถงึ 
41.31 กรมัต่อลติร และสรา้งความรอ้นภายใต้ LF-EMF ไดเ้พิม่ ∆T = 77ºC ใน 15 นาท ีหาก
ส่งโฟมลงไปในชัน้ดนิที่ไม่อิม่ตวัด้วยน ้าที่ความเขม้ขน้ NZVI = 77 กรมัต่อกโิลกรมั ภายใต้
สภาวะนี้การใช ้SLES-F-NZVI ร่วมกบั LF-EMF สามารถเร่งการระเหยของ TCE จาก แหล่งก าเนิด
ประเภทสารเคมบีรสิุทธิท์ี่ร ัว่ไหลในชัน้ดนิที่ไม่อิม่ตวัด้วยน ้าได้เพิม่ขึน้ถงึ 39.51 ± 6.59 เมื่อ
เทยีบกบักรณีทีไ่ม่มกีารใช ้SLES-F-NZVI ร่วมกบั LF-EMF ดว้ยเหตุนี้การใช้ SLES-F-NZVI 
รว่มกบั LF-EMF จะเพิม่ประสทิธภิาพการฟ้ืนฟูดว้ยการสกดัไอดนิไดส้งูถงึ  40 เท่า 
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Abstract 

Nanoscale zerovalent iron (NZVI) is a promising remediation agent for volatile 
organic compound contamination in saturated subsurface but is rarely applied for vadose 
zone as there are not enough water molecules in the unsaturated zone to participate in 
reductive dechlorination. Nevertheless, NZVI is ferromagnetic, capable of inducing heat 
under an applied low frequency electromagnetic field (LF-EMF), offering an opportunity 
to serve as a thermally enhanced remediation when combined with soil vapor extraction. 
In this study, we evaluated the possibility of using foam as a carrying vehicle to emplace 
NZVI in unsaturated porous media followed by the application of LF-EMF in laboratory 
batch reactors. We found that sodium lauryl ether sulfate (SLES) (3% w/w) was the best 
candidate for generating stable foam-based NZVI. The half-life of SLES foam-based 
NZVI (SLES-F-NZVI) was 173 min. The SLES-F-NZVI carried as much as 41.31 g/L of 
NZVI in the liquid phase of the foam, and could generate heat to raise ∆T = 77ºC in 15 
min at the deposited SLES-F-NZVI =77 g/kg. Under this condition, SLES-F-NZVI together 
with LF-EMF enhanced TCE evaporation from TCE dense non-aqueous phase liquid 
(DNAPL) in unsaturated sand by 39.51 ± 6.59 times in comparison to the reactors 
without SLF-EMF application.  
 
Keywords : Magnetic Particles, Foam, Remediation, Vadose Zone Contamination,   
                 Volatile Organic Compound 
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เน้ือหางานวิจยั 
 
1. ความเป็นมาของปัญหา 

ปญัหาจากการปนเป้ือนของดนิและน ้าใต้ดนิในปจัจุบนั จากมลสารอนัตรายประเภท
สารอนิทรยีร์ะเหย (ทัง้ทีม่คีลอรนีเป็นองคป์ระกอบ เช่น สารไตรคลอโรเอทธลินี (TCE) และสาร
เตตระคลอโรเอทธลินี (PCE) และที่ไม่มคีลอรนีเป็นองค์ประกอบ เช่น สารเบนซนี(Benzene) 
และ เอททลิเบนซนี(Ethylbenzene)) เป็นปญัหาใหญ่ที่พบได้ทัว่โลกรวมทัง้ประเทศไทย (เช่น 
นิคมอุตสาหกรรมมาบตาพุด จงัหวดัระยอง, อ าเภอปากช่อง  จงัหวดันครราชสมีา, นิคมอุตสาหกรรม
ภาคเหนือ จงัหวดัล าพูน (รูปที่ 1) ซึ่งสารปนเป้ือนเหล่านี้ส่วนมากมกัเป็นสารปนเป้ือนที่ไม่
ละลายน ้า (Non-aqueous Phase Liquids ; NAPLs) ท าใหเ้มื่อเกดิการปนเป้ือนในสิง่แวดลอ้ม
แล้วสามารถก่อให้เกดิปญัหาหาขึน้หลายประการ อาทเิช่น ต่อชัน้ดนิและน ้าใต้ดนิ โดยเฉพาะ
อย่างยิง่ปญัหาทางสิง่แวดลอ้มต่อสิง่มชีวีติในระบบนิเวศ และผลกระทบต่อสุขภาพอนามยัของ
มนุษย ์เนื่องจากสารปนเป้ือนเหล่านี้  มคีวามสามารถในการละลายน ้าได้น้อยมาก จงึส่งผลให้
เกดิการปนเป้ือนอยู่ในชัน้ดนิและน ้าใต้ดนิไดเ้ป็นเวลายาวนาน ส่งผลต่อการใชน้ ้าเพื่อการอุปโภค
และบรโิรค รวมไปถงึการเกษตรกรรม ประกอบกบัสารเหล่านี้จดัเป็นสารอนิทรยีร์ะเหย ที่สามารถ
ระเหยออกสู่บรรยากาศ มผีลท าให้เกดิพษิทัง้เฉียบพลนัและเรือ้รงั บางชนิดก่อให้เกดิมะเรง็ต่อ
มนุษย์ ดงันัน้จงึมคีวามจ าเป็นต้องมกีารฟ้ืนฟูพื้นที่ที่เกิดการปนเป้ือนเป้ือน และบ าบดัให้สาร
ปนเป้ือนเหล่านี้อยูใ่นเกณฑท์ีย่อมรบัได ้

 

 
รปูท่ี 1 พื้นท่ีปนเป้ือนสารอนัตรายในประเทศไทย อย่างน้อย 3 พื้นท่ีปนเป้ือน 

ด้วยสารอนัตรายประเภทสารอินทรียร์ะเหย 
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การปนเป้ือนเหล่านี้มกัจะเกิดจากการรัว่ไหลของสารอนัตรายผ่านชัน้ดนิเหนือระดบั 
น ้าใตด้นิก่อนจะเคลื่อนทีโ่ดยแรงโน้มถ่วงและโดยการชะพาโดยน ้าฝนลงสู่น ้าใต้ดนิ (รปูที ่2) สาร
ปนเป้ือนบางส่วนจะยงัคงตดิคา้งอยู่ในดนิเหนือระดบัน ้าใต้ดนิ ดนิทีป่นเป้ือนจะดูดซบัสารปนเป้ือน
เอาไว ้ทัง้สารพษิทีต่กคา้งและดนิที่ดูดซบัสารพษิไวเ้ป็นเสมอืนแหล่งก าเนิดการปนเป้ือนทีเ่ตมิ
สารปนเป้ือนลงสู่น ้าใตด้นิเรือ่ยๆ ดว้ยเหตุนี้เพื่อการลดผลกระทบต่อสุขภาพและสิง่แวดลอ้มจาก
การปนเป้ือน วศิวกรรมการฟ้ืนฟูพืน้ทีป่นเป้ือนจงึมคีวามจ าเป็นส าหรบัประเทศไทย ซึง่ในปจัจุบนั
วธิกีารจดัการของเสยีอนัตรายมหีลากหลายประเภท ไดแ้ก่ การบ าบดัในพืน้ที ่(in situ remediation) 
และการบ าบดันอกพืน้ที ่(ex situ remediation) โดยเทคโนโลยทีีใ่ชใ้นการฟ้ืนฟูมทีัง้วธิทีางกาย 
เคม ีและชวีภาพ เช่น Soil washing , Pump and treat, Bio remediation, chemical oxidation 
และ soil vapor extraction เป็นต้น ซึง่วธิกีารหนึ่ง ที่สามารถปฏบิตัไิดจ้รงิและเริม่ไดร้บัความ
นิยมอยา่งมาก คอื วธิกีาร soil vapor extraction ทีใ่ชห้ลกัการในการดูดสารอนัตรายทีร่ะเหยใน
รปูไอ อาศยัการสูบสารอนิทรยีร์ะเหยออกมาจากดนิ และส่งไปยงัระบบบ าบดัสารพษิทีต่ดิตัง้ไว้
เหนือพืน้ดนิ เช่น เตาเผา เป็นต้น โดย ดร.ธนพล เพญ็รตัน์ ในฐานะทีป่รกึษาโครงการวจิยั ได้
ท าการออกแบบและตดิตัง้ระบบสกดัไอดนิ (รปูที ่3(b)) เครื่องแรกในประเทศไทย และสาธติการ
ฟ้ืนฟูในพืน้ทีป่นเป้ือนบรเิวณนิคมอุตสาหกรรมมาบตาพุด จงัหวดัระยอง โดยเทคนิคการสกดัไอ
ดนิสามารถก าจดัสารอนิทรยีร์ะเหยที่ตกคา้งในช่องว่างของดนิไดด้ ี(ในรูปของสารบรสิุทธิซ์ึ่งมี
ลกัษณะคล้ายน ้ามนั) แต่ไม่สามารถก าจดัสารปนเป้ือนที่ถูกดูดซบัอยู่ ในช่องว่างของเมด็ดนิได ้
ดนีัก จงึท าให้ไม่สามารถบ าบดัและฟ้ืนฟูได้อย่างเต็มประสทิธภิาพ จงึจ าเป็นต้องใช้ความร้อน
ร่วมกบัการสกดัไอดนิ โดยการส่งไอรอ้นลงไปใต้ดนิเพื่อเร่งการชะละลายสารปนเป้ือนออกมา
จากดนิก่อนการสกดัออกมาเพื่อบ าบดั 

 

 
 

รปูท่ี 2 การรัว่ไหลของสารอินทรียร์ะเหยจากชัน้ดินเหนือระดบัน ้าใต้ดินสู่ชัน้น ้าใต้ดิน 
(สารปนเป้ือนท่ีคงค้างอยู่ในชัน้ดินเหนือน ้าใต้ดิน มีพฤติกรรมเป็นแหล่งก าเนิด 

การปนเป้ือนน ้าใต้ดินระยะยาว จ าเป็นต้องได้รบัการก าจดัก่อนการฟ้ืนฟนู ้าใต้ดิน)  
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 งานวิจยันี้เสนอนวตักรรมการใช้โฟมที่ปรับเสถียรด้วยอนุภาคแม่เหล็กนาโนร่วมกับ
สนามแม่เหล็กไฟฟ้ากระแสสลบัในการสร้างความร้อนใต้ดินเพื่อเร่งการฟ้ืนฟูดินปนเป้ือน
สารอนิทรยีร์ะเหยร่วมกบัการสกดัไอดนิ โดยมแีนวคดิ คอื การส่งโฟมทีป่รบัเสถยีรดว้ยอนุภาค
แม่เหล็กนาโนลงไปในชัน้ดนิที่ปนเป้ือน จากนัน้จงึส่งสนามแม่ เหล็กไฟฟ้ากระแสสลบัลงไป
พรอ้มกบัท าการสกดัไอดนิ สนามแม่เหลก็ไฟฟ้ากระแสสลบัจะเหน่ียวน าอนุภาคแม่เหลก็ใหเ้กดิ
ความรอ้น ซึง่จะส่งผ่านสู่ดนิและเร่งการระเหยของสารปนป้ือนออกมาจากดนิท าใหส้ามารถสกดั
สารอนิทรยีร์ะเหยออกมาไดเ้รว็ขึน้ ดงัแสดงรปูที ่4 
 

 
 
 

 
 
รปูท่ี 3 (a) ระบบสกดัไอดินทัว่ไป ประกอบด้วยบ่อสกดั เคร่ืองสบูไอดิน และ ระบบบ าบดั

ไอดินปนเป้ือน (b) ระบบสกดัไอดินเคร่ืองแรกของประเทศไทยท่ีสร้างโดย 
กรมส่งเสริมคณุภาพส่ิงแวดล้อม โดยมีดร.ธนพล เพญ็รตัน์ ในฐานะท่ีปรึกษา  

และคณะท างานวิจยั 

(a) 

(b) 
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รปูท่ี 4 การใช้โฟมท่ีปรบัเสถียรด้วยอนุภาคแม่เหลก็นาโนร่วมกบัสนามแม่เหลก็ไฟฟ้า
กระแสสลบัในการสร้างความร้อนใต้ดินเพ่ือเร่งการฟ้ืนฟดิูนปนเป้ือนสารอินทรียร์ะเหย

โดยการสกดัไอดิน 
 
2. วตัถปุระสงคข์องการศึกษา 

1. เพื่อสงัเคราะหโ์ฟมทีป่รบัเสถยีรดว้ยอนุภาคแมเ่หลก็นาโน  
2. เพื่อประเมนิความสามารถของโฟมที่ปรบัเสถยีรดว้ยอนุภาคแม่เหลก็นาโนในการสรา้ง

ความรอ้น ภายใตก้ารเหน่ียวน าความรอ้นทางแมเ่หลก็ไฟฟ้ากระแสสลบั 
3. เพื่อประเมนิความสามารถของโฟม ต่อการเคลื่อนที่ของอนุภาคนาโนของเหล็ก

ประจศุูนยผ์่านตวักลางทราย 
4. เพื่อสาธติการเร่งการบ าบดัฟ้ืนฟูดนิที่ปนเป่ือนสาร TCE โดยความสามารถในการ

บ าบดัสาร TCE จะถูกแทนดว้ยปรมิาณการละลายหรอืระเหยกลายเป็นไอของสาร TCE ในรูป
ของการเปรยีบเทยีบความแตกต่างระหว่างเมื่อไดร้บัความรอ้น และไม่ไดร้บัความรอ้น (โดยใช้
การทดลองแบบ Batch ในหอ้งปฏบิตักิาร)  
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3. สมมติฐานของการวิจยั 
1. อนุภาคนาโนของเหลก็ประจุศูนยเ์ป็นอนุภาคแม่เหลก็นาโนแบบ Ferromagnetic 

สามารถสรา้งความรอ้นโดยการเหน่ียวน าทางแมเ่หลก็ไฟฟ้าภายใตส้นามแมเ่หลก็กระแสสลบั 
2. ความรอ้นทีส่รา้งจากเหน่ียวน าทางแม่เหลก็ไฟฟ้าภายใต้สนามแม่เหลก็กระแสสลบั

ช่วยในการดงึเอาสารพษิประเภทสารอนิทรยีร์ะเหยที่มคีลอรนีเป็นองคท์ี่ถูกดูดซบัอยู่กบัดนิให้
ละลายออกมา (Desorption หรอื Back Diffusion) 

3. การใชอ้นุภาคนาโนของเหลก็ประจุศูนยร์่วมกบัการเหน่ียวน าทางแม่เหลก็ไฟฟ้า
ภายใตส้นามแมเ่หลก็กระแสสลบัสามารถน าไปประยกุต ์ใชไ้ดจ้รงิในพืน้ทีป่นเป้ือน 
 

4. วิธีด าเนินงานวิจยั 
4.1 กรอบแนวคิดการวิจยั  

การประยกุตใ์ชเ้ทคโนโลยนีี้ประกอบดว้ยการส่งอนุภาคนาโนของเหลก็ประจุศูนย์
ทีถู่กปรบัเสถยีรภาพดว้ยโฟม ลงไปใตด้นิเพื่อท าปฏกิริยิาทางเคม ี(Dechlorination) ร่วมกบัการ
ใช้ความรอ้นที่สรา้งจากการเหนี่ยวน าทางแม่เหลก็ไฟฟ้าของอนุภาคนาโนของเหลก็ประจุศูนย์
เพื่อเร่งการสลายสารปนเป้ือนประเภทสารอนิทรยีร์ะเหยทีม่คีลอรนีเป็นองคป์ระกอบทีป่นเป้ือน
ดนิและน ้าใตด้นิ เพื่อใหส้ามารถส่งอนุภาคนาโนของเหลก็ประจุศูนยล์งไปยงัใต้ดนิ จ าเป็นต้องมี
การท าการปรบัปรุงอนุภาคนาโนของเหลก็ประจุศูนยด์้วยสารโพลเีมอร์ และต้องมขี ัน้ตอนการ
ทดสอบความสามารถในการเคลื่อนที่ไดใ้ต้ดนิ อย่างไรกด็ปีระเดน็เหล่านี้ไดถู้กวจิยัโดยละเอยีด
แลว้ในงานวจิยัทีผ่่านมาของ ดร. ธนพล (Phenrat et al. 2010a; Phenrat et al. 2010b; 
Phenrat et al. 2009a; Phenrat et al. 2008; Phenrat et al. 2010d) และ ของนักวจิยัท่านอื่นๆ 
(He et al. 2007; Hong et al. 2009; Johnson et al. 2009; Kanel et al. 2008; Saleh et al. 
2008) ดงันัน้สิง่ทีจ่ะถูกใหค้วามส าคญัในงานวจิยันี้ คอื กลไกการเร่งอตัราการสลายมลสารโดย
ใช้ความรอ้นที่สรา้งจากการเหน่ียวน าทางแม่เหลก็ไฟฟ้าของอนุภาคนาโนของเหลก็ประจุศูนย์
รว่มกบัการท าปฏกิรยิาทางเคมเีพื่อสลายสารปนเป้ือนประเภทสารอนิทรยีร์ะเหยทีม่คีลอรนีเป็น
องคป์ระกอบซึง่เป็นเรือ่งใหมแ่ละเป็นนวตักรรมทีจ่ะไดจ้ากงานวจิยัน้ี 

จากการศกึษาคน้ควา้พบว่าว่าขัน้ตอนการถูกปลดปล่อย (Desorption) ออกจาก
ดนิเป็นขัน้ทีก่ าหนดอตัรารวมของการเกดิปฏกิริยิา(Rate-Limited Step) ดว้ยเหตุนี้ถงึแมว้่าอนุภาค
นาโนของเหลก็ประจุศูนยจ์ะสามารถท าปฏกิริยิาการปลดคลอรนีออกได้อย่างรวดเรว็ก็ไม่เป็น
ประโยชน์เท่าที่ควร เนื่องจากขัน้ทีช่้าและก าหนดอตัราการเกดิปฏกิริยิารวม คอื การถูกปลดปล่อย
(Desorption) ของTCEออกมาจากดนิ งานวจิยัน้ีเสนอกรอบแนวคดิเพื่อแก้ไขปญัหาน้ีได้โดยการ
เพิม่อุณหภูมขิองดนิข้างเคยีง เพื่อเร่งอตัราการถูกปลดปล่อยของมลสารที่ถูกดูดซบัอยู่ในดนิ 
การเพิ่มอุณหภูมสิามารถท าได้โดยใช้ความร้อนที่เกิดจากการเหนี่ยวน าความร้อนทางแม่เหล็ก 
ไฟฟ้าของอนุภาคนาโนของเหลก็ประจศุูนยท์ีถู่กส่งลงไปในชัน้ดนิ โดยอาศยัการส่งสนามแม่เหลก็
กระแสสลบัลงไปใตด้นิทีต่อ้งการฟ้ืนฟู  
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อนุภาคนาโนของเหลก็ประจุศูนยเ์ป็นอนุภาคแม่เหลก็นาโนแบบ Ferromagnetite 
(Phenrat et al., 2007) ซึง่สามารถสรา้งความรอ้นโดยการเหน่ียวน าทางแม่เหลก็ไฟฟ้าภายใต้
สนามแม่เหลก็กระแสสลบัผ่านปรากฏการณ์ Hysteresis Losses ทีเ่กดิขึน้ในวฏัจกัร Magnetization 
/Demagnetization ของอนุภาคแมเ่หลก็(Li et al., 2010) ดงัแสดงในสมการที ่1 

 
                                                         (1) 

 
เมือ่  P  คอื อตัราการเกดิความรอ้น f คอืความถีส่นามแมเ่หลก็ไฟฟ้ากระแสสลบั  

△U คอื พืน้ทีใ่ต ้Hysteresis Loop ของอนุภาคแมเ่หลก็นาโนภายใตส้นามแม่เหลก็ 
  

อุณหภูมสิูงสุดของการเหนี่ยวน าดว้ยวธินีี้ข ึน้อยู่กบัค่า Curie Temperature (TC) ซึง่
ขึน้อยู่กบัองคป์ระกอบทางเคมขีองอนุภาคแม่เหลก็นาโน(Zhang et al., 2003) โดยทัว่ไปแลว้ 
TC ของอนุภาคแมเ่หลก็นาโนมคี่าตัง้แต่ 100 ถงึ ~400 oC ซึง่มากเกนิพอส าหรบัการใหค้วามรอ้น
เพื่อเรง่การบ าบดัการปนเป้ือนใตด้นิ การสรา้งความรอ้นโดยการเหน่ียวน าทางแม่เหลก็ไฟฟ้าของ
อนุภาคแม่เหล็กนาโนได้มีการศึกษากันอย่างแพร่หลาย เพื่อการประยุกต์ใช้ในการรกัษา
โรคมะเรง็แบบ Hyperthermia (Li et al., 2010) อย่างไรกด็กีารประยุกต์ใชก้บั Hyperthermia 
ต้องการสร้างความร้อนถึงแค่ประมาณ 41-46 oC เท่านัน้ เพื่อก าจดัเซลล์มะเรง็ และไม่ท า
อนัตรายกบัเซลลข์า้งเคยีง ดงันัน้การศกึษาเพื่อ Hyperthermia ส่วนใหญ่จงึท าทีค่วามถี่ต ่าๆ(Li et 
al., 2010) ในขณะที่ความถี่สูงๆ อนุภาคแม่เหลก็นาโนสามารถสรา้งความรอ้นไดม้ากพอส าหรบั
การประยุกต์ใช้ในการฟ้ืนฟูพื้นที่ปนเป้ือน ยกตวัอย่างเช่นที่ความถี่ 5.85 เมกะเฮริ์ซ ภายใต้
สนามแมเ่หลก็ไฟฟ้ากระแสสลบัทีค่วามเขม้ขน้ 21.83 Oe อนุภาคแม่เหลก็นาโนเฟอรไ์รทจ์ะสรา้ง
ความรอ้นจนถงึค่า TC (344 oC) ในเวลาแค่ 4 นาทเีท่านัน้ (Zhang et al., 2003) 

ด้วยเหตุน้ีเราจงึสามารถใช้ประโยชน์จากการเหน่ียวน าทางแม่เหล็กไฟฟ้าของ
อนุภาคนาโนของเหลก็ประจุศูนยเ์มื่อมกีารส่งสนามแม่เหลก็กระแสสลบัลงไปใต้ดนิร่วมกบัการ
ท าปฏกิริยิาทางเคมเีพื่อเร่งอตัราการสลายสารสารอนิทรยีร์ะเหยทีม่คีลอรนีเป็นองคป์ระกอบใน
ดนิและน ้าใตด้นิทีป่นเป้ือนได ้(รปูที ่5) 
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รปูท่ี 5 กระบวนการทางเคมี-ฟิสิกส ์ท่ีเกิดขึ้นในระดบัโมเลกลุท่ีเก่ียวข้องกบัการใช้
อนุภาคนาโนของเหลก็ประจศุนูยเ์พ่ือฟ้ืนฟดิูนและน ้าใต้ดินท่ีปนเป้ือนด้วย TCE ส าหรบั
การบ าบดัโดยเทคนิคท่ีถกูน าเสนอในข้อเสนอโครงการน้ีซ่ึงใช้ความร้อนท่ีสร้างจากการ
เหน่ียวน าทางแม่เหลก็ไฟฟ้าของอนุภาคนาโนของเหลก็ประจศุนูยร่์วมกบัการท าปฏิกิริยา
ทางเคมีเพ่ือสลาย TCE การเหน่ียวน าทางแม่เหลก็ไฟฟ้าของอนุภาคนาโนจะเร่งอตัรา
การการถกูปลดปล่อย (Desorption) ของTCE ออกมาจากดินซ่ึงท าให้อตัราการบ าบดั
เรว็ขึ้นและถกูก าหนดโดยอตัราการเกิดปฏิกิริยาทางเคมี(Dechlorination reaction) 

 
4.2 ขอบเขตของงานวิจยั 

- ท าการสงัเคราะห์โฟมทีป่รบัเสถยีรด้วยอนุภาคแม่เหลก็นาโนโดยใชอ้นุภาคนา
โนของเหลก็ประจุศูนยร์่วมกบั สารลดแรงตงึผวิ 5 ชนิด ประกอบดว้ย Sodium Lauryl Ether 
Sulfate (SLES), PEG-20 Sorbitan monostearate (Tween 60) , Sorbitan monooleate(Span 
80), Vertex Type 1 (Foaming Agent for Lightweight Cellular Concrete)และ Vertex Type 2 
(Foaming Agent for Lightweight Cellular Concrete) เพื่อหาชนิดของสารลดแรงตงึผวิ และ
ปรมิาณ %ความเข,้ขน้ ทีเ่หมาะสมต่อการทดลอง 

- ท าการประเมนิประสทิธภิาพของการเหน่ียวน าความรอ้นทางแม่เหลก็ไฟฟ้าของ
อนุภาคเหลก็นาโนของเหลก็ประจศุูนย ์ทีเ่กดิขึน้เมือ่อยูใ่นตวักลาง และสภาวะทีแ่ตกต่างกนั 

- การประเมินความสามารถของโฟม ที่มีต่อการน าพาให้อนุภาคเหล็กนาโน
สามารถเคลื่อนที่ขณะผ่านตวักลางทราย (Pack Column) ตลอดจนปรมิาณคงคา้ง (Sorbed) ที่
สามารถเหนี่ยวน าใหเ้กดิความรอ้นขึน้ในทราย ทีอุ่ณหภมูมิากกว่า 80 oC 

- การประเมนิความสารถในบ าบดัสาร TCE โดยความสามารถในการบ าบดัสาร 
TCE จะถูกแทนด้วยปรมิาณการละลายหรอืระเหยกลายเป็นไอของสาร TCE ในรูปของการ
เปรยีบเทยีบความแตกต่างระหว่างเมื่อได้รบัความร้อน และไม่ได้รบัความรอ้น (โดยใช้การ
ทดลองแบบ Batch เพื่อใหง้่ายต่อการควบคุม) ซึง่รปูแบบของการทดลองทีม่จีลศาสตรข์องการ
สลายตวัของสาร TCE เรว็กว่า แปลว่าลกัษณะทางกายภาพนัน้เอื้อต่อการน ้าไปใชใ้นการฟ้ืนฟู
การปนเป้ือน โดยรปูแบบการทดลองถูกแสดงดงัในรปูที ่6 และ 7 
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รปูท่ี 6 แผนภาพผงัการทดลอง 
 
 
 

 
 
     
รปูท่ี 7 การทดลองการสาธิตการเร่งการฟ้ืนฟดิูนท่ีปนเป้ือนสารอินทรียร์ะเหยโดยใช้ 
การสกดัไอดินร่วมกบัการเหน่ียวน าความร้อนทางแม่เหลก็ไฟฟ้าของโฟมท่ีปรบัเสถียร

ด้วยอนุภาคแม่เหลก็นาโนโดยการทดลองในห้องปฏิบติัการ 
 
 

AC Magnetic Field 

Soil With Mannetic Foam 
From Pack Colimn 

VOC Sampling 

Measure by GC-ECD 
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4.3  อปุกรณ์และเคร่ืองมือท่ีใช้ในการศึกษาวิจยั 
 

    
รปูท่ี 8 เคร่ืองสร้างสนามแม่เหลก็ จากไฟฟ้ากระแสสลบั 

 
 

  
รปูท่ี 9 กล้องถ่ายภาพความร้อน (FLIR i3 Infrared Camera) 

 
 

 
รปูท่ี 10 เคร่ืองวดัอณุหภมิูโดยใช้แสงอินฟาเรด (Digital Infrared Thermometer)   
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รปูท่ี 11 เคร่ืองชัง่ ความละเอียดทศนิยม 4 ต าแหน่ง   

 
 

 
รปูท่ี 12 ตู้อบไล่ความช้ืน (อณุหภมิู 105 oC) 

 
 

 
รปูท่ี 13 แกส๊โครมาโทรกราฟี (Gas Chromatography) 
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รปูท่ี 14 เครื่อง Sonicator 

 
 

 
รปูท่ี 15 Peristaltic Pump 

 
 

 
รปูท่ี 16 เขม็ส าหรบัเกบ็ตวัอย่างกา๊ซ แบบมีวาลว์เปิด-ปิด 
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รปูท่ี 17 กล้องจลุทรรศน์ (microscope) 

 
4.4 รายละเอียดการทดลอง 

4.4.1 การวางแผนการทดลอง 

การทดลองที ่1 : การหาชนิดของสารลดแรงตงึผวิ (Surfactant) และปรมิาณ  
%ความเขม้ขน้ ตลอดจนอตัราการไหลของสารลดแรงตงึผวิ ทีม่คีวามเหมาะสมต่อการทดลอง  

การทดลองที ่2 : การประเมนิประสทิธภิาพของการเหนี่ยวน าความรอ้น
ทางแม่เหลก็ไฟฟ้าโดยอนุภาคนาโนของเหลก็ประจุศูนย ์ที่เกดิขึน้จากเหลก็ในตวักลางโฟม น ้า 
และสารลดแรงตงึผวิ  

การทดลองที่ 3 : การประเมนิความสามารถของโฟม ที่มต่ีอการน าพาการ
เคลื่อนทีข่องอนุภาค NZVI  

การทดลองที ่4 : การประเมนิความสามารถของอนุภาค NZVI ทีถู่กปรบั
เสถยีรภาพดว้ยโฟมในการบ าบดัสาร TCE โดยการใชค้วามรอ้นจากการเหนี่ยวน าทางแม่เหลก็ 
ไฟฟ้าในการทดลองแบบ Batch  
 

4.4.2 ขัน้ตอนการทดลอง 

การทดลองที ่1 : การหาชนิดของสารลดแรงตงึผวิ (Surfactant) และปรมิาณ  
%ความเขม้ขน้ ตลอดจนอตัราการไหลของสารลดแรงตงึผวิ ทีม่คีวามเหมาะสมต่อการทดลอง  

1.1 การเปรยีบเทยีบเสถยีรภาพของสารลดแรงตงึผวิ 
     ท าการศกึษาทดลองโดยใชส้ารลดแรงตงึผวิ (Surfactant) ทัง้หมด 5 

ชนิด เพื่อน ามาสงัเคราะหเ์ป็นสารตัง้ต้นท าโฟม อนัประกอบดว้ย 

1) Sodium Lauryl Ether Sulfate (SLES) 
2) Sorbitanmonooleate (Span 80) 
3) PolyoxyethyleneSorbitanMonostearate (Tween 60)  
4) Vertex Type 1 (Foaming Agent for Lightweight Cellular Concrete) 
5) Vertex Type 2 (Foaming Agent for Lightweight Cellular Concrete) 
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รปูท่ี 18 สารลดแรงตึงผิว (Surfactant) 
 

ท าการสรา้งโฟม โดยใชค้อลมัน์ทรงกระบอกขนาดเสน้ผ่านศูนยก์ลาง 1.9 ซม. 
ยาว 16 ซม. บรเิวณส่วนปลายปิดด้วยตะแรงเบอร ์200 ใช้อตัราการไหลของสาร Surfactant 
ผ่านป ัม๊สุญญากาศแบบรดีท่อ (Peristaltic Pump) เท่ากบั 1.50 มล./นาท ีและอตัราการไหลของ
แก๊สไนโตรเจน เท่ากบั 500 มล./นาท ี

 

 
 

รปูท่ี 19 Foam Generation Column 
 

Vertex Type 1 Vertex Type 2 

Span 80 Tween 60 
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การทดลองนี้ ไดท้ าการเปรยีบเทยีบเสถยีรภาพของโฟมทีถู่กสรา้งขึน้ แบบโฟม
เปล่าๆ และโฟมทีผ่สมอนุภาคนาโนของเหลก็ประจุศูนย ์(Nano-Zero Valent Iron ; NZVI) จากนัน้
ท าการเกบ็ตวัอยา่งโฟมทีถู่กสรา้งผ่านคอลมัน์ดว้ยขวดแก้ว ขนาดเสน้ผ่านศูนยก์ลาง 2 ซม. และ
มคีวามยาว 7 ซม. จ านวน 2 ขวด 

 

     
 

รปูท่ี 20 โฟมท่ีไม่ผสม NZVI 
 

    
 

รปูท่ี 21 โฟมท่ีผสม NZVI (ความเข้มข้น 50 กรมั/ลิตร) 
 

1.2 การเปรยีบเทยีบการกระจายตวัของขนาดอนุภาค (Particle Size 
Distribution) 

การหาขนาดของอนุภาคโฟมด้วยกล้องจุลทรรศน์ (microscope) 

ก าลงัขยาย 4x/0.01 ทีต่่อเชื่อมกบักลอ้งดจิติอลความละเอยีด 3.0 MP เพื่อท าการบนัทกึภาพ 

แลว้ท าการวดัขนาดและนบัจ านวนอนุภาค (รปูที ่17)  
 

 
รปูท่ี 22 อนุภาคโฟม จากกล้องจลุทรรศน์อิเลก็ตรอน (microscope) 
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1.3 ปรมิาณ %ความเขม้ขน้ ทีม่คีวามเสถยีรภาพและเหมาะสม 

น าสาร Surfactant ชนิด SLES ซึง่มคีวามสามารถในการคงเสถยีรภาพ
ได้มากที่สุด มาท าการทดลองที่ความเขม้ขน้แตกต่างกนั เพื่อหาความเขม้ขน้ที่เหมาะสม และ
สามารถคงเสถยีรภาพได้นานทีสุ่ด โดยได้ท าการทดลองทัง้หมด 5 ความเขม้ขน้ ประกอบดว้ย 
1% 3% 5% 7% และ 9% ตามล าดบั 
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การทดลองที ่2 การประเมนิประสทิธภิาพของการเหนี่ยวน าความรอ้นทาง

แม่เหลก็ไฟฟ้าโดยอนุภาคนาโนของเหลก็ประจุศูนย ์ทีเ่กดิขึน้จากเหลก็ในตวักลางโฟม น ้า และ

สารลดแรงตงึผวิ 

ท าการทดลองเปรยีบเทยีบค่าเฉลี่ยความร้อน (oC) ที่เกิดขึ้นจากเหล็กใน
ตวักลางโฟมน ้า และสารลดแรงตงึผวิ (SLES) โดยท าการใส่น ้า สารลดแรงตงึผวิ และโฟม ลงไป
ในขวดทดลองในปรมิาตรที่เท่ากนั คอื 12.5 มล. (ครึง่ขวด) แลว้น าไปเหนี่ยวน าใหเ้กดิความ
รอ้นทางแม่เหล็กไฟฟ้า ที่เวลา 5 10 และ15 นาท ีแล้วน าขวดทดลองไปอบที่ตู้อุณหภูม ิ105 oC 
(รปูที ่12) เพื่อหาน ้าหนักเหลก็ทีอ่ยู่ในขวด จากนัน้น าไปท าการค านวณเปรยีบเทยีบ ค่าอุณหภูมิ
ทีเ่กดิการเปลีย่นแปลงไป (∆T) จากเดมิ โดยค านวณจากค่าอุณหภูมทิีเ่ปลีย่นแปลงไป (oC) ต่อ
ปรมิาณเหลก็ (กรมั) ทีม่อียูใ่นตวักลางทัง้ 3 ชนิด 
 

 

 

    
 

รปูท่ี 23 ตวักลางน ้า สารลดแรงตึงผิว และโฟม  
 

 
รปูท่ี 24 การให้ความร้อนภายใต้การเหน่ียวน า ผา่นสนามแม่เหลก็ไฟฟ้ากระแสสลบั 

น ้า โฟม SLES 
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การทดลองที ่3 การประเมนิความสามารถของโฟม ทีม่ต่ีอการน าพาการ
เคลื่อนทีข่องอนุภาค NZVI  

 
3.1 ค่าความสามารถของโฟม ต่อความสามารถในการการเคลื่อนที่ของ

อนุภาค NZVI 
ท าการเป่าสร้างโฟมใช้อัตราการไหลของสาร SLES-NZVI เท่ากับ 1.5 

มล./นาท ีใชค้วามเขม้ขน้ของอนุภาค NZVI เท่ากนัในทุกการทดลอง เท่ากบั 50 กรมั/ลติร และ
ใชอ้ตัราการไหลของแก๊สไนโตรเจน เท่ากบั 125, 300 และ 500 มล./นาท ีตามล าดบั โดยรอจน
ฟองโฟมมเีสถยีรภาพ และมขีนาดอนุภาคคงที ่(ประมาณ 3 นาท)ี จงึท าการเกบ็ตวัอย่างโฟมใส่
ในขวดแก้วรปูชมพู่ขนาด 50 มล. โดยภายในขวดเก็บตวัอย่างรูปชมพู่บรรจุเมทานอลจ านวน 10 
มล. เพื่อให้สารเมทานอลเป็นตวัสลายอนุภาคฟองโฟมให้อยู่ในสถานะของเหลว ท าการเก็บ
ตวัอยา่งเป็นเวลา 5 นาท/ีตวัอยา่ง โดยเกบ็ตงัอยา่งจ านวน 3 ตวัอย่าง เพื่อน ามาหาค่าเฉลีย่ของ
ปรมิาณความเขม้ขน้ของอนุภาค NZVI ที่สามารถเคลื่อนทีม่าพรอ้มกบัโฟม โดยระหว่างที่ท าการ
สรา้งโฟม ได้มกีารกระตุ้นด้วยเครื่อง Sonicator ตลอดเวลา (รูปที่ 14) เพื่อไม่ให้อนุภาคเหล็ก
เกดิการตกตะกอนอยูบ่รเิวณดา้นล่างของบกีเกอร ์

อนุภาค  NZVI ที่อยู่ในขวดแก้วรปูชมพู่ จะถูกแยกโดยใช้แท่งแม่เหลก็ท า
การดูดเหลก็ตดิไวใ้นขวดแก้ว ทีท่ าการชัง่น ้าหนักไวแ้ลว้ เพื่อเปรยีบเทยีบปรมิาณเหลก็ทีอ่ยู่ใน
ขวดต่อไป 

 

 
 

รปูท่ี 25 Ability of Foam to Carry NZVI 
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ในส่วนของการทดลองเพื่อหาปรมิารการคงคา้ง (Sorbed) ของอนุภาค 
NZVI ในทรายตามระยะทางในการเคลื่อนที ่สามารถแสดงไดด้งัต่อไปนี้ 

1. ใชค้อลมัน์ทรงกระบอก ท าจากอะครลิกิ ขนาดเสน้ผ่านศูนยก์ลาง 1.9 ซม. 
สูง 16 ซม. (ปรมิาตร 49.30 ลบ.ซม.)ที่บรเิวณส่วนปลาย ทัง้ส่วนหวัและท้าย ปิดด้วยตะแกรง
ขนาดเบอร ์60  

2. ใชท้รายขนาด 0.85 มม. แลว้ท าการชัง่น ้าหนักทรายพรอ้มคอลมัน์ก่อน
ท าการทดลอง (น ้าหนกัแหง้) 

3. ท าการค านวณค่าความพรุน (porosity) จากปรมิาณของเหลวทีถู่กใส่ลง
ไปในคอลมัน์ขณะทีบ่รรจทุรายอยู่ภายใน(มล.) หารดว้ยปรมิาตรคอลมัน์ทัง้หมด (มล.) 

4. ท าการฝลดัสารละลาย 0.02 M Nacl จ านวน 3 pore volume เพื่อท า
การปรบัสภาพให้ทรายที่อยู่ในคอลมัน์มีลกัษณะประจุ หรอือิออนใกล้เคยีงกบัทรายธรรมชาต ิ
จากนัน้ปล่อยให้น ้าไหลออกจากคอลมัน์ ภายใต้แรงโน้มถ่วง รอจนน ้าหยุดไหลแล้วน าไปชัง่
น ้าหนกั (น ้าหนกัทรายเปียก) เพื่อหา %Saturation (นน.ทรายเปียก-นน.ทรายแหง้) 

5. ท าการฝลดัดว้ย SLES (โฟมเปล่าๆ) จ านวน 1 pore volume  
6. ท าการฝลดั SLES + NZVI ผ่านคอลมัน์ทราย จ านวน 60 pore volume  
7. น าทรายออกจากคอลมัน์ โดยแบ่งเป็นทุก 2 ซม. (0-2, 2-4 ,4-8, 8-10, 

10-12,12-14 และ 14-16 ซม.) ใส่ลงในบกีเกอรท์ีบ่รรจุดว้ยน ้า DI แลว้น าไปท าการกระตุ้นดว้ย
เสยีง (Sonicator) เป็นเวลา 1 นาท ีแลว้ตามดว้ยการเขยา่เบาๆ ดว้ยมอื เพื่อใหเ้หลก็ทีต่ดิอยู่กบั
ทราย หลุดออกมา 

8. เหลก็ทีห่ลุดออกมาถูกแยกโดยใชแ้ท่งแม่เหลก็ท าการดูดเหลก็ตดิไวใ้นขวด
แกว้ ทีท่ าการชัง่น ้าหนักไวแ้ลว้ เพื่อเปรยีบเทยีบปรมิาณเหลก็ทีอ่ยู่ในขวด ส่วนทรายกน็ าไปท าการ
ชัง่น ้าหนกั เพื่อน าไปค านวณหาปรมิาณเหลก็ทีอ่ยูใ่นทรายต่อไป (กรมัเหลก็/กรมัทราย) 

 
 

    
 

รปูท่ี 26 ความสามารถของโฟม ท่ีมีต่อการน าพาการเคล่ือนท่ีของอนุภาค NZVI 
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3.2 ปรมิารการคงคา้ง (Sorbed) ของอนุภาค NZVI ในทรายทีส่ามารถ
เหนี่ยวน าใหเ้กดิความรอ้น ทีอุ่ณหภมูมิากกว่า 80 oC 

วตัถุประสงค์ในการทดลองนี้ คือ เพื่อหาปรมิาณการสะสมตัวของ
อนุภาค NZVI ที่อยู่ในทราย เมื่อผ่านการเหน่ียวน าความรอ้นทางแม่เหลก็ไฟฟ้า แลว้สามารถ
เหนี่ยวน าใหเ้กดิความรอ้นทีอุ่ณหภูมมิากกว่า 80 oC โดยท าการเป่าสรา้งโฟมใชอ้ตัราการไหล
ของสาร SLES-NZVI เท่ากบั 1.5 มล./นาท ีใชอ้ตัราการไหลของแก๊สไนโตรเจน เท่ากบั 500 มล./นาท ี
(Condition ทีด่ทีีสุ่ดจากการทดลองที ่3.1) และทดลองใชค้วามเขม้ขน้ของอนุภาค NZVI ทีต่่างกนั 
โดยเพิม่ความเขม้ขน้ของ NZVI ขึน้ทลีะ 20 กรมั/ลติร โดยเริม่ท าการทดลองจากความเขม้ขน้ 
60 กรมั/ลติร ท าการฝลดัโฟมผ่านคอลมัน์ทีบ่รรจุทราย จ านวน 60 pore volume จากนัน้น าทราย
ออกจากคอลมัน์ โดยแบ่งเป็นทุก 2 ซม. ใส่ลงในขวด Vail ขนาดเสน้ผ่านศูนยก์ลาง 2 ซม. และมี
ความยาว 7 ซม. (รปูที ่27) แลว้น าไปเหนี่ยวน าผ่านสนามแมเ่หลก็ เป็นเวลา 5,10 และ 15 นาท ี
ตามล าดบั จากนัน้น าทรายทีอ่ยู่ในขวด vial เทใส่ลงในบกีเกอรท์ีบ่รรจุดว้ยน ้า DI แลว้น าไปกระตุ้น
ดว้ยเสยีง (Sonicate) เป็นเวลา 1 นาท ีแลว้ตามดว้ยการเขย่าเบาๆ ดว้ยมอื เพื่อใหเ้หลก็ทีต่ดิอยู่
กบัทรายหลุดออกมา  

เหลก็ที่หลุดออกมาถูกแยกโดยใช้แท่งแม่เหลก็ท าการดูดเหลก็ตดิไว้
ในขวดแก้ว ที่ท าการชัง่น ้าหนักไว้แล้ว เพื่อเปรยีบเทยีบปรมิาณเหล็กที่อยู่ในขวด ส่วนทราย
น าไปท าการชัง่น ้าหนกั เพื่อน าไปค านวณหาปรมิาณเหลก็ทีอ่ยูใ่นทรายต่อไป (กรมัเหลก็/กรมัทราย) 
 

 
 

รปูท่ี 27 ปริมารการคงค้าง (Sorbed) ของอนุภาค NZVI ในทราย 
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การทดลองที่ 4 การประเมนิความสามารถของอนุภาค NZVI ที่ถูกปรบั
เสถียรภาพด้วยโฟมในการบ าบัดสาร TCE โดยการใช้ความร้อนจากการเหนี่ยวน าทาง
แมเ่หลก็ไฟฟ้าในการทดลองแบบ Batch (การทดลองที ่4) 

 
การทดลองในขัน้ตอนนี้ ได้ท าการทดลงเพื่อประเมนิความสามารถของ

อนุภาค NZVI ทีถู่กปรบัเสถยีรภาพดว้ยโฟมในการก าจดัสาร TCE โดยการใชค้วามรอ้นจากการ
เหนี่ยวน าทางแมเ่หลก็ไฟฟ้า โดยใชก้ารทดลองแบบ Batch 

เมื่อทราบถงึปรมิาณการสะสมตวัของ NZVI ทีอ่ยู่ในทราย ว่าควรมปีรมิาณ
เท่าใด(กรมัเหลก็/กรมัทราย) เมือ่ผ่านการเหน่ียวน าความรอ้นทางแม่เหลก็ไฟฟ้า แลว้สามารถท าให้
เกดิความรอ้นทีอุ่ณหภมูมิากกว่า 80 oC (จากผลการทดลองที ่3.2) จงึน าค่าดงักล่าวมาใชใ้นการ
เตรยีมการทดลองในการทดลองที่ 4 จากนัน้เตมิสาร TCE (Pure phase) ที่มคีวามเขม้ขน้สูง 
เขา้ไปในขวดทดลองจ านวน 2 มลิลลิติร (ท าการยอ้มส ีTCE จากลกัษณะใส ไม่มสีใีห้มสีแีดง 
ดว้ย Sudan IV (รปูที ่29) เพื่อใหง้่ายต่อการสงัเกตเหน็ ขณะท าการทดลอง) โดยท าการเปลี่ยน
ฝาขวดทดลองจากฝาพลาสตกิสดี า เป็นฝาส าหรบัป้องก้นก๊าซเขา้และออกจากขวด (รปูที ่30) 
จากนัน้ขวดทดลองจะถูกเขย่าดว้ยมอืเป็นเวลา 2 นาท ีแลว้ตัง้ทิง้ไวอ้กี 20 นาท ีก่อนทีจ่ะน าไป
ใส่เครือ่งก าเนิดสนามแมเ่หลก็ไฟฟ้ากระแสสลบั เพื่อเหน่ียวน าใหเ้กดิความรอ้น แลว้ท าการเกบ็
ตวัอยา่งก๊าซดว้ยเขม็เกบ็ก๊าซ ทุกๆ 5 10 15 30 และ 60 นาท ี(รปูที ่31) ตามล าดบั  

การวดัปรมิาณการสลายตวัของสาร TCE จะน าก๊าซทีเ่กบ็ไดจ้ากขวดตวัอย่าง
ไปท าการวเิคราะหด์ว้ยเครื่อง Gas Chromatography ทีต่่อพ่วงเขา้กบัหวัวดัชนิด Electron Capture 
Detector (GC – ECD) ตวัอย่างก๊าซจ านวน 50 ไมโครลติร จะถูกฉีดเขา้เครื่อง GC ในโหมด 
Splitless ทีอุ่ณหภูม ิ280 oC ผ่านคอลมัน์ ชนิด J&W 121-1324 : 20 เมตร × 180 ไมโครเมตร 
× 1 ไมโครเมตร ทีม่ก๊ีาซไนโตรเจนเป็นตวัพาทีอ่ตัราการไหลคงที ่(25 มล./นาท)ี ภายใต้อุณหภูมิ
เตาอบ (Oven) ทีก่ าหนดไว ้คอื เริม่ต้นทีอุ่ณหภูม ิ135 oC  จากนัน้เพิม่ขึน้ในอตัรา 43 oC ต่อนาท ี
จนถงึ 220 oC ท าการวเิคราะหข์อ้มลูโดยใชโ้ปรแกรมทีต่ดิตัง้มาพรอ้มกบัเครื่อง GC โดยพืน้ที่
ใตพ้คีจะแสดงถงึปรมิาณสารทีต่อ้งการตรวจวเิคราะห ์

และเพื่อประเมนิว่าวธิกีารทดลองนี้สามารถก าจดัสารมลพษิออกจากดนิได้
จรงิหรอืไม ่จงึไดท้ าการทดลองคู่ขนานกนั คอื การทดลองการบ าบดัโดยการใชอ้นุภาคนา NZVI 
ทีถู่กปรบัเสถยีรภาพดว้ยโฟม แต่ไมใ่ชก้ารเหน่ียวน าทางแมเ่หลก็ไฟฟ้า และการทดลองในทราย
เปล่าๆ ทีถู่กท าใหม้คี่า %Saturation ใกลเ้คยีงกบัการทดลองที ่3.2 ประสทิธภิาพของทัง้สามวธิี
จะถูกน ามาเปรยีบเทยีบกนั  
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รปูท่ี 28 แผนการทดลองเพ่ือประเมินความสามารถในการก าจดั TCE  
ในการทดลองแบบ Batch 

 
 
ตาราง 1 สภาวะของเครื่อง GC ท่ีใช้ในการทดลอง 
 

พารามิเตอร ์ สภาวะ 
1. คอลมัน์ J&W 121-1324 : 20m × 180 µm × 1 µm 
2. อุณหภมูจิดุฉีดสาร 135oC 
3. อุณหภมูคิอลมัน์ 280 oC 
4. อุณหภมูเิครือ่งตรวจวดั เป็นโปรแกรมอุณหภูม ิคอื เริม่ที ่135oC 

มอีตัราการเพิม่ 43 oC/min จนถงึ 220 oC 
3. อตัราการไหลแก๊สตวัพา ไนโตรเจน 25 mL/min 
4. เครือ่งตรวจวดั Electron Capture Detector (ECD) 
5. ปรมิาณสาร 50 µL 

 
 

  
 

รปูท่ี 29 Sudan IV  

%Saturation 

(1% 5% และ 10%) 

TCE in Blank sand 

TCE in sand with nZVI  

TCE in sand with nZVI and heat 
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รปูท่ี 30 ขวดการทดลองส าหรบัการประเมินความสามารถของอนุภาค NZVI ท่ีถกูปรบั
เสถียรภาพด้วยโฟมในการก าจดัสาร TCE 

 

 
 

 
 

รปูท่ี 31 การเกบ็ตวัอย่างกา๊ซด้วยเขม็เกบ็กา๊ซทุกๆ 5 10 15 30 และ 60 นาที 
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5. ผลการศึกษาวิจยั 
5.1 การหาชนิดของสารลดแรงตงึผวิ (Surfactant) และปรมิาณ %ความเขม้ขน้ 

ตลอดจนอตัราการไหลของสารลดแรงตงึผวิ ทีม่คีวามเหมาะสมต่อการทดลอง 
 

5.1.1 การเปรยีบเทยีบเสถยีรภาพของสารลดแรงตงึผวิ 
ท าการศึกษาทดลองเพื่อคัดเลือกสารลดแรงตึงผิว ชนิดที่สามารถคง

เสถยีรภาพไดด้ทีีสุ่ดเมื่อถูกท าใหเ้ป็นโฟม โดยใชค้วามเขม้ขน้ตัง้ต้นทีเ่ท่ากนั คอื 1% w/w ซึง่
สารลดแรงตงึผวิทีน่ ามาใชม้ทีัง้หมด 5 ชนิด ดงันี้ 

- Sodium Lauryl Ether Sulfate (SLES) 
- Sorbitanmonooleate (Span 80) 
- Polyoxyethylene SorbitanMonostearate (Tween 60)  
- Vertex Type 1 (Foaming Agent for Lightweight Cellular Concrete) 
- Vertex Type 2 (Foaming Agent for Lightweight Cellular Concrete) 
เมือ่น าสารลดแรงตงึผวิ มาท าการเตรยีมความเขม้ขน้ทีเ่ท่ากนั คอื 1% w/w 

โดยการใชน้ ้าในการเจอืจางพบว่ามสีารลดแรงตงึผวิ เพยีง 3 ชนิด ทีส่ามารถน ามาท าการทดลองได ้
คอื SLES, Vertex Type 1 และ Vertex Type 2 ส่วนสารลดแรงตงึผวิอกีสองชนิด คอื Span 80 
มคีุณสมบตัลิะลายน ้าไดเ้พยีงเลก็น้อย หรอืเพยีงบางส่วนเท่านัน้ แต่สามารถละลายไดใ้นน ้ามนั 
เช่นเดยีวกนักบั Tween 60 จงึไมส่ามารถน ามาท าการทดลองในล าดบัต่อไปได ้แสงดงัรปูที ่32 

จากนัน้จงึไดน้ าสารลดแรงตงึผวิทัง้ 3 ชนิด ท าการสรา้งโฟม โดยใชค้อลมัน์
ทรงกระบอกขนาดเสน้ผ่านศูนยก์ลาง  2 ซม. ยาว 20 ซม. บรเิวณส่วนปลายปิดดว้ยตะแรงเบอร ์
200 ใชอ้ตัราการไหลของสารลดแรงตงึผวิ ผ่านป ัม๊สุญญากาศแบบรดีท่อ (Peristaltic Pump) 
ทัง้หมด 6 อตัราการไหล โดยเริม่ท าการทดลองที ่0.5 มล./นาท ีแลว้ค่อยๆ เพิม่อตัราการไหลขึน้
ทลีะ 0.5 มล./นาท ีพบว่าทีอ่ตัราการไหลสาร SLES เริม่ต้น คอื 0.5 มล./นาท ีโฟมมขีนาดใหญ่ทีสุ่ด 
มคีวามหนาแน่นน้อยทีสุ่ด จากนัน้เมื่อเพิม่อตัราการไหลเป็น 1 มล./นาท ีโฟมเริม่มขีนาดเลก็ลง 
แลว้เริม่มขีนาดและความหนาแน่นคงทีต่ ัง้แต่ 1.5 ไปจนถงึ 3.0 มล./นาท ี โดยใชอ้ตัราการไหล
ของแก๊สไนโตรเจนคงที ่เท่ากบั 500 มล./นาท ี(รปูที ่33) แต่พบว่าแมข้นาด และความหนาแน่น
ของโฟมจะมลีกัษณะใกล้เคียงกนั แต่จะสงัเกตได้ว่าเริม่มนี ้า เกิดขึ้นอยู่บรเิวณช่วงท้ายของ 
Column เนื่องจากอตัราการไหลทีเ่ริม่มากเกนิพอกบัความตอ้งการ 

ดงันัน้จงึไดเ้ลอืกใชอ้ตัราการไหลของสารลดแรงตงึผวิเท่ากบั 1.5 มล./นาท ี
เป็นค่าอตัราการไหลทีเ่หมาะสม อกีทัง้ยงัไดล้องท าการทดลองเพิม่โดยการน าอนุภาค NZVI มา
ผสมกบัสารลดแรงตงึผวิ กย็งัมคี่าสอดคลอ้งกนักบัการสรา้งโฟมเปล่า โดยไมผ่สมเหลก็  
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รปูท่ี 32 สารลดแรงตึงผิว 5 ชนิด 
 

 

 
 
 

 

รปูท่ี 33 อตัราการไหลของสารลดแรงตึงผิวท่ีมีความเหมาะสมต่อการทดลอง 
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ผลการทดลองเพื่อเปรยีบเทยีบเสถยีรภาพของของโฟม ไดท้ าการแปลผล
แบ่งออกเป็น 3 ส่วน แสดงดงัต่อไปนี้ 

1) วดัจากค่าประสทิธภิาพของโฟม (Foam Quality) 
ค่าประสทิธภิาพของโฟม(Foam Quality) ค านวณโดยใชส้มการของ

(Mulligan and Eftekhari, 2003)  
 
 Foam Quality (f)  =      Gas Volume (Vg) 

                      Total foam Volume (V l+ Vg) 
 
โดย F     คอื Foam Quality  
 Vg   คอื Volume of gas in foam (มล.) 
 Vl   คอื Volume of liquid in foam (มล.)  
 

ค่าประสทิธภิาพของโฟม(Foam Quality) นับไดว้่าโฟมที่ถูกสรา้งขึน้มี
ประสทิธภิาพสงูถงึ 99% พบว่าสารลดแรงตงึผวิทุกชนิดมคีวามใกลเ้คยีงกนัมาก มคีวามต่างกนั
เพยีงระดบัต าแหน่งทศิยมเท่านัน้ สารลดแรงตงึผวิชนิด SLES มคี่าประสทิธภิาพของโฟมสูงทีสุ่ด 
เท่ากบั 99.67% ส าหรบัโฟมทีไ่ม่ผสมอนุภาค NZVI และ 99.69% ส าหรบัโฟมทีผ่สมอนุภาค NZVI 
รองลงมาคอืVertex Type 2 และ  Vertex Type 1 ตามล าดบั 

 

 
รปูท่ี 34 การเปรียบเทียบค่าเสถียรภาพของสารลดแรงตึงผิว 3 ชนิด  
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2) วดัจากค่าครึง่ชวีติ (half-life) และการสลายตวัเปลีย่นสถานะ จากโฟม 
กลายเป็นสถานะของเหลว 

ท าการเกบ็ตวัอยา่งโฟมใส่ขวดแกว้ ขนาด 100 มลิลลิติร จ านวน 2 ขวด/
ตวัอยา่ง แลว้สงัเกตดลูกัษณะการเปลีย่นแปลง การสูญเสยีเสถยีรภาพของโฟม เริม่ท าการจบัเวลา
ตัง้แต่ทีโ่ฟมเริม่มกีารยุบสลายตวัจากปรมิาณเตม็ขวด จนเหลอืครึง่ขวด (half-life) พรอ้มท าการ
ถ่ายภาพ และจดบนัทกึระดบัน ้าทีเ่กดิขึน้จากการเปลีย่นสถานะของโฟม กลายเป็นของเหลว ทุกๆ 
3 นาท ีจนครบ 60 นาท ีแสดงในรปูที ่35 

พบว่าสารลดแรงตงึผวิ ชนิด SLES มคีวามสามารถในการคงเสถยีรภาพ 
(Stability) ไดม้ากทีสุ่ด รองลงมา คอื Vertex Type 1 และ Vertex Type 2 ตามล าดบั(ตาราง 2) 
และในส่วนของการเปลีย่นสถานะจากโฟม กลายเป็นของเหลว สามารถสรปุไดด้งัต่อไปนี้ 

- Vertex Type 1 : ในการท าฟองโฟมจะท าใหก้ารสูญเสยีเสถยีรภาพ
ของฟองโฟมนัน้รวดเรว็ที่สุด แต่มกีารตกตะกอนของ NZVI เรว็เป็นอนัดบัที่ 2 เมื่อฟองโฟม
สญูเสยีเสถยีรภาพจนหมดปรมิาณของเหลวทีผ่สมกบั NZVI จะมปีรมิาตรเป็นอนัดบัที ่2 จากทัง้
สามตวัอยา่ง 

- Vertex Type 2 : ในการท าฟองโฟมจะท าใหก้ารสูญเสยีเสถยีรภาพ
ของฟองโฟมลดลงเรว็เป็นอนัดบัที่ 2 ลองมาจาก S1 แต่มกีารตกตะกอนของ NZVI เรว็เป็น
อนัดบัแรก เมื่อฟองโฟมสูญเสยีเสถียรภาพจนหมดปรมิาณของเหลวที่ผสมกบั NZVI จะมี
ปรมิาตรมากทีสุ่ด จากทัง้สามตวัอยา่ง 

- SLES : เมือ่ผสม NZVI ในการท าฟองโฟมจะท าใหก้ารสูญเสยีเสถยีรภาพ
ของฟองโฟมลดลงชา้ทีสุ่ด และการตกตะกอนของ NZVI กเ็กดิขึน้ชา้ทีสุ่ด เมื่อฟองโฟมสูญเสยี
เสถยีรภาพจนหมดปรมิาณของเหลวทีผ่สมกบั NZVI จะมปีรมิาตรน้อยทีสุ่ด จากทัง้สามตวัอยา่ง 

จากผลการทดลองพบว่าโฟมทีถู่กสรา้งจากสารลดแรงตงึผวิทัง้ 3 ชนิด
ทีพ่บปรมิาณของของเหลวทีเ่กดิขึน้จากการเสยีเสถยีรภาพของเนื้อโฟมมากทีสุ่ดเรยีงล าดบัจาก
มากไปน้อย คอืVertex type 2,  Vertex type 1 และ SLES ตามล าดบั 

 
ตาราง 2 แสดงค่าเสถียรภาพและประสิทธิภาพของโฟม ท่ีสร้างขึ้นจากสารลดแรงตึงผิว  
               3 ชนิด (Vertex Type 1,2 และSLES) ท่ีความเข้มข้น 1% 

Surfactant (1% w/w) Foam Stability (นาที) Foam Quality 
Vertex Type 1  130 99.60 % 
Vertex Type 2  56 99.65 % 

SLES  143 99.67 % 
Vertex Type 1 + NZVI (50 กรมั/ลติร) 131 99.68% 
Vertex Type 2 + NZVI (50 กรมั/ลติร) 112 99.68% 

SLES (1%)+ NZVI (50 กรมั/ลติร) 140 99.69% 
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รปูท่ี 35 การวดัการสลายตวัเปล่ียนสถานะ จากสถานะโฟมกลายเป็นสถานะของเหลว 
ท่ีระยะเวลา 30 นาที 

 

 
 

รปูท่ี 36 การสลายตวัเปล่ียนสถานะ จากสถานะโฟมกลายเป็นสถานะของเหลว 
ของสารลดแรงตึงผิว 3 ชนิด 
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รปูท่ี 37 การสลายตวัเปล่ียนสถานะ จากสถานะโฟมกลายเป็นสถานะของเหลว 
ของสารลดแรงตึงผิว 3 ชนิด รวมกบั NZVI 

 
5.1.2 การเปรยีบเทยีบการกระจายตวัของขนาดอนุภาค (Particle Size Distribution) 

ขนาดของอนุภาคโฟมที่ถูกสร้างขึ้น สามารถส่งผลโดยตรงต่อช่องว่าง
ระหว่างเมด็โฟม กล่าวคอืหากยิง่โฟมมขีนาดเลก็ พืน้ทีช่่องว่างระหว่างเมด็โฟมย่อมเพิม่มากขึน้
ตามไปดว้ย การหาขนาดของอนุภาคโฟมดว้ยกล้องจุลทรรศน์ (microscope) ก าลงัขยาย 4x/0.01 
ทีต่่อเชื่อมกบักลอ้งดจิติอลความละเอยีด 3.0 MP เพื่อท าการบนัทกึภาพ แลว้ท าการวดัขนาด และ
นับจ านวนอนุภาคแยกตามขนาด (รูปที่ 39) ผลการทดลองพบว่าอนุภาคโฟมมขีนาดตัง้แต่ 1.9-
30.5 ไมโครเมตร สารลดแรงตงึผวิชนิด Vertex Type 1 มขีนาดอนุภาคโฟมอยู่ในช่วง 11-15 
ไมโครเมตร มากทีสุ่ด และสารลดแรงตงึผวิ Vertex Type 2 และ SLES มขีนาดอนุภาคโฟมอยู่
ในช่วง 6-10 ไมโครเมตร มากทีสุ่ด แมว้่าสารลดแรงตงึผวิชนิด Vertex Type 2 จะมปีระมาณ
อนุภาคโฟมอยู่ในช่วง 6-10 ไมโครเมตร มากกว่า SLES แต่เมื่อมองในภาพรวม พบว่า SLES 
มแีนวโน้มการกระจายตวัของอนุภาคในช่วงขนาดทีเ่ลก็กว่า (รปูที ่38) 

 
5.1.3 ปรมิาณ %ความเขม้ขน้ ทีม่คีวามเสถยีรภาพและเหมาะสม 

จากผลการทดลองที ่4.1.1-4.1.2 พบว่าสารลดแรงตงึผวิชนิด SLES มคีวามสามารถ
ในการคงเสถียรภาพได้นานที่สุด สลายตัวช้าที่สุด จงึได้น ามาท าการทดลองเพิม่โดยการใช้
สดัส่วนโดยน ้าหนักที่แตกต่างกนั (% w/w) เพื่อใหไ้ด้ค่าทีม่คีวามเหมาะสมที่ที่สุด โดยท าการ
ทดลองทัง้หมด 5 การทดลอง ประกอบดว้ย  1% 3% 5% 7% และ 9% w/w ตามล าดบั ผลการ
ทดลองพบว่าทีค่วามเขม้ขน้ 3% w/w มคี่าเสถยีรภาพมากทีสุ่ด เท่ากบั 173 นาท ีรองลงมา คอื 
1% 9% 7% และ 5% w/w ตามล าดบั (รปูที ่40 และตาราง 4) 
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ตาราง 3 แสดงค่าร้อยละการกระจายตวัของของอนุภาค(Particle Size Distribution) 
 

Size of particle 
(ไมโครเมตร) 

สารลดแรงตึงผิว (1% w/w) 
Vertex Type 1  Vertex Type 2  SLES  

0-5  15.1% 22.1% 13.5% 
6-10  24.4% 41.9% 33.7% 

11-15  37.2% 24.4% 25.8% 
16-20  9.3% 11.6% 21.3% 
21-25  7.0% 7.0% 5.6% 
26-30  2.3% 1.2% 0% 
31-35  3.5% 0% 0% 

 
 

 
รปูท่ี 38 ร้อยละการกระจายตวัของขนาดอนุภาค (Particle Size Distribution) 
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รปูท่ี 39 อนุภาคโฟม จากกล้องจลุทรรศน์อิเลก็ตรอน (microscope) 
  

Vertex Type 1 

Vertex Type 2 

SLES 
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ตาราง 4 แสดงค่าเสถียรภาพและประสิทธิภาพของโฟม ท่ีสร้างขึ้นจากสารลดแรงตึงผิว  
               ชนิด SLES ท่ีความเข้มข้น 1% 3% 5% 7% และ 9% w/w 
 

Surfactant Foam Stability (นาที) Foam Quality 
SLES (1% w/w) 143 99.67 % 
SLES (3% w/w) 173 99.61 % 
SLES (5% w/w) 101 99.65 % 
SLES (7% w/w) 108 99.61 % 
SLES (9% w/w) 115 99.64 % 

 
 

 

 
 

รปูท่ี 40 ค่าเสถียรภาพของสารลดแรงตึงผิว ชนิด SLES ท่ีความเข้มข้น  
1% 3% 5% 7% และ 9% w/w 

 
  

143 

173 

101 108 115 

0

40

80

120

160

200

F-SLES 1% F-SLES 3% F-SLES 5% F-SLES 7% F-SLES 9%

Ha
lf-

lif
e (

m
in

) 

Surfactant 



36 

 

5.2 การประเมนิประสทิธภิาพของการเหน่ียวน าความรอ้นทางแม่เหล็กไฟฟ้าโดย
อนุภาคนาโนของเหลก็ประจศุูนยเ์กดิขึน้จากเหลก็ในตวักลางโฟม น ้า และสารลดแรงตงึผวิ  

 
ท าการทดลองเปรยีบเทยีบค่าเฉลีย่ความรอ้น (oC) ทีเ่กดิขึน้จากเหลก็ในตวักลาง

โฟมน ้า และสารลดแรงตงึผ ิโดยไดท้ าการทดลองให้ความรอ้นผ่านสนามแม่เหลก็ที่ 5 10 และ 
15 นาท ีท าการค านวณเปรยีบเทยีบโดยเทยีบจากอุณหภูมทิีเ่ปลีย่นแปลงไป (∆T) ต่อปรมิาณ
เหลก็ (กรมั) ไดผ้ลการทดลองดงันี้ 

พบว่าค่าเฉลี่ยความร้อน (oC) ที่เกิดขึน้จากเหลก็ในตวักลางต่าง เรยีงล าดบัจาก
มากไปน้อย คอื โฟมมคี่าสงูทีสุ่ด รองลงมาคอื น ้า และสารลดแรงตงึผวิ โดยมคี่าเท่ากบั 289.22 , 
377.67 และ 364.21 oC ส่วนในตวักลางทีเ่ป็นของเหลว คอื น ้ามคี่าเท่ากบั 78.01, 112.98 และ 
147.99 oC และใน SLES มคี่าเท่ากบั 41.31, 66.54 และ 66.54 oC  ตามล าดบั (รปูที ่41) ซึง่สาเหตุ
ทีค่่าความรอ้นในตวักลาง SLES มคี่าความรอ้นต ่าทีสุ่ด เนื่องจาก SLES มคี่าจุดเดอืดสูงกว่าน ้า 
คอื มคี่าเท่ากบั 657 oC (US EPA, 2006) 

สามารถกล่าวโดยสรุปว่า ปรมิาณเหล็กที่เท่ากัน 1 กรมั สามารถก่อให้เกิดความ
รอ้นในตวักลางทีเ่ป็นโฟมสงูกว่าตวักลางทีเ่ป็นน ้า 3 เท่า และสารลดแรงตงึผวิ 5 เท่า  

 

 
 

รปูท่ี 41 ปริมาณค่าเฉล่ียความร้อน (oC) ท่ีเกิดขึ้นจากเหลก็ในตวักลางโฟม  
น ้า และสารลดแรงตึงผิว 
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ตาราง 5 ปริมาณค่าเฉล่ียความร้อน (oC) ท่ีเกิดขึ้นจากการเหน่ียวน าความร้อนทาง   
               แม่เหลก็ไฟฟ้า ของอนุภาค NZVI ท่ีอยู่ในตวักลางน ้า SLES และโฟม  
 

Heat time (นาที) 
∆T(oC)  /  MassNZVI(กรมั)  

SLES Water Foam 
0 25.00 25.00 25.00 
5 41.31 78.01 289.2 

10 66.54 112.98 377.7 

15 66.54 147.99 364.2 

30 105.6 209.83 272.7 

MassNZVI (กรมั) 0.242 0.2065 0.041 
 
 

     
 

รปูท่ี 42 อนุภาค NZVI ท่ีอยู่ในตวักลางน ้า SLES และโฟม หลงัจากผ่านการเหน่ียวน า
ความร้อนทางแม่เหลก็ไฟฟ้า เป็นเวลา 15 นาที  
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5.3 การประเมนิความสามารถของโฟม ทีม่ต่ีอการน าพาการเคลื่อนทีข่องอนุภาค NZVI  
การศึกษาความสามารถของโฟม ต่อความสามารถในการที่จะน าพาอนุภาค 

NZVI ใหเ้คลื่อนทีไ่ปยงัพืน้ทีเ่ป้าหมาย โดยไดท้ าการเป่าสรา้งโฟมทีผ่สมดว้ยอนุภาค NZVI โดย
ใช้อัตราการไหลของสารลดแรงตึงผวิและความเข้มเข้มข้นของอนุภาค NZVI เท่ากันในทุกการ
ทดลอง เท่ากบั 1.5 มล./นาท ีและ 50 กรมั/ลติร ตามล าดบั แต่เปลี่ยนอตัราการไหลของแก๊ส
ไนโตรเจนให้มีค่าที่แตกต่างกันไป คือ 125, 300 และ 500 มล./นาที ตามล าดับ เพื่อ
เปรยีบเทยีบว่าอตัราการไหลของแก๊สที่ปรมิาณเท่าใด มคีวามสามารถในการทีจ่ะน าพาอนุภาค 
NZVI ใหเ้คลื่อนทีไ่ปยงัพืน้ทีเ่ป้าหมายไดด้ทีีสุ่ด  

 
5.3.1 ค่าความสามารถของโฟม ต่อความสามารถในการการเคลื่อนทีข่องอนุภาค NZVI 

ผลการทดลองพบว่าที่อตัราการไหลของแก๊สไนโตรเจนเท่ากบั 500 มล./นาท ี
มคี่าความ สามารถในการน าพาอนุภาค NZVI เคลื่อนทีไ่ดม้ากทีสุ่ด เท่ากบั 66.98 % (รปูที ่43) 
โดยมคี่าเปอรเ์ซน็ความแตกต่างของความเขม้ขน้ของอนุภาค NZVI ในสารละลายตัง้ต้น (Stock 
solution) น้อยทีสุ่ด คอื 16.51 กรมั/ลติร (รปูที ่44) รองลงมาคอื 300 และ 125  มล./นาท ีโดยมคี่า
เท่ากบั 42.15 % และ 27.32 % ตามล าดบั  

ผลการทดลองยงัแสดงใหเ้หน็ว่า เมื่อใช้อตัราการไหลของแก๊สไนโตรเจน
เท่ากบั 500 มล./นาท ีมกีารสะสมตวัของอนุภาค NZVI ในทรายมากทีสุ่ด คอื 1.3315 มก.เหลก็/กรมัทราย 
รองลงมา คอื 300 มล./นาท ีและ 125 มล./นาท ีตามล าดบั (รปูที ่45 และตาราง 6) และจากการ
สงัเกตจากการทดลอง พบว่าที่อตัราการไหลแก๊สไนโตรเจน 125มล./นาท ีเมื่อน ามาต่อเขา้กบั 
Pack Column แลว้พบว่ามปีรมิาณของเหลวกองอยู่บรเิวณช่วงทา้ยของ Column จ านวนมาก 
โดยเริม่มนี ้าเกดิขึน้เมือ่เวลาผ่านไปเพยีง 5 นาท ีนบัจากเริม่ตน้การทดลอง (รปูที ่46 และตาราง 
6) จงึอาจเป็นสาเหตุของการที่อนุภาค NZVI ส่วนใหญ่จะตกตะกอนอยู่บรเิวณส่วนท้ายของ 
Gereration Column ส่วนที่อัตราการไหลแก๊สไนโตรเจน 500 มล./นาที มีน ้าเกิดขึ้นที ่
Gereration Column น้อยที่สุด โฟม และอนุภาค NZVI สามารถเคลื่อนที่ได้ดกีว่า จงึท าให้
สามารถพาอนุภาค NZVI เคลื่อนทีไ่ดด้กีว่า จงึเป็นเหตุใหเ้กดิการสะสมอยู่ที ่Pack Column ได้
มากกว่า 
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รปูท่ี 43 Ability of Foam to Carry NZVI (%) 
 

 
 

รปูท่ี 44 Ability of Foam to Carry NZVI (กรมั/ลิตร) 
 

 
 

รปูท่ี 45 แสดงปริมารการคงค้าง (Sorbed) ของอนุภาค NZVI ในทราย 
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ตาราง 6 แสดงปริมารการคงค้าง (Sorbed) ของอนุภาค NZVI ในทราย 

Distance (ซม.) 
NZVI in Sand (มก.เหลก็/กรมัทราย) 

125 มล./นาท ี 300 มล./นาท ี 500 มล./นาท ี
0-2 0.472 0.467 1.3315 
2-4 0.362 0.327 0.9027 
4-6 0.379 0.229 0.5470 
6-8 0.447 0.212 0.4693 
8-10 0.369 0.272 0.4962 
10-12 0.189 0.166 0.4010 
12-14 0.239 0.268 0.3734 
14-16 0.198 0.171 0.2660 

 

   

 

  
 

รปูท่ี 46 การเป่าสร้างโฟมท่ีอตัราการไหลแกส๊ออกซิเจน 125 300 และ 500 มล./นาที 
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5.3.2 ปรมิารการคงคา้ง (Sorbed) ของอนุภาค NZVI ในทรายทีส่ามารถ
เหนี่ยวน าใหเ้กดิความรอ้น ทีอุ่ณหภมูมิากกว่า 70 oC 

สบืเนื่องจากผลการทดลองที ่5.3.1 ทีพ่บว่าการใช้อตัราการไหลของแก๊ส
ไนโตรเจน เท่ากบั 500 มล./นาท ีเป็นอตัราการไหลทีด่ทีีสุ่ด โดยมวีตัถุประสงคห์ลกัเพื่อศกึษาถงึ
ปรมิาณการสะสมตวัของอนุภาค NZVI เมื่ออยู่ในทราย แลว้สามารถเหนี่ยวน าใหเ้กดิความรอ้น
ไดท้ีอุ่ณหภูมมิากกว่า 80 oC โดยท าการใชอ้นุภาค NZVI ทีค่วามเขม้ขน้เริม่ต้นที ่60 กรมั/ลติร 
แลว้เพิม่ขึน้ทลีะ 20 กรมั/ลติร จนพบว่าทีอ่ตัราความเขม้ขน้ของอนุภาค NZVI ที ่100 กรมั/ลติร 
สามารถเหนี่ยวน าใหเ้กดิความรอ้นจงึถงึอุณหภูมทิีม่ากกว่า 80 oC  และพบว่าปรมิาณการสะสม
ตวัของอนุภาค NZVI ทีถู่กส่งผ่านเขา้ไปใน Pack Column นัน้จะเกดิการสะสมตวัสูงทีสุ่ดทีบ่รเิวณ
ช่วงต้นของ Pack Column คอื ช่วง 0-2 ซม. และลดระดบัความเขม้ขน้ลงจนเหลอืน้อยที่สุด
บรเิวณส่วนปลายทีท่างออกของ  Pack Column (รปูที ่47) เมื่อน าไปเขา้สนามแม่เหลก็ กพ็บว่ามี
เพยีงบรเิวณช่วง 0-2 ซม. เท่านัน้ทีส่ามารถให้ความรอ้นได้สูงกว่า 80 oC (รูปที ่48) คอื สามารถให้
ความรอ้นไดม้ากถงึ 82.22 oC (5 นาท)ี , 97.22 oC (10 นาท)ี และ 100.00 oC (15 นาท)ี มี
ปรมิาณการสะสมตวัของเหลก็เท่ากบั 0.0422 (กรมัเหลก็/กรมัทราย) (ตาราง 7) และในช่วงถดัไปจนถงึ
ปลายคอลมัน์ ไม่สามารถใหค้วามรอ้นไดจ้นถงึระดบัทีต่้องการ ส่วนทีค่วามเขม้ขน้ 60 และ 80 
กรมั/ลติร มคี่าปรมิาณความรอ้นทีเ่กดิขึน้มากทีสุ่ดเพยีง 33.89 และ 36.11 oC ตามล าดบั 
 

 
 

รปูท่ี 47 แสดงการสะสมตวัของเหลก็ในทราย 
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ตาราง 7 แสดงปริมาณความร้อนท่ีเกิดขึ้นของเหลก็ท่ีความเข้มข้น 60 80 และ 100 กรมั/ลิตร 
 

Distance 
(ซม.) 

Heat Time 
(นาที) 

Temperature (oC) 
60 กรมั/ลิตร 80 กรมั/ลิตร 100 กรมั/ลิตร 

0-2 
5 30.00 29.44 82.22 
10 32.22 33.88 97.22 
15 33.89 36.11 100.00 

NZVI in Sand (กรมัเหลก็/กรมัทราย) 0.0011 0.0036 0.0442 

2-4 
5 30.00 30.00 53.89 
10 32.22 30.56 58.33 
15 33.33 32.22 64.44 

NZVI in Sand (กรมัเหลก็/กรมัทราย) 0.0010 0.0019 0.0224 

4-6 
5 30.00 31.12 46.66 
10 32.22 33.89 54.44 
15 33.34 35.56 59.44 

NZVI in Sand (กรมัเหลก็/กรมัทราย) 0.0009 0.0024 0.0177 

6-8 
5 30.56 34.45 41.11 
10 32.22 35.56 48.34 
15 33.34 36.11 50.56 

NZVI in Sand (กรมัเหลก็/กรมัทราย) 0.0010 0.0024 0.0136 

8-10 
5 30.00 32.22 40.00 
10 32.22 34.45 45.00 
15 33.33 35.56 47.78 

NZVI in Sand (กรมัเหลก็/กรมัทราย) 0.0010 0.0024 0.0109 

10-12 
5 30.56 31.11 38.89 
10 32.78 33.33 43.33 
15 33.34 33.89 45.56 

NZVI in Sand (กรมัเหลก็/กรมัทราย) 0.0011 0.0024 0.0091 

12-14 
5 30.00 31.11 35.00 
10 30.01 32.22 40.00 
15 33.34 33.33 41.11 

NZVI in Sand (กรมัเหลก็/กรมัทราย) 0.0009 0.0019 0.0062 

14-16 
5 30.00 31.11 32.22 
10 30.00 33.33 35.00 
15 33.33 35.00 36.66 

NZVI in Sand (กรมัเหลก็/กรมัทราย) 0.0013 0.0026 0.0044 
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รปูท่ี 48 ปริมาณความร้อนท่ีเกิดขึ้นจากเหลก็ ท่ีผ่านการเหน่ียวน าโดยใช้สนามแม่เหลก็ 
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ปริมาณความร้อนท่ีเกิดขึน้เม่ือผา่นสนามแม่เหลก็ 15 นาที 

100 กรมั/ลติร 
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ตาราง 8 ค่าพารามิเตอรท่ี์ใช้ในการทดลองการสะสมตวัของเหลก็ในทราย 
 

พารามิเตอร ์ 1 2 3 หมายเหตุ 
Stock Solution (กรมั/ลติร) 60 80 100  
Flow N2 (มล./นาท)ี 500 
Flow SLES (มล./นาท)ี 1.5 
น ้าหนกั Pack Column เปล่า (กรมั) 88.81 
Sand Size (มม.) 0.85 
น ้าหนกั Column + ทรายแหง้  161.07 161.16 161.44 A 
น ้าหนกั Column + โฟม  161.62 161.81 162.13 B 
ปรมิาตรน ้า 1 pore volume (มล.)  21 19 19.5 C 
ปรมิาตร pack column เปล่า (มล.) 49.298 D 
%saturation 0.34 0.40 0.43  
Porosity 0.42 0.39 0.40 

 
หมายเหต ุ: %saturation = ((B – A) / A ) × 100 
       Porosity   = C / D 
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รปูท่ี 49 แสดงตวัอย่างภาพ ท่ีถ่ายได้จากกล้องถ่ายภาพความร้อน 
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รปูท่ี 50 ทรายท่ีถกูแกะออกจาก Pack Column ภายหลงัจากฝลดัโฟม 60 pore volume 
(0-2, 2-4, 4-6, 6-8, 8-10, 10-12, 12-14, 14-16 และ 16-18 ซม. (เรียงล าดบัจากซ้ายไปขวา)) 

 
 

 
 

    
 

รปูท่ี 51 Pack Column ภายหลงัจากฝลดัโฟม 60 pore volume 

nZVI  
60 กรมั/ลิตร 

 

nZVI  
80 กรมั/ลิตร 

 

nZVI  
100 กรมั/ลิตร 

 

0-2 ซม. 2-4 ซม. 4-6 ซม. 6-8 ซม. 8-10 ซม. 10-12 ซม. 12-14 ซม. 14-16 ซม. 
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5.4 การประเมินความสามารถของอนุภาค NZVI ท่ีถกูปรบัเสถียรภาพด้วยโฟม
ในการบ าบดัสาร TCE ด้วยการเหน่ียวน าความร้อนทางแม่เหลก็ไฟฟ้า ในการทดลอง
แบบ Batch  

จากผลการทดลองที ่5.3.2 และตารางที่ 8  ท าใหท้ราบว่า %Saturation ทีไ่ดจ้าก
การฝลดัอนุภาค NZVI ทีถู่กปรบัเสถยีรภาพดว้ยโฟม จ านวน 60 pore volume ซึง่มคี่าเท่ากบั 
0.43 (เป็น Condition ทีส่ามารถท าใหเ้หนี่ยวน าแลว้เกดิความรอ้นมากกว่า 80 oC) ผูศ้กึษาวจิยั
ได้มุ่งเน้นเลง็เห็นถงึความส าคญัของ %Saturation ที่มต่ีอประสทิธภิาพในการบ าบดัสาร TCE 
(เนื่องจากลกัษณะ %Saturation ของดนิในพื้นทีจ่รงิมคีวามแตกต่างกนั) จงึได้ท าการทดลอง
โดยใช ้%Saturation เท่ากบั 1% 5% และ 10% ตามล าดบั (ปรบั %Saturation ในทราย โดยใช้
สารลดแรงตงึผวิ) โดยอาศยัการทดลองแบบ Batch เพื่อใหง้่ายต่อการควบคุม และแม่นย าขณะ
เกบ็ตวัอยา่งก๊าซ TCE  

โดยตวัอยา่งทีม่จีลศาสตรข์องการสลายตวัของสาร TCE เรว็กว่า แปลว่าลกัษณะ
ทางกายภาพนัน้เอื้อต่อการใช้อนุภาคนาโนของเหลก็ประจุศูนยร์่วมกบัการเหนี่ยวน าความรอ้น
ทางแม่เหลก็ไฟฟ้าในการฟ้ืนฟูการปนเป้ือน ความสามารถในการก าจดัสาร TCE จะถูกแทนดว้ย
ปรมิาณการละลายหรอืระเหยกลายเป็นไอของสาร TCE ในรปูของการไดร้บัความรอ้น และการ
ไมไ่ดร้บัความรอ้น 

 

 
 

รปูท่ี 52 ทราย ก่อนท าการทดลอง (%Saturation เท่ากบั 1% 5% และ 10%) 
 

     
 

รปูท่ี 53 สาร TCE ในทราย ท่ีมี %Saturation เท่ากบั 1% 5% และ 10% 
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รปูท่ี 54 สาร TCE ในทรายท่ีผสม NZVI ท่ีมี %Saturation เท่ากบั 1% 5% และ 10% 
หลงัจากผ่านการเหน่ียวน าความร้อนทางแม่เหลก็ไฟฟ้า เป็นเวลา 60 นาที 

 
5.4.1 ปรมิาณค่าเฉลีย่ความรอ้น (oC) ทีเ่กดิขึน้จากการเหนี่ยวน าความรอ้นทาง

แมเ่หลก็ไฟฟ้าเหลก็ของอนุภาค NZVI ทีอ่ยูใ่นตวักลางกลางทราย ทีม่ ี%Saturation แตกต่างกนั 
ผลจากการท าการทดลอง โดยการน าอนุภาค NZVI ผสมลงไปในทรายที่

ม ี%Saturation เท่ากบั 1% 5% และ 10% ตามล าดบั พบว่าทุก %Saturation สามารถเหนี่ยวน า
ใหเ้กดิความรอ้นไดเ้กนิ 80 oC โดยใชเ้วลาเพยีง 5 นาท ีซึง่ในช่วงแรกของการทดลอง คอื 10 นาที
แรก มอุีณหภูมใิกลเ้คยีงกนั คอื อยู่ในช่วง 90.0-94.44 oC (มากทีสุ่ดที ่%Saturation เท่ากบั 10) 
และเมื่อท าการใหค้วามรอ้นนานขึน้ ค่าความรอ้นจะเพิม่ขึน้เรื่อยๆ ตามเวลาทีใ่หค้วามรอ้น ทีเ่วลา 
30 นาที เป็นเวลาที่ทุก %Saturation สามารถเกิดความร้อนได้สูงที่สุด คือ92.22(1%),  
117.22(5%) และ 111.67(10%) oC ตามล าดบั แต่เมื่อใชเ้วลาในการใหค้วามรอ้นไปเรื่อย จนถงึ 60 
นาท ีกลบัพบว่าค่าความรอ้นไมเ่พิม่ขึน้ แต่กลบัลดลงเลก็น้อย 

สามารถสรปุผลการทดลองไดว้่า ทีเ่วลาในการใหค้วามรอ้น 5 นาท ีเป็นเวลา
ทีเ่พยีงพอต่อค่าความรอ้นทีต่อ้งการ คอื มากกว่า 80 oC เป็นการประหยดัพลงังานไฟฟ้าทีใ่ชใ้น
การเหนี่ยวน า ตลอดจนเป็นการประหยดัเวลาอกีด้วย และค่า %Saturation ในทราย ไม่ส่งผล
กระทบต่อการเหนี่ยวน าใหเ้กดิความรอ้นอยา่งมนียัส าคญั 
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รปูท่ี 55 ปริมาณค่าเฉล่ียความร้อน (oC) ท่ีเกิดขึ้นจากการเหน่ียวน าความร้อนทาง  
                   แม่เหลก็ไฟฟ้าเหลก็ของอนุภาค NZVI ท่ีอยู่ในตวักลางกลางทราย ท่ีม ี

                   %Saturation เท่ากบั 1% 5% และ 10% 

 
ตาราง 9 ปริมาณค่าเฉล่ียความร้อน (oC) ท่ีเกิดขึ้นจากการเหน่ียวน าความร้อนทาง  
                แม่เหลก็ไฟฟ้าเหลก็ของอนุภาค NZVI ท่ีอยู่ในตวักลางกลางทราย ท่ีมี 
                %Saturation แตกต่างกนั 

 

Heat time (นาที) 
Temperature (oC) 

%Saturation = 1 %Saturation = 5 %Saturation = 10 

0 25 25 25 
5 87.22 87.78 81.67 
10 93.89 90.00 94.44 
15 92.22 113.33 98.33 
30 99.44 117.22 111.67 
60 98.89 108.33 111.11 

MassNZVI (กรมั) 0.2454 0.2452 0.2542 

Massทราย (กรมั) 17.2049 17.2055 17.2039 

NZVI in Sand (กรมัเหลก็/กรมัทราย) 0.0143 0.0143 0.0148 
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4.4.2 ลกัษณะของสาร TCE เมือ่เกดิการปนเป้ือนลงสู่ดนิและน ้าใตด้นิ 
สาร TCE เมือ่ใส่ลงไปในขวดทดลองจะค่อยๆ ไหลซมึผ่านทราย ลงไปกอง

อยู่บรเิวณก้นขวดทดลอง โดยเฉพาะอย่างยิง่ ที ่%Saturation เท่ากบั 10 จะซมึลงไปไดไ้วทีสุ่ด 
จากนัน้เมื่อเวลาผ่านไป ไอระเหยของสาร TCE จะค่อยๆ ดนัน ้าทีอ่ยู่ในชัน้ทราย ให้ขึน้มากอง
อยูด่า้นบน (รปูที ่56) ซึง่ตรงกบังานวจิยัทีต่่างๆ ทีไ่ดเ้คยท าการศกึษาคน้ควา้ว่าหากสารในกลุ่ม 
Dense non-aqueous phase liquid (DNAPL) เกดิการปนเป้ือนลงสู่ดนิและน ้าใต้ดนิ จะก่อใหเ้กดิ
กระบวนการต่างๆ ได้หลากหลายประการ อาทเิช่น 1)การละลายลงสู่ดนิ หรอืน ้าใต้ดนิ (Dissolution) 
2) เกดิการระเหยของสารเคมทีีล่ะลายอยู่ในน ้าสู่อากาศ(Vaporization) และ การดูดซบัหรอืดูดซมึ
ลงสู่ดนิ (Sorption) Pankow and Cherry, 1996)   

เมือ่ DNAPL ปนเป้ือนลงสู่ดนิจะเกดิการเคลื่อนทีล่งตามแรงโน้มถ่วงของโลก 
โดยปรมิาณของ DNAPL ที่เคลื่อนไดจ้ะมบีางส่วนตกคา้งอยใูนโพรงหรอืรูระหว่างเมด็ดนิ  อกีทัง้
บรเิวณชัน้ดนิไม่อิม่ตวัดว้ยน ้า (Vadose Zone) DNAPL มคีวามสามารถที่จะซมึผ่านไดด้กีว่าน ้า 
เนื่องจาก DNAPL เป็น non-wetting fluid จงึสามารถเคลื่อนทีผ่่านรหูรอืโพรงไดด้กีว่าน ้าทีเ่ป็น 
wetting fluid (Fitter, 1993) อกีปจัจยัที ่DNAPL เคลื่อนทีใ่นชัน้ใต้ดนิไดด้ ีเพราะมคีวามหนาแน่น
สงู ความหนืดต ่า และความสามารถในการละลายน ้าไดต้ ่า (Hasan, 1996) DNAPL เคลื่อนทีไ่ด้
ดจีนถงึชัน้ทีอ่ิม่ตวัดว้ยน ้า โดยขณะเคลื่อนที ่DNAPL จะไปแทรกตวั แทนทีน่ ้าทีม่คีวามหนาแน่น
น้อยกว่า โดยขณะทีส่ารปนเป้ือนเคลื่อนทีล่งนัน้จะเกดิการระเหยเป็นไอบางส่วน การเคลื่อนที่
ของ DNAPL จะหยดุเมือ่ถูกกกัเกบ็ไวใ้นโพรงระหว่างเมด็ดนิจนหมด ส่วน DNAPL อาจสามารถ
เคลื่อนทีต่่อไป จนถงึชัน้ระดบัน ้าใต้ดนิ ท าใหเ้กดิการละลายของสารเคมลีงสู่ชัน้อิม่ตวัดว้ยน ้าได้
ต่อไป  

 

    
 

รปูท่ี 56 ลกัษณะของสาร TCE เม่ือเกิดการปนเป้ือนลงสู่ดินและน ้าใต้ดิน 
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4.4.3 ปรมิาณการละลายหรอืระเหยกลายเป็นไอของสาร TCE  
ในการศกึษาทดลองในครัง้นี้ ไดท้ าการทดลองที ่%Saturation ทีแ่ตกต่างกนั

เพยีงช่วงแคบๆ ปรมิาณการละลายหรอืระเลยกลายเป็นไอของสาร TCE จงึมคี่าที่ใกล้เคยีงกนั 
เมือ่อยูใ่นสภาวะปกต ิคอื ไมไ่ดเ้หนี่ยวน าใหเ้กดิความรอ้นผ่านสนามแมเ่หลก็ ทัง้ในส่วนของการ
ทดลองทีท่ าการใส่สาร TCE ลงไปในทรายเปล่า และใส่สาร TCE ลงไปในทรายทีผ่สมกบัอนุภาค 
NZVI แต่เมือ่ท าการใหค้วามรอ้นกบัอนุภาค NZVI พบว่าสาร TCE สามารถชะละลายออกมาได้
มากกว่าเดมิ  

จากผลการศกึษาพบว่าที ่%Saturation เท่ากบั 5 มแีนวโน้มของการระเหย
ของสาร TCE ออกมาไดม้ากทีสู่ง โดยหากพจิารณาทีเ่วลาการใหค้วามรอ้นเพยีง 5 นาท ีพบว่า
สาร TCE สามารถระเหยออกมาไดม้ากทีสุ่ด เท่ากบั 62,968.52 มก./ลติร จากเดมิก่อนทีจ่ะให้
ความรอ้น คอื 1,488.98 มก./ลติร กว่าเดมิถงึ 40 เท่า และปรมิาณการระเหยของสาร TCE ยงัมี
แนวโน้มทีเ่พิม่มากขึน้เรื่อย จนถงึนาททีี ่15 ทีพ่บว่ามกีารระเหยของสาร TCE มากถงึ 84,463.63 
มก./ลติร และคงทีไ่ปจนจบการใหค้วามรอ้นที ่60 นาท ีส่วนที ่%Saturation เท่ากบั 10 TCE ก็
สามารถระเหยออกมาในปรมิาณมากเท่ากบั 5% ไดเ้ช่นกนั หากแต่ต้องใชเ้วลาในการใหค้วาม
รอ้นทีม่ากกว่า คอื 30 นาท ี(รปูที ่57) 

จงึสามารถสรุปไดว้่าที่ %Saturation เท่ากบั 5 มปีรมิาณการระเหยของ
สาร TCE เมือ่ถูกใหค้วามรอ้นไดม้ากทีสุ่ด รองลงมาคอื 10% และ 1% ตามล าดบั ส่วนการระเหย
ของสาร TCE เมื่ออยู่ในสภาวะปกต ิมปีรมิาณการระเหยของสาร TCE ใกลเ้คยีงกนั อยู่ในช่วง 
1,786.21 ถงึ 2,804.10 มก./ลติร ตามล าดบั 
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รปูท่ี 57 ปริมาณการละลายหรือระเหยกลายเป็นไอของสาร TCE  
เม่ือได้รบัความร้อน และไม่ได้รบัความร้อน  

0

25

50

75

100

125

0

15,000

30,000

45,000

60,000

75,000

90,000

5 10 15 30 60 

Te
m

pe
ra

tu
re

 (o C)
 

TC
E 

(m
g/

L)
 

Time (min) 

%saturation = 1 
TCE (Blank Sand) TCE (sand with nZVI)

TCE (sand with nZVI & heat) Temperature

0

25

50

75

100

125

0
15,000
30,000
45,000
60,000
75,000
90,000

5 10 15 30 60 
Te

m
pe

ra
tu

re
 (o C)

 

TC
E 

(m
g/

L)
 

Time (min) 

%saturation = 5 TCE (Blank Sand) TCE (sand with nZVI)
TCE (sand with nZVI & heat) Temperature

0

25

50

75

100

125

0

15,000

30,000

45,000

60,000

75,000

90,000

5 10 15 30 60 

Te
m

pe
ra

tu
re

 (o C)
 

TC
E 

(m
g/

L)
 

Time (min) 

%saturation = 10 TCE (Blank Sand) TCE (sand with nZVI)

TCE (sand with nZVI & heat) Temperature



53 

 

ตาราง 10 ปริมาณความเข้มข้นของสาร TCE ท่ี %Saturation เท่ากบั 1 5 และ 10% 
 

n 
% 

Saturation 
Conc. TCE (มก./ลิตร) 

Blank and Sand With ZVI Sand with NZVI & heat 

5 
1 2,611.66 2,553.48 10,231.38 
5 2,611.66 1,488.98 62,968.52 
10 2,349.78 2,868.08 45,278.05 

10 
1 1,963.02 2,403.43 10,342.36 
5 1,963.02 2,243.71 48,027.09 
10 2,347.34 2,260.06 77,772.97 

15 
1 2,298.96 2,804.10 66,076.48 
5 2,298.96 1,831.18 84,463.63 
10 1,786.21 1,858.60 54,989.02 

30 
1 2,746.38 2,285.65 71,742.65 
5 2,746.38 1,268.62 82,139.91 
10 2,006.58 1,802.37 82,650.03 

60 
1 1,911.98 2,024.40 79,471.33 
5 1,911.98 1,651.77 84,441.29 
10 1,985.96 2,366.70 85,615.96 

 
 

 
 

รปูท่ี 58 Standard Calibration Curve ของสาร TCE 

y = 2E-08x + 0.2288 
R² = 0.9979 

0
20
40
60
80

100
120
140

0 2,000,000,000 4,000,000,000 6,000,000,000

Co
nc

en
tra

tio
n (

pp
m

) 

Area 



54 

 

ตาราง 11 ปริมาณการละลายหรือระเหยกลายเป็นไอของสาร TCE (Blank Sand) 
 

Time (นาที) Area Dilution Factor Conc. TCE (มก./ลิตร) 

% Saturation = 1 

5 40,793,209 

2,500 

2,611.66 

10 27,820,417 1,963.02 

15 34,539,283 2,298.96 

30 43,487,664 2,746.38 

60 26,799,698 1,911.98 

% Saturation = 5 

5 40,793,209 

2,500 

2,611.66 

10 27,820,417 1,963.02 

15 34,539,283 2,298.96 

30 43,487,664 2,746.38 

60 26,799,698 1,911.98 

% Saturation = 10 

5 71,111,021 

2,500 

2,349.78 

10 71,013,432 2,347.34 

15 48,568,413 1,786.21 

30 57,383,178 2,006.58 

60 56,558,368 1,985.96 
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ตาราง 12 ปริมาณการละลายหรือระเหยกลายเป็นไอของสาร TCE (Sand With NZVI) 
 

Time (นาที) Area Dilution Factor Conc. TCE (มก./ลิตร) 

%Saturation = 1 

5 79,259,187 

2500 

2,553.48 

10 73,257,361 2,403.43 

15 89,283,873 2,804.10 

30 68,546,154 2,285.65 

60 58,095,884 2,024.40 

%Saturation = 5 

5 36,679,170 

2500 

1,488.98 

10 66,868,203 2,243.71 

15 50,367,209 1,831.18 

30 27,864,748 1,268.62 

60 43,190,717 1,651.77 

%Saturation = 10 

5 91,843,395 

2500 

2,868.08 

10 67,522,386 2,260.06 

15 51,463,940 1,858.60 

30 49,214,627 1,802.37 

60 71,788,099 2,366.70 
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ตาราง 13 ปริมาณการละลายหรือระเหยกลายเป็นไอของสาร TCE (sand with NZVI & heat) 
 

Time (นาที) Area Dilution Factor Conc. TCE (มก./ลิตร) 

%Saturation = 1 

5 193,187,531 

2,500 

10,231.38 
10 195,407,109 10,342.36 
15 1,310,089,669 66,076.48 
30 1,423,413,039 71,742.65 
60 1,577,986,578 79,471.33 

%Saturation = 5 

5 1,247,930,472 

2,500 

62,968.52 
10 949,101,834 48,027.09 
15 1,677,832,605 84,463.63 
30 1,631,358,131 82,139.91 
60 1,677,385,821 84,441.29 

 %Saturation = 10 

5 894,121,035 

2,500 

45,278.05 
10 1,544,019,340 77,772.97 
15 1,088,340,446 54,989.02 
30 1,641,560,587 82,650.03 
60 1,700,879,169 85,615.96 
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6. สรปุและวิจารณ์ผลการทดลอง 
จากผลการศกึษาถึงประสทิธภิาพของโฟมที่ปรบัเสถยีรภาพด้วยอนุภาคเหลก็นาโน 

ร่วมกบัการเหน่ียวน าความรอ้นทางแม่เหลก็ไฟฟ้า เพื่อใชใ้นการบ าบดัสาร TCE ทีป่นเป้ือนอยู่
ในดนิและน ้าใต้ดนิ โดยเฉพาะอย่างยิง่บรเิวณพืน้ทีไ่ม่อิม่ตวัดว้ยน ้า (Vadose Zone) พบว่าโฟม
ทีถู่กสรา้งขึน้ สามารถคงเสถยีรภาพไดน้านมากกว่า 120 นาท ีและมคีุณภาพของโฟม (Quality) 
สูงถึง 99% ขนาดอนุภาคของโฟมเมื่อส่องผ่านกล้องจุลทรรศน์พบว่ามขีนาดอยู่ในช่วง 5-15 
ไมโครเมตร โฟมมคีวามสามารถทีจ่ะน าพาอนุภาค NZVI ใหเ้คลื่อนทีไ่ดอ้ย่างมปีระสทิธภิาพ ที ่
66.98% แต่เมื่อทดลองน าโฟมทีป่รบัเสถยีรภาพดว้ยอนุภาคเหลก็นาโน เคลื่อนทีผ่่านชัน้ทราย
จะพบว่าอนุภาค NZVI จะเกดิการสะสมอยู่มากเพยีงช่วงแรกของ Pack Column และมคี่าการ
สะสมลดน้อยลงเรือ่ยๆ จนถงึช่วงปลาย Pack Column จงึไดน้ าทรายเฉพาะบรเิวณช่วงแรกของ 
Pack Column ไปท าการเหน่ียวน าความรอ้นทางแม่เหลก็ไฟฟ้า พบสามารถก่อใหเ้กดิความรอ้น
ขึน้ไดม้ากกว่า 80 oC โดยใชเ้วลาเพยีง 5 นาท ีโดยทีค่่า %Saturation ในทราย ไม่ส่งผลกระทบ
ต่อการเหนี่ยวน าให้เกดิความรอ้นอย่างมนีัยส าคญั ซึ่งสามารถเพิม่ประสทิธภิาพในการบ าบดั
สาร TCE ไดม้ากกว่าเดมิถงึ 40 เท่า (เปรยีบเทยีบจากการทดลองควบคุม ทีไ่ม่ผ่านการใหค้วามรอ้น 
ปล่อยใหส้าร TCE ค่อยๆระเหยออกมาเองตามธรรมชาต)ิ  

 
7. ข้อเสนอแนะ 

ปจัจุบนัมกีารศึกษาวิจยัเกี่ยวกบัการฟ้ืนดิน หรอืน ้าใต้ดนิที่มกีารปนเป้ือนของสาร
อนัตรายต่างๆ มากมาย แต่การศกึษาวจิยัเกี่ยวกบัแนวทางในการด าเนินการตรวจสอบ และ
จดัการพืน้ทีป่นเป้ือน หรอืการฟ้ืนฟูดนิและน ้าใต้ดนิ ทีเ่กดิจากการปนเป้ือนสารอนิทรียร์ะเหยที่
มคีลอรนีเป็นองคป์ระกอบ ยงัมไีมม่ากนกั โดยเฉพาะอยา่งยิง่ในประเทศไทยหรอืประเทศทีก่ าลงั
พฒันา ดงันัน้การศกึษาวจิยัทีเ่กี่ยวขอ้งกบัแนวทางในการด าเนินการตรวจสอบและจดัการพืน้ที่
ปนเป้ือน หรอืการฟ้ืนฟูดนิ และน ้าใต้ดนิทีป่นเป้ือนสารอนิทรยีร์ะเหย จงึมคีวามจ าเป็นอย่างยิง่
เพื่อเป็นประโยชน์ต่อหน่วยงายภาครฐั และบรษิทัเอกชน รวมไปถงึประชาชนทีเ่กี่ยวขอ้ง เพื่อให้
ทราบถงึโอกาสในการเกดิความเสีย่ง ทัง้ต่อสุขภาพและต่อระบบนิเวศทีม่สีาเหตุจากการปนเป้ือน
สารพษิเหล่านี้ งานวจิยัฉบบันี้จงึอาจเป็นอกีหนึ่งวศิวกรรมทางเลอืกส าหรบัการบ าบดัฟ้ืนฟูดนิ 
และน ้าใตด้นิทีป่นเป้ือนจากสาร TCE ทีผ่่านการศกึษาแลว้ว่าสามารถท าไดจ้รงิในหอ้งปฏบิตักิาร 
ท าใหม้โีอกาสก่อใหเ้กดิประโยชน์ไดอ้ย่างมากต่อการบ าบดัฟ้ืนฟูพืน้ทีป่นเป้ือนจากสารอนิทรยี์
ระเหย และควรมกีารศกึษาเพิม่เตมิต่อยอดใหม้อีงคค์วามรูท้ีเ่พิม่มากขึน้ 
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Adsorbed poly(aspartate) coating limits the adverse effects
of dissolved groundwater solutes on Fe0 nanoparticle reactivity
with trichloroethylene

Tanapon Phenrat1,2 & Daniel Schoenfelder3 & Teresa L. Kirschling3,4,5
&

Robert D. Tilton3,4,5
& Gregory V. Lowry3,4,5

Received: 3 April 2015 /Accepted: 16 July 2015
# Springer-Verlag Berlin Heidelberg 2015

Abstract For in situ groundwater remediation, polyelectrolyte-
modified nanoscale zerovalent iron particles (NZVIs) have to be
delivered into the subsurface, where they degrade pollutants such
as trichloroethylene (TCE). The effect of groundwater organic
and ionic solutes on TCE dechlorination using polyelectrolyte-
modified NZVIs is unexplored, but is required for an effective
remediation design. This study evaluates the TCE dechlorination
rate and reaction by-products using poly(aspartate) (PAP)-modi-
fied and bare NZVIs in groundwater samples from actual TCE-
contaminated sites in Florida, SouthCarolina, andMichigan. The
effects of groundwater solutes on short- and intermediate-term

dechlorination rates were evaluated. An adsorbed PAP layer on
the NZVIs appeared to limit the adverse effect of groundwater
solutes on the TCE dechlorination rate in the first TCE dechlori-
nation cycle (short-term effect). Presumably, the pre-adsorption
of PAP Btrains^ and the Donnan potential in the adsorbed PAP
layer prevented groundwater solutes from further blockingNZVI
reactive sites, which appeared to substantially decrease the TCE
dechlorination rate of bare NZVIs. In the second and third TCE
dechlorination cycles (intermediate-term effect), TCE dechlori-
nation rates using PAP-modified NZVIs increased substantially
(~100 and 200%, respectively, from the rate of the first spike).
The desorption of PAP from the surface of NZVIs over time due
to salt-induced desorption is hypothesized to restore NZVI reac-
tivity with TCE. This study suggests that NZVI surface modifi-
cation with small, charged macromolecules, such as PAP, helps
to restore NZVI reactivity due to gradual PAP desorption in
groundwater.

Keywords Nanoscale zerovalent iron (NZVI) . Chlorinated
organics . Dechlorination kinetics . Remediation .

Groundwater . Polyelectrolyte . Poly(aspartate) . Desorption

Introduction

Nanoscale zerovalent iron particles (NZVIs) have rapidly re-
ceived much attention as a novel, in situ subsurface remediation
agent to treat various kinds of vexing environmental contami-
nants, including chlorinated organics such as trichloroethylene
(TCE) (Lowry 2007; Tratnyek and Johnson 2006; Zhang
2003). Various organic macromolecule surface modifiers, such
as xanthane, guar gum, poly(aspartate) (PAP), poly(styrene sul-
fonate), carboxymethyl cellulose (CMC), poly(methyl methacry-
late), poly(acrylic acid), and tri-block copolymers, are used to
engineer NZVIs to inhibit their aggregation (Golas et al. 2010;
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Phenrat et al. 2008; Sakulchaicharoen et al. 2010; Saleh et al.
2005;Wang et al. 2010), increase their mobility in the subsurface
(Kim et al. 2009; Phenrat et al. 2009a, 2010; Saleh et al. 2008;
Vecchia et al. 2009), and provide pollutant selectivity (Bishop
et al. 2010; Phenrat et al. 2011; Saleh et al. 2005;Wang and Zhou
2010), all of which are necessary for effective in situ remediation.
Several promising pilot- and field-scale tests using surface-
modified NZVIs have been reported (Bennett et al.
2010; He et al. 2010; Henn and Waddill 2006; Kocur
et al. 2014).

From the materials science point of view, significant research
progress has been made in understanding the important proper-
ties of bare and polymeric-modified NZVIs that affect NZVI
reactivity with chlorinated organics (Liu et al. 2005a, 2007; Liu
andLowry 2006;Nurmi et al. 2005; Phenrat et al. 2009a; Sarathy
et al. 2008). Different dechlorination rates (Liu et al. 2005a, b;
Nurmi et al. 2005; Sakulchaicharoen et al. 2010; Song and
Carraway 2008; Zhang et al. 1998), dechlorination pathways
(Liu et al. 2005a, b; Nurmi et al. 2005; Song and Carraway
2008; Zhang et al. 1998), electron utilization efficiencies (Liu
et al. 2005a, b; Song and Carraway 2008), and longevities (Liu
et al. 2005a; Sarathy et al. 2008) have been attributed to the
crystallinity and chemical composition of bare NZVIs (i.e., the
presence of noble metals, such as Pd and Ni, on the NZVI sur-
faces). As for polymer-modified NZVIs, Phenrat et al. (2009b)
revealed that when the surfaces of pre-synthesized NZVIs were
modified by the physisorption of polyelectrolytes, the TCE de-
chlorination rate constant decreased nonlinearly with increasing
adsorbed mass of the polyelectrolytes, with a maximum 24-fold
decrease in reactivity, due to reactive site blocking and a decrease
in the aqueous TCE concentration at the surfaces of the NZVIs
due to the partitioning of TCE to the adsorbed polyelectrolytes. A
similar finding was also reported by Wang and Zhou (2010)
using solvent-responsive, polymer-coated NZVIs to degrade
TCE. Nevertheless, increases in TCE reactivity with polymer-
modified Fe-Pd bimetallic nanoparticles at low polyelectrolyte
concentrations compared with bare Fe-Pd bimetallic nanoparti-
cles were also observed (He and Zhao 2008; Sakulchaicharoen
et al. 2010). This difference is probably because the Fe-Pd bime-
tallic nanoparticles were synthesized in the presence of polymers
such as CMC, guar gum, and polyvinylpyrrolidone (PVP), there-
by yielding smaller particles that were resistant to aggregation
and, thus, more reactive than larger, non-stabilized Fe-Pd parti-
cles (He and Zhao 2008; Sakulchaicharoen et al. 2010).

However, in addition to the properties of the particles them-
selves, the interaction between NZVIs and other (non-target)
inorganic ions and dissolved natural organic matter (NOM) in
groundwater can affect the reactivity, longevity, and, thus, the
performance of NZVIs. Because of geochemical cycles (dissolu-
tion and precipitation) of minerals in the subsurface, groundwater
normally consists of various cationic and anionic species, such as
Na+, Ca2+, Mg2+, NO3

−, Cl−, SO4
2−, HCO3

−, and HPO4
−2.

Groundwater chemistry is known to affect the performance of

the ZVI permeable reactive barrier (PRB) by controlling the Fe0

corrosion rate (El-Naggar 2006; Scherer et al. 2000), dechlorina-
tion rate (Klausen et al. 2003; Kohn et al. 2005; Su and Puls
2004), H2 production (Scherer et al. 2000), microbial activity
(Scherer et al. 2000; Van Nooten et al. 2008), the formation of
mineral precipitates on the surfaces of iron filings (Agrawal et al.
2002; Kohn et al. 2005), and the dissolution of the iron oxide
layer on Fe0 (Agrawal et al. 2002). Some similar effects of an-
ionic species on the performances of bare and bimetallic NZVIs
were experimentally observed (Lim and Zhu 2008; Liu et al.
2007). At low concentrations (0.2–1 mM), reducible solutes,
such as NO3

−, did not significantly affect the NZVI-mediated
TCE dechlorination rate. However, at high concentrations
(~5 mM), NO3

− reduced the reactivity of NZVIs with TCE after
3 days, even though Fe0 remained in the NZVIs. Presumably, at
high NO3

− concentrations, the surface reaction was shifted from
cathodic control (i.e., the reduction of TCE) to anodic control
(i.e., the release of Fe2+ and electrons) and, thus, facilitated the
formation of a passivating FeOOH layer (Liu et al. 2007). In the
presence of high NO3

− and NO2
− concentrations, a similar de-

crease in reactivity and particle passivation was also observed for
trichlorobenzene (TCB) dechlorination using bimetallic Fe-Pd
nanoparticles (Lim and Zhu 2008).

In contrast, anions such as Cl−, SO4
2−, HCO3

−, and HPO4
−2

are not reducible by Fe0. Their effects on dechlorination using
iron filings varied with their concentration. Several studies
(Agrawal et al. 2002; Devlin and Allin 2005; Johnson et al.
1998) reported that high concentrations of non-reducible ionic
species decreased ZVI reactivity through the formation of a pas-
sivating oxide layer. In contrast, other studies (Agrawal et al.
2002; Johnson et al. 1998) reported the opposite, i.e., that these
ions promoted the dissolution of the iron oxide layer, leading to
increased reactivity at low concentrations. As for NZVIs, a recent
study (Liu et al. 2007) revealed that non-reducible ionic species
decreased the TCE dechlorination rate by up to a factor of seven
compared with deionized (DI) water, and the order of their effect
followed their affinity for hydrous ferric oxide, i.e., Cl−<SO4

2−<
HCO3

−<HPO4
2− at pH 8.9 (Liu et al. 2007). This implies that the

inhibitory effect of these solutes on TCE degradation may be
caused by reactive site blocking due to the formation of Fe-
anion complexes on the NZVI surface.

The effect of non-catalytic cations, such as Na+, Ca2+, and
Mg2+, on TCE dechlorination using NZVIs has not been system-
atically studied, although these cations, which normally coexist
with anions in groundwater, are likely to accumulate more close-
ly to the surfaces of NZVIs than anions according to the
Boltzmann distribution of ions in a solution that contains nega-
tively charged surfaces (Israelachvili 1992). At a neutral pH, the
electrostatic interaction between the negatively charged NZVI
surface and cations might exhibit reactive site blocking, which
might affect the TCE dechlorination rate.

Field applications of NZVIs for in situ remediation
cannot avoid interactions with a mixture of non-target,
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dissolved ionic and organic species that are commonly
present in the subsurface, as mentioned previously. Un-
derstanding the effects of these dissolved species on the
short- and intermediate-term TCE dechlorination rates of
NZVIs is essential to determine the amount of NZVIs
that should be injected into the subsurface to achieve a
particular clean-up goal. While such effects on bare
NZVIs are known, the effects on polymer-modified
NZVIs, which are more practical for field applications,
are not (He and Zhao 2008; Karn et al. 2009;
Sakulchaicharoen et al. 2010). Dechlorination using
NZVIs is an interfacial phenomenon that is substantially
affected by the presence of adsorbed polymer layers
(Phenrat et al. 2009b). Therefore, it is not appropriate
to assume that the effects of groundwater solutes on
TCE dechlorination using polymer-modified NZVIs will
be similar to those using bare NZVIs.

The objective of this study was to experimentally ex-
amine the short- and intermediate-term effects of a mixture
of dissolved ionic and organic species in natural ground-
water on TCE dechlorination using polymer-modified
NZVIs. Poly(aspartate) (PAP), a bio-polyelectrolyte, was
used as a representative polymeric modifier in this study
(Phenrat et al. 2009b, c). The three cycles of TCE dechlo-
rination using PAP-modified and bare NZVIs were con-
ducted in three different natural groundwater samples
from Florida (FL), South Carolina (SC), and Michigan
(MI). The difference between TCE dechlorination rates
using bare and PAP-modified NZVIs in the same ground-
water sample was discussed and attributed to the presence
of adsorbed PAP layers. An initial spike of TCE was used
to evaluate short-term TCE dechlorination, while the sec-
ond and third spikes of TCE were used to evaluate
intermediate-term TCE dechlorination. The presence of a
Donnan potential inside the adsorbed polyelectrolyte
layers was used to mechanistically explain the altered dis-
tributions of ionic species surrounding the NZVI surfaces
that might hypothetically contribute to decreasing the ad-
verse effects of dissolved ionic species on TCE dechlori-
nation rates using polymer-modified NZVIs in compari-
son with bare NZVIs. A conceptual model that explains
the decrease in solute concentrations at the NZVI surface,
as well as the decrease in site blocking by (ionic and or-
ganic) solutes, due to the presence of adsorbed polyelec-
trolyte layers was proposed to illustrate how a polymeric
surface coating limits the adverse effects of groundwater
solutes on NZVI reactivity. In addition, the desorption
of PAP from the surface of NZVIs in the presence of
groundwater solutes was indirectly observed using elec-
trophoretic mobility measurements and was attributed to
the experimentally observed improvement in the
intermediate-term TCE dechlorination rate for PAP-
modified NZVIs.

Materials and methods

Chemicals

TCE (99.5+%) was from Sigma-Aldrich (St. Louis, MO,
USA). Acetylene (1000 ppm and 1 %), ethylene (1 %), ethane
(1 %), vinyl chloride (VC) (10 ppm), and hydrogen (1.08 %)
standards were from Alltech Chemicals (Subiaco, Australia).
The balance gas standard was N2. Ultra high-purity argon,
hydrogen (5.18 %), and N2 were from Butler Gas products
(Pittsburgh, PA, USA).

Bare NZVIs

Reactive nanoscale iron particles (RNIPs), consisting of reac-
tive Fe0/Fe3O4 core-shelled NZVI particles, were obtained
from Toda Kogyo (Onada, Japan). The physical and chemical
properties of the RNIPs have been previously reported (Liu
et al. 2005b; Nurmi et al. 2005; Phenrat et al. 2007). Prior to
use, RNIPs were stored as an aqueous slurry (pH 10.6) at
approximately 300 g/L in an anaerobic chamber. From this
slurry, a stock dispersion (10 mL at ~120 g/L) was prepared
in 1 mM NaHCO3, followed by ultrasonication for 30 min to
break up any aggregates that formed during storage. The N2-
BETspecific surface area of the RNIPs was ~15m2/g. The Fe0

content of the particles determined from acid digestion and
monitoring hydrogen evolution as previously described (Liu
et al. 2005b) was ~15 % by mass.

Poly(aspartate)-modified NZVIs

Sodium PAP (MW 2000–3000 g/mol) stabilized NZVIs
(MRNIP) were obtained from Toda Kogyo. The physical
and chemical properties of the PAP-modified NZVIs have
been previously reported (Phenrat et al. 2008; Saleh et al.
2007; 2008). The PAP monomer unit is aspartate, one of the
20 natural amino acid building blocks of proteins, making
PAP of potential interest as an environmentally benign
modifier. Prior to use, MRNIPs were stored as an aqueous
slurry (pH 10.6) at approximately 180 g/L in an anaerobic
chamber. From this slurry, a stock dispersion (10 mL at
~30 g/L) was prepared in DI water fol lowed by
ultrasonication for 30 min to break up any aggregates that
formed during storage. The excess PAP in the MRNIP dis-
persion was removed by ultracentrifugation prior to
redispersion by ultrasonication for 3 min before the TCE
dechlorination study. The N2-BET specific surface area of
MRNIP was found to be similar to that of bare RNIPs, i.e.,
~15 m2/g. The Fe0 content of the particles determined as
described above was similar to the bare particles, i.e.,
~15 % by mass.
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Zeta potential of bare NZVIs

The electrophoretic mobility of bare RNIPs was measured
for dilute dispersions (~30 mg/L) in 1 mMNaCl (pH 8) with
a Malvern Zetasizer (Southborough, MA, USA). The mea-
sured electrophoretic mobilities were converted to apparent
ζ-potentials using the Helmholtz-Smoluchowski relationship
(Israelachvili 1992).

Adsorbed PAP layer characterization

The adsorbed polymer layer properties of polymer-modified
NZVIs govern the TCE dechlorination rate (Phenrat et al.
2009b). The adsorbed PAP layer on the MRNIPs was char-
acterized using electrophoretic mobility (EPM) measure-
ments and Ohshima’s soft particle theory (Ohshima 1995)
as previously described (Phenrat et al. 2008). Details of
Ohshima’s method can be found in Ohshima (1995) and
Phenrat et al. (2008)), as well as in the Additional file 1.
Briefly, EPM was measured for 10 mg/L solutions of the
washed, PAP-modified NZVIs at NaCl concentrations ranging
from 1 to 61 mM (pH 8.0±0.1). EPM was measured in trip-
licate (25 °C) using a Malvern Zetasizer. The mean and stan-
dard deviation (σ) of the measured EPM (ue) were calculated.
The procedure for extracting the adsorbed polyelectrolyte lay-
er properties from the EPM data involves fitting Ohshima’s
model to obtain the best fit layer properties, including the
charge density in the adsorbed polyelectrolyte layer (N), the
softness parameter (λ), the adsorbed layer thickness (d) for the
mean ue, and the mean ue±σ as a function of ionic strength
using a MATLAB (the Mathworks, Novi, MI, USA) code
employing an iterative least-squares minimization.

Groundwater

Three different groundwater samples from three actual TCE-
contaminated sites in FL, SC, and MI were used in this study.
Groundwater samples were stored at 4 °C and deoxygenated
by N2 sparging prior to use. All VOCs were also purged from
the groundwater samples by N2 sparging prior to the addition
of known concentration of TCE for dechlorination study de-
scribed next. The pH of the solution was measured after N2

sparging. Concentrations of dissolved anions and cations were
determined by a commercial laboratory (Severn Trent Labo-
ratories, Pittsburgh, PA, USA) for the FL and SC groundwater
samples, and they were provided by theMichigan Department
of Environmental Quality Environmental Laboratory (Lan-
sing, MI) for the MI groundwater samples. Total organic car-
bon (TOC) was measured using UV/persulfate wet oxidation
(OI Analytical Model 1100). Table 1 summarizes the solute
concentrations in the three groundwater samples.

TCE dechlorination

TCE dechlorination rates and by-products were measured
in 70-mL serum bottles containing 40 mL of headspace,
30 mL of liquid, and a Mininert™ closure. All reactors
were prepared in an anaerobic glove box (argon-filled)
and contained 3 g/L of either bare or PAP-modified NZVIs
in one of the three groundwater samples. An aliquot of
0.15 mL of saturated TCE solution (8.4 mM) was added
to provide an initial TCE concentration of 40 μM. Experi-
ments were performed in duplicate. The reactors were ro-
tated on an end-over-end rotator at 30 rpm at 23±2 °C. In
control experiments without NZVIs, it was demonstrated
that the TCE loss by mechanisms (e.g., photodegradation,
adsorption, leakage) other than degradation by Fe0 was
negligible. Mass transfer resistance at the vapor/liquid in-
terface was not considered, as these phases are assumed to
be in equilibrium (Burris et al. 1996). Kinetically, a series
of 100-μL headspace samples were withdrawn from the
reactors and analyzed for TCE and its products using a
30-m GSQ PLOT capillary column on a HP 6890 GC/
FID. Following the complete degradation of the first spike
of TCE, the reactors were sparged with nitrogen, purged in
a glove box, and then an additional spike of TCE was added
right away. This process was repeated to achieve three cy-
cles of TCE dechlorination or until the NZVIs were no
longer reactive.

A previously reported model of the TCE degradation path-
way by bare (Liu et al. 2007) (Additional file 1: Fig. S1a) and
PAP-modified NZVIs (Phenrat et al. 2009a) was used to in-
terpret the dechlorination kinetics in this study. It was assumed
that all TCE reduction was via β-elimination to form acety-
lene, and that both ethane and ethene resulted from the reduc-
tion of acetylene. The reaction rate constants, kTCE (TCE de-
chlorination to acetylene), k2 (ethene formation from acety-
lene), and k3 (ethane formation from acetylene), were deter-
mined using a kinetic modeling software package, Scientist,

Table 1 Dissolved solutes in FL, MI, and SC groundwater

Solute FL (mM) MI (mM) SC (mM)

Na+ 0.54 0.13 6.09

K+ 0.04 0.01 0.04

Ca2+ 0.42 1.44 0.89

Mg2+ 0.1 0.5 0.45

HCO3
− 0.92 2.72 1.18

Cl− 0.6 0.31 5.32

NO3
− ND 0.26 ND

SO4
2− 0.06 0.06 1.23

TOC 1.0 mg/L 0.8 mg/L 9.6 mg/L

pH 7.2 7.9 6.0

ND not detected
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v.2.01 (Micromath, St. Louis, MO, USA), in which the loss of
TCE and the formation of products (acetylene, ethane, and
ethane) were fit concurrently to determine the rate constants
and 95 % confidence intervals for the fits. The observed reac-
tion rate constants determined from headspace measurements,
kobs-h, were converted to the observed rate constants without
headspace, kobs, to compare TCE and acetylene, which have
different Henry’s law constants (Additional file 1: Fig. S1b)
(Liu and Lowry 2006).

Quantifying the change of adsorbed PAP layers on NZVIs
after TCE dechlorination

To determine the change in the adsorbed PAP layers onNZVIs
due to a possible interaction with organic and inorganic sol-
utes in groundwater samples during the dechlorination pro-
cess, PAP-modified and bare NZVIs were recovered from
the TCE dechlorination reactors using magnetic separation
and washed with N2-purged DI water several times to
remove solutes that were attached to the NZVI surfaces.
Then, EPM measurements were conducted on the recov-
ered particles. To compare the influence of groundwater
solutes on the adsorbed PAP layer on the NZVIs, the
EPM of the recovered PAP-modified NZVIs was com-
pared to that of PAP-modified NZVIs aged in DI water
for the same period of time.

Acridine orange counting of microorganisms

To evaluate if the change of adsorbed biomacromolecules,
such as PAP, can be driven by microbial activity, microor-
ganisms were enumerated by acridine orange counting ac-
cording to the methods of Kepner and Pratt (1994). Briefly,
sample aliquots were dispersed in 0.01 M tetrasodium py-
rophosphate (Na4PP-i) (Sigma-Aldrich). Ten milliliters of
dispersed sample was stained in the dark for 5 min in a
100 μg/mL acridine orange solution (Sigma-Aldrich). The
suspension was filtered onto a 0.22-μm black polycarbon-
ate track-etched membrane (Millipore, Billerica, MA,
USA) and visualized by epi-fluorescent microscopy using
a Zeiss Observer Z1 microscope. Twenty random view
fields were counted for each measurement to obtain total
cell counts.

Results and discussion

Charge density of bare NZVIs and adsorbed layer
properties of PAP-modified NZVIs

The EPM of bare RNIPs in 1 mM NaCl at pH 8 was
−3.3 μm V−1 s−1 cm, which corresponds to a zeta potential
(ζ) of −42.5 mV using the Helmholtz-Smoluchowski

relationship. The apparent bare NZVI charge density (σ) of
−3×10−4 C/m2 was obtained from the apparent ζ-potentials
using Eq. 1 (Evans and Wennerstrom 1999).

σ ¼ 2εrε0κkBT
ze

sinh
zeζ
2kBT

� �
ð1Þ

where e is the electron charge, z is the valence of the ionic
species of interest, kB is Boltzmann’s constant, T is absolute
temperature, ε0 is the permittivity of a vacuum, and εr is the
relative permittivity. κ is the Debye-Hückel parameter of the
solution (Eq. 2).

κ ¼
2
XJ

i¼1

e2Ci
*zi

2

εrε0kBT

0
BBBB@

1
CCCCA

1=2

ð2Þ

The adsorbed PAP layer properties for PAP-modified
NZVIs, based on Ohshima’s soft particle analysis and EPM
(Fig. 1), are as follows: N=−2.1×1023/m3, d=~40 nm, and
1/λ=~24 nm. These adsorbed layer properties are in good
agreement with the properties of PAP-modified NZVIs that
were reported in recent papers (Phenrat et al. 2008, 2009b).

Effect of groundwater solutes on TCE dechlorination
using bare NZVIs

Figure 2 illustrates the TCE degradation kinetics and by-
product formation kinetics using bare and PAP-modified

Fig. 1 Electrophoretic mobility of fresh PAP-modified NZVIs (filled
triangles), PAP-modified NZVIs recovered from MI groundwater after
TCE dechlorination (open triangles), bare NZVIs recovered from MI
groundwater after TCE dechlorination (open circles), and PAP-modified
NZVI aged in DI water for the same period of time (open squares) as a
function of the NaCl concentration (mM) at pH 8.0±0.1. The lines rep-
resent the best-fit theoretical curves obtained using Ohshima’s soft parti-
cle analysis.
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NZVIs in MI groundwater as a representative example of the
groundwater samples evaluated in this study. Acetylene was
the intermediate, while ethane and ethene were the main by-
products. Mass balance of TCE and dechlorination by-

products was from 96 to 127 % for all the cases (Additional
file 1: Fig. S2). The experimental rate constants are also re-
ported in Table 2 for bare NZVIs and in Table 3 for PAP-
modified NZVIs. The presence of ionic and organic solutes

Fig. 2 TCE degradation kinetics
and by-product formation kinetics
using bare NZVIs for the a first, c
second, and e third TCE
degradation cycles, and using
PAP-modified NZVIs for the b
first, d second, and f third TCE
degradation cycles in MI
groundwater
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in natural groundwater decreased the TCE dechlorination
rates using bare NZVIs to a similar extent as that previously
reported by Liu et al. (2007). We found that the TCE dechlo-
rination rates in the SC and MI groundwater samples for the
first TCE spike were around ~22 % of the TCE dechlorination
rate using bare NZVIs in DI water (Fig. 3a). Similarly, the
TCE dechlorination rate using bare NZVIs in FL groundwater,
in which the solute concentrations were in the range of those
for the SC and MI groundwater, was around 13 % of the TCE
dechlorination rate in DI water. Presumably, the decline in the
TCE dechlorination rate in groundwater is attributed to the
surface complexation of the NZVIs by cationic and anionic
solutes (Liu et al. 2007) and reactive site blocking via the
adsorption of natural organic matter onto the surface
of the NZVIs.

The TCE dechlorination rates in the second TCE
spike for MI and FL groundwater were similar to the
dechlorination rates of the first spike, which is in good
agreement with Liu and Lowry’s observation that TCE
dechlorination rates remained constant over the life time
of NZVIs under a particular solution chemistry (i.e.,
pH) (Liu and Lowry 2006). However, the TCE

dechlorination rate of bare NZVIs in SC groundwater
declined in the second spike. In the third TCE spike
(around 30 days after the first TCE spike), bare NZVIs
stopped reacting with TCE in all three groundwater
samples, presumably due to the depletion of Fe0 at the
end of the particles’ life time (Fe0 content <3 % by
mass for all the cases).

Effect of groundwater solutes on TCE dechlorination
using PAP-modified NZVIs

Groundwater solutes did not alter TCE dechlorination path-
ways using PAP-modified NZVI. Similar to PAP-modified
NZVIs in DI water (Phenrat et al. 2009b), for TCE dechlori-
nation using PAP-modified NZVIs in the groundwater sam-
ples, acetylene was the intermediate and ethane and ethene
were the main by-products (Fig. 2). For the first TCE spike,
the TCE dechlorination rate using PAP-modified NZVIs was
less than that of bare NZVIs in all the groundwater samples.
This is because the adsorbed PAP blocks the NZVI reactive
sites and decreases the aqueous TCE concentration at the
NZVI surface due to the partitioning of TCE to the adsorbed

Table 2 TCE degradation rate
constants and by-product
formation rate constants for bare
NZVIs (reported as an average±
95 % CI)

Groundwater kTCE (10
−3 L m−2 h−1) k2 (10

−3 L m−2 h−1) k3 (10
−3 L m−2 h−1)

First spike

FL 0.485±0.087 0.181±0.064 0.063±0.055

MI 0.833±0.162 0.402±0.124 0.101±0.080

SC 0.794±0.135 0.497±0.124 0.126±0.077

Second spike

FL 0.566±0.044 0.175±0.024 0.058±0.022

MI 0.742±0.040 0.205±0.013 0.058±0.066

SC 0.499±0.037 0.191±0.022 0.056±0.059

Table 3 TCE degradation rate
constants and by-product
formation rate constants for
PAP-modified NZVIs (reported
as an average±95 % CI)

Groundwater kTCE (10
−3 L m−2 h−1) k2 (10

−3 L m−2 h−1) k3 (10
−3 L m−2 h−1)

First spike

FL 0.226±0.022 0.124±0.021 0.045±0.017

MI 0.103±0.012 0.081±0.017 0.026±0.028

SC 0.126±0.012 0.078±0.013 0.020±0.024

Second spike

FL 0.566±0.044 0.175±0.024 0.058±0.022

MI 0.325±0.027 0.103±0.011 0.032±0.033

SC 0.357±0.023 0.102±0.008 0.026±0.031

Third spike

FL 1.254±0.094 0.181±0.016 0.046±0.013

MI 0.697±0.067 0.118±0.013 0.029±0.032

SC 0.613±0.054 0.091±0.010 0.021±0.029

Environ Sci Pollut Res



PAP layer. This observation is in good agreement with our
recent study (Phenrat et al. 2009b).

However, the adsorbed PAP layer on the NZVI sur-
face limited the adverse effect of groundwater solutes
on TCE dechlorination rates. As shown in Fig. 3a, for
the first TCE spike, TCE dechlorination rates using
PAP-modified NZVIs in the MI and SC groundwater
samples were 70 and 85 % of the TCE dechlorination
rate using PAP-modified NZVIs in DI water (Phenrat
et al. 2009b). Moreover, the TCE dechlorination rate
using MRNIPs in FL groundwater was even greater
than that of PAP-modified NZVIs in DI water; a possi-
ble explanation for this observation will be discussed in
the last section regarding the desorption of PAP from
the surfaces of the NZVIs. Overall, the TCE dechlori-
nation rate using PAP-modified NZVIs in the ground-
water samples was much less affected by the presence
of groundwater solutes than that using bare NZVIs. A
possible explanation, the effect of the Donnan potential
in the PAP layer on solute distributions, for this finding
is discussed in the next section.

Interestingly, unlike bare NZVIs, for which the TCE
dechlorination rates in the second spike either de-
creased or remained the same, the TCE dechlorination
rates of PAP-modified NZVIs in all groundwater sam-
ples increased substantially (~100 % greater than that
in the first spike). The TCE dechlorination rates of
PAP-modified NZVIs kept increasing in the third
TCE spike (~200 % greater than that of the first
spike). PAP-modified NZVIs did not become non-reac-
tive, as occurred for the bare NZVIs, after two cycles
of TCE dechlorination. A possible explanation for the
increase in the TCE dechlorination rates following the
second and third spikes will be discussed in the last
section on the desorption of PAP from the surfaces of
the NZVIs.

Conceptual model: Donnan potential in the adsorbed PAP
layer and NZVI site blocking by PAP trains limit
the adverse effect of dissolved solutes in groundwater
on TCE dechlorination

The pre-adsorbed PAP layer on the surfaces of NZVIs
behaves as a barrier that prevents organic and ionic
solutes from effectively blocking and passivating the
reactive sites of the NZVIs. The adsorbed PAP layer
consists of trains, loops, and tails (Phenrat et al.
2009b). The loops and tails exhibit an extended poly-
meric layer surrounding the surfaces of the NZVIs,
while the trains adsorb directly onto the surfaces of
the NZVIs, i.e., they block the NZVI reactive sites.
Because of volume exclusion and osmotic pressure ef-
fects, the extended PAP layer on the NZVIs decreases
the subsequent adsorption of charged macromolecules,
such as NOM, onto the surfaces of the NZVIs and,
thus, decreases the reactive site blocking by NOM.
Similarly, the charged PAP layer exhibits a negative
Donnan potential (Phenrat et al. 2008) (Fig. 4), which
can decrease the concentration of cationic solutes at
the surfaces of NZVIs and possibly reduce their
blocking effect compared with that for bare NZVIs.
This hypothesis can be theoretically supported by con-
sidering the distribution of ionic species with and with-
out the presence of the adsorbed PAP layer (Fig. 5) as
discussed below.

The adverse effect of ionic species on dechlorination using
bare NZVIs is an interfacial phenomenon (Liu et al. 2007) that
should be substantially affected by the interfacial concentra-
tions, rather than the bulk concentrations, of ionic species at
the surfaces of NZVIs. The interfacial concentration of an
ionic species is a function of its valence, its bulk concentra-
tion, and the electrical potential in the electrostatic double
layer of bare NZVIs (Israelachvili 1992). The concentration

Fig. 3 a TCE dechlorination of bare and PAP-modified NZVIs in FL, SC, and MI groundwater standardized by TCE dechlorination in DI water. b
Change in TCE dechlorination rates of bare and PAP-modified NZVIs in FL, SC, and MI groundwater from the first to the third TCE spike
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of the ionic species (Ci*) as a function of distance (x) from the
surfaces of the NZVIs can be calculated from the Boltzmann
distribution (Israelachvili 1992) (Eq. 3).

C*
i xð Þ ¼ C*

i0exp
−zieϕ xð Þ
kBT

� �
ð3Þ

where Ci0* is the bulk concentration of ionic species i and zi is
its valence. For a solution chemistry of interest, the
electrical potential (Φ(x)) as a function of the distance
(x) from the bare NZVI surface can be approximated
using Eq. 4 if the zeta potential of the NZVIs (ζ) and

the solution chemistry (which controls the Debye-
Hückel parameter (κ)) (Eq. 2) are known.

φ xð Þ ¼ 4kBT

ze
tanh

zeζ
4kBT

� �
exp −κxð Þ ð4Þ

As shown in Figs. 4a, c and 5a, following the Boltzmann
distribution (Eq. 3), cationic species accumulated near the
surface of negatively charged NZVIs and their bulk concen-
tration gradually decreases as the distance increases due to the
exponential decrease in the electrical potential (Φ(x)). In the
Stern layer very close to the surface, an excess of cations

Fig. 4 Schematic illustrating the
ion distribution surrounding a
bare and b PAP-modified NZVIs
focusing on the effect of the
adsorbed PAP layer on ion
distribution. Schematic
illustrating the electrical
potentials surrounding c bare and
d PAP-modified NZVIs focusing
on the presence of a Donnan
potential in the adsorbed PAP
layer

Fig. 5 Representative distributions of anionic and cation species from the surfaces of a bare and b PAP-modified NZVIs in MI groundwater using the
Boltzmann distribution
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neutralizes the surface charge of NZVIs, which might block
reactive sites. The degree of cationic accumulation increases
with their bulk concentration and valence (i.e., a divalent cat-
ion accumulates at the surface to a greater degree than amono-
valent cation). In contrast, anionic species are depleted
close to the surface in comparison to their bulk concen-
tration (Fig. 5a).

Similar to the case of the bare NZVIs mentioned previous-
ly, the adverse effect of ionic species on dechlorination using
PAP-modified NZVIs should be governed by the interfacial
concentration of ionic species, which is a function of the va-
lence of the ionic species of interest, their bulk concentrations,
and the electrical potential in the adsorbed PAP layer on the
NZVIs according to the Boltzmann distribution (Eq. 3)
(Israelachvili 1992). However, unlike the bare NZVIs, the
electrical potential in the adsorbed PAP layer on NZVIs
(ψ(x)) is substantially affected by the Donnan potential
(ψDON), which is mostly controlled by the adsorbed lay-
er thickness (d) and charge density in the layer (N)
(Phenrat et al. 2008) as shown in Eq. 5 (Fig. 4b, d).
The zeta potential of bare NZVIs (ζ) plays only a minor
role in the case of polyelectrolyte-modified NZVIs
(Eq. 5) in comparison to bare NZVIs (Eq. 4).

Ψ xð Þ ¼ ΨDON þ Ψ0−ΨDONð Þeκmx

þ 2kBT

ze
ln

1þ tanh
zeζ

4kBT

� �
⋅e−κm xþdð Þ

1‐tanh
zeζ
4kBT

� �
⋅e−κm xþdð Þ

0
BB@

1
CCA;−d≤x≤0

ð5Þ

The effective Debye-Hückel parameter (κm) is expressed in
Eq. 6. The corresponding ψDON and the surface potential (ψ0)
at the boundary between the adsorbed layer and the surround-
ing solution (not the same as zeta potential) (Fig. 4b, d) are as
shown in Eqs. 7 and 8, respectively.

κm ¼ κ cosh
zeψDON

kBT

� �� �1=2 ð6Þ

ψDON ¼ kBT

ze
sinh−1

ZN

2zn

� �
ð7Þ

ψ0 ¼ ψDON−
kBT

ze
tanh

zeψDON

2kBT

� �

þ 4kBT

ze
:e−κmdtanh

zeζ
4kBT

ð8Þ

where Z is the valence of the ionized groups on the polyelec-
trolyte, which is −1 for PAP.

Because of the weak polyelectrolyte nature of PAP (i.e., the
relatively low charge density (N) as determined by Ohshima’s
soft particle analysis) and its relatively extended layer

thickness (d), the electrical potential in the adsorbed PAP layer
on the NZVIs (ψ(x)) is low in magnitude but extended (i.e., it
has a longer range than the electrical potential of bare NZVIs).
As shown in Fig. 5b, according to the distribution (Eq. 3), the
ion distribution in the adsorbed PAP layer was relatively un-
altered compared with the bulk concentration. Cationic spe-
cies did not accumulate near the surface of PAP-modified
NZVIs as in the case of bare NZVIs. Thus, the site blocking
of PAP-modified RNIPs due to cationic species should be less
than that of bare NZVIs.

While the loops and tails in the extended PAP layer reduce
the adverse effects of groundwater solutes on TCE dechlori-
nation by decreasing the availability of NOM and cationic
species at the surfaces of the NZVIs as discussed above, the
PAP trains also decrease the blocking effect of NOM or cat-
ionic species that reach the surfaces of the NZVIs. Sorption of
organic molecules to iron oxide surfaces is typically driven by
specific interactions between iron oxide surfaces and carbox-
ylic ligands (Edwards et al. 1996). Since both PAP and NOM
have carboxylic groups, the sorption of both macromolecules
to iron oxide surfaces of NZVIs is promoted by such oxide
surface-ligand complexation. Consequently, the pre-sorption
of PAP to NZVIs limits further reactive site blocking of
NZVIs by further sorption of NOM and ionic species. For
these reasons, NOM and ionic species that reach the reactive
sites of bare NZVIs will have a greater impact in blocking the
pristine (bare) NZVI reactive sites in comparison to the case of
PAP-modified NZVIs, of which substantial amount of sites
are already pre-blocked by adsorbed PAP trains.

Desorption of PAP from PAP-modified NZVIs increases
the TCE dechlorination rate over time

While the decreases in the adverse effects of groundwater
solutes on TCE dechlorination using PAP-modified NZVIs
are attributed to the extended, absorbed PAP layers and the
adsorbed PAP trains, they cannot explain the observation that
the TCE dechlorination rates using PAP-modified NZVIs in-
creased over time from the first to the third spike (Fig. 3b). A
possible explanation is that, over time, during the TCE dechlo-
rination in the presence of groundwater solutes, PAP gradually
desorbed from the surfaces of the NZVIs, and the PAP-
modified NZVIs behaved more similarly to the bare NZVIs
in terms of their reactions with TCE. This desorption hypoth-
esis is supported by the EPM of PAP-modified NZVIs recov-
ered from the groundwater samples after the three TCE de-
chlorination cycles. The EPM of polymer-modified particles
as a function of the NaCl concentration provides information
on the characteristics of the adsorbed polymer layer (Phenrat
et al. 2008). The greater negative charge on the PAP-modified
NZVIs, in comparison to bare NZVIs, comes from the
charged layers of PAP on the RNIP surface. Figure 1 suggests
that the desorption of PAP from the surface of PAP-modified
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NZVIs after three cycles of TCE dechlorination occurs be-
cause the response of the EPM as a function of the NaCl
concentration for the PAP-modified NZVIs recovered from
MI groundwater is similar to the EPM of bare RNIPs (no
polymer on its surface) recovered from MI groundwater, al-
though it is very different from the EPM of fresh PAP-
modified NZVIs (fully covered with PAP). The EPM of fresh
PAP-modified NZVIs is greater than that of PAP-modified
NZVIs or the bare NZVIs recovered from MI groundwater
at all NaCl concentrations.

The evidence suggests that PAP desorption is only ob-
served when PAP-modified NZVIs were aged in the presence
of groundwater solutes. As shown in Fig. 1, the EPM as a
function of the NaCl concentration for PAP-modified NZVIs
aged in DI water for the same period of time is similar to that
of fresh PAP-modified NZVIs, suggesting that PAP is not
desorbed from the NZVI surface in the presence of DI water
alone. The relatively insignificant desorption of PAP from
NZVIs in DI water is in agreement with the results of a recent
study (Kim et al. 2009). In natural groundwater, the desorption
of biomacromolecules, such as PAP, can be driven by biotic or
abiotic reactions due to microorganisms and abiotic solutes,
respectively. Microorganisms might use macromolecules as
their carbon source (He et al. 2010; Kirschling et al. 2010,
2011; Xiu et al. 2010), resulting in the removal of macromol-
ecules from the surfaces of NZVIs (Kirschling et al. 2011).
However, according to acridine orange counting of bacteria,
we observed a low population of bacteria (~104 cells/mL) in
all groundwater samples, both for bare and PAP-modified
NZVIs. This suggests that there is no biostimulation due to
the presence of PAP-modified NZVIs in groundwater, which
is in good agreement with the fact that we did not observe any
chlorinated by-products, as indicators of biotic dechlorination,
during TCE degradation in this study (Xiu et al. 2010). Thus,
biodegradation of PAP by microorganisms was unlikely. Con-
sequently, the desorption of PAP was likely driven by either
ionic or organic solutes. Normally, under a particular solution
chemistry, the adsorption of macromolecules on a substrate is
considered to be irreversible due to their multiple-segment
attachment nature (Holmberg et al. 2003; Kim et al. 2009).
For a macromolecule to desorb from a surface, all polymer
segments attached to the surface must be detached at approx-
imately the same time. If only a few segments are detached,
there is a high probability that other available segments will
occupy the available adsorption sites before the whole poly-
mer desorbs (Holmberg et al. 2003). However, when the so-
lution chemistry is changed due to an increase in ionic con-
centrations, polyelectrolyte desorption is theoretically possi-
ble due to the change in polyelectrolyte confirmation that is
induced by the ionic species (de Carvalho 2010; Man et al.
2008). The salt-induced desorption transition of charged mac-
romolecules is an entropically driven phenomenon (de
Carvalho 2010). High ionic concentrations cause an

electrostatic screening of charged groups in polyelectrolytes,
which subsequently decrease the electrostatic volume exclu-
sion of the polyelectrolytes. This leads to an entropic penalty
for adsorbed macromolecules, i.e., polyelectrolytes in a
desorbed configuration have a lower conformational entropy
than polyelectrolytes in an adsorbed configuration. As a result,
when a few segments of polyelectrolytes are detached, be-
cause of the entropic penalty, other segments might not reat-
tach at the available sites, gradually leading to desorption of
the entire polymer. This is hypothesized to occur when mixing
polymer-modified NZVIs prepared in a low ionic strength
solution (1 mM NaHCO3) with natural groundwater samples
(which have a high ionic concentration, as shown in Table 1).
This is coupled with the fact that the PAP used in this study is a
small macromolecule (MW of 25 kg/mol and 16 monomers
per chain), making desorption easier. For this reason, over
time, an increasing number of segments of PAP became de-
tached from the NZVI surface and resulted in gradual desorp-
tion, as suggested by the increase in the TCE dechlorination
rates over time (Fig. 3b). It should be noted that the increase in
the TCE dechlorination rates over time was not observed for
NZVIs encapsulated in an alginate biopolymer (Bezbaruah
et al. 2011). Instead, a gradual decrease of TCE dechlorination
rates was evident over time, i.e., a 5–7 % decrease over 5–
6 months. Presumably, a relatively thick skin (0.2736±
0.0036 mm) of cross-linked Ca-alginate gel, compared with
the adsorbed PAP layer in this study (d=40 nm), makes algi-
nate desorption from NZVIs unlikely.

Implications for applications of NZVIs

The physisorption of polyelectrolytes on NZVI is necessary
for effective in situ remediation. However, polymeric surface
modification comes with two drawbacks. Firstly, it decreases
NZVI reactivity with chlorinated organics such as TCE;
adsorbed PAP on the surfaces of NZVIs is reported to decrease
the TCE dechlorination rate by 24-fold compared with that of
bare NZVIs in DI water (Phenrat et al. 2009b). Secondly, it
raises a concern regarding the risk of NZVIs leaching from a
treatment zone in the subsurface, which might have unintend-
ed ecological effects (Karn et al. 2009; Phenrat et al. 2009c).
This study found that although surface modification with PAP
decreases NZVI reactivity due to reactive site blocking and
decreases the aqueous TCE concentration at the NZVI surface
because of the partitioning of TCE to the adsorbed polyelec-
trolytes (Phenrat et al. 2009a), it subsequently reduces the
interaction of NZVIs with non-target groundwater solutes (or-
ganic and ionic species), which has been shown to substan-
tially decrease the reactivity of bare NZVIs (Liu et al. 2007).
In addition, over an intermediate period of time (30 days), in
the presence of groundwater solutes, PAP desorbed, thus re-
storing the reactivity of NZVIs with TCE. In addition, the
desorption of PAP from NZVIs also decreases the chance that
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NZVIs can leach from the treatment zones to other ecological
sites. This suggests that the modification of the NZVI surface
with small charged macromolecules, such as PAP, helps to
deliver NZVIs to the subsurface, restores NZVI reactivity over
time due to a gradual PAP desorption in groundwater, and
should not cause a significant, unacceptable risk due to un-
controllable particle migration (Phenrat et al. 2009c).
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FIGURE S1. (a) Proposed TCE reduction pathways by bare and surface-modified RNIP 

(1). (b) The relationship between the observed reaction rate constants determined from 

headspace measurements, kobs-h,  and the corresponding rate constant without headspace, 

kobs (1). 

 

Fe
0
 Content Determination via Acid Digestion 

The Fe
0
 content of RNIP can be determined (separately from total iron) by acid 

digestion in a closed container with headspace as described in our previous study (1, 2). 

H2 produced from the oxidation of Fe
0
 in RNIP by H

+
 is measured by GC-TCD and used 

to quantify the Fe
0
 content of the particles (eqn S1) (3). The RNIP concentration was 

calculated assuming a Fe
0
(core)/Fe3O4(shell) morphology, and using the measured Fe

0
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content, α’ (eqns S2 and S3). The factor 1.38 in Eq. S3 is to convert the mass of iron (Fe) 

to magnetite (Fe3O4). 
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Applying Ohshima’s Soft Particle Analysis to Estimate Adsorbed Polyelectrolyte 

Layer Properties on NZVI 

  The procedure for extracting the characteristics of the polyelectrolyte layer from 

electrophoretic mobility (EM) data involves fitting Ohshima’s model, eqn. S4, with terms 

defined as in eqns. S5-S8 to the experimental electrophoretic mobility vs. concentration 

of a symmetrical electrolyte (NaCl in this study) to obtain the best fit N, λ, and d (1, 4-9). 

All other parameters in equations S5 to S8 are fixed for a given salt concentration.  
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where ε is the electric permittivity of the liquid medium, η is its viscosity, λ is a frictional 

parameter given by (γ/η)
1/2

, and κm is the effective Debye-Hückel parameter of the 

surface hydrogel layer, which includes the contribution of the fixed charge ZeN (5). ζ is 

the apparent zeta potential of the bare particles calculated from EM measurements using 

Smoluchowski’s formula. The function f(d/a) varies between 1 for a thin adsorbed layer 

relative to radius of the core particle (a), to 2/3 for a thick layer. Eqn. S4 is valid when λd 

and κd > 1 (4). The corresponding expressions for ψDON, ψ0, f(d/a), and κm are given in 

eqn S5 to S8 (4, 5, 10, 11), 
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where kB is Boltzmann’s constant, T is absolute temperature, and κ is the Debye-Hückel 

parameter of the solution. Use of the Ohshima method requires data for the 

electrophoretic mobility for both the bare particles and for the polyelectrolyte-coated 

particles as a function of the bulk solution ionic strength. 

A MATLAB (the Mathworks, Novi, MI) code employing iterative least squares 

minimization was used for this fitting the EM data. Ohshima’s model was used to fit the 

mean ue, mean ue+, and mean ue- as a function of ionic strength to obtain three best-fit 

values of each fitting parameter (1/λ, N, and d). The average and standard deviation of the 

fitting parameters determined for the mean ue, mean ue+, and mean ue-  was calculated 

and reported in Table S1.  It should be noted that this procedure is not meant to convey 

the goodness of fit of the data, rather it is used to bound the range of the magnitude of 

each parameter (12-14). 
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FIGURE S2. Representative mass balance of TCE dechlorination studies for (a) bare 

NZVI in FL and (b) PAP-NZVI in FL.  
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Abstract The solute transport model MODFLOW has become
a standard tool in risk assessment and remediation design.
However, particle transport models that take into account both
particle agglomeration and deposition phenomena are far less
developed. The main objective of the present study was to eval-
uate the feasibility of adapting the standard code MODFLOW/
MT3D to simulate the agglomeration and transport of three dif-
ferent types of polymer-modified nanoscale zerovalent iron

(NZVI) in one-dimensional (1-D) and two-dimensional (2-D)
saturated porous media. A first-order decay of the particle popu-
lation was used to account for the agglomeration of particles. An
iterative technique was used to optimize the model parameters.
The model provided good matches to 1-D NZVI-breakthrough
data sets, with R2 values ranging from 0.96 to 0.99, and mass
recovery differences between the experimental results and simu-
lations ranged from 0.1 to 1.8 %. Similarly, simulations of NZVI
transport in the heterogeneous 2-D model demonstrated that the
model can be applied to more complicated heterogeneous do-
mains. However, the fits were less good, with theR2 values in the
2-D modeling cases ranging from 0.75 to 0.95, while the mass
recovery differences ranged from 0.7 to 6.5 %. Nevertheless, the
predicted NZVI concentration contours during transport were in
good agreement with the 2-D experimental observations. The
model provides insights into NZVI transport in porous media
by mathematically decoupling agglomeration, attachment, and
detachment, and it illustrates the importance of each phenome-
non in various situations.

Responsible editor: Marcus Schulz

Highlights
• The standard code MODFLOW/MT3D was adapted to simulate the
agglomeration and transport of polymer-modified NZVI.
• Simulations accurately predicted the transport and deposition patterns in
both one-dimensional homogeneous and two-dimensional heteroge-
neous saturated porous media.
• All of the mechanisms incorporated in the model, i.e., agglomeration,
attachment, detachment, and irreversible deposition, corresponded to
the model results quantitatively and qualitatively.
• Themodel conserved themass and predicted the sizes of the aggregates.
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Introduction

Groundwater and soil remediation can benefit from the use
of nanotechnology. In situ chemical reduction (ISCR)
using polymer-modified nanoscale zerovalent iron
(NZVI) has been used to rapidly dechlorinate organic con-
taminants (He et al. 2010; Phenrat et al. 2009b) and to
immobilize heavy metals (Boparai et al. 2011; Li et al.
2008) in contaminated soils and aquifers. According to
the US Environmental Protection Agency (EPA) (U.S.
EPA 2011), by the end of 2011, nanotechnology-enabled
remediation alternatives were employed in 36 pilot and
full-scale remediation projects. Of these sites, 85 % used
NZVI-based technologies, such as polymer-modified
NZVI, emulsified zerovalent iron, and bimetallic nanopar-
ticles (NPs). For field-scale applications, attaining a thor-
ough understanding of the fate and transport of the Fe0-
based NPs prior to performing remediation is necessary
to determine how best to deliver the Fe0-based NPs to the
targeted treatment area. Such an understanding is also re-
quired to evaluate the possibility of the unintended migra-
tion of Fe0-based NPs to nearby drinking water resources
(Keane 2009). Thus, the research community has conduct-
ed many experimental studies on NZVI transport in porous
media, ranging in scale from laboratory (Kim et al. 2009;
Phenrat et al. 2009a, 2010a; Sirk et al. 2009) to pilot-scale
demonstrations (Johnson et al. 2013; Su et al. 2012).
Nevertheless, there remains a need for a comprehensive
three dimensional (3-D) model that captures all of the im-
portant characteristics of NZVI transport (including ag-
glomeration, deposition/re-entrainment, advection, and
dispersion).

To date, most of the studies concerned with NP transport
simulations have modified conventional colloid filtration the-
ory (CFT) to incorporate the site-blocking effects (Bradford
et al. 2003, 2006, 2007) of NPs, such as NZVI (Hosseini and
Tosco 2013; Raychoudhury et al. 2014; Tosco and Sethi
2010), fullerene (Wang et al. 2008, 2010), carbon nanotubes
(Cullen et al. 2010; Mattison et al. 2011; Wang et al. 2012b),
silver NPs (Taghavy et al. 2013), and silica NPs (Wang et al.
2012a). However, the agglomeration of particles during trans-
port has not typically been considered extensively in transport
simulations, even though it is a critical mechanism that affects
the transport and fate of NPs, such as NZVI (Kocur et al.
2013; Krol et al. 2013; O’Carroll et al. 2013; Petosa et al.
2010; Phenrat et al. 2007, 2009a, 2010b; Tosco and Sethi
2010), TiO2 (Chen et al. 2011, 2012; Chowdhury et al.
2012b), CeO2 (Quik et al. 2014, 2015; Velzeboer et al.
2014) and other iron-based NPs (Hong et al. 2009) that are

subject to magnetic interaction forces. Including agglomera-
tion in an NZVI transport model is necessary because despite
numerous attempts to prevent the agglomeration of NZVI by,
for instance, entrapping NZVI in a silica matrix (Zhan et al.
2008, 2011) or modifying the surfaces (e.g., using a polymer
coating) (Phenrat et al. 2008; Saleh et al. 2005), the largest
NZVI aggregates are not stabilized by any modifier, resulting
in agglomeration during transport in porous media (Phenrat
et al. 2008, 2009a).

Very few studies have attempted to simulate NZVI ag-
glomeration during its transport in porous media. Initially,
Phenrat et al. (2010b) developed an empirical correlation
based on a wide range of one-dimensional (1-D) column
transport data to predict the sizes of aggregates, and they
also modified the attachment and contact efficiencies to take
account of the subsequent deposition of aggregates.
Raychoudhury et al. (2012) combined the Smoluchowski
equation for aggregation along with the CFT in an advec-
tion–dispersion equation to simulate the aggregation and
transport of polymer-modified NZVI. However, they did
not explicitly obtain the particle–particle attachment effi-
ciency in flow-through porous media. Instead, they deter-
mined aggregation kinetic parameters from static batch ex-
periments and used them for fitting the model to the break-
through data. In flow-through porous media, however, sev-
eral other hydrodynamic phenomena including advection,
shear force, and re-entainment can also affect agglomera-
tion, whereas in batch experiments designed to fit the
Smoluchowski model, only particle–particle collision fre-
quency and efficiency in a static environment govern ag-
glomeration (Phenrat et al. 2007). The significance of the
difference between static laboratory-based studies
with those conducted in a real dynamic environment
was highlighted by Dale et al. (2015). In addition,
Raychoudhury et al. (2012) used the Smoluchowski ap-
proach (Smoluchowski 1917), which is only applicable for
the initial stage of the aggregation process when the colli-
sions can be considered as binary (Elimelech et al. 1998).
Following that paper, Taghavy et al. (2015) recently used
the Smoluchowski equation and CFT in a completely
Lagrangian approach based on random-walk particle track-
ing to simulate the concurrent aggregation and transport of
NZVI. Although they tackled the problem of binary colli-
sion in their probabilistic modeling approach, the aggrega-
tion in that study was still limited to perikinetic aggregation,
which is only the case when the particles are very small
(only valid in the initial stage of aggregation) (Elimelech
et al. 1998; Taghavy et al. 2015). However, other mecha-
nisms of aggregation, e.g., orthokinetic aggregation and dif-
ferential sedimentation, can be significant in environmen-
tally relevant conditions (Quik et al. 2014; Risovic and
Martinis 1994). It should be clarified that the perikinetic
mechanism of aggregation is caused by the Brownian
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motion of particles. Any motion or flow in a fluid can cause
shear force in the fluid and thus lead to orthokinetic aggre-
gation. Differential sedimentation is another mechanism of
aggregation that occurs when the particle sizes are different.
Because larger particles settle faster than the smaller ones,
they will collide with small particles in their paths and in-
duce aggregation (Elimelech et al. 1998). Especially in po-
rous media, an orthokinetic mechanism cannot be neglected
because pore water velocity always exists. However, the
solution to a particle–balance model for all the mechanisms
of aggregation together with the sedimentation or deposi-
tion simultaneously, as a partial integro-differential equa-
tion, has long been known to be difficult (Hunt 1982;
Risovic and Martinis 1994). Thus, either simplifying as-
sumptions, such as single mechanism operation at a time
or self-similarity or other techniques such as dimension
analysis or Monte Carlo method (Friedlander 1960a, b;
Hunt 1982; Jeffrey 1981; Liu et al. 2011; Risovic and
Martinis 1994; Sobkowicz 2006) have been adopted to cope
with this problem.

Additionally, a Lagrangian approach, used in the study by
Taghavy et al. (2015), poses a limitation on using an inverse
model (auto-calibration model). Moreover, the Smoluchowski
aggregation model used in the two aforementioned studies
classifies the population of aggregates into a series of families
based on their sizes. This kind of model can be computation-
ally challenging for a simple 1-D homogeneous medium, and
it is potentially intractable for 2-D and 3-D simulations in
heterogeneous domains (Cornelis 2015; Dale et al. 2015).
Recognition of the agglomeration phenomena in porous me-
dia has thus far been problematic from both experimental and
modeling perspectives. From the experimental perspective,
the problem originates from the lack of an appropriate sam-
pling protocol for observing the extent of growth in particle
size inside the porous media (Phenrat et al. 2009a). Moreover,
from the modeling perspective, a special algorithm is needed
to optimize the agglomeration parameter together with the
parameters of nanoparticle transport in porous media simulta-
neously; to the best of our knowledge, this has not been per-
formed in the literature.

In addition to neglecting agglomeration, the detachment of
NPs is assumed to be negligible in most of the modeling
studies of NP transport in porous media (Chowdhury et al.
2012a; Kocur et al. 2013; Krol et al. 2013; Mattison et al.
2011; Wang et al. 2008, 2010, 2012a, b). Many of these stud-
ies ignored detachment by observing a lack of breakthrough
curve tailing (Krol et al. 2013; Wang et al. 2012a). However,
detachment was reported to be an operative mechanism in the
transport of polymer-modified NZVI (Phenrat et al. 2009a,
2010b; Raychoudhury et al. 2012, 2014; Tosco and Sethi
2010) as well as other colloids (Grolimund and Borkovec
2001, 2006; Johnson et al. 2007; Landkamer et al. 2013;
Schijven and Hassanizadeh 2000).

NZVI transport modeling is needed for effective reme-
diation design and implementation. Nevertheless, particle
transport models are far less developed and much less
available to remediation researchers and practitioners than
solute transport models such as MODFLOW, which has
become an effective tool for risk assessment and remedia-
tion design. The goal of the present study was to evaluate
whether a MODFLOW-based model, with a generic
advection-dispersion-reaction (ADR) equation, can be
modified to account for all the processes affecting the
transport of polymer-modified NZVI, including advection,
dispersion, attachment, detachment, and agglomeration. If
applicable, this approach, owing to the use of standard
MODFLOW modules, can potentially provide simplified
NZVI modeling to remediation practitioners and re-
searchers who are already familiar with MODFLOW.
Although MODLFOW, MT3DMS, and SEAWAT have
all been modified to account for nanoparticle transport,
attachment, and detachment in both constant and variable
density flow scenarios (Bai and Li 2012; Becker et al.
2015a, b), none of the these studies have considered ag-
glomeration phenomena together with other mechanisms
of transport.

The proposed model was tested against a wide range of
experimental data from 1-D and 2-D transport studies to
illustrate the applicability of the model at various scales
and conditions. Our model does not explicitly consider
the interfacial forces acting on the surface of particles,
i.e., forces related to the extended DLVO theory described
previously (Phenrat et al. 2009a); however, it considers the
change in the population and size of particles in addition to
the tendency of particles and aggregates to agglomerate
and deposition under different conditions. We analyzed
whether the numerical values of the fitting parameters
representing transport phenomena made physical sense ac-
cording to the transport conditions and the concept of
NZVI agglomeration and its subsequent deposition. The
model’s benefits and limitations are also discussed.

Theoretical and conceptual model

This section describes the modification of MOFLOW for
NZVI transport simulation. The advection-dispersion-
reaction (ADR) equation is used to simulate common mecha-
nisms of solute and colloid transport in porous media.
Simulation of NZVI transport needs to account for three more
mechanisms as described as follows: (1) the attachment/
detachment process, that is, the exchange between the fluid
and deposited phases; (2) the agglomeration of particles in the
fluid phase; and (3) the irreversible deposition of aggregates.
The attachment/detachment processes (mechanism #1) are
represented by a first-order, reversible, kinetic-reaction
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(FRK) equation. The agglomeration of particles in the fluid
phase (mechanism #2), which leads to a decay in the
particle population, is introduced in the ADR equation
using a pseudo first-order irreversible reaction term on
the condition that the concentration variable in the ADR
equation is expressed in terms of the particle number con-
centration instead of the mass concentration. Finally, the
irreversible deposition of particles (mechanism #3) is
accounted for by adding another sink term for the solid-
phase concentration of the ADR equation to diminish the
population of the deposited, detachable particles.
According to the thorough extended DLVO analysis that
considered the electrosteric repulsive forces (a combina-
tion of steric repulsion and electrostatic repulsion), as well
as the magnetic forces and other DLVO forces investigat-
ed in former studies (Phenrat et al. 2009a, b), irreversible
deposition can occur as a result of an increase in the size
of the particles due to agglomeration. For example, an
increase in size from 25 to 367 nm resulted in an increase
in the secondary minimum well by four orders of magni-
tude (Phenrat et al. 2009a). This caused an increase in the
tendency toward attachment at the primary minimum or
deep secondary minimum; particle re-entrainment is less
likely for such deposit ion (Johnson et al. 2007;
Landkamer et al. 2013; Phenrat et al. 2009a).

Overall, the model for NZVI transport and agglomera-
tion has the capability to consider the attachment—either
reversible or irreversible—for any particle of any size to
the porous media surfaces. It should be mentioned that from
the three mechanisms described previously, mechanisms 1
and 3 have already been added to the MODFLOW/
MT3DMS simulator in a different way in the literature
(Bai and Li 2012; Becker et al. 2015a, b). Notably, most
of the modeling studies on NP transport (e.g., Bai and Li
2012; Becker et al. 2015a; Li et al. 2008; Wang et al. 2008,
2014) have considered a site-blocking formulation along
with the CFT model to take account of the limited capacity
of available sites for retention of NPs. However, we did not
consider this type of formulation in our model for several
reasons. First, site-blocking phenomena have not been com-
monly observed for NZVI in the literature (see, e.g., Phenrat
et al. 2010a). Second, a long and low slope shape of the left
side (rising limb) of a breakthrough curve that is noticeable
in most of the breakthrough curves of the related literature
cited previously is not discernible in NZVI breakthrough
curves. Third, a recent study (Goldberg et al. 2014) compar-
ing seven types of particle transport models for break-
through and retention curve simulations recommended that
incorporating the site-blocking mechanism in the model
should be performed only when the experimental evidence
of this mechanismwithin the column test has been provided.
Further discussion of the conceptual model is presented af-
ter the mathematical introduction of the model and in the

Supplementary Materials (SM). The following modified
ADR and FRK equations are used to capture all of the afore-
mentioned processes:

∂N
∂t

þ ρb
ε

∂N
∂t

¼ D
∂2N
∂x2

‐V
∂N
∂x

‐λ1N‐λ2
ρb
ε
N ð1Þ

ρb
ε

∂N
∂t

¼ KattN ‐
ρb
ε
KdetN ð2Þ

whereN [with a dimension of L−3] and N [with a dimension of
M−1] are the particle number concentrations of fluid-phase
particles and deposited particles, respectively, V is the intersti-
tial particle velocity, D is the hydrodynamic dispersion
coefficient;ε is the bed porosity, ρb is the porous medium bulk
density, λ1 is the pseudo-first-order reaction rate [T

−1], which
stands for the decay in population of particles due to agglom-
eration (mechanism #2), λ2 is the pseudo-first-order reaction
rate [T−1], which stands for the decay in the population of
deposited, detachable particles and represents irreversible de-
position (mechanism #3), and Katt and Kdet are the attachment
and detachment rate constants [T−1], respectively (mechanism
#1). It should be noted that, throughout this paper, the word
particles refers to both primary particles and agglomerates
(clusters), which are differentiated by size.

While the concentration variable in Eqs. (1) and (2) is
expressed in terms of the particle number concentration, it
may be more convenient in many situations to work with the
mass concentration. Mass concentration data from laboratory
and field measurements are typically more readily available
than particle number concentration data. In addition, widely
used flow and transport models, such as MODFLOW/MT3D,
are also based on the mass concentration. Furthermore, a re-
cent study of the transport of NPs (Wang et al. 2012a) implied
that different interpretations can occur when either mass or
particle number concentrations are used. Hence, it is useful
to be able to convert the particle number concentration to the
mass concentration. To accomplish this, the following two
equations are used:

N ¼ C
4

3
π r3ρfe

ð3Þ

N ¼ C
4

3
π r

3
ρfe

ð4Þ

where C is the mass concentration of fluid-phase particles
[ML−2], C is the mass concentration of deposited-phase parti-
cles [MM−1], r and r are the average radii of particles in the
fluid phase and deposited phase, respectively, and ρfe is the
average density of the particles or aggregates. It should be
noted that assuming the shape of the particles or agglomerates
in Eqs. (3) and (4) to be spherical is a common assumption for
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polymer-coated NZVI particles (Raychoudhury et al. 2012;
Taghavy et al. 2015). Moreover, this assumption is expected
to pose no significant effect on the modeling results of this
study, as a recent study (Seymour et al. 2013) of the influence
of colloid shape over transport behavior indicates that the
reason for the marked difference between the attachment rate
trends of spherical and rod-shaped particles is due to ripening
and blocking phenomena (Pan and Xing 2012), which were
not the subjects of the present modeling study. After inserting
Eqs. (3) and (4) into Eqs. (1) and (2), there were four variables
in the resulting equations: C, C, r, and r. To solve the equa-
tions for these unknowns, two additional equations were re-
quired, one of which was obtained by considering that the
change in the particles’ radii is governed by agglomeration.
Since Eq. (1) assumes that the population of particles decays
at a rate of λ1 due to agglomeration, we considered a pseudo
first-order reaction equation to represent the agglomeration
process:

∂N
∂t

¼ −λ1 t ð5Þ

Integrating Eq. (5) with the initial condition that N=N0 at
t=0 yielded:

N ¼ N0e
‐λ1 t ð6Þ

Then, by inserting Eq. (3) into Eq. (6), the following equa-
tion was obtained to account for the change in the average
particle radius due to agglomeration:

r ¼ r0
3

ffiffiffiffiffiffiffiffiffiffiffiffiffi
eλ1 t

c

c0

r
ð7Þ

where r0 is the average radius of particles (or agglomerates) at
t=0 and C and C0 are the mass concentrations of fluid-phase
particles at a given t and t=0, respectively. Similarly, a first-
order formulation was suggested by Baalousha (2009) to dis-
aggregate the aggregates. This formulation was subsequently
modified by Kocur et al. (2013) to simulate the NZVI agglom-
eration in the inlet reservoir of their column experiment. It
should be mentioned that Eq. (7) was developed solely based
on agglomeration, and that the parameter C/C0, which
emerged in this equation, must be assumed to equal unity
because the change in the mass concentration cannot reflect
any agglomeration effect. Additional clarification of this as-
sumption, together with an investigation of an alternative as-
sumption, is introduced in the SM.

As for this second additional equation, it was assumed that
the radius of the suspended particles is equal to the radius of
the deposited, detachable particles. This simplified assump-
tion is used because particles are continually being exchanged
between the suspended phase and the deposited, detachable
phase, considering the fact that those particles that are

irreversibly attached behave as if they were eliminated from
the system (a typical assumption of perfect sink models)
(Ryan and Elimelech 1996).

Ultimately, three equations remaining to be solved simul-
taneously include the ADR and FRK equations and Eq. (7). In
laboratory particle transport experiments, the transport param-
eters related to attachment and agglomeration (Katt, Kdet, λ1,
and λ2) are typically unknown. Therefore, an iterative proce-
dure was developed to optimize these parameters with respect
to the observed concentration data. Identifying these parame-
ters provides information about the agglomeration and
at tachment/detachment processes in the system.
Furthermore, if no conclusive values for the proposed model
parameters can be found by this procedure, it implies that the
model does not capture the complexity of the experimental
system. Therefore, the parameter estimation also serves as
an evaluation of the appropriateness of the model under dif-
ferent experimental conditions. In summary, the observation
data initially are in terms of the mass concentration; thus, the
model fits these data to obtain the parameters. However,
among the obtained parameters, λ1 is not correct yet because
it still does not reflect aggregation. Therefore, Eq. (7) is used
to calculate the size of aggregates, and subsequently, Eq. (3) is
used to calculate the population of aggregates (transformation
of the mass concentration to the particle number concentra-
tion). Then, these transformed observation data are employed
to recalibrate λ1 again. This procedure is iterated until the
difference in λ1 between two successive iterations is negligi-
ble (<1 %). The full details of the iterative procedure steps are
presented in the BModel implementation^ section.

Instead of the conventional Smoluchowski model of aggre-
gation, which is based on a second-order rate mechanism
(Elimelech et al. 1998), here, a pseudo-first-order model was
applied. This approach was already used for modeling the
heteroaggregation of nanoparticles with natural colloid
(Praetorius et al. 2012) based on this assumption that the pop-
ulation of the large-size category of particles was almost con-
stant during the aggregation process. Such an assumption is
deemed to be reasonable for modeling homoaggregation of
polymer-modified Fe0 nanoparticles in porous media because
of the local dynamic equilibrium (Friedlander 1960b) existing
for these NPs in the porous media. Based on this assumption,
the description of which follows in this paragraph, we consid-
er the dispersion of polymer-modified NZVI to be dominated
by one population of particles, either large, small, or medium,
and this population remains almost constant during aggrega-
tion for every cases so that the assumption of pseudo-first-
order model can always be applicable. Thus, we first consider
two extreme cases in which the population is either dominated
by small particles or by large particles, and eventually, we will
develop this assumption to the intermediate cases. According
to previous experimental investigations (Phenrat et al. 2009a,
2010a, b), when the population is dominated by small
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particles but the collision number of small particles (both with
each other and with porous media surfaces) is high because of
Brownian diffusion, not all collisions of small particles lead to
agglomeration (or deposition), owing to the electrosteric re-
pulsion resulting from the polymer coating. Thus, the reduc-
tion in the population of small particles is not substantial.
Therefore, in this spectrum of particle size distribution, ag-
glomeration occurs owing to the collision of small particles
with large existing particles, suggesting that the population of
small particles is constant because of the high proportion of
the small particle number compared to that of the large ones
and also the vulnerability of the population of large particles
caused by irreversible deposition. On the other hand, when the
population is dominated by large particles, the agglomeration
is much faster than the previous case because of the increase in
the magnetic attractive force with the sixth power of size. This
leads to an increase in the number of large-sized agglomerates.
However, in this case, the irreversible deposition is also more
pronounced, as shown previously (Phenrat et al. 2009a,
2010b), resulting in an almost constant population for large
particles. This assumption of dynamic equilibrium, also
known as self-similarity of the particle size distribution, was
originally developed by Friedlander (1960a, b) for aerosol and
later applied to hydrosol (Hunt 1982; Jeffrey 1981). It should
be mentioned that for the case in which the population of
medium-sized particles is dominant, a tradeoff between the
two aforementioned cases exists, and the population of the
medium-sized particles compared to smaller forming particles
and larger removing ones is still constant.

It should also be mentioned that although typically a
second-order model is used to describe the aggregation pro-
cess in the colloid literature (Elimelech et al. 1998; Holthoff
et al. 1996; Szilagyi et al. 2014), there have been several
studies which used a first-order formulation for aggregation
(Baalousha 2009; Birkner and Morgan 1968; Kocur et al.
2013; Logan et al. 1995; Swift and Friedlander 1964). Here,
however, we use a pseudo-first-order equation to describe the
aggregation process in porous media according to the afore-
mentioned assumption. However, the comparison of the re-
sults of different models is beyond the scope of this paper.

In order to reduce the computational burden in this study,
the average particles size is considered instead of the particle
size distribution. However, previous paper (Phenrat et al.
2009a) revealed that dispersions with different degrees of
polydispersity have different aggregation and deposition be-
haviors compared with a monodisperse dispersion. Therefore,
in order to investigate the impact of polydispersity as well as
to evaluate various aforementioned hypotheses, the model is
fitted against different breakthrough data sets obtained for
dispersions with various degrees of initial polydispersity.

In addition to the assumption of dynamic equilibrium, the
common assumption of two-body interactions (binary) is still
made in this model. However, the assumptions of typical

Smoluchowski model solutions regarding its mechanistic ap-
proach such as considering the single perikinetic aggregation
governing only in the early stage of aggregation (Taghavy
et al. 2015) or initially monodisperse dispersion (Holthoff
et al. 1996; Szilagyi et al. 2014) are not the case in this model
since any kind of collision can occur as a result of various
mechanisms.

Materials and methods

NZVI breakthrough data

Themodel was fit against data sets consisting of 15 series of 1-
D breakthrough data (Phenrat et al. 2009a; Raychoudhury
et al. 2012), as well as four series of 2-D breakthrough data
(Phenrat et al. 2010a) selected from the literature of polymer-
modified NZVI. A brief description of these experiments is
presented in the following.

In the 1-D experiments, Phenrat et al. (2009a) prepared
three dispersions of polystyrene sulfonate (PSS)-modified re-
active nano-iron particles (RNIPs) with different degrees of
polydispersity (different particle size distributions). One dis-
persion, called F1, contained the highest amount of intrinsic
aggregates (>100 nm); another dispersion, called F3,
contained no significant amount of initial aggregates
(>100 nm), and the third dispersion, called F2, was interme-
diate between F1 and F3. F1 was polydisperse with one peak
at 45 nm (∼11% by volume) and another at 328 nm (∼38% by
volume). F2 also had a bimodal particle size distribution with
one peak of hydrodynamic size at 25 nm (∼27 % by volume)
and another at 367 nm (∼2 % by volume). F3 was monodis-
perse with a single peak at the hydrodynamic size of 25 nm
(∼31 % by volume). The column was 25.5 cm long with an
inner diameter of 1.27 cm and was packed wet with spherical
silica sand with d50=300 μm. The average porosity of the
packed column was 0.33 with a constant pore water velocity
of 3.2×10−4 ms−1 (Phenrat et al. 2009a, b). In this reference,
all the slurry injections were conducted with a single pore
volume (PV), followed by at least three PVs of flushing with
a particle-free solution (1 mM NaHCO3). In contrast, in the
study byRaychoudhury et al. (2012), carboxymethyl cellulose
(CMC)-modified NZVI (CMC-NZVI) was introduced
through the column with multiple PV injections. Other exper-
imental characteristics of that paper comprised a column with
a length of 9 cm and an internal diameter (i.d.) of 1 cm, packed
with silica sand with an average size of 375 μm and a porosity
of 0.32. CMC-NZVI slurries, were injected at concentrations
of 0.07, 0.2, and 0.725 g/L with a pore water velocity of
0.445 cm/min.

Additionally, the 2-D experiments of Phenrat et al. (2010a)
were conducted by transporting NZVI modified by an olefin
maleic acid copolymer (MRNIP2) through a 2-D flow cell
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(30×18×2.5 cm) containing five layers: three of which were
packed with fine sand (d50=99 μm), one with medium sand
(d50=300 μm), and the other with coarse sand (d50=880 μm).
In addition to supplying a background groundwater flow
through three side ports (with a total flow rate of 0.9 mL/
min), an injection well was used to inject NZVI at a flow rate
of 20mL/min. The 2-Dmodel data sets simulated in this study
were for the transport of tracer data, MRNIP2 (unwashed) at a
low particle concentration of 0.3 g/L, washed MRNIP2 at a
high particle concentration of 6 g/L,MRNIP2 with excess free
polymer (unwashed MRNIP2) at 6 g/L, and oxidized (and
washed) MRNIP2 at 3 g/L (Phenrat et al. 2010a). Before
performing the simulation of the NZVI transport and agglom-
eration in the 2-D model, the tracer data were utilized to cal-
ibrate the dispersivity parameters in different layers of the 2-D
cell, as discussed with detail in the SM. It should bementioned
that although several studies (Krol et al. 2013; Tosco and Sethi
2010) emphasized the effect of viscosity on NZVI mobility,
the viscosity measurements of polymer-modified NZVI at the
applied concentrations used in the studies by Phenrat et al.
(2009a, 2010a) showed that there were infinitesimal changes
in the viscosity of the dispersions due to the added polymer.
Furthermore, the amount of free polymer in MRNIP2 disper-
sions used in the 2-D models was ∼3 wt% (Phenrat et al.
2010a), and the ∼0.2 % ratio of the CMC concentration to
the Fe2+ concentration (Raychoudhury et al. 2012) was far
less than the values that were expected to affect the dispersion
viscosity (Raychoudhury et al. 2014). Thus, we did not eval-
uate the effect of viscosity on NZVI agglomeration and depo-
sition in the modeling in this study.

Model implementation

The public domain code MT3DMS (US Army Corps of
Engineers, Washington, DC) (Zheng and Wang 1999) was
applied to solve the ADR and FRK equations, the flow data
of which were obtained by MODFLOW 2000 (U.S.
Geological Survey, Denver, CO 80225-0425) (Harbaugh
et al. 2000). WinPEST (Watermark Numerical Computing &
Waterloo Hydrogeologic, Inc., Ontario, Canada) was used to
calibrate the parameters of the ADR and FRK equations
(Watermark Numerical Computing and Waterloo
Hydrogeologic 1999). A further description of the applied
models and software and the simulation characteristics, to-
gether with the goodness-of-fit criteria, is presented in the
SM. In brief, the 1-D model was configured to have one
row, one layer, and 130 columns (Fig. S1). A constant-flux
boundary was used at the inlet of this model, while a constant
head boundary was used at the outlet. The 2-Dmodel grid was
built to contain 101 columns, 62 layers, and 1 row (Fig. S2).
An injection well with three filters was set as the inflow
boundary condition introducing the background flow.
Another injection well was placed in the model to simulate

the injection port of material in the experiment. Finally, the
outflow boundary was simulated using the drain boundary
condition.

The two parameters of the MT3DMS model for nonequi-
librium sorption, namely first-order mass transfer rate param-
eter (β) and distribution coefficient (Kd), were transformed
into our model parameters (katt and kdet) via the following
expressions (Becker et al. 2015a):

katt ¼ β
�
ε ð8Þ

and

kdet ¼ β
�

ρbKdð Þ ð9Þ

In addition, the initial concentration and the concentration
of all inflow boundary conditions were transformed from
mass concentration into particle number concentration via
Eq. (3), and the output results were translated back to the mass
concentration via Eqs. (3), (4), and (7). Nevertheless, the cal-
ibration of the model requires a specific iterative algorithm
which is described in the next section.

Iterative procedure for optimization of the parameters

The steps of the iterative algorithm for calibrating the param-
eters of the model are as follows:

i. First, assume that there is neither NZVI agglomeration nor
irreversible deposition in the model’s porous media; thus,
the value of r would be equal to the value of r0, which is
equal to the average radius of the particles at time zero.
Then, fit the standard numerical code to the observations,
which are in terms of mass concentration, and obtain the
parameters of the model (katt, kdet, λ1, and λ2).

ii. Use Eq. (7) to calculate r with the λ1 value obtained in the
previous step; assume that t is equal to the average reten-
tion time of the particles in the model domain, and C/C0 is
equal to unity (or in an alternative approach calculated
based on Eq. (S8) in the SM).

iii. Convert the inflow concentration and the concentration
data observed at the outlet(s) from mass concentration to
number concentration using Eq. (3) and the radius of
particles (aggregates) obtained from the previous step.

iv. Fit the model output data (in number concentration) to the
observed data, and optimize the parameters of the model
using the WinPEST model.

v. Beginning at step II, iterate with the new values of λ1
through step IV, until the difference in the values of λ1
for two successive iterations becomes negligible.

As a convergence criteria for λ1, a value of 1 % was con-
sidered to be sufficient because it induced a similar amount of
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error in the estimated size of agglomerates which is relatively
minor in comparison to other possible uncertainties of typical
experimental and modeling procedures. In addition to the con-
vergence for λ1, we investigated the closure between the ob-
servation data and the renewed observation data based on the
new parameters determined in each step of the iterative pro-
cedure. In this way, we obtained one R2 value as a goodness-
of-fit between two sets of data—the model output data after
calibration in each step and the observation data—as well as
another R2 value for two sets of data—the model output data
when updated based on the parameters of the model in that
step and the observation data. The former R2 value was always
the maximum possible value that could be fitted by the model,
whereas the latter R2 value was poor at the initial stages of the
iterative procedure but improved during the iterative proce-
dure to reach the former R2 value. This convergence between
the observation data was monitored for the case in which it is
not feasible to use λ1 as a criterion for convergence, e.g., the
model is heterogeneous, and there are several λ1 parameters in
different zones involved as fitting parameters. In all the simu-
lated cases throughout this paper, an obvious closure was
achieved between the R2 values calculated before and after
each iteration of the iterative process (Figs. S3–S8).

The iterative procedure used in the cases of 2-D modeling
involved averaging the observations in terms of the particle
number concentration for different zones. Although we fitted
the model to the original breakthrough data obtained in the
outlet of the experiment, it should be noted that there was only
a single outlet for the whole 2-D cell, and the outflows of all
sand layers were collected in that single outlet. Therefore, for
converting the observation concentrations from mass to parti-
cle number concentration, it was necessary to average the
observations obtained for the three different zones or vice
versa in order to convert the observation concentrations from
particle number concentration to mass; thus, averaging the
parameters in the three layers was required. This was accom-
plished simply by calculating a weight for each layer consid-
ering their contribution to the simulation results, e.g., based on
the amount of flow or mass entering each layer. The details of
the averaging method are presented in the SM.

Results and discussion

1-D simulations of PSS-modified NZVI

Simulation of the 1-D model at a low particle concentration

At a low particle concentration (0.03 g/L), the model fit the
data well, with R2 in the range of 0.93–0.99 and P values
ranging from 0.43 to 1.00 (Fig. 1a and b and Tables 1, S1
and S2). Initially, simulations were performed by fitting all
four parameters, i.e., katt, kdet, λ1, and λ2. However, in these

cases, both λ1 and λ2 declined to lower bounds of the param-
eter threshold in the parameter estimation process, suggesting
that agglomeration and subsequent irreversible deposition do
not occur at a low concentration of PSS-modified NZVI.
Excluding λ1 and λ2 from the parameter estimation process
resulted in slightly better R2 values, increasing from 0.934,
0.962, and 0.983 to 0.935, 0.964, and 0.984 for F1, F2, and
F3, respectively (Tables S1 and S2). This suggests that the
model of this study is not overparameterized (Goldberg et al.
2014) because, in terms of fitting, it shows the best goodness-
of-fit for the lowest number of parameters, which is the same
number with a counterpart CFT model (Raychoudhury et al.
2012). However, in the cases where the initial aggregates were
pre-formed (i.e., F1 and F2), the correlation between the
modeled and observation data did not passed the significance
test at the 95% confidence interval, as the p values were 0.001
and 0.011 for F1 and F2, respectively (Table S2). Thus, we
allowed the parameter λ1 to decline below zero (Table S2).
Interestingly, the results of the fitting were improved marked-
ly, with R2 increasing to 0.983 and 0.970 for the cases of F2
and F1, respectively, while the p values reached 0.94 and 1.00
for the respective cases (Table S2). In these cases, the negative
values obtained for λ1 and the still negligible value obtained
for λ2 indicated that the net result of the agglomeration-
disagglomeration process during transport is dominated by
disagglomeration. It should be noted that the agglomeration
process in this paper and Phenrat et al. (2009a) is assumed to
be the ne t resu l t o f cont inuous agglomera t ion /
disagglomreation processes which, depending on the particle
characteristics as well as the geophysical, geochemical, and
geohydrology conditions of the media, can be dominated by
either agglomeration or disagglomeration. Interestingly, in this
paper, among 12 cases of simulation for various concentra-
tions and polydispersity statuses, it was revealed that in two
cases of polydisperse dispersions (F1 and F2) at low particle
concentration, the process is dominated by disagglomeration
because at low particle concentration the number of particles
and consequently the number of collisions are not high
enough to accelerate the rate of agglomeration compared to
the rate of disagglomeration in the agglomeration/
disagglomreation process. The disagglomeration for polydis-
perse suspensions (F1 and F2) at low particle concentration
under flow conditions is possible because the agglomerates
had been pre-formed in a static environment and, thus, might
subsequently be subjected to breakage under sheer force as the
particles moved through the porous media. In this set of
modeling, the sensitivity to parameter λ1 rose by four orders
of magnitude compared with the previous set (data not
shown) . This emphasizes the impor tance of the
disagglomeration process at low NP concentrations and sug-
gests that the injection of NZVI at low particle concentrations,
in which disagglomeration rather than agglomeration occurs,
may produce longer migration distances for the particles in
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field-scale projects, as demonstrated here by obtaining a neg-
ligible value for the irreversible deposition parameter, λ2, in all
cases. The greater mobility of small particles of polymer-
modified NZVI in comparison with large aggregates was ob-
served previously, which was attributed to the lower magnetic

moment of the small particles relative to the larger ones
(Phenrat et al. 2009a, 2010a, b). Overall, the modified model
can, at a low NZVI concentration, effectively capture the ma-
jor transport phenomena, deposition and detachment, and ap-
propriately neglect agglomeration, as experimentally

Fig. 1 Comparison of the experimental and modeled breakthrough
curves of the 1-D model: a F3, F2, and F1 at the low concentration of
0.03 g/L; b F3, F2, and F1 at the high concentration of 1 g/L; c F3, F2, and
F1 at the high concentration of 3 g/L; and d F3, F2, and F1 at the high
concentration of 6 g/L. The symbols represent the experimental (Exp.)

data, and the lines represent the modeled (Model) data. The experimental
data were taken from Phenrat et al. (2009a), which had been conducted in
columns (25.5 cm long with internal diameters of 1.02 cm) packed with
spherical silica sand (d50=300 μm) at a pore water velocity of 3.2×
10−4 m/s

Table 1 Simulation results for different cases of the 1-D model

F3-0.03 g/L F3-1 g/L F3-3 g/L F3-6 g/L F2-0.03 g/L F2-1 g/L F2-3 g/L F2-6 g/L F1-0.03 g/L F1-1 g/L F1-3 g/L F1-6 g/L

Katt 7.21E-03 2.08E-02 2.19E-02 2.29E-02 2.07E-03 1.80E-02 1.40E-02 1.60E-02 2.12E-03 2.46E-02 1.00E-02 1.05E-02

Kdet 2.61E-02 6.65E-02 8.29E-02 7.87E-02 8.00E-03 6.38E-02 5.74E-02 6.65E-02 6.57E-03 7.59E-02 3.41E-02 3.61E-02

λ1 – 2.62E-05 3.18E-05 6.96E-04 −1.28E-04 3.33E-04 5.24E-04 5.31E-04 −2.15E-04 8.66E-04 2.19E-03 9.11E-04

λ2 – 1.31E-04 1.93E-04 3.98E-04 9.97E-06 1.10E-03 1.52E-03 1.64E-03 9.58E-06 1.89E-03 2.20E-03 2.27E-03

R2 0.987 0.997 0.997 0.997 0.983 0.996 0.990 0.994 0.970 0.990 0.995 0.996

P-value 0.43 0.98 0.87 0.83 0.94 0.43 0.60 0.70 1.00 0.95 0.77 0.87

Parameter values for the high-concentration cases were obtained after satisfying the 1 %-convergence criterion for λ1. The unit of all of the parameters is
s−1
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observed. Katt and Kdet were on the order of 10
−3 s−1 and Kdet

was always around 3–4 times greater than Katt. This differ-
ence will be discussed later in this paper. Here, it should be
noted that this is in accordance with previous experimental
reports (Phenrat et al. 2009a, 2010b) in which the relative
diluted mass from the column experiment (C/C0) at low
concentration of polymer-modified NZVI was always
higher than 0.9.

1-D modeling simulations at high particle concentrations

According to Phenrat et al. (2009a), at low particle concentra-
tions, F1, F2, and F3 dispersions are transported through po-
rous media without particle agglomeration, whereas at high
particle concentrations, agglomeration plays a substantial role
in limiting NZVI transport. The degree of increase in particle
deposition as a result of agglomeration was in the following
order: F1 > F2 > F3, i.e., F1 was the greatest in aggregation
and subsequent deposition followed by F2 and F3. The orig-
inal study suggested that the limited NZVI transport was a
combined effect of agglomeration, attachment, and irrevers-
ible deposition mechanisms. Nevertheless, it did not quantita-
tively analyze which mechanism played the greatest role.

The simulations for F1, F2, and F3 at high particle concen-
trations (1, 3, and 6 g/L) are presented in Fig. 1c–e and
Table 1. The modified model effectively simulated the break-
through curves in all cases. All of the fitting parameters were
found to be significant, suggesting that agglomeration and
subsequent deposition of the agglomerates was occurring, as
expected for these higher particle concentrations. A conver-
gence error criterion of 0.05 for the parameter λ1 was satisfied
after 3–11 iterations, and a convergence criterion of 0.01 was
satisfied after 4–37 iterations (Table S3). Interestingly, Katt

and Kdet at high particle concentration cases were on the order
of 10−2 s−1, around one order of magnitude greater than they
were at the low particle concentration (0.03 g/L). It is expected
that the Katt and Kdet values are proportional to the population
of particles because there is a larger number of interactions
with the sand surfaces as the number of particles increases (see
the conceptual model description in the supplementary
materials). Kdet was around 3–4 times greater than Katt in
every case, the same trend as observed at the low particle
concentration. Noticeably, Katt and Kdet decreased from F3
to F1 at the same particle concentration, suggesting that small
monodisperse particles (F3) collided with and detached from
the collectors more frequently than polydisperse particles (F2
and F1). This makes physical sense when considering the fact
that F2 and F1 agglomerated at high particle concentrations
and attached more irreversibly to sand grains, thereby reduc-
ing their total number concentration during the transport and
resulting in less Katt and Kdet values. On the other hand, F3
dispersion is less subjected to agglomeration and subsequent
retention due to the existence of a less number of initial

sintered aggregates in the dispersion (Phenrat et al. 2009a).
This leads to the maintenance of the particle population during
the transport of F3 dispersion, resulting in larger values for
Katt and Kdet because of larger number of interactions with
sand surfaces.

Agglomeration (which results in decreases in the particle
population) reduces the frequency of collisions, but every col-
lision has a high attachment probability, as to be discussed
subsequently when analyzing the λ1 and λ2 trends together
with Katt and Kdet. In BDeposition at high NZVI particle
concentrations^ and BDetachment at high particle
concentrations^ sections we will discuss each phenomenon
(i.e., agglomeration, deposition, and detachment) separately.
These analyses were not conducted in the study of Phenrat
et al. (2009a) because it was not possible to quantitatively
decouple the agglomeration, deposition, and detachment rates.
Here, however, a distinctive parameter has been attributed to
each phenomenon so that the role of each process can be
quantified independently.

The impact of the agglomeration process at high NZVI
concentrations λ1 represents the agglomeration rate constant
in each case. A comparison of the λ1 values for F1, F2, and
F3 at different particle concentrations indicates whether the
modified model appropriately captures the agglomeration
phenomenon. Noticeably, for each of the particle fractions
(F1, F2, and F3), its λ1 increased with the particle concentra-
tion (Table 1). This makes physical sense, as the agglomera-
tion rate (λ1) theoretically increases with the particle popula-
tion. Furthermore, at the same particle concentration, the λ1
trend was as follows: F1 > F2 > F3, which is in good agree-
ment with the physicochemical properties of F1 dispersion,
which has the greatest agglomeration tendency, followed by
F2 and F3. This greatest agglomeration tendency is due to the
fact that the increase in the magnetic force is proportional to
the sixth power of the aggregate radius (Phenrat et al. 2009a).
It should be noted that according to the initial particle size
distribution (Phenrat et al. 2009a), the variation in the particle
number concentration is not substantial among different dis-
persions of F1, F2, and F3 in comparison to that in the mass
(volume) concentration—more than 98% of the population in
all the dispersions are related to the smaller peak in the number
weighted particle size distribution (Phenrat et al. 2009a; see
also Table S4 in the SM). The slight differences in particle
number concentration between these cases even follow the
order F3 > F2 > F1 (Phenrat et al. 2009a), which is in contrast
with the trend obtained for λ1, suggesting that the role of
magnetic force in inducing the aggregation of NZVI in porous
media is more pronounced than that of the particle number
concentration.

Overall, for a given dispersion, e.g., F1, λ1 decreases with
decreasing concentration so that at very low concentration of
0.03 g/L, λ1 becomes negative, showing that the process of
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aggregation/disaggregation is governed by disaggregation.
Furthermore, for a given concentration, e.g., 6 g/L—λ1 de-
creases from dispersions with more initial large aggregates
to dispersions with fewer initial large aggregates, even though
the particle number concentrations of different dispersions are
almost the same.

Deposition at high NZVI particle concentrations

Katt and λ2 represent the characteristics of NZVI deposition.
Discussing the Katt and λ2 values for F1, F2, and F3 at differ-
ent particle concentrations indicates how the model appropri-
ately captures the deposition phenomenon.

When the concentrations were high, Katt ranged from 0.01
to 0.025 s−1 (Table 1), which is up to three orders of magnitude
greater than the values reported in the literature (Johnson et al.
2007; Landkamer et al. 2013; Raychoudhury et al. 2014),
which were typically estimated by CFT. The discrepancy be-
tween the results of the present study and the CFT values is
presumably due to the fact that CFT does not model agglom-
eration and deposition. In the studies that have modified the
CFT to capture the effect of agglomeration (Raychoudhury
et al. 2012; Taghavy et al. 2015) or site-blocking phenomena
(Bai and Li 2012; Becker et al. 2015a; Li et al. 2008; Wang
et al. 2008, 2014), multiple values for the deposition parame-
ter are obtained in various temporal and spatial points of mod-
el domain based on the variation of size with the growth of the
particles, making it difficult to accurately compare their mul-
tiple deposition parameter valueswith our constant attachment
and irreversible deposition parameters over the desired tem-
poral period or spatial zone of the model domain. Moreover,
this modified model separates the two major phenomena via
the addition of λ2 (see the verification of the necessity of λ2 in
the SM), which corresponds to the subsequent irreversible
deposition of agglomerates. In effect, variations in the size
of particles due to agglomeration account for the deviation
from the CFT. CFT assumes that particles within porous me-
dia remain at a constant size and, therefore, it only considers
one mode of deposition for all particles (Phenrat et al. 2009a).
Meanwhile, in this study, relying on the extended DLVO anal-
ysis published previously (Phenrat et al. 2009a, b), we took
into consideration the presence of two modes of deposition:
one for the population of particles that reversibly attach to the
collector surface (represented by Katt and Kdet) and another for
the population of particles that have grown sufficiently for
irreversible deposition (represented by λ2).

Conspicuously, at the same particle concentration, Katt

values were in the following order: F3 > F2 > F1. However,
this parameter only represents the collision of particles with
the sand surfaces that either are going to rebound from or be
temporarily retained on the porous material surfaces; this pa-
rameter does not account for permanent deposition. F1 had a
lower number of interactions with porous media surfaces than

F2 and F3 because after agglomeration, F1 had a smaller
number of NZVI particles (aggregates) than F2 and F3, even
though F1’s clusters may have been larger in size. In contrast,
at the same particle concentration, the trends for λ2 values
were in the following order: F1 > F2 > F3, indicating that
although the total number of particles (aggregates) in the F1
dispersion during transport in the subsurface media is smaller
than in F2 and F3, the number of large clusters that have a
greater tendency for irreversible deposition (due to their
deeper secondary minimum well; ∼ −3500, −800, and −3
KBT for larger aggregates in F1, F2, and F3, respectively) is
larger than those in F2 and F3 (Phenrat et al. 2009a). This is in
complete accordance with the conceptual model in the SM
because when the number of particles is high, the Katt value
is considerable (e.g., in the F3 dispersion), whereas when the
tendencies for aggregation and irreversible retention due to the
large size of aggregates are high, λ1 and λ2 values are signif-
icant (e.g., in the F2 and F1 dispersions).

Detachment at high particle concentrations

Kdet represents the detachment rate constant in each case. The
simulation results for Kdet in the cases of high-concentration
dispersions ranged from 0.034 to 0.083 s−1. Similar to the
trend observed for Katt at the same particle concentration,
Kdet values were predominately in the order: F3 > F2 > F1,
in agreement with DLVO secondary minimum (particle col-
lector) calculated for large particles in F1 and F2 dispersions
to be 4 orders of magnitude larger than that in F3 dispersion
(Phenrat et al. 2009a). This confirms that a larger number of
interactions (attachment and release) occurs for the disper-
sions that contain a negligible number of large aggregates
and predominately contain <100-nm particles. It is interesting
to mention that by decreasing the size of particles, Brownian
motion (considered both in CFT and the new modeling ap-
proach of this study) leads to higher particle mobility and
transport to the collector surface. CFT considers this effect in
the parameter contact efficiency (η0) (Tufenkji and Elimelech
2004), while our modeling approach reflected this effect in
Katt and Kdet together. It should be noted that similar to our
model, CFT also needs an additional parameter to take ac-
count of detachment (Raychoudhury et al. 2012, 2014); thus,
it has a similar number of parameters with our model.
Additionally, in CFT, the fraction of particles retained at the
collector surfaces is accounted for by the attachment efficien-
cy, whereas our model accounts for it via λ2, a sink term in the
population of already attached particles. The detachment
mechanism has been neglected in a large number of NP trans-
port studies (e.g., Chowdhury et al. 2012a; Cullen et al. 2010;
Kanel et al. 2007; Kocur et al. 2013; Mattison et al. 2011;
Wang et al. 2010, 2012b). However, this study reveals that
detachment is an important mechanism in the transport of
polymer-modified NZVI because the detachment rates are
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higher than the attachment rates in all the cases of the simula-
tion of Phenrat et al. A detachment rate greater than the attach-
ment rate has been already observed for polymer-modified
NZVI (Raychoudhury et al. 2014) and other colloids
(Bradford et al. 2002, 2003; Schijven and Hassanizadeh
2000). However, the next section demonstrates that a detach-
ment rate greater than the attachment rate is not always the
case, as it is also governed by the physicochemical character-
istics of the polymer-modified NZVI (Raychoudhury et al.
2012).

1-D Simulation of CMC-modified NZVI

To simulate another kind of polymer-modified NZVI with
continuous injection condition, the transport data of
carboxymethyl cellulose-modified NZVI (CMC-NZVI)
through sand-packed columns were used (Raychoudhury
et al. 2012). The results of this suite of simulations, presented
in Fig. 2 and Table 2, are in overall agreement with the
aggregation/deposition model of Raychoudhury et al., as well
as with previous simulations in this study. In addition, in the
case of low concentrations of CMC-NZVI, the model in this
study performed even better than the modified CFT model of
Raychoudhury et al. (Fig. 2). This indicates that the proposed
rate equation-based model of our study is promising for a
variety of polymer-modified NZVI types and injection
conditions.

Although, as mentioned already, it is difficult to compare
the parameters resulting from the current simulation with
those of Raychoudhury et al. (2012) because of multiple
values of Kdep parameters in the model of that study, we
roughly calculated and averaged the values of the Kdep based

on their modeling results in order to compare them with the
Katt values in this study. This comparison showed that Katt

values in our study are lower than the deposition rate coeffi-
cient (Kdep) from the CFTmodel by 10, 17, and 41% at 0.725,
0.2, and 0.07 g/L, respectively. In contrast, the Kdet values in
this study are larger than those resulting from the CFT model
by 82, 78, and 8 % at 0.725, 0.2, and 0.07 g/L, respectively.
These differences may emanate from the existence of a dis-
tinct parameter, λ2, in the current model, which accounts for
permanent deposition, or different approaches used in model-
ing agglomeration in the two studies. It should be indicated
that using a first-order rate model for attachment in our study
and Raychoudhury et al. (2012) does not imply that the deter-
mined parameter values must be the same in the two models
because a different applied approach in other phenomena re-
sults in two completely different models. However, we com-
pared our results with the modeling results of that study be-
cause that was the most similar modeling approach to this
study’s approach. In the case of 0.07 g/L, the simulated and
experimental data in Fig. 2 reveals that CFToverestimates the
breakthrough curve from 1.3 to 3.1 PV and underestimates it
from 3.1 to 8 PV. The current modeling study, however, ame-
liorates this discrepancy by using a lower value of Katt and a
larger value of Kdet so that more CMC-NZVI particles, on
average, can be deposited before a 3-PV injection of NZVI,
with a greater average release afterwards.

The λ1 values in both cases of high concentrations, 0.725
and 0.2 g/L, are very similar (3 % different), and they are also
similar to what was already obtained for RNIP at a concentra-
tion of 1 g/L for the case of F2 (36 % different). In this sim-
ulation, λ1 at the concentration of 0.07 g/L tends toward the
lower boundary of the parameter estimation limit, 1× 10−8 S−1

which is considered as zero, and is in agreement with the
simulation results of RNIP transport at the low concentration
of 0.03 g/L. In contrast, the value of λ2 at 0.07 g/L, although
lower than that of the other cases, does not reach zero in the
parameter estimation process, in contrast to the λ2 value ob-
tained for RNIP previously. It should be noted that the initial

Fig. 2 Modeled breakthrough curves of CMC-NZVI transport data from
Raychoudhury et al. (2012) at different concentrations (0.07, 0.2, and
0.725 g/L). Points represent experimental data, (Exp.), dashed lines show
the simulation results of Raychoudhury et al., and the solid lines represent
the simulation results of the current study. Data were obtained from
Raychoudhury et al. (2012) with permission from Elsevier

Table 2 Simulation results for continuous injection of CMC-NZVI

C0=0.725 g/L C0=0.2 g/L C0=0.07 g/L

Katt 1.50E-03 8.42E-04 4.29E-04

Kdet 4.70E-04 3.84E-04 9.11E-05

λ1 2.17E-04 2.11E-04 2.21E-08

λ2 2.33E-04 3.95E-04 1.14E-05

R2 0.961 0.971 0.959

P-value 0.61 0.54 0.69

Growth in size (nm) 9 8 –

Parameter values for the high-concentration cases were obtained
after satisfying the 1 %-convergence criterion for λ1. The unit of
all the parameters is s−1
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hydrodynamic size of CMC-NZVI in the original paper
(Raychoudhury et al. 2012) was 190 nm, which is 3–4 times
larger than that of the polymer-modified RNIP (41 to 75 nm)
in the study of Phenrat et al. (2009a). Thus, the larger size of
injected CMC-NZVI might cause irreversible deposition even
when the concentration is low and no aggregation occurs (a
negligible value for λ1). As already mentioned, the Kdet values
in this suite of simulations are not higher than the Katt values,
in contrast to the RNIP simulation results. This lesser than
expected detachment rate may be the result of the large initial
size of the injected particles.

2-D simulations

Up-scaling of the model to 2-D simulations

In the previous sections, we verified that the model is appli-
cable to simulating two types of polymer-modified NZVI
transport through a 1-D homogeneous porous media. To eval-
uate the potential for applying the modified model in a more
realistic 2-D flow within a heterogeneous porous media set-
ting, we simulated the experimental breakthrough data from a
multi-layered 2-D flow cell (variations in hydraulic conduc-
tivity) conducted by Phenrat et al. (2010a). The original study
concluded that stratified heterogeneity in hydraulic conductiv-
ity had a significant impact on the deposition of NZVI.
Obviously, polymer-modified NZVI followed preferential
flow paths and deposited in the regions where fluid shear
was insufficient to prevent NZVI agglomeration and deposi-
tion. Nevertheless, they did not explain the extent of agglom-
eration and deposition in each sand layer. Similar to their 1-D
experimental study, Phenrat et al. (2010a) suggested that the
limited NZVI transport was a combined effect of agglomera-
tion, attachment, and irreversible deposition mechanisms.
They did not, however, quantitatively analyze which mecha-
nism played a greater role in each sand layer.

With the dispersivity values obtained from fitting the
MT3DMSmodel to the nonreactive tracer data (see full details
of the dispersivity determination in the SM), theMRNIP2 data
at the low concentration were simulated using two parameters,
Katt and Kdet, in three zones of heterogeneity. Similar to the 1-
D flow at the low particle concentration, both λ1 and λ2 were
neglected from the modified model, as agglomeration is not
relevant at a low particle concentration.

However, the other cases of MRNIP2, with high inflow
concentrations, were simulated through an iterative procedure
using all four parameters in each of the three zones to capture
agglomeration and deposition. The results show no obvious
convergence for the parameter λ1 because each parameter
produced different behaviors within different layers
(Figs. S6a–S8a). However, after 3–5 iterations, all three cases
demonstrated a noticeable closure for the observation data (as
determined by the R2 values before and after each iteration)

(Figs. S6b–S8b). Satisfying these criteria (described in the
BIterative procedure for optimization of the parameters^ sec-
tion) confirms that the iterative procedure can be applied, even
though the uncertainties induced by the averaging method and
the zonal approach of the parameter estimation process were
substantial.

The results of the 2-D simulations for all four cases are
presented in Fig. 3 and Table 3. The best results were achieved
for the washed MRNIP2 at the high concentration of 6 g/L,
with an R2 of 0.951 and a p value of 0.58. In the other cases,
however, the R2 coefficients were poorer (i.e., 0.787, 0.801,
and 0.751 for low-concentration (unwashed), oxidized, and
high concentration (unwashed) MRNIP2, respectively) de-
spite passing the significance tests, with p values ranging from

Fig. 3 Comparison of the experimental and modeled breakthrough
curves of the 2-D model: a Washed MRNIP2 at the high concentration
of 6 g/L, oxidized (and washed)MRNIP2 at the high concentration of 3 g/
L, and tracer data. bUnwashedMRNIP2 at the high concentration of 6 g/
L and at the low concentration of 0.3 g/L, together with the tracer data.
Symbols represent the experimental (Exp.) data, and lines represent the
modeled (Model) data
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0.55 to 0.67. Although the model of this study does not have
specific parameters to distinguish different surface character-
istics of NZVI such as oxidized shell properties, we tried to fit
the model to the data of oxidized NZVI transported in the 2-D
model. In spite of achieving an acceptable fitting, it was not as
effective as non-oxidized NZVI. In the context of this model-
ing study, the reason behind the poorer fitting to this set of data
is not exactly clear. Similarly, in spite of no specific consider-
ation for the existence of free polymer in the dispersion of
NZVI, the injected slurries of NZVI in two of the simulated
data sets, i.e., at low concentration and high concentration
(unwashed) MRNIP2, contained free polymer. The poorer fit
in these cases compared to that of the washed MRNIP2 is due
to the coexistence of free polymer and polymer-modified
NZVI in the injecting dispersion combined with the complex-
ity of the 2-D model, which was made apparent by the exis-
tence of multiple peaks in the experimental breakthrough
curves produced by heterogeneous sand packing. Recently,
several studies have shown that the free polymer in the nano-
particle dispersion can significantly affect the transport behav-
ior of NPs (Becker et al. 2015a, b; Wang et al. 2014).
Especially, Wang et al. (2014) found that the preferential ad-
sorption behavior of free polymer near the column inlet hin-
ders the attachment of NPs, whereas near the outlet, NPs at-
tached to the solid surfaces without interference of free poly-
mer. A more accurate modeling of this effect will be possible
if a separated species is considered in the model formulation to
represent the free polymer (Becker et al. 2015b), which is
beyond the scope of this study.

At the high particle concentration, several interesting trends
emerged when comparing Katt, Kdet, λ1, and λ2 of the different
experimental conditions and different porous media layers
(Table 3). First, for the same type of NZVI particles, the λ1

of the medium sand layer was always around 1 to 2 orders of
magnitude greater than those of the fine and the coarse sand
layers. This suggests that substantial agglomeration took place
in the medium sand layer in comparison with the fine and the
coarse sand layers. This makes physical sense because the
NZVI that flowed through the coarse and fine sand layers
encountered some unfavorable conditions for agglomeration.
For example, most of the water flowed through the coarse
sand layer, as evident in the flow field simulation (see the
SM). Thus, the pore-water velocity through the coarse sand
layer was relatively high (up to 0.54 cm s−1), which might
have prohibited NZVI agglomeration (Phenrat et al. 2009a,
2010a). Similarly, the pore size of the fine sand layer was
significantly smaller than those of the medium and the coarse
sand layers, resulting in a relatively high pore-water velocity
(up to 0.65 cm.s−1), which is unfavorable for agglomeration.
In contrast, the flow velocity through the medium sand layer
was lower than those of the other layers (up to 0.055 cm s−1),
making the medium sand layer the most favorable of all three
layers for NZVI agglomeration. At the high particle concen-
tration for all polymer-modified NZVI conditions, Katt in
coarse-sand layer is larger than that in fine-sand layers which
is in turn larger than Katt in medium-sand layer; moreover,
Kdet in coarse zone is almost similar to Kdet in fine layers
which is much greater than that in the medium layer. This
matches very well with the flow field simulation (see the
SM) for the 1-D simulation and CFT, in which the higher
velocity induced more collision between the particles and
the collector. Furthermore, for the same type of NZVI parti-
cles, the λ2 of the coarse sand layer was around 5–10 times
smaller than those of the fine and the medium sand, suggest-
ing that attachment at the coarse sand layer was more revers-
ible than that of the medium and fine sand layers. This also
makes physical sense because the sheer forces from the flow
field are supposed to be greatest in the coarse sand layer due to
it having the highest flow rate among the three layers.

Comparison of the concentration contours in the 2-D
simulations

To compare the NZVI concentration contours simulated based
on the λ1 values with the experimental observations (photos),
the output concentrations from the simulation, in terms of the
particle number concentration, were converted back to mass
concentrations. To do so, in every spatial point of the model
domain, the conversion was performed by calculating the radii
of the agglomerates based on the λ1 for the layer that
contained a given point using the minimum time for agglom-
eration, tmin. The term tmin was defined as the minimum of the
three times, including the time at which the photo was taken,
the retention time of particles in each layer, and the particle
transport time from the left-hand side of the model domain to
the given point.

Table 3 Simulation results for different cases of the 2-D model

Low-concentration Washed Oxidized Unwashed

Katt−Fine 6.82E-03 2.34E-02 6.73E-03 3.33E-01

Katt−Medium 2.78E-03 3.67E-03 1.81E-03 8.35E-03

Katt−Coarse 3.90E-03 1.49E-01 8.18E-02 2.46E+00

Kdet−Fine 4.88E-03 5.02E-02 1.46E-02 3.09E-01

Kdet−Medium 1.69E-05 1.75E-04 6.32E-05 9.24E-05

Kdet−Coarse 1.23E-03 2.83E-02 1.22E-02 2.86E-01

λ1−Fine – 1.46E-04 3.01E-05 1.25E-05

λ1−Medium – 2.27E-03 2.05E-03 2.99E-04

λ1−Coarse – 9.87E-05 1.08E-04 1.40E-04

λ2−Fine – 2.48E-04 1.20E-04 2.23E-04

λ2−Medium – 3.08E-04 6.02E-04 1.26E-04

λ2−Coarse – 1.27E-04 2.64E-05 3.23E-05

R2 0.787 0.951 0.801 0.751

P-value 0.65 0.58 0.55 0.67

The unit of all the parameters is s−1
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Figure 4 compares the resulting concentration contours
based on the λ1 values obtained in the initial iteration and
the final iteration with the photos of the washed MRNIP2

plume (experimental results). These results show an overall
improvement in the agreement between the experimental and
simulated shapes of the NZVI plume after estimating λ1

Fig. 4 Comparison of the experimental photos with the modeled, color-
shaded plots for washedMRNIP2 at the high concentration of 6 g/L. The
experimental photos were taken from Phenrat et al. (2010a). The upper,

color-shaded plots of each photo were obtained in the initial iteration of
the iterative procedure, while the lower plots were obtained in the final
iteration
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values through the iterative procedure. However, about a two-
fold overestimation is obvious in the right side of the medium
layer, which may have been due to the uncertainties found in
this layer. In fact, low velocities obtained from the flowmodel
in this area led to a large calculated tmin, which together with
an order of magnitude greater value of λ1 estimated in the
medium layer in comparison to that of the other layers pro-
duced the largest-sized agglomerates. Accordingly, the largest
calculated size of agglomerates resulted in the highest calcu-
lated mass concentration by Eq. (3). This suggests that to
optimize the model parameters for real field remediation pro-
jects with NZVI, a thorough monitoring of the NZVI concen-
trations in every layer of the field area is necessary to resolve
the uncertainties of the parameter estimation process caused
by heterogeneity.

Mass conservation

We examined the mass conservative ability of the model with
two approaches. In one approach, the cumulative mass bud-
gets for all items involved in the modeling were checked at the
end of each stress period or transient time step. These exam-
inations showed that the discrepancies between the budgets of
mass which entered the model domain and exited from,
stored, or reacted in the model domain were far below 1 %
in most of the simulation cases and, in very few cases, reached
near 1 %. In another approach, the mass recovery results, i.e.,
the ratio of the sum of effluent mass exiting from the model to
the sum of influent mass flowing into the model, were com-
pared between modeling results and the experimental results.
The results of this investigation for the final iterations of the
various cases of the 1-D and 2-D simulations are reported in
Tables S5 and S6, respectively. The average discrepancy of
the mass recovery between the model results and the experi-
mental results for 1-D modeling was 0.6 %, demonstrating
that the proposed model is a mass-conserving model. The
mass recovery discrepancy between the modeled and experi-
mental results of the 2-D model was maximum for washed
MRNIP2, 6.5 %. This is very close to 5 % of the effluent
slurry that passed through the two upper ports in the 2-D
experiment whereas in the modeling procedure we assumed
the two upper outflow ports to be a no-flow boundary because
the effluent passing through these ports was negligible (less
than 5 %) according to the former study (Phenrat et al. 2010a).
Therefore, the model’s performance in such a heterogeneous
and complicated model domain, which is reflective of field
sites, is promising.

Prediction of the size of the agglomerate

The sizes of the agglomerates calculated based on the obtained
λ1 values were comparable to the results of the correlation
equation developed by Phenrat et al. (2010b). The input

parameters for these calculations are presented in Tables S7
and S8. A comparison was made for the cases of F1 and F2 at
6 g/L (available among the 1-D model cases) and washed
MRNIP2 (available among the 2-D model cases). The dis-
crepancy between the results of the current study based on
the λ1 values achieved in the initial stage of the iteration pro-
cess and those of Phenrat et al. were 55, 46, and 42 % for F1
(6 g/L), F2 (6 g/L), and washed MRNIP2, respectively
(Fig. 5). Interestingly, the agglomerate sizes obtained based
on the λ1 values in the final stage of the iteration process
showed that the diminution of these errors to 47, 41, and
32 %, respectively, was statistically significant (p<0.05)
(Figs. 5 and S9). This demonstrates that the proposed model
is consistent with the existing model, and it furthermore sug-
gests that the resulting λ1 values from the proposed iteration
algorithm can be useful for predicting the sizes of agglomer-
ates formed during the transport of polymer-modified NZVI in
subsurface environments, which has not been often consid-
ered in the literature (Areepitak and Ren 2011; Chatterjee
and Gupta 2009; Grolimund et al. 2001; Petosa et al. 2010).

Similarly, the growth in particle due to agglomeration in
porous media resulting from the current simulation is in close
agreement with that measured by Raychoudhury et al. (2012)
for CMC-NZVI suspensions in batch experiments. The results
obtained at 0.725, 0.2, and 0.07 g/L show 18 nm, 16 nm, and
zero increases, respectively, in the sizes of particles due to
aggregation over the duration of the column experiment
(∼20 min) (Table 2). This is comparable with the results of
Raychoudhury et al. (2012) for CMC-NZVI suspensions,
where over the course of an ∼1-h batch experiment, 76 nm,
28 nm, and negligible increases in the sizes of particles were

Fig. 5 Comparison of the sizes of the agglomerates obtained in the final
iterations and by the empirical correlation of (Phenrat et al. (2010b)).
Input parameters and the results of their empirical correlation are
presented in Tables S7 and S8
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observed for the cases of 0.725, 0.2, and 0.07 g/L,
respectively.

Feasibility evaluation and limitation

This study shows that by implementing the proposed equa-
tions based on particle number concentration, the effect of
agglomeration can be accounted for, and that by using an
iterative procedure, the model parameters can be estimated
and the sizes of the agglomerates at a given distance and time
can be predicted in 1-D and 2-D heterogeneous porous media.
Both agglomeration and detachment were found to be opera-
tive mechanisms in the transport of polymer-modified NZVI.
This model needs to calibrate four parameters to capture the
effects of attachment, detachment, agglomeration and irre-
versible deposition—similar to the CFTmodel which requires
the estimation of the contact and attachment efficiencies for
the attachment mechanism in addition to two more parameters
for agglomeration and detachment mechanisms (Tufenkji and
Elimelech 2004). However, CFT does not consider the irre-
versible deposition as a consequence of agglomeration where-
as it has been considered in our model through one of the four
aforementioned parameters. In addition, because no stochastic
algorithm was used in the studied model, it benefits from the
application of the inverse model (WinPEST) for the adjust-
ment of parameters—a recent study that modeled the transport
of NPs mentions the lack of this advantage for particle
tracking-based numerical models (Taghavy et al. 2013).
Further comparison of the proposed model with the CFT
shows that CFT in combination with Smoluchowski model
and using multiple values of Kdep is able to predict the particle
size distribution whereas the proposed model of this study has
the limitation of not being able to predict the particle size
distribution although it can capture the effect of
polydispersivity. However, the existence of multiple Katt

values for various sizes in different spatial and temporal points
of the model domain can increase the computational effort in
CFT combined with the Smoluchowski model, even though it
does not add to the number of parameters in the model.
Furthermore, another drawback with the combination of
CFT and the Smoluchowski model is that the calibration of
the aggregation parameter (∝pp) with the deposition parameter
(∝pc) at the same time has not been possible up to the time of
this study. Thus, it requires conducting a static, batch experi-
ment to obtain ∝pp for the given initial concentration of NPs
and the same geochemical conditions (e.g., pH and ionic
strength) but ignoring hydrodynamics of transport in porous
media. Consequently, it is not clear how much the resulting ∝
pp is reliable to be used for the simulation (Dale et al. 2015).
On the other hand, in our modeling approach, the simulta-
neous calibration of agglomeration and transport parameters
is facilitated via a novel iterative technique so that all the

parameters of the model mechanisms including agglomera-
tion, attachment/detachment, and irreversible deposition can
be calibrated simultaneously even with the existence of differ-
ent zones of heterogeneity in the model domain. Furthermore,
to the best of our knowledge, this is the first time that the
reversible and irreversible depositions of nanoparticles in po-
rous media resulting from agglomeration are distinguished
both mathematically and conceptually. This was accom-
plished in this study by considering a common first-order,
reversible, kinetic-reaction equation for the attachment/
detachment process as well as a sink term in the attached
phase of particles.

The kinetic parameters obtained in this modeling study can
be useful for the application of highly parameterized models
of the fate and transport of NPs in the environment, which
require a large number of input kinetic parameters, e.g., the
recent multi-media model of Meesters et al. (Meesters et al.
2014). The results of the 2-D heterogeneous model suggest
that monitoring the concentration in each layer of the model
domain is necessary to minimize the uncertainties related to
the estimated parameters. In field applications of NZVI, such
monitoring has been performed via multi-level monitoring
wells (Quinn et al. 2005; Su et al. 2012; Wei et al. 2010).
Verifying the suitability of using this study’s model with field
data can be the subject of future studies.

Overall, our modeling procedure—thanks to employment
of the PEST model for calibration of parameters in different
zones of the model domain as well as utilizing the
MODLFOW family models—is capable of simulating the
transport and agglomeration of polymer-modified NZVI in
the aquifers with various geological stratifications, in both
steady state and transient modes. In this way, it not only con-
siders heterogeneity in soil particle size and velocities but also
can simulate preferential flow paths and thereby preferential
paths of nanoparticle plume.
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1. Conceptual model. We based our conceptual model upon two principles of particle 

transport and agglomeration according to the litrature (Phenrat et al. 2010a; Phenrat et al. 2010b; 

Phenrat et al. 2009),. One of these principles is when there are initial aggregates in the 

dispersion, other individuals particles begin to be attracted to the aggregates and increase their 

sizes. Thus, the larger the population of aggregates is, the more agglomeration phenomena 

occurs. The second principle is that, the larger the sizes of agglomerates are, the more their 

tendency for deposition is. Accordingly, three scenarios are considered in the conceptual model 

as follows:  

Scenario I. There is no inintial aggregates in the popualtion of particles. Thus, there is no 

agglomeration (Fig. S10a). The mathematical model for this case is expressed by Eqs. (S1) and 

(S2) as follows: 
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here, attachment and detachment are expressed as first-order reaction rates. If the number of 

individual particles is high, the number of attached particles will be high, and subsequently the 

number of detached particles will be high too (because of the first-order reaction, the particles 

react proportional to their concentration or population). Eventually, the net result of deposition is 

zero as it has been shown by the experimental reports (Fig. S10a) (Phenrat et al. 2009). 

Scenario II. There are initial aggregates in dispersion, yet we do not assume the tendency for 

deposition of aggregates is higher than that of individual particles (Fig. S10b). In other words, 

the first abovementioned principle is used but the second one is not applied yet. As a 

mathematical model, a sink term in Eq. (S1) should be added, in order to decay the population of 

aqueous-phase particles because of agglomeration: 
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In this case, the population of particles (herein referred to all tiny particles and grown 

agglomerates) is less than the previous case because of the agglomeration. Therefore, the number 

of attached particles is less than the previous case and consequently the number of detached 

particles is also less due to the first-order reaction which indicates the particles react proportional 

to their concentration or population. The net result of deposition is zero after all, which is not 

consistent with the previous report (Phenrat et al. 2009). However, as the second principal is not 

incorporated yet in this scenario, this scenario is rejected.  
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Scenario III. A scenario similar to the previous one is considered but with the assumption that 

there is a difference between the attachment tendencies of individual particles and large grown 

clusters. In other words, as the tendency of agglomerates for deposition is higher than the 

individual ones, they attach to the collector surface greater than the individual particles (second 

principle) (Fig. S10c). 

In this case there is less agglomeration in fluid phase than the previous scenario, because 

the number of agglomerates has decreased due to deposition. Consequently, the agglomeration is 

less than the previous case. Thus, the rate of attachment is between those of the two scenarios of 

(I) and (II). Nevertheless, as the detachment is in line with the population of attached particles 

and the model cannot identify whether the particles are small individual particles with shallow 

secondary minimum wells or a large clusters with deep secondary minimum wells, the net result 

of deposition is again zero. This is not in agreement with the previous paper (Phenrat et al. 2009) 

expressing that there should be retention in the system when the agglomeration occurs, i.e., the 

resulted, net deposition cannot be zero in case of agglomeration. 

Hence, there is a need for another sink term to be added in the governing equation (Eq. 

(S3)) to decay the population of attached-phase agglomerates in order to have a less population 

of agglomerates in the attached phase, and subsequently reduce the return of the particles back to 

the fluid-phase (reduce the detachment). This final mathematical model is as follows: 
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Based on this final mathematical model the net result of deposition is not zero, because 

some of the attached aggregates have been disappeared from the attached phase by the new sink 

term in the attached phase. It is interpreted as the subsequent deposition of agglomerates which 

are disappeared from the system. In other words, since they are "irreversibly" attached and are 

not able to return to the fluid phase any longer, their population is not counted as part of the 

population of the attached-phase particles. In fact, we have used a perfect sink model within a 

non-penetration model. 

 

2. Unity assumption of      in Eq. (7).       in Eq. (7) was considered to be unity 

because the change in mass concentration theoretically cannot be reflected in an agglomeration 

equation, unless it is the effect of other phenomena, such as deposition, occurred for the particles 

in the system. Besides, since Eq. (7) is solved simultaneously with Eqs. (1) and (3), the effect of 

deposition may be introduced in      and therefore it can influence the agglomeration. On the 

other hand, there are indications that this effect is negligible. One such indication is that, in 

estimating the size of the agglomerate in the empirical correlation equation developed by Phenrat 

et al. (Phenrat et al. 2010b), no parameter representing the effect of deposition on agglomeration 

has been found to be significant. Hence, it is assumed that      in Eq. (7) is equal to unity. 

Moreover, during the parameter estimation process, which is performed via an iterative 

technique in this study, all the parameters of the model  (  ,   ,     , and     ) are optimizing 

together concurrently. Therefore, if there would be any effect of deposition on agglomeration, it 

can be excreted on the agglomeration parameter (  ) during parameter estimation procedure. 

Thus, the unity assumption of      can conceptually be acceptable. To validate this assumption 

even further, the opposite hypothesis, i.e.,      in Eq. (7) can be affected by deposition, was 
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also tested by supposing that      in Eq. (7)  is calculated using the following equation 

(Bradford et al. 2006; Schijven and Hassanizadeh 2000):  

 

  
 
            

 (         )  

         
         (S8) 

 

3. Applied models and graphical interfaces. In this study, the public-domain code of 

MT3DMS (U.S. Army Corps of Engineers, Washington, DC) (Zheng and Wang 1999) was 

applied for all the transport simulations. MT3DMS is a code from the MODFLOW family (U.S. 

Geological Survey, Denver, CO 80225-0425) (Harbaugh and U.S. Geological 2005) and it has 

been widely used to model the groundwater pollutant transport in recent decades (Zheng and 

Bennett 2002). The flow-field input data for MT3DMS was computed via MODFLOW 2000 

(Harbaugh et al. 2000). The required files for running MT3DMS and MODFLOW2000 were 

translated by the graphical interface, Visual MODFLOW, version 2011.1 (Schlumberger Water 

Services Inc., Ontario, Canada) (Schlumberger Water Services 2011). Another software named 

WinPEST (Watermark Numerical Computing & Waterloo Hydrogeologic, Inc., Ontario, 

Canada) (Watermark Numerical Computing & Waterloo Hydrogeologic 1999) was used to 

calibrate the transport parameters. To validate model simulations and optimizations, the first-step 

of the iterative procedure for several cases of the 1-D model was conducted using a different 

graphical interface i.e., Groundwater Vistas, version 5 (Environmental Simulations, Inc., (ESI), 

PA) (Rumbaugh and Rumbaugh 2011) and through a manual calibration process described in the 

literature (Rumbaugh and Rumbaugh 2011). The results of these duplicate simulations are 

presented in this document.   
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4. Simulation characteristics. The 1-D model was simulated in a horizontal configuration, 

and with rectangular cross-section, the area of which was equivalent to the circular cross-section 

of experimental column. The horizontal assumption of vertical column cannot influence the 

simulation result since the variable density effect is not considered in this study as it cannot be 

accounted for by the MT3DMS model. Equal velocity between the flow model and the 

experiment was obtained. One row, one layer, and 130 columns configured the model grid. The 

model grid design involved the refinement of grid cells in areas around the inlet and outlet 

boundaries (Fig. S1). Refining and smoothing capabilities of Visual MODFLOW were 

incorporated to achieve this goal. A constant-flux boundary was used at the inlet of the model, 

and a constant-head boundary was used at the outlet. Other boundary conditions were selected as 

no-flow boundary. Such a selection of boundary conditions had been reported previously 

(Fagerlund et al. 2012). Longitudinal dispersivity was estimated through the calibration process 

of the case F3 at low concentration. This estimation resulted in a value of 0.015 cm which was 

consistent with the analytical values calculated based on the appropriate relationships from the 

literature (Illangasekare et al. 2010). Hence, in all of the 1-D simulations the dispersivity value of 

0.015 cm was used, which was also consistent with the disperisvity values used in other studies 

(Pennell et al. 1993; Wang et al. 2008). Molecular diffusion coefficient in calculation of 

hydrodynamic dispersion tensor was assumed equal to zero in all of the simulations of this study, 

as it has been a common assumption in the literature (Zheng and Wang 1999). Hydraulic 

conductivity of the model was obtained from the experimental results published by Phenrat et al. 

(Phenrat et al. 2010a). 

The 2-D simulations were firstly conducted by using the nonreactive tracer data to 

determine dispersivity parameters. In addition, other assumptions of flow model including 
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boundary condition setup and conductivity parameters were validated out of this simulation. 

After the refinement and smoothing of the grid in regions with high flow gradient, 101 columns, 

62 layers, and 1 row built up the model grid (Fig. S2). An injection well with three filters was set 

as the inflow background flow through three side ports. Another injection well was represented 

as the real injection well. Finally, the outflow boundary conditions were simulated with a drain 

boundary condition which had flow only at lower port. In these boundary conditions the two 

upper outflow ports were assumed to have no flow, because the effluent through these ports were 

negligible according the previous paper (less than 5%) (Phenrat et al. 2010a). The conductance 

of the drain boundary was calculated so that the conductivity for each cell of this boundary was 

equal to the adjacent sand layer. The drain level, after adjustment in several calibrations 

conducted using the tracer data, was set at 9.95 cm from the bottom of model. Three stress 

periods were considered. The first stress period was specified for establishing a steady state 

background flow, prior to turning on the injection well of the NZVI or tracer. At the second 

stress period, the injection well of materials was turned on besides existing the background flow. 

Finally, the third stress period was applied as the rinsing stage of the experiments, i.e. it was 

similar to the second stress period except the injection concentration was zero.  

In each calibration run of WinPEST three ASCII input files were manually prepared 

according to the model’s documentation (Watermark Numerical Computing & Waterloo 

Hydrogeologic 1999). These files included a template file for identifying model parameters, an 

instruction file for identifying model-generated observations, and an input control file for 

supplying WinPEST with desired settings. In the parameter estimation process a zonal approach 

was applied, both in the tracer simulation for the dispersivitiy parameters and in the NZVI 

simulation for the parameters     ,     ,   , and   . This way, each parameter was considered 
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for each of the three zones including fine, medium, and coarse sand. However, only for the 

dispersivitiy parameters two upper and lower fine sand layers were considered as a separated 

zone of the middle fine sand layer. In other words, four zones were considered in the tracer 

simulation, while three zones were considered in the NZVI simulations. The ratio of the vertical 

to longitudinal dispersivity was assumed to be 0.01 which is a typical assumption in the literature 

(Schlumberger Water Services 2011; Zheng and Wang 1999).   

It should be noted that the iterative parameter estimation process in this study, concurring 

with any common optimization technique (Parker et al. 1984), can be skipped in many 

applications in which the values of the applied parameters are ascertained by other methods, e.g., 

laboratory experiments. In this way, because the parameter values are already available, the 

simulation can be performed simply in one stage: solve Eqs. (1) and (2) in terms of the particle 

number concentration (the inflow and initial concentration values based on the mass 

concentration can be converted into the particle number concentration by inserting the initial size 

of aggregates into Eq. (3)). Then, using the available known value(s) of   , the sizes of 

aggregates are obtained by Eq. (7). Finally, the spatial and temporal concentration data (resulting 

from the solutions of Eqs. (1) and (2)), which are in terms of particle number concentrations, can 

be converted into mass concentrations via Eq. (3). 

 

5. Goodness-of-fit criteria. In order to assess the goodness of fit, a Nash–Sutcliffe (Nash 

and Sutcliffe 1970) model efficiency coefficient (a conservative   ) was calculated for all of the 

simulations and for each step of the iterative procedure. Furthermore, a paired-samples T-Test 

(two tails) was conducted using SPSS Statistics (Version 17; IBM Inc., Armonk, NY), and the P-
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value was assessed for a 95% confidence interval (       indicates that the “correlation” is 

significant). On the other hand, wherever the significance of the differences between two sets of 

data was needed to be proved, the same test but with the opposite null hypothesis was performed 

(       indicates that the ―difference” is significant).  

 

6. Averaging method used for the conversion of concentration in the 2-D model. In 

order to convert the observation concentrations from mass to particle number concentration, it 

was necessary to average the observations obtained for the three different zones or vice versa in 

order to convert the observation concentrations from particle number concentration to mass, 

averaging of parameters in the three layers was required.. The weights for the averaging 

technique can be selected based on any criteria that can result in the ratio of the flow in each 

layer to the total flow in the domain. In this study, we chose the weight for each layer as ratio of 

the number of particles passed through that layer to a number of virtual particles specified for the 

whole system. This was simply achieved by using the particle tracking model MODPATH which 

is built into the Visual MODFLOW software (Pollock 1994). This way, 40 particles were placed 

around the injection well of the suspensions and after running the model and obtaining a 

screenshot of the particle paths, a perpendicular line was drawn in the cross section of the model 

domain (Fig. S11). Then the ratio of the number of path-lines which pierced the perpendicular 

line in a specific layer to the entire number of the path-lines, i.e. 40, was considered as the 

weight for that specific layer. These weights were calculated as        for the coarse sand layer, 

      for the medium sand layer, and      for the fine sand layer. It should be noted that for 

practical simulations in field applications, this procedure can be substituted by extracting the 

discharge of each layer of the model domain from output files of the MODLFOW model. 
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7. Transport of the low-concentration, NZVI dispersion containing no initial 

aggregates. In the case of F3 at low concentration, in which there are no apparent NZVI 

aggregates in the influent stream, both parameters of    and    declined to lower bounds of the 

parameter threshold in the parameter-estimation process (Table S1), consistent with the lack of 

agglomeration in this case. This is in accordance with previous experimental results (Phenrat et 

al. 2010b; Phenrat et al. 2009) suggesting that the agglomeration and subsequent deposition of 

agglomerates do not occur for low concentrations of polymer-modified NZVI. The best set of 

parameters for this case was achieved using both      and      with a goodness-of-fit criteria 

(  ) of 0.987 and a P-      of 0.43 (Fig. 1a, Table S1). Fitting with only two parameters of      

and       indicates that the transport of polymer-modified NZVI at low concentration and 

without initial aggregates is only affected by the exchange of particles between the mobile and 

deposited particle phases, and that no irreversible deposition occur. 

 

8. Estimation of dispersivity parameters in the 2-D model. The dispersivity parameters 

in the different layers were obtained by fitting the MT3DMS model (by excluding reaction 

parameters and neglecting molecular diffusion) to nonreactive tracer data. This led to 

longitudinal dispersivity values as follows:             for the upper and lower fine sand 

layers;             for the middle fine sand layer; 0.2   for the medium sand layer; and 

       for the coarse sand layer (Fig. S2). The vertical transverse dispersivity of each layer was 

assumed to be one percent of the longitudinal dispersivity in that layer.    and P-values of this 

fitting were 0.97 and 0.51, respectively (Fig. S12). In addition, the color-shaded maps of 

concentration contours at different times were in excellent agreement with the photos of tracer 
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plume (Fig. S13). The parameter sensitivities, calculated by WinPEST for dispersivity 

parameters at different zones, followed the order: coarse layer   medium layer   middle fine 

layer   upper and lower fine layers. However, uncertainty outcomes of WinPEST showed an 

order of magnitude higher value for the medium layer than for the other layers. This indicated 

that the reason for obtaining the higher value of the dispersivity for the medium sand layer than 

the expectation lies behind the lack of a monitoring point in this layer. This overestimation for 

vertical dispersivity  in the medium sand layer in comparison to the study of Kanel et al., (Kanel 

et al. 2008) amounts to an order-of-magnitude.  

 

9. Effect of deposition on agglomeration. Although the effect of agglomeration on the 

deposition of NPs had been emphasized in previous studies (Hotze et al. 2010; Phenrat et al. 

2010a; Phenrat et al. 2010b; Phenrat et al. 2009), there had been no indication of the subsequent 

effect of deposition on agglomeration. In this study, we assumed that the latter effect was 

negligible and thus assumed that the      in Eq. (7) was equal to unity. However, for the case of 

F1 at 6 g/L, some alternative assumptions were investigated. One hypothesis was to equate      

in Eq. (7) with the experimental      (0.61). The result of this hypothesis, after conducting the 

iterative procedure, showed a sharp decline in the values of   , and    within the iterative 

procedure (Fig. S14), and the calculated size of agglomerates after 10 iterations was almost equal 

to the size of the inflow particles (only 0.4% increase in the size of the agglomerates). Other 

hypothetical approaches, in which      was considered as variable during the iterative 

procedure, led to similar results or did not converge at all (results not shown). In a final 

approach,      was calculated via Eq. (S8). The resulted      values in this approach ranged 

from 0.785 to 0.787 during the iterative procedure. Although a closure criterion of 1% for   was 
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satisfied after five iterations, the size of the agglomerates that was calculated in the final iteration 

only increased by 1.3%. The recent approach was also tested with the 2-D model for the case of 

washed MRNIP2, and the results showed a sharp decline in all of the parameters, and the size of 

the aggregates in the outflow was smaller than that of the inflow (result not shown). These 

results demonstrated that assuming      in Eq. (7) other than unity led to erroneous results. 

Therefore, considering any effect of deposition on agglomeration out of      caused the model 

outcomes to be incorrect and the most reasonable results were achieved when this effect was 

cancelled.  

 

10. Necessity for retaining the parameter,   . In order to show the necessity for the model 

parameter,    (the pseudo first-order reaction rate representing irreversible deposition), we 

eliminated this parameter from the modeling procedure, and then conducted the iteration 

procedure for the case of F1 at 6 g/L. The results showed that, in addition to slow convergence 

for    (a convergence criterion of 0.1 was satisfied after 10 iterations), there was a decline in the 

graph of   , calculated before the calibration stage of each iteration, versus the iteration number 

(Fig. S15-a). There was also a low average    of 0.39 calculated based on the    values before 

calibration stages of various iterations. All of these poor fitting results signify that the model 

cannot simulate the experimental data when    is eliminated, indicating the necessity for 

retaining the parameter    in the model. In other words, these results showed that the parameter, 

  , was independent of other parameters of the model, because by eliminating it from the 

modeling procedure, the simulation grew wrong.  
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11. Results of different numerical methods. In order to find the most appropriate numerical 

method, two different methods of standard finite difference (FD) with central-in-space weighting 

and total variation diminishing (TVD) were investigated. Using the data of NZVI transport in 1-

D columns, the results of all of the particle size distributions (F1, F2 and F3) at high particle 

concentration showed that the TVD method provided better    values for the fits compared to 

the FD method (      ). However, at low particle concentration, F1, F2 and F3 were better fit 

when the FD method was used (Table S1 and Table S2), but the differences between the    

values were not significant (P     ). Thus, the TVD method was used in the numerical 

simulations of polymer-modified NZVI transport. This method was also selected to model NZVI 

transport by Kanel et al. (Kanel et al. 2007). 

 

12. Results of replicated simulations. To validate the inverse modeling results and the 

software simulation results duplicate simulations were performed by Groundwater Vistas 

through a manual calibration for data sets in which the two parameters,      and     , were used. 

According to the results, there was not a significant discrepancy between the achieved 

parameters in the two types of simulations, i.e., between the simulations based on Groundwater 

Vistas through manual calibration and the simulations based on the combination of Visual 

MODFLOW and the automatic calibration model WinPEST. The correlation coefficients 

between the parameter results of the two sets of simulations were 0.30 and 0.33 for      and 

    , respectively, and the P-values were 0.34 and 0.27, respectively. 
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Table S1. Simulation results of the case F3 at 30 mg/L for different sets of parameters and two different numerical methods of finite difference 

(FD) and total variation diminishing (TVD).
a 

 
FD-2par. TVD-2par. FD-4par. TVD-4par. 

   or     
 7.21E-03

c 
4.15E-03

c
 7.15E-03

c
 4.06E-03

c
 

    
 2.61E-02 1.39E-02 2.59E-02 1.36E-02 

  
 - - 1.19E-07 1.76E-07 

  
 - - 4.32E-07 4.79E-07 

   0.987 0.984 0.987 0.983 

P-Value 0.43 0.45 0.43 0.44 

        a
The unit of    is       and the units of other parameters are    . 

b  . 
c    .  
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Table S2. Parameter values and fitting results for different sets of parameters and two different numerical methods for the cases F1 and F2 at 30 

mg/L.
a 

 
 

FD-2par. TVD-2par. FD-4par. TVD-4par. FD-4par.
b TVD-

4par.
b
  

F1-30 

mg/L 

   or      
 3.35E-03d 

2.69E-03d 
3.47E-03d 

2.44E-03d 2.12E-03d 2.13E-03d 

    
 1.29E-02 9.14E-03 1.34E-02 8.18E-03 6.57E-03 6.28E-03 

  
 - - 1.00E-05 1.00E-07 -2.15E-04 -2.08E-04 

  
 - - 1.00E-05 3.34E-07 9.58E-06 9.99E-06 

   0.940 0.935 0.936 0.934 0.970 0.963 

P-Value 0.00 0.00 0.00 0.00 0.996 0.858 

F2-30 

mg/L 

   or      
* 2.39E-03d 2.27E-03d 2.45E-03d 2.29E-03d 2.07E-03d 1.94E-03d 

    
 9.84E-03 8.72E-03 1.02E-02 8.80E-03 8.00E-03 6.69E-03 

  
 - - 1.00E-05 1.00E-05 -1.28E-04 -1.14E-04 

  
 - - 1.00E-05 1.00E-05 9.97E-06 9.58E-06 

   0.970 0.964 0.968 0.962 0.983 0.974 

P-Value 0.01 0.02 0.01 0.01 0.94 0.69 

a 
The unit of    is       and the units of other parameters are    . 

b
Allowing negative values for    and    in the calibration process. 

c  . 
d    . 
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Table S3. Number of the iterations in which 5% and 1% convergence were achieved for the parameter    in the iterative procedure, in different 

cases of the 1-D model. 

 
F3-1 g/L F3-3 g/L F3-6 g/L F2-1 g/L F2-3 g/L F2-6 g/L F1-1 g/L F1-3 g/L F1-6 g/L 

5% 3 3 11 4 5 5 5 9 5 

1% 4 4 37 6 9 8 9 22 9 

 

 

Table S4. Mass recovery results at the final stage of the iteration procedure for each case of the1-D model. 

 
F1-6 g/L F1-3 g/L F1-1 g/L F2-6 g/L F2-3 g/L F2-1 g/L F3-6 F3-3 g/L F3-1 g/L 

Model M / M0 0.61 0.62 0.62 0.74 0.75 0.79 0.91 0.96 0.97 

Experiment M / M0 0.61 0.61 0.62 0.73 0.74 0.80 0.91 0.96 0.97 

Difference (%) 0.1 1.1 0.3 1.0 1.8 1.1 0.2 0.2 0.1 

 

Table S5. Mass recovery results at the final stage of the iteration procedure for each case of the 2-D model. 

 

Washed 

MRNIP2 

Unwashed 

MRNIP2 

Oxidized 

MRNIP2 

Model M/M0 0.43 0.32 0.55 

Experiment M/M0 0.40 0.32 0.58 

Difference (%) 6.5 0.7 4.4 

 



S18 

 

Table S6. Input parameters and the results of calculating the agglomerate sizes based on Phenrat et al. (2010)(Phenrat et al. 2010b) for the cases of 

F1 and F2 of the 1-D model. 

 
  

a Q
b   

c   
d   

e   
f     

g    
h [NaCl]

i     
j 

F2 4.6E-07 9.85E-09 10.3 1.25E-06 400000 70 6.03E+23 7.5E-08 10 8.97E-07 

F1 6.22E-07 9.85E-09 10.3 1.25E-06 400000 70 6.03E+23 6.3E-08 10 1.49E-06 

a
Particle diameter (m). 

b
Total volumetric flow rate in the porous media (  /s). 

c
Apparent shear rate (   ). 

d
Magnetic permeability in vacuum 

(    ). 
e
NZVI saturation magnetization (A/m). 

f
Molecular weight of polymeric surface modifier  (kg/mol). 

g
Avogadro's number (     ). 

h
Adsorbed polymer layer thickness determined from Ohshima's soft particle analysis (m). 

i
NaCl concentration (      ). jCalculated agglomerate 

size (m) based on Phenrat et al. (2010).(Phenrat et al. 2010b) 

 

 

Table S7. Input parameters and the results of calculating the agglomerate sizes based on Phenrat et al. (Phenrat et al. 2010b) for various layers in 

the case of the washed MRNIP2 of the 2-D model. 

 
  

a      
b 

V
c 

Q
d   

e   
f   

g   
h     

i    
j [NaCl]

k     
l 

Fine 2.53E-07 26708 2.48E-04 7.79E-05 53705 1.25E-06 711633 16 6.03E+23 7.0E-08 1 4.18E-07 

Medium 2.53E-07 2909 3.09E-04 9.70E-05 22072 1.25E-06 711633 16 6.03E+23 7.0E-08 1 5.46E-07 

Coarse 2.53E-07 263 1.25E-03 3.94E-04 39276 1.25E-06 711633 16 6.03E+23 7.0E-08 1 4.59E-07 

a
Particle diameter (m). 

b
Number of pores in the column cross section. 

c
 Pore water velocity.  

d
Total volumetric flow rate in the porous media 

(  /s). 
e
Apparent shear rate (   ). 

f
Magnetic permeability in vacuum (    ). 

g 
NZVI saturation magnetization (A/m). 

h
Molecular weight of 

polymeric surface modifier  (kg/mol). 
i
Avogadro's number (     ). jAdsorbed polymer layer thickness determined from Ohshima's soft particle 

analysis (m). 
k
NaCl concentration (      ). lCalculated agglomerate size (m) based on Phenrat et al. (Phenrat et al. 2010b).  
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FIGURE S1. Display of the grid design for the 1-D model. 
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FIGURE S2. Display of the grid design for the 2-D model
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FIGURE S3. Variations in  parameter values (left figures) and fitting results (right figures) during the 

iterative procedure for the case F1 at (a) 6 g/l, (b) 3 g/L, and (c) 1 g/L of the 1–D model. 
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FIGURE S4. Variations in parameter values (left figures) and fitting results (right figures) during the 

iterative procedure for the case F2 at (a) 6 g/l, (b) 3 g/L, and (c) 1 g/L of 1–D model. 
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FIGURE S5. Variations in parameter values (left figures) and fitting results (right figures) during the 

iterative procedure for the case F3 at (a) 6 g/l, (b) 3 g/L, and (c) 1 g/L of 1–D model. 
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FIGURE S6. Variations in (a) parameter values and (b) fitting results during the iterative procedure for 

the case of the washed MRNIP2 in the 2-D model. 

 

 

FIGURE S7. Variations in (a) parameter values and (b) fitting results during the iterative procedure for 

the case of the oxidized MRNIP2 in the 2-D model. 
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FIGURE S8. Variations in (a) parameter values and (b) fitting results during the iterative procedure for 

the case of the unwashed MRNIP2 in the 2-D model. 

 

 

FIGURE S9.  Comparison of the size (radius) of the agglomerates obtained in the initial iteration, in the 

final iteration, and by the empirical correlation of Phenrat et al. (Phenrat et al. 2010b) Input parameters 

and the results of their empirical correlation are presented in Tables S6 and S7.  
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FIGURE S10. Various scenarios of the conceptual model. The numbers presented in the figure are only for enlightening purpose.  
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FIGUREFIGURE S11.  Particle path lines obtained by the MODPATH model for calculating the weight of each layer in the averaging method. 
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FIGURE S12. Comparison of modeled and experimental breakthrough curves of tracer data in the 2-D 

model. 

 

 

FIGURE S13. Comparison of the concentration contours of the tracer simulation results with the 

experimental photos.  
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FIGURE S14. Variations in parameter values (left figures) and the fitting results (right figures) during 

the iterative procedure for the case of the F1 at 6 g/l when it was assumed that the      in Eq. (7) was 

equal to the obtained      from the experimental results.  

 

 

FIGURE S15. Variations in parameter values (left figure) and the fitting results (right figure) during the 

iterative procedure for the case F1 at 6 g/l with three parameters of     ,     , and   . 
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ABSTRACT: This study evaluates the concept of using zerovalent
iron (ZVI) powder or nanoscale zerovalent iron (NZVI) particles in
combination with a low frequency (150 kHz) AC electromagnetic field
(AC EMF) to effectively remove trichloroethylene (TCE) from
groundwater and saturated soils. ZVI and NZVI are ferromagnetic,
which can induce heat under applied AC EMF. The heat generated by
ZVI and NZVI induction can increase the rate of dechlorination,
according to Arrhenius’ equation, and increase the rate of TCE
desorption from TCE-sorbed soil. Both dechlorination and TCE
desorption enhance the overall TCE removal rate. We evaluated this
novel concept in laboratory batch reactors. We found that both ZVI
and NZVI can induce heat under applied AC EMF up to 120 °C in 20
min. Using ZVI and NZVI with AC EMF enhanced dechlorination of
dissolved TCE (no soil) up to 4.96-fold. In addition to increasing the
temperature by ZVI and NZVI induction heating, AC EMF increased intrinsic ZVI and NZVI reactivity, ostensibly due to
accelerated corrosion, as demonstrated by the increased ORP. In a soil-water-TCE system, NZVI together with AC EMF
thermally enhanced desorption of TCE from soil and increased the degradation of TCE up to 5.36-fold compared to the absence
of AC EMF. For the first time, this study indicates the potential for ZVI and NZVI coupled with AC EMF as a combined
remediation technique for increasing the rate and completeness of in situ cleanup of adsorbed phase contaminants.

1. INTRODUCTION

In situ chemical reduction (ISCR) using zerovalent iron (ZVI)-
based agents is a well-known remediation technology. In situ
ZVI applications include permeable reactive barriers (PRBs)
that intercept and treat the contaminant plume as it moves
through the barrier,1−6 and more recently, include injection of
nanoscale zerovalent iron (NZVI) into source zones or
contaminated soils.6−15 By 2004, there were at least 120
pilot-scale and field-scale ZVI permeable reactive barriers
installed.16 By 2009, more than 45 pilot-scale and field-scale
NZVI remediation tests had been conducted.17,18 In this
process, zerovalent iron (Fe0) is oxidized by chlorinated
organics (as electron acceptors), such as trichloroethylene
(TCE), which are reduced to more environmentally benign
byproducts, like acetylene, ethane, and ethene.19−23 At neutral
pH, Fe0 is transformed primarily to magnetite (Fe3O4), but a

mixture of magnetite and maghemite (Fe2O3) has also been
reported.24,25

A major problem plaguing the success of NZVI is the slow
rate of dissolution of TCE from nonaqueous phase liquid
(NAPL)22 or slow desorption of TCE from soil to the aqueous
phase.26,27 This is because the reaction is surface mediated;
therefore, contaminants must be dissolved to transport to the
NZVI surface. For this reason, the rate of TCE degradation is
limited by the rate of mass transfer to the aqueous phase.6,28

Rather, the ZVI or NZVI reacts with water to form H2, which
increases the amount of ZVI or NZVI required for remediation.
Therefore, any action to enhance DNAPL dissolution or to
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enhance contaminant desorption can speed the reaction rate
and improve the electron efficiency of the remediation.
In addition to being a reducing agent, ZVI is ferromag-

netic.29−31 Nevertheless, its magnetic property has only
recently been used for enhancing the pollutant removal rate.
In 1999, Jovanovic’s research group first utilized the magnetic
property of micron-sized Pd/ZVI particles impregnated into
calcium alginate beads to make a magnetically stabilized
fluidized bed (MSFB) reactor for dechlorination of p-
chlorophenol possible under an applied DC electromagnetic
field (DC MF).32−34 However, the magnetic property of ZVI
was not intentionally used to enhance the p-chlorophenol
degradation in these studies. In 2011, Choi’s research group
reported that applying DC MF to ZVI can induce an oxidation
reaction due to the enhanced O2 dissolution and ZVI
dissolution to Fe2+ for Fenton’s reaction.35 In addition, DC
MF can also increase the stability of radicals by inhibiting their
recombination through interaction with electron spins.36

Recently, Guan’s research group presented a series of
experimental studies using superimposed weak magnetic field
or premagnetization to enhance the removal efficacies of
various metal and metalloid, including antimony, arsenic,
chromate, copper, and selenite37−42 by ZVI. The enhanced
removal was attributed to the accelerated ZVI corrosion and
the transformation of amorphous iron (hydro) oxides to
lepidocrocite. During experiments, ORP was observed to have
substantially decreased, whereas Fe2+ dissolution significantly
increased after premagnetizing ZVI with DC MF. The
accelerated ZVI corrosion was explained by the magneto-
convection of Fe2+. According to this theory, MF causes an
additional convective transfer of solutes to the surface of a
ferromagnetic electrode (such as ZVI) due to the difference in
the magnetic susceptibility of solutes and the electrode
surface43 as well as the difference in the magnetic susceptibility
of solute and solvent molecules.44 Guan’s research group
conducted a simulation to illustrate that the field gradient force
can accumulate paramagnetic Fe2+ ions along the higher field
gradient at the ZVI particle surface, which creates localized
galvanic couples and electromagnetic forces that stimulate the
migration of ions, the breakdown of passive film, and eventually
the enhancement of localized corrosion.39,41 This phenomenon
results in the higher reduction capacity of ZVI than that
without DC MF. Similarly, the same field gradient force can act
on paramagnetic metal ions such as Cu2+ to expedite Cu2+

adsorption on the ZVI surface.41

Although ferromagnetism of ZVI has recently been utilized
for enhanced contaminant removal, a low frequency AC EMF
(50−200 kHz) to enhance ZVI reactivity has not yet been
examined. The AC EMF can potentially enhance the TCE
dechlorination rate through two theoretical phenomena similar
to those of DC MF, enhanced ZVI corrosion and magneto-
convection of TCE to the ZVI surface. Nevertheless, AC EMF
has the potential to speed up TCE remediation in groundwater
and soil even better than the DC EMF via electromagnetic
induction heating of ZVI and NZVI. In the medical field,
magnetite nanoparticles (Fe3O4) are used in thermal treat-
ments, such as magnetic assisted hyperthermia,45 where
functionalized magnetic nanoparticles target tumor cells and
then they are heated by applied AC EMF to kill the cancer
cells.46 Similarly, ZVI or NZVI should be able to induce heat
under an applied low frequency AC EMF. The heat generated
can speed up the dechlorination reaction and can promote
DNAPL dissolution or desorption of contaminants from soils.

Truex et al. combined moderate-temperature subsurface
electrical resistance heating (up to 50 °C) with in situ ZVI
treatment in a field scale using an average power of 450 kW·h
per day for a 58 m3 treated area. They reported acceleration of
TCE degradation up to four to eight times, presumably due to
increasing both reaction and TCE dissolution from NAPL.47

Electromagnetic induction heating should improve remediation
in a similar way, and with less energy input. A schematic of the
proposed process is shown in Figure S1 and S2 in SI
(Supporting Information).
The present study evaluates the feasibility of using low

frequency AC EMF (150 kHz) together with ZVI and NZVI to
enhance TCE degradation in soil and groundwater. Magnetic
characterization was conducted for both ZVI and NZVI. Batch
experiments were conducted to evaluate the ability of ZVI and
NZVI to generate heat under an applied EMF. The TCE
degradation kinetics in groundwater and in soil with ground-
water by ZVI and NZVI both with and without AC EMF were
compared to quantify the benefits of using AC EMF.

2. MATERIALS AND METHODS
2.1. Soil and Groundwater. Soil and groundwater samples

used in this study were collected from an upstream location
(i.e., no TCE was detected in the area) from a contaminated
site in the Map Ta Phut (MTP) Industrial Estate in Rayong
Province, Thailand (see more details of sampling methods and
rationales in SI). Physicochemical properties of soil including
fraction of organic carbon (foc), soil texture, size distribution,
and specific gravity were measured. Physicochemical properties
of the groundwater including temperature, pH, ORP,
conductivity, alkalinity, total organic carbon (TOC), species
of cations, and anions were measured using standard analytical
methods.

2.2. TCE Sorption Kinetics, Partitioning Coefficient,
and Desorption Kinetics. The TCE sorption rate, sorption
capacity, and desorption kinetics of MTP soil were measured by
headspace measurement in serum bottles capped by Teflon
Mininert valves as specified in SI. For TCE sorption
experiment, each bottle contained 10 mL of headspace, 10
mL of soil slurry (4:6 of soil-to-groundwater ratio by volume),
and 100 mg/L of TCE. At selected time points, a 100-μL
headspace sample was withdrawn from the reactors and
analyzed for TCE using GC/ECD. As no degradation
byproduct was observed, the depletion in the aqueous TCE
concentration was attributed to partitioning of TCE to the soil.
The adsorbed TCE concentration was then calculated from
mass balance.
On the other hand, desorption kinetics of TCE were studied

by displacing supernatant with deionized water in the individual
vials after the sorption equilibrium was achieved at 85 days of
the TCE sorption kinetics experiment, then the experimental
procedure continued in the same way as in the sorption kinetics
experiments. The desorption kinetics were evaluated for three
consecutive cycles.

2.3. ZVI, NZVI, Magnetite, and Magnetic Character-
ization. Two different ZVI samples were used, H150 and
H200 (Hepure, Claymond, DE). Table S1 (in SI) summarizes
the physical properties of H150 and H200 as obtained from the
supplier. Nanofer 25 (NF25) (Nanoiron, Czech Republic) was
the NZVI used. Table S2 (in SI) summarizes the physical
properties of NF25 as obtained from the supplier. In addition,
MRNIP, a nearly fully oxidized NZVI (Fe0 content <5%), from
Toda Corporation and magnetite nanoparticles (Fe3O4) (Nano
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Amore, USA) were used. These particles could not dechlorinate
TCE but responded to the AC EMF. All ZVI, NZVI, and
magnetite particles were characterized by X-ray diffraction
(XRD) and magnetic susceptibility using a vibrational sample
magnetometer (VSM).
2.4. Magnetic Induction Heating (MIH) Rate of ZVI

and NZVI. To investigate the rate of heating induced by ZVI
and NZVI under applied AC EMF, H150, H200, NF25,
MRNIP2, and magnetite suspensions were placed into the
center of the induction coil of an AC EMF generator (AC
EMFG) (Figure S3 in SI). The custom-made AC EMFG
provided an AC EMF at the current intensity of 15 A at a
frequency of 150 kHz. An infrared and contact thermometer
(Fluke 561) (Fluke, Everett, WA) was used to monitor the
temperature change from the induced heat. Additionally, 10 mL
of ZVI, NZVI, or magnetite suspension at a particle
concentration of 10 g/L (in both DI and MTP groundwater)
was added to a 20 mL glass vial with a screw cap. The glass vial
was inserted into an insulator prior putting into the induction
coil for MIH study. The induced temperature under the applied
AC EMF was monitored for 40 min or until the temperature
reached 120 °C.
2.5. TCE Dechlorination in Aqueous Phase with and

without AC EMF. The rate of TCE dechlorination in the
aqueous phase by H150 (ZVI) and NF25 (NZVI) in DI and
MTP groundwater was measured with and without applied AC
EMF as fully described in SI. For the standard dechlorination
study (i.e., without applied AC EMF), the TCE dechlorination
rates were measured in 20 mL serum bottles capped with a
Mininert closures. Each reactor contained 10 mL of headspace
and 10 mL of liquid. The liquid mixture contained the
suspension of either 10 g/L of NF25 or 50 g/L of H150 in
either DI or MTP groundwater with the initial TCE
concentration of 50 mg/L. A 100 μL headspace sample was
withdrawn from the reactors at selected times and analyzed for
TCE as described above for the adsorption studies. At the end
of the study, a 100 μL headspace sample was withdrawn from
the reactors and analyzed for dechlorination products including
acetylene, ethane, and ethene. The reactors were rotated on an
end-overend rotator at 30 rpm at 23 °C ± 2 °C throughout the
study.
For dechlorination experiments under applied AC EMF, the

experimental setup was modified by placing the insulated
reactors into the center of induction coil of the AC EMFG that
generated AC EMF at the current intensity of 15 A and the
frequency of 150 kHz. For NF25, five cycles of electromagnetic
induction heating were applied over 10 h. Each cycle was 2 h
with 60 min of AC EMF application, followed by 60 min of
reaction without AC EMF (i.e., cooling down). The temper-
ature was measured by a contact IR thermometer at the end of
the heating cycle. During the 60 min of reaction without AC
EMF for each cycle, the insulated reactors were rotated on an
end-over-end rotator at 30 rpm to allow dechlorination to take
place at a gradually decreasing temperature. Finally, a 100 μL
headspace sample was withdrawn from the reactors and
analyzed for TCE when the temperature of the reactor was
back to the room temperature. At the end of the fifth cycle, a
100 μL headspace sample was withdrawn from the reactors and
analyzed for dechlorination byproducts.
A similar approach was used for H150 (ZVI). However, each

cycle of reaction for H150 reactors consisted of 65 min with 5
min of AC EMF application, followed by 60 min of reaction
without AC EMF. During the 60 min of reaction without AC

EMF for each cycle, the insulated reactors were rotated on an
end-overend rotator at 30 rpm. Due to the greater mass of
H150 (50 g/L) in the reactors in comparison to NF25, the
H150 reactors heated up much faster than the NF25 reactors.
For this reason, we applied only a 5 min heating step for H150
reactors followed by 60 min of reaction without heating as they
yielded a temperature of 80 °C, comparable to the temperature
generated by NF25 reactors already.
Finally, yet importantly, in order to separate the AC EMF

effect from the increasing temperature effect on TCE
dechlorination rate, we conducted another set of TCE
dechlorination experiments using NF25, but this time no AC
EMF was applied. Nevertheless, a heating water bath was used
to maintain the temperature profile for dechlorination similar to
that obtained from the MIH study of NF25 with AC EMF. The
difference between TCE dechlorination rates of the two cases
should provide some insight into the role of AC EMF and
NZVI magnetism beyond temperature effect. Moreover, to
evaluate the hypothesis of enhanced TCE dechlorination via
enhanced NZVI corrosion due to AC EMF, we measured ORP
as a function of applied AC EMF time (at 5, 15, 30, and 60
min) for the reactors with NZVI in DI water at the previously
described conditions as for TCE dechlorination. The decrease
of ORP will support the possibility of enhanced NZVI
corrosion hypothesis.

2.6. TCE Dechlorination for TCE Contaminated Soil
and Groundwater with and without AC EMF. To assess
the effect of AC EMF on the dechlorination of adsorbed TCE
by NZVI, the rate of TCE degradation was measured in slurries
containing soil, groundwater, and either NF25 or MRNIP2
with and without an applied EMF. In these studies, TCE is
initially in equilibrium between the dissolved and soil-adsorbed
phases. Without applied AC EMF, the TCE dechlorination
rates were measured in 20 mL serum bottles capped with a
Mininert closures. Each reactor contained 10 mL of headspace
and 10 mL of TCE-contaminated soil-NZVI-groundwater
slurry. To prepare the TCE contaminated soil, 20 mL reactors
were filled with 8 mL of soil slurry (4:6 of MTP soil-to-
groundwater ratio by volume) and 100 mg/L TCE. The
reactors were equilibrated on a roller at 30 rpm at 23 ± 2 °C for
50 days. Then, a 100 μL headspace sample was withdrawn from
the reactors and analyzed for TCE as described previously to
determine the adsorbed mass of TCE. A 2 mL aliquot of
concentrated NZVI was added to the soil/groundwater slurry
to obtain the total of 10 mL of slurry with 10 g/L of NF25 or
MRNIP2 together with 10 mL of headspace. The reactors were
rotated on a roller at 30 rpm at 23 ± 2 °C throughout the
study. At selected times, a 100 μL headspace sample was
withdrawn from the reactors and analyzed for TCE. At the end
of the study, a 100 μL headspace sample was withdrawn and
analyzed for dechlorination byproducts including acetylene,
ethane, and ethene. In addition, at the end of the study, a
hexane extraction was performed by adding 5 mL of hexane to
recover the remaining TCE (both dissolved and soil-sorbed
phase) from the system.
An identical protocol was followed for dechlorination

experiments under an applied AC EMF. However, the insulated
reactors were placed into the center of the induction coil of the
AC EMFG that generated an electromagnetic field at the
current intensity of 15 A and the frequency of 150 kHz. Seven
cycles of electromagnetic induction heating were applied in this
enhanced dechlorination study, using the same procedure as
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described for the reactions without soil. Hexane extraction was
performed at the end of the study.

3. RESULTS AND DISCUSSION

3.1. MTP Soil and Groundwater Characteristics, TCE
Partitioning, and TCE Desorption. The MTP soil and
groundwater characteristics was described in SI. The TCE
significantly partitioned to MTP soil (Figure S4a in SI).
Moreover, Kd was 1.46 L/kg (Figure S4b in SI). Thus,
according to the calculation assuming no headspace to simulate
saturated subsurface, 75% of the TCE mass was adsorbed into
the soil ([TCE]sorbed = 41 mg/kg) and 25% of the mass in
groundwater ([TCE]aq = 25 mg/kg). According to the pseudo
first order sorption kinetics (Figure.S4a in SI), the aqueous
TCE removal rate via sorption is 4.95 × 10−2 day−1 (or 2.10 ×
10−3 hr−1).
As for the desorption behavior, three desorption cycles

showed TCE desorption following exponential pattern to the
plateau level. The pseudo first order desorption rates (Figure
S5 in SI) were 11.80 ± 5.50 × 10−3 hr−1 for the first desorption
cycle, 6.50 ± 3.10 × 10−3 hr−1 for the second desorption cycle,
and 8.2 ± 4.7 × 10−3 hr−1 for the third desorption cycle. This
suggests that slow desorption of TCE from MTP soil could
limit the rate of TCE dechlorination by ZVI or NZVI.
3.2. Material and Magnetic Characteristics of ZVI and

NZVI. The XRD analyses (Figure S6 in SI) confirm the
existence of Fe0 and Fe3O4 as the predominant phases present
in all samples in this study. Nevertheless, MRNIP2 (aged
NZVI) has a relatively higher fraction of Fe3O4 than NF25
(fresh NZVI) as expected. Each sample had unique magnetic
responses under VSM test (Figure 1a), indicating differences in

saturation magnetization (Ms), remanence (Mr), coercivity
(Hc), and energy dissipation. Several general trends are
observed and discussed in details in SI.
The most important magnetic characteristic for the present

study is the area under the hysteresis loop (ΔU) that represents
the hysteresis loss due to the irreversible magnetization in an
AC EMF. Hysteresis loss is one of three losses including eddy
current loss and residual loss, which altogether generate heat
during magnetic induction of magnetic particles in AC EMF.
Figure S7 (in SI) enlarges the hysteresis curves (Figure 1a)
from the field of 1000 to −1000 G to illustrate the hysteresis
loops of each ZVI or NZVI sample. Noticeably, upon the
magnetization and demagnetization cycle, magnetic particles
respond irreversibly, causing hysteresis and loss of energy as
heat. The degree of irreversibility, ΔU, is related to the amount
of energy dissipation upon the reversal of the field. Under AC
EMF, the reversal happens continuously and yields heat by
energy dissipation from the particles. For a particular frequency
( f) of AC EMF, heat (P) generated due to the hysteresis loss is
given by eq 1.48

= ΔP f U (1)

The order of ΔU for ZVI and NZVI is as follows: H150 (12
× 104 emu G/g) > H200 (7 × 104 emu G/g) > NF25 (6.7 ×
104 emu G/g) > MRNIP2 (5.5 × 104 emu G/g) > magnetite
(4.4 × 104 emu G/g). The ΔU of ZVI and fresh NZVI are
greater than aged NZVI (MRNIP2) and magnetite. These
differences should result in different abilities to generate heat
under an applied AC EMF.

3.3. MIH Rate for ZVI and NZVI. Under applied AC EMF,
DI and MTP control experiments without ZVI or NZVI could
not generate any heat. On the other hand, all ZVI and NZVI
evaluated generated heat and raised the temperature of the
suspension as expected (Figure 1b). In DI water, all ZVI and
NZVI raised temperature of the suspension above 80 °C in less
than 15 min. However, their heat induction rate constants (kHI)
(determined from eq 2) and maximum induced temperature
increases (ΔTmax = Tmax − T0) depend on their magnetic
properties.

= + Δ − −T T T e(1 )k t
0 max

H (2)

As theoretically predicted, H150 (KHI = 9.4 × 10−2 min−1

and ΔTmax = 109 °C in DI water) was the fastest in heating
kinetics, agreeing with its highest ΔU discussed previously. In
addition, H150 generated heat via hysteresis to 123 °C within
20 min. However, the heating rates of NF25, MRNIP2, and
magnetite nanoparticles were similar, in line with their similar
ΔU values. In DI water, NF25 (KHI = 8.9 × 10−2 min−1 and
ΔTmax = 63.9 °C in DI water) reached the maximum
temperature of 92 °C in 25 min, whereas MRNIP2 (KHI =
8.6 × 10−2 min−1 and ΔTmax = 71.6 °C in DI water) reached
the maximum temperature of 86 °C in 20 min. In addition,
magnetite nanoparticles (KHI = 14.4 × 10−2 min−1 and ΔTmax =
60.6 °C in DI water) reached the maximum temperature of 84
°C in 20 min.
In general, the solution chemistry of the suspension seems to

have little impact on the heating rate (Figure 1b). One
exception is the NF25, where the heating rate as much lower in
groundwater than in DI water (KHI = 8.9 × 10−2 min−1 ΔTmax =
63.9 in DI vs KHI = 1.4 × 10−2 min−1 and ΔTmax = 115.6 °C in
MTP). Even after 30 min under EMF, the NF25 in MTP
suspension could not exceed 80 °C like other cases discussed
earlier. This is likely due to agglomeration during the

Figure 1. (a) Magnetic hysteresis behaviors of ZVI and NZVI as
determined by VSM and (b) ZVI and NZVI suspension temperature
increase vs AC EMF time for H150, NF25, MRNIP, and magnetite in
DI and MTP groundwater.
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application of AC EMF. This can decrease the heat induction
and energy dissipation. A similar decrease of induction heating
capacity was not observed for the case of MRNIP2 (aged,
polymer coated NZVI) presumably because of its higher
stability against agglomeration due to a polymer coating.49

3.4. Dissolved TCE Dechlorination with and without
AC EMF. Applied AC EMF greatly enhanced the dechlorina-
tion of dissolved TCE in DI and MTP groundwater by both
NZVI (NF25) and ZVI (H150) (see Table 1 and Figure 2a).

Without AC EMF, the mass-normalized TCE dechlorination
rate constants by NF25 in DI and MTP groundwater are 7.10
± 1.22 × 10−3 and 5.43 ± 0.47 × 10−3 L/g/h, respectively
(Figure 2a and Table 1). Ionic and organic (natural organic
matters) solutes in MTP groundwater appear to decrease the
TCE dechlorination rate constant by a factor of 1.3 in
comparison to the DI water, consistent with previous reports in
the absence of AC EMF.21 Dechlorination byproducts included
ethane and ethene (Figure S8 in SI); no acetylene was
observed. The opposite trend was observed for H150 (Figure
S9 and Table 1), with mass-normalized pseudo first order rate
constants of 0.84 ± 0.09 × 10−3 and 1.02 ± 0.09 × 10−3 L/g/h
for DI and MTP groundwater, respectively. Without AC EMF,
the rate constants of H150 in DI are around five to ten times
smaller than the NF25 because NZVI has much larger specific
surface area than ZVI, and dechlorination is a surface mediated
reaction.
The application of AC EMF induced heat as previously

discussed and increased the rate of TCE dechlorination
compared to the absence of applied AC EMF. Interestingly,
the ability of the NF25 suspension to generate heat increased
with each cycle (Figure S10 in SI). This is consistent with its
high remanence (Mr) and suggests that NF25 may be an
effective remediation material under an applied AC EMF. The
same behavior was also observed for NF25 in MTP
groundwater but was less pronounced in DI water. The TCE
dechlorination afforded by NF25 with AC EMF yielded the rate
constants of 35.20 ± 4.23 × 10−3 and 20.20 ± 3.10 × 10−3 L/g/
h for DI and MTP groundwater, respectively. This is 4.96 and
3.72 times greater than without AC EMF for DI water and
MTP groundwater, respectively (Figure 2b). The enhanced

dissolved TCE dechlorination rate is presumably due to the
higher temperature (Arrhenius theory), magneto-convection,
and enhanced ZVI corrosion, which is evaluated later in this
study. Interestingly, the applied AC EMF changes the
dechlorination products from ethene and ethane to acetylene
in both DI and MTP groundwater (Figure S8 in SI).
Considering electron consumption efficiency, the accumulation
of acetylene (intermediate) instead of ethane is beneficial, as

Table 1. Mass-Normalized Pseudo First Order Rate
Constants of TCE dechlorination for Various Experimental
Conditions in This Study

NZVI or
ZVI

type of
media

heating
condition

mass-normalized dechlorination rate
constant (10‑3 L/g/h)

N25 DI none 7.10 ± 1.22
WB 10.80 ± 1.74
EMF 35.20 ± 4.23

N25 MTP none 5.43 ± 0.47
EMF 20.20 ± 3.10

N25 Soil +
MTP

none 2.20 ± 0.68
EMF 11.80 ± 1.13

H150 DI none 0.84 ± 0.09
EMF 1.69 ± 0.25

H150 MTP none 1.02 ± 0.09
EMF 1.37 ± 0.25

Figure 2. (a) TCE dechlorination kinetics using NF25 in DI water
(triangles) and MTP groundwater (squares) with AC EMF (red
symbols) and without AC EMF (white symbols) as well as NF25 in DI
water heated by water bath (blue triangles). The dashed lines
represent the pseudo first order modeling. (b) Summary of enhanced
dissolved TCE dechlorination by NZVI and ZVI with AC EMF and
water bath (WB) depicted as the ratio of the TCE dechlorination rate
constant with AC EMF or WB (kTCE‑aq‑AC EMF or WB) over the TCE
dechlorination rate constant without AC EMF or WB
(kTCE‑aq‑No AC EMF or No WB) for each case. (c) The increasingly negative
ORP magnitude (ΔORP) of NZVI as a function of AC EMF time
(tAC EMF).
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TCE dechlorination to acetylene requires fewer electrons than
degradation to ethene.
Similar to NZVI, when ZVI (H150) was placed under

applied AC EMF for dissolved TCE dechlorination, it induced
greater heat in every consecutive cycle. Despite the lower
reactivity of ZVI compared to NZVI, application of AC EMF
also increased the TCE degradation rate constants in both in
DI and MTP groundwater although the increase was not as
pronounced as the case of NZVI. The TCE dechlorination
afforded by H150 with AC EMF yielded the rate constants of
1.69 ± 0.25 × 10−3 and 1.37 ± 0.25 × 10−3 L/g/h for DI and
MTP groundwater, respectively (Figure S9 in SI). This is 2.01
and 1.34 times greater than without EMF for DI water and
MTP groundwater, respectively (Figure 2b). Nevertheless,
unlike NZVI, dechlorination by H150 with applied EMF
yielded ethane and ethene as major byproducts in both DI and
MTP groundwater (Figure S8 in SI).
According to the results discussed above, AC EMF enhances

dissolved TEC dechlorination rate constants for both NZVI
and ZVI. Intuitively, the enhanced reaction should be a
function of electromagnetic induction time (the longer the
induction time, the faster the dechlorination) and the particle
concentration under the induction (the greater the particle
concentration, the faster the dechlorination). Figure S11 in SI
confirms this hypothesis by illustrating the linear correlation
(with the slope of 0.9) between the enhanced dissolved TCE
dechlorination rate constant due to EMF (kTCE‑aq‑EMF/
kTCE‑aq‑No EMF) and the ratio of EMF application time
(∑tEMF) over the total dechlorination time (tDechlorination)
multiplied by particle concentration (CZVI or NZVI) for all the
four cases in this study. This correlation confirms that longer
EMF application time and higher concentrations of ZVI or
NZVI will yield greater dechlorination rates as theoretically
expected.
Additionally, we examine if the increase in dechlorination

rate constants with AC EMF was due to the higher temperature
alone as explained by the Arrhenius equation, or some other
phenomena, such as enhanced ZVI corrosion may play some
role. In order to investigate this possibility, we conducted
another set of TCE dechlorination experiments using NF25 in
a heating water bath to simulate the temperature profile for
dechlorination obtained from the MIH study of NF25 with
EMF (Figure S12 in SI). As shown in Figure 2a and Table 1,
the TCE dechlorination afforded by NF25 in DI with the
heating water bath yielded the rate constant of 10.80 ± 1.74 ×
10−3 L/g/h. This is around 1.52 times greater than the TCE
dechlorination rate constant of NF25 in DI without heating but
still 3.26 times smaller than the TCE dechlorination rate
constant of NF25 in DI with AC EMF. This suggests that
besides the temperature increase, the other two phenomena
(magneto-convection and enhanced ZVI corrosion) may also
be enhancing the rate constant. Figure 2c supports this
hypothesis by illustrating the decrease of ORP for both NZVI
reactors as a function of time under AC EMF. The ORP
represents the reduction capability of the system. Increasingly
negative ORP indicates a greater reduction capacity of the
system, (i.e., NZVI is more active in donating electrons). This
finding is in good agreement with a recent study reporting the
decrease of ORP of ZVI dispersion under DC MF.39,41

Presumably, the applied AC EMF induces the field gradient
force on the NZVI surface, which subsequently induces
paramagnetic Fe2+ ions, the byproduct of NZVI oxidation, to
deplete from the NZVI surface where the field gradient is low

and to accumulate on the NZVI surface where the field gradient
is high. This Fe2+ accumulation creates localized galvanic
couples, which promote the breakdown of the passive iron
oxide layer, which is known to decrease NZVI reactivity.50 This
local galvanic couple activity eventually enhances localized ZVI
corrosion,39,41 resulting in increasingly negative ORP magni-
tude and the increase of the reduction power of the system.

3.5. Sorbed TCE Dechlorination With and Without AC
EMF. We investigated the influence of AC EMF on the
dechlorination of TCE when it is present on both the dissolved
phase and sorbed onto soil, (i.e., in a TCE presorbed soil-water
system). As shown in Figure 3, the series of unfilled circles

shows the normalized dissolved TCE concentration vs time for
the TCE presorbed soil-NZVI-water-headspace system without
AC EMF. The dissolved TCE dechlorination rate without AC
EMF was first order with a dechlorination rate constant of 2.20
± 0.68 × 10−3 L/g/h, around 2.49 times smaller than the rate
constant in MTP groundwater without soil. The decrease TCE
dechlorination rate constant in the present of soil agrees very
well with the theoretically retarded dechlorination rate constant
(kTCE‑aq‑Soil in eq 3) in accordance with the retardation factor
(R) due to TCE sorption to soil (eq 4). Where kTCE‑aq, ρb, and
n are TCE dechlorination constant in groundwater without soil,
bulk density of soil, and porosity, respectively.

=‐ ‐
‐k

k

RTCE aq soil
TCE aq

(3)

ρ
= +

·
R

k

n
1 d b

(4)

Under the equilibrium with the kd of 1.46 L/kg, R is
calculated using eq 4 to be 7.28, and the theoretically
suppressed dechlorination rate constant under the influence
of TCE sorption to soil (kTCE‑aq‑Soil in eq 3) can be as low as
0.75 × 10−3 L/g/h, slightly lower than the experimentally
observed rate constant.
Noticeably, without applied AC EMF, the dissolved TCE

concentration did not reach zero even after 300 h of reaction.
Instead, the dechlorination seemed to progress to the system
where TCE in water remained constant at around 30% of the
initial dissolved TCE in the system. No further decrease of
dissolved TCE in the system occurred from 150 to 300 h. After

Figure 3. Dissolved TCE dechlorination kinetics in a soil-water system
with preadsorbed TCE. Unfilled circles represent TCE dechlorination
by NF25 without AC EMF, red circles represent TCE dechlorination
by NF25 with AC EMF, and red squares represent TCE desorption
from soil by (unreactive) MRNIP with AC EMF. The dashed lines
represent the pseudo first order modeling.
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the end of the experiment, we recovered 35% by mass of the
initial TCE from the reactor using hexane extraction.
Additionally, 75% of the recovered TCE was sorbed onto
soil, whereas 25% was dissolved in the MTP groundwater. This
confirms our hypothesis that sorption and slow desorption of
TCE (desorption rate constant from 6.50 ± 3.10 × 10−3 to
11.80 ± 5.50 × 10−3 hr−1) slows its dechlorination rate via
NZVI due to mass transfer limitation.6,28

This same behavior of no further dechlorination in TCE
presorbed soil-NZVI-water system was previously reported by
Zhang et al.28 attributing this phenomenon to the reduced TCE
availability due to sorption onto soil as well. In addition to the
sorption limitation, Zhang et al. revealed that the soluble
organic matter released from the soils can suppress the ZVI’s
dechlorination power.28 Due to nonselective nature of reducing
reaction by NZVI, which leads to its relatively short lifetime
(days to couple weeks),51 slow desorption of TCE from soil can
limit the effective use of electrons in NZVI for TCE
dechlorination. The NZVI might use its reducing power to
transform nontargeting compounds in the soil-water system
instead. This could explain no further decrease of dissolved
TCE in the system from 150 to 300 h in our study and also in
Zhang et al.’s study.28

As suggested above, rapid initial TCE desorption is essential
for making the best use of NZVI’s reducing power. The
problem of slow TCE desorption is eliminated by the applied
AC EMF. The series of red circles shows the measured
dissolved phase TCE vs time in the TCE sorbed soil−water
system with applied EMF. The TCE dechlorination on rate
constant is higher with AC EMF than without, and unlike the
absence of AC EMF, the dissolved TCE concentration goes to
zero. The TCE dechlorination rate constant was 11.80 ± 1.13
× 10−3 L/g/h, (i.e., 5.36 times faster than the dechlorination in
soil without an applied AC EMF). Nevertheless, this TCE
dechlorination rate constant is still around 1.7 times smaller
than the rate constant in MTP groundwater under AC EMF
but without soil. The dissolved TCE was completely degraded
after 31 h of reaction, and no dissolved TCE was observed over
another 200 h, suggesting that the TCE degradation was
completed. After the study, hexane extraction recovered only
around 3% by mass of the initial TCE. This finding agrees with
our conceptual model in that heat induced by electromagnetic
induction of NF25 raised the temperature of the soil-water
system, which enhanced TCE desorption from soil (Figure S2b
in SI). Desorbed TCE was available for dechlorination and
rapidly degraded by NF25. The influence of electromagnetic
induction of NZVI on TCE desorption was demonstrated using
the nonreactive (aged) NZVI, MRNIP. Over four MIH cycles,
MRNIP generated heat and raised the temperature to around
65 °C. As a result, the dissolved TCE concentration increased
to around 1.5 times of the initial concentration (red squares in
Figure 3), indicating that TCE was desorbed from soil.
However, allowing the system to cool to the original
temperature slowly returned the TCE concentration back to
its original value. The sorption rate constant was approximately
5.8 × 10−3 hr−1. For the case of NF25 with AC EMF, we did
not observe this because the desorbed TCE was rapidly
dechlorinated at the elevated temperature.
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(c) 

(a) (b) 

Fig. S1. Conceptual model of plume interception by (a) permeable reactive barrier (PRB) 

using zerovalent iron (ZVI), (b) electrolytic barrier, and (c) combined remediation using PRB 

(ZVI) under AC EMF 
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(a) 
(b) 

Figure S2 Schematics of contaminated groundwater and soil remediation by (a) conventional 

NZVI which relies on (b) two-step reaction including TCE desorption from soil and TCE 

dechlorination at NZVI surface, and (c) combined remediation using NZVI with AC EMF 
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Soil and Groundwater Samples 26 

Soil and groundwater samples used in this study were collected from a 27 

contaminated site in the Map Ta Phut industrial park (MTP) in Rayong Province, 28 

Thailand. Groundwater and soil (3-15 meters depth) at this site is contaminated with 29 

chlorinated organics including TCE. We used a direct push technique (Geoprobe, 30 

Kansas, USA) together with a macro core soil sampler (MC) to obtain soil samples at 31 

the depth of 5 meters from an upstream (uncontaminated) region of the contaminated 32 

aquifer. We did this in order to have uncontaminated soil samples with the same 33 

physicochemical and geochemical properties as the contaminated soil. Groundwater 34 

samples were collected from a monitoring well, also upstream of the contaminated zone 35 

at a depth of 15 meters. No TCE was detected in the upstream location. We just needed 36 

the groundwater with the same geochemical condition in the site, but we would add the 37 

known concentration of TCE for the dechlorination experiments as discussed next. 38 

 39 

TCE Sorption Kinetics, Partitioning Coefficient, and Desorption Kinetics 40 

 Before use, the soil was oven-dried. Identical reactors without TCE were also 41 

prepared as a reference. All experiments were done in duplicate. The reactors were 42 

equilibrated on a roller mixer at 30 rpm at 23 ± 2°C for 85 days. At selected time points, 43 

a 100-µL headspace sample was withdrawn from the reactors and analyzed for TCE 44 

using a 20 m Agilent J&W DB-624 capillary column on an Agilent 7820GC /ECD. At 45 

the end of the study (i.e., 85 days), a headspace sample was analyzed for TCE 46 

degradation by-products using 30 m GS-Carbonplot capillary column on an Agilent 47 

7820 GC/FID. Measured peak area was converted to TCE concentration in the 48 

groundwater using a TCE calibration curve determined using identical reactors (20 mL 49 
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of water and 10 mL of headspace) spiked with a known mass of TCE. It was assumed 50 

that the water and air phases were in equilibrium (KH=0.38 unitless). As no degradation 51 

by-product was observed, the depletion in the aqueous TCE concentration was attributed 52 

to partitioning of TCE to the soil. The adsorbed TCE concentration was then calculated 53 

from mass balance. To get a reliable value of the soil-water partitioning coefficient (Kd) 54 

(i.e., more than a single point isotherm), Kd was determined in identical reactors using 55 

the same mass of soil and initial TCE concentrations ranging from 12.5 mg/L to 380 56 

mg/L. The adsorbed mass of TCE was calculated in the same way as just described. 57 

   58 

 59 

 60 

Table S1 Physicochemical Properties of ZVI used in this Study 61 

Type Size (µm) (%) Chemical Composition (%) 

Fe C Si S P Mn 

HCA-

150N 

45-152 (90%) 92-98 3 (max) 2.5 (max) 0.15 

(max) 

1 (max) 0.5 

(max) 

H-200 45-152 (60-85%) 

<45 (15-40%) 

93-97 1.75-4.5 1-2.5 0.01-

0.15 

- - 

 62 

  63 
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Table S2 Physicochemical Properties of Nanofer 25 (NF25) 64 

 65 

Physicochemical Properties of  Nanofer 25 (NF25) 

Chemical composition of Fe0 
Fe(core) 

FeO (shell) 

Content of solid phase in dispersion by weight 20% 

Content Fe0 in solid phase 

Other ingredients in solid phase 

Content of Fe0 in dispersion by weight 

≈ 85%  

Fe3O4,FeO,C  

17% 

Crystalline structure of Fe0 Alpha Fe 

Particles morphology spherical 

Average particle size d50 < 50nm 

Particles specific surface area >25m2/g 

Dispersion colour black 

Dispersion density 

Fe0 particles density 

Fe3O4 density 

1,210 kg/m3 

7,870 kg/m3  

5,700 kg/m3 

 66 

67 

Figure S3 AC EMF generator (AC EMFG) and an induction coil (white coil) to hold vials for 

induction heating and AC EMF-enhanced dechlorination experiments. 
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TCE Dechlorination in Aqueous Phase with and without AC EMF 68 

 No soil was used in these reactors. Thus, all TCE was in dissolved phase and did 69 

not experience any mass transfer limitation via desorption from soil during 70 

dechlorination. Experiments were performed in duplicate. Noticeably, here we designed 71 

the H150 reactors to contain greater amount of ZVI (i.e., 50 g/L) to compensate for its 72 

slower dechlorination rate than NZVI (i.e., the NS25 reactors). Control experiments 73 

without H150 or NF25 demonstrated that TCE loss by mechanisms other than 74 

degradation by Fe0 was negligible (e.g., photodegradation, adsorption, and leakage). A 75 

mass balance for each case was calculated. The TCE degradation was modeled assuming 76 

a pseudo first order reaction.     77 

 The kinetics of TCE degradation under applied AC EMF was modeled assuming 78 

a pseudo first order reaction and compared with the TCE degradation rate without the 79 

applied AC EMF. Moreover, Due to the slower TCE dechlorination afforded by H150 80 

in comparison to NF25 (i.e., ZVI vs. NZVI), we measured TCE concentration every 3 81 

to 5 MIH cycles unlike measuring every single MIH cycle as for the case of NF25. We 82 

conducted MIH for two days for the case of H150 in comparison to 10 hours for NF25 83 

to yield complete dechlorination of TCE.  84 

 85 

MTP Soil and Groundwater Characteristics 86 

The MTP soil was a dark brown clayey sand. The specific gravity was 2.53. The fraction 87 

of organic carbon was 27 g/kg (2.7%). Total organic carbon in MTP groundwater was 88 

6.4 mg/L. The MTP groundwater was slightly acidic, pH 4.5, and had high conductivity 89 

(1,518 µS/cm) and low alkalinity (50 mg/L as CaCO3). It contained both NO3
- and SO4

-90 
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2 (i.e., 16.7 and 19.9 mg/L, respectively). In addition, NO3
- is reported to adversely affect 91 

NZVI performance. However, the adverse effect is not expected at this low NO3
- 92 

concentration 1  93 
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  94 

Figure S4 (a) TCE sorption kinetics on MTP soil and (b) Kd of TCE on MTP 

soil as determined from the slope of the graph 

(a) 

    (b) 
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   95 

Figure S5 (a) TCE desorption kinetics involving three desorption cycles until 

dissolved TCE concentration reaches the plateau level for each cycle. The 

dashed lines represent the pseudo first order desorption modeling for each 

cycle. 
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Table S3 Physical Properties of MTP Soil 96 

Property Description/Vale 

 

USC soil types Clayey Sand 

Color  Dark Brown 

Specific gravity)(-) 2.53 

Total Organic Carbon in Soil 

(g/Kg) 

27.08 

  97 
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Table S4 Physical and Chemical Properties of MTP Groundwater 

 

T 

(ºC) 
pH 

     Conductivity 

(µS/cm) 

DO 

(mg / 

l ) 

ORP 

(MV) 

TOC 

(mg / l) 

Alk (mg/l 

as CaCO3) 

Anion/Oxyanion 

(mg/L) 

Cation  

(mg/L) 

Cl- NO-
3 PO4

-3 SO-2
4 Na+ K+ Mg2+ Ca2+ 

30 4.5 1,518 2.1 312 6.4 50 42.

9 

16.7 – 19.9 

34.6 2.0 - - 
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Figure S6 XRD of (a) fresh NZVI (NF25), (b) aged NZVI (MRNIP), (c) ZVI (H200), and (d) 

Fe3O4. The red dash line represents Fe0 while the rest of the peaks are magnetite. 

 

(a) 

    (b) 

    (c) 

    (d) 

Fe0 
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Figure S7 the enlargement of Fig.1 from the field of 1,000 to -1,000 G to illustrate the hysteresis 

loops of each ZVI or NZVI sample 
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Details of Material and Magnetic Characteristics of ZVI and NZVI 

First, ZVI powder (H150 and H200) has a higher Ms (191 and 133 emu/g for 

H150 and H200, respectively) than NZVI (Ms of MRNIP and NF25 =74 and 55 emu/g, 

respectively), while magnetite nanoparticles (50 emu/g) have the lowest Ms. Due to 

ferromagnetism, the saturation magnetization of Fe0 is supposed to be greater than Fe3O4 

2. This agrees with findings here, and a recent study showing that oxidation of iron 

nanoparticles decreases Ms 
3. The remanence and coercivity of fresh NZVI (NF25) is 

greater than ZVI (H150 and H200), aged NZVI (MRNIP2), and magnetite, suggesting 

that size and oxidation of iron affects the permanence of magnetism. As shown in Fig. 

1a, Mr of NF25 (11 emu/g) is greater than MRNIP2 (4 emu/g), H150 (5.5 emu/g), H200 

(4 emu/g), and magnetite (1.6 emu/g). Further, Mr of NF25 is in good agreement with 

the value reported in the previous study 4. Moreover, Hc of NF25 (168 G) is also 

substantially greater than H200 (60 G), H150 (40 G), MRNIP2 (36 G), and magnetite 

(36 G). This agrees with a recent study revealing that Mr and Hc decreased with the 

increase of particle size for multi-domain magnetic particles (particle diameter > 8-10 

nm) 5.  
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Figure S8 By-product distributions from TCE dechlorination using NF25 and H150 

in DI and MTP with and without AC EMF. The mole balance of acetylene, ethene, 

ethane in these studies was from 93 to 108% of the initial TCE mole. 

 

Figure S9 TCE dechlorination kinetics using H150 in DI (squares) and MTP 

(triangles) without AC EMF (white) and with AC EMF (red). 
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Figure S10 Temperature profiles of NF25 in DI water and MTP groundwater as a 

function of time during five heating cycles. 

 

Figure S11 the linear correlation (with the slope of 0.9) between the enhanced dissolved 

TCE dechlorination rate constant due to AC EMF (kTCE-aq-AC EMF/kTCE-aq-No AC EMF) and 

the ratio of AC EMF application time (ƩtAC EMF) over the total dechlorination time 

(tDechlorination) multiplied by particle concentration (CZVI or NZVI) for all the four cases in 

this study (both NF25 and H150 in DI and MTP groundwater). 
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 TCE Dechlorination in Water Bath 

 In order to investigate this possibility, we conducted another set of TCE 

dechlorination experiments using NF25 in a heating water bath to simulate the 

temperature profile for dechlorination obtained from the MIH study of NF25 with EMF 

(Fig. S10 in SI). The simulated temperature profile over 10 hours using heating water 

bath is shown in Fig. S12 in SI. This 10-hour experiment consisted of five cycles of non-

EMF heating. Each cycle was two hours with 60 minutes of heating with water bath at 

a particular temperature similar to Fig. S10 at a corresponding heating cycle, followed 

by 60 minutes of reaction without heating (i.e., cooling down). 

 

 

 

 

 

 

 

 

  

Figure S12 Temperature profiles of NF25 in DI water heated by a water bath as a 

function of time during five heating cycles 
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Abstract 24 

Nanoscale zerovalent iron (NZVI) is a promising remediation agent for volatile 25 

organic compound contamination in saturated subsurface but is rarely applied for vadose 26 

zone as there are not enough water molecules in the unsaturated zone to participate in 27 

reductive dechlorination. Nevertheless, NZVI is ferromagnetic, capable of inducing heat 28 

under an applied low frequency electromagnetic field (LF-EMF), offering an opportunity to 29 

serve as a thermally enhanced remediation when combined with soil vapor extraction. In this 30 

study, we evaluated the possibility of using foam as a carrying vehicle to emplace NZVI in 31 

unsaturated porous media followed by the application of LF-EMF in laboratory batch 32 

reactors. We found that sodium lauryl ether sulfate (SLES) (3% w/w) was the best candidate 33 

for generating stable foam-based NZVI. The half-life of SLES foam-based NZVI (SLES-F-34 

NZVI) was 173 min. The SLES-F-NZVI carried as much as 41.31 g/L of NZVI in the liquid 35 

phase of the foam, and could generate heat to raise ∆T = 77ºC in 15 min at the deposited 36 

SLES-F-NZVI =77 g/kg. Under this condition, SLES-F-NZVI together with LF-EMF 37 

enhanced TCE evaporation from TCE dense non-aqueous phase liquid (DNAPL) in 38 

unsaturated sand by 39.51 ± 6.59 times in comparison to the reactors without SLF-EMF 39 

application.  40 

 41 

Keywords; nanoscale zerovalent iron particles; foam; unsaturated porous media; magnetic 42 

induction heating; chlorinated volatile organic compounds; dense non-aqueous phase liquid 43 

(DNAPL) 44 

 45 

 46 

 47 

 48 
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 49 

 50 

1. Introduction 51 

Vadose zone contamination with chlorinated volatile organic compounds (CVOCs) is 52 

a persistent and vexing environmental problem, jeopardizing environmental quality and 53 

public health. The average half-life for CVOC abiotic transformations ranges from two 54 

months to greater than 10
10

 years
1
. CVOCs may be entrapped as dense non-aqueous phase 55 

liquid (DNAPL) residuals in pores in the vadose zone and behave as long-term sources of 56 

toxic vapor migrating to the land surface and migrating into buildings, causing vapor 57 

intrusion problems 
2-4

. Additionally, CVOCs as DNALs in the vadose zone act as long-term 58 

sources of groundwater contamination by discharging CVOCs to underlying groundwater via 59 

infiltration and percolation 
5, 6

. Furthermore, CVOCs can also sorb onto soil and subsequently 60 

discharge both vapor and dissolved CVOCs to contaminate soil gas and underlying 61 

groundwater 
2, 3

. While cleaning up of a CVOC contaminated saturate zone comprises a 62 

variety of remedial alternatives, remediation techniques of CVOCs for the vadose zone are 63 

limited to excavation, soil vapor extraction (SVE) 
7, 8

, thermal enhanced SVE 
9-12

, and 64 

bioventing 
2, 13

.  65 

In situ chemical reduction (ISCR) using nanoscale zerovalent iron (NZVI) becomes a 66 

promising groundwater remediation alternative 
14-22

. Evidently, by 2009, more than 45 pilot-67 

scale and field-scale NZVI remediation tests had been conducted 
23, 24

. However, water-based 68 

NZVI is much less applicable for dechlorination of CVOCs in the vadose zone due to 69 

technical difficulties in NZVI delivery. For example, gravity may preferentially induce the 70 

migration of water-based NZVI dispersion in the vertical direction, limiting lateral transport 71 

and the radius of influence (ROI) 
25

. In addition, flushing water-based NZVI dispersion in the 72 

vadose zone may cause unintended CVOC dissolution and migration to underlying aquifers, 73 
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leading to even more severe contamination. Recent studies by Zhong and Li's group from 74 

Pacific Northwest National Laboratory proposed using foam-assisted delivery of NZVI in the 75 

vadose zone to overcome these technical difficulties 
25-27

. They revealed that sodium lauryl 76 

ether sulfate (SLES)-stabilized foam could transport NZVI through an unsaturated sand-77 

packed column much better than water-based NZVI dispersion 
25

. Even though the 78 

difficulties in particle delivery are solved by the foam-assisted delivery option, NZVI still 79 

faces technical difficulty in CVOC degradation, as reductive dechlorination by NZVI requires 80 

water molecules for the transformation of CVOCs to more benign by-products 
18, 21, 22, 28-33

. 81 

Expectedly, the vadose zone may not have enough water molecules and may not have 82 

sufficient CVOC dissolution in pore water for substantial reductive dechlorination by NZVI. 83 

Thus, the chemical reactive nature of NZVI may not be as useful to vadose zone clean-up as 84 

it is for the saturated zone.  85 

Nevertheless, due to its ferromagnetic properties, NZVI may still be useful for vadose 86 

zone remediation. NZVI’s magnetic response under applied magnetic field has just recently 87 

been employed for remediation research. Although, in 1999, Jovanovic’s research group first 88 

utilized the magnetic property of micron-sized Pd/ZVI particles impregnated into calcium 89 

alginate beads to make a magnetically stabilized fluidized bed (MSFB) reactor for 90 

dechlorination of p-chlorophenol possible under an applied DC electromagnetic field (DC 91 

MF), the magnetic property of ZVI was not intentionally used to enhance the p-chlorophenol 92 

degradation
34-36

. In 2011, Choi’s research group reported that applying DC MF to ZVI can 93 

induce an oxidation reaction due to the enhanced O2 dissolution and ZVI dissolution to Fe
2+  

94 

for Fenton’s reaction
37

. Until recently, Guan’s research group presented a series of 95 

experimental studies using superimposed weak magnetic field or premagnetization to 96 

enhance the water treatment efficacies of various metal and metalloid, including antimony, 97 

arsenic, chromate, copper, and selenite
38-43

 by ZVI. The enhanced removal was attributed to 98 
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the accelerated ZVI corrosion and the transformation of amorphous iron (hydro) oxides to 99 

lepidocrocite.  100 

More importantly, ferromagnetic materials, such as Fe
0
, and its oxidized 101 

ferromagnetic products including magnetite nanoparticles (Fe3O4) and maghemite (γ-Fe2O3), 102 

produce heat when subjected to a low frequency electromagnetic field (LF-EMF) (30-300 103 

kHz). They are used in medicine for thermal treatments, such as magnetic assisted 104 

hyperthermia 
44, 45

, where functionalized magnetic nanoparticles target tumor cells and then 105 

are heated by applied LF-EMF to kill the cancer cells 
45, 46

. Most recently, Phenrat’s research 106 

group revealed that using ZVI and NZVI with applied LF-EMF enhanced dechlorination of 107 

dissolved TCE and TCE in a soil-water-TCE system up to 5-fold compared to the absence of 108 

LF-EMF, presumably due to magnetically accelerated ZVI corrosion and thermally enhanced 109 

desorption of TCE from soil
47

. For the first time, the study indicates the potential for ZVI and 110 

NZVI coupled with LF-EMF as a combined remediation technique for increasing the rate and 111 

completeness of in situ cleanup of adsorbed phase contaminants in saturated soil and 112 

groundwater. 113 

Similarly, NZVI should be able to induce heat under an applied LF-EMF in the 114 

vadose zone as it does in the saturated zone 
47

. Conceptually, coupled with SVE, the heat 115 

generated by NZVI under LF-EMF should speed up CVOC removal in the vadose zone via 116 

thermal enhancement evaporation (Fig.1). Raising chemical vapor pressures by heating soil 117 

in situ can decrease the remediation time and help effectively remove semi-volatile chemicals 118 

untreatable by conventional SVE. This concept is similar to that of using radio frequency 119 

heating (RFH) and microwave heating (MWH), except that RFH and MWH utilize 120 

frequencies as high as 500 kHz to 500 MHz 
48, 49

 and 500 MHz to 500 GHz 
49, 50

, 121 

respectively. In addition, a major difference between the proposed NZVI heating under LF-122 

EMF and conventional RFH or MWH is that the LF-EMF proposed here generates heat by 123 
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electromagnetic induction of emplaced NZVI in the vadose zone, while the RFH or MWH 124 

discussed in previous studies generate heat by dielectric heating of molecules with the 125 

permanent and/or induced electric dipoles (unbalanced charges) 
48-50

 present in soil or pore 126 

water. For this reason, LF-EMF heating of NZVI should improve remediation efficacy in a 127 

similar way as RFH or MWH, but with less energy input. This performance is similar to the 128 

enhanced TCE dechlorination up to 8 times using combined moderate-temperature subsurface 129 

electrical resistance heating (up to 50°C) with in situ ZVI treatment in a field scale 130 

application 
51

. Nevertheless, this novel combination of NZVI and LF-EMF has never been 131 

tested for unsaturated porous media. 132 

The present study evaluates the feasibility of using foam-based NZVI (F-NZVI) 133 

together with LF-EMF (150 kHz) to enhance NZVI emplacement and TCE evaporation from 134 

a TCE dense non-aqueous phase liquid (DNAPL) in laboratory-scaled unsaturated porous 135 

media. The greater the enhanced TCE evaporation via magnetic induction heating (MIH) of 136 

F-NZVI, the more effective the thermally enhanced SVE. Five different surfactants were 137 

tested as F-NZVI stabilizers. Magnetic characterization was conducted for NZVI and F-138 

NZVI. Batch and column experiments were conducted to evaluate F-NZVI stability and 139 

mobility in unsaturated porous media. The ability of F-NZVI to generate heat under an 140 

applied LF-EMF was also examined. The TCE evaporation kinetics, both with and without 141 

LF-EMF, were compared to quantify the benefits of using LF-EMF together with F-NZVI. 142 

The feasibility of this combined remediation concept is discussed based on both F-NZVI 143 

deliverability and enhanced TCE evaporation.  144 

 145 

2. Materials and Methods 146 

2.1. Surfactant and NZVI 147 
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 Five commercially available surfactants, PEG-20 sorbitan monostearate (Tween 60), 148 

sorbitan monooleate (Span 80), Vertex Type 1 (proprietary foaming agent for lightweight 149 

cellular concrete), Vertex Type 2 (proprietary foaming agent for lightweight cellular 150 

concrete) and sodium lauryl ether sulfate (SLES) were used as foam stabilizers in this study. 151 

The first four surfactants are chemically pure while the last has active matter at around 70%. 152 

The NZVI used in this study was Nanofer 25 (NF25) (Nanoiron, Czech Republic). Table S1 153 

(in Supporting Information (SI)) summarizes the physical properties of NF25 as obtained 154 

from the supplier. In addition, NZVI was characterized by X-ray diffraction (XRD) and 155 

magnetic properties using a vibrational sample magnetometer (VSM). 156 

2.2. Foam generation procedure and foam characterization  157 

 The foam and F-NZVI generation procedure used in this study was described in detail 158 

in a previous study 
26

 (See SI and Fig.S1). This first part of the experiment controlled the 159 

surfactant concentration (1% (w/w)), NZVI concentration in the surfactant stock solution (50 160 

g/L) and N2 flow rate (125 mL/min) at constant values in order to determine the best type of 161 

surfactant for foam formation and stabilization. The quality of the control foam (no NZVI) 162 

and F-NZVI, the foam stability, and the bubble size distribution of the control foam and F-163 

NZVI were determined as described in SI 
27, 52

. Each experiment was conducted in duplicate. 164 

After evaluating the best kind of surfactant for stabilizing F-NZVI (found to be SLES, 165 

as discussed in the result and discussion section), the second part of the experiment 166 

determined the optimal surfactant concentration for foam generation by generating foam 167 

using 50 g/L NZVI at various surfactant concentrations of 1, 3, 5, 7, and 9% (w/w). Then the 168 

best type of surfactant at the optimal surfactant dose was used to determine the optimal N2 169 

flow rate by conducting an experiment covering various N2 flow rates of 125, 300, and 500 170 

mL/min. For this part of the experiment, we could determine the optimal F-NZVI generating 171 

conditions. 172 
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2.3. Delivery and emplacement of F-NZVI in unsaturated sand-packed column 173 

 Only SLES-F-NZVI (F-NZVI stabilized by SLES) was used in this experiment as 174 

SLES-F-NZVI appeared to perform the best of all the five surfactants (to be discussed next). 175 

The transport experiments were performed using a cylindrical acrylic column, 16 cm in 176 

length and 2 cm in inner diameter, packed with quartz sand with an average size of 0.85 mm. 177 

The column was attached to the foam generation column (Fig.S1). Sixty pore volumes (PVs) 178 

of SLES-F-NZVI generated at the optimum generating condition (50 g/L NZVI in 3% (w/w) 179 

SLES solution at a flow rate of 1.5 mL/min and 500 mL/min N2) was delivered into the 180 

unsaturated sand-packed column. Each experiment was conducted in duplicate. The 181 

breakthrough NZVI concentrations in SLES-F-NZVI were monitored. Furthermore, the 182 

concentration of NZVI deposited onto the unsaturated sand was determined by dissecting the 183 

sand-packed column into eight 2-cm long segments. See details of the experimental setup in 184 

SI.  185 

2.4. Magnetic induction heating (MIH) of F-NZVI and F-NZVI emplaced on 186 

unsaturated porous media 187 

 In this experiment, the MIH capability of F-NZVI, both as free foam and foam 188 

emplaced into unsaturated porous media, under applied LF-EMF was examined. The former 189 

provides a basic understanding of how much heat free F-NZVI can be induced magnetically 190 

while the latter more realistically represents the MIH of F-NZVI for vadose zone remediation 191 

because when applied for remediation, F-NZVI will be injected and emplaced into the vadose 192 

zone, where it helps generate heat under an applied LF-EMF. Only SLES-F-NZVI as the best 193 

performing F-NZVI was investigated in this study. See the details of both experimental 194 

setups in SI. 195 

 196 

2.5 Enhanced TCE evaporation by F-NZVI with MIH 197 
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F-NZVI coupled with MIH was evaluated for its capability to enhance TCE 198 

evaporation in a batch study. The 25 ml glass vial used in this experiment contained 2 mL of 199 

SLES-F-NZVI (generated using 100 g/L NZVI in 3% (w/w) SLES and 500 mL/min N2) and 200 

17.20 g of quartz sand with three different water saturations (WS) (5 %, 25 %, and 50 %) in 201 

order to evaluate the role of water saturation on enhanced TCE evaporation via F-NZVI and 202 

MIH. Pure phase TCE of 0.25 mL (or 3.5% saturation) was pipetted into the vial prior to 203 

being promptly capped with Teflon Mininert™ to prevent TCE gas leaving the reactor. The 204 

reactor was homogenized in an orbital shaker for 30 min prior to the study. Control rectors 205 

including TCE in sand without SLES-F-NZVI were made under the same set-up with the 206 

same three WS. The vial was insulated and placed into the center of the induction coil of a 207 

custom-made electromagnetic magnetic field generator (EMFG) (see SI) at 13 A and 150 208 

kHz for MIH study for 5, 10, 15, 30, and 60 min. The temperature was measured using an 209 

infrared and a contact thermometer. TCE evaporation due to SLES-F-NZVI coupled with 210 

MIH was quantified by sampling 50 µL of headspace via a gastight syringe through the 211 

Teflon Mininert™ valve. The gas sample was analyzed for TCE and its chlorinated 212 

byproducts using a 20 m Agilent J&W DB-624 capillary column on an Agilent 213 

7820GC/ECD. The TCE evaporation in a reactor with SLES-F-NZVI but without LF-EMF 214 

was also monitored for comparison. 215 

 216 

3. Results and discussion 217 

3.1. Characteristic of Foam and F-NZVI 218 

 Only three types of surfactant: SLES, Vertex Type 1, and Vertex Type 2 successfully 219 

generated foam and F-NZVI while Span 80 and Tween 60 appeared to be too sparingly 220 

soluble in water to assist foam formation. The quality of foam was very high (99.60-99.69%) 221 

both with and without NZVI for all three kinds of surfactant. At 1% (w/w) surfactant without 222 
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NZVI, SLES appeared to be the most stable (foam half-life (t1/2) = 143 min) followed by 223 

Vertex Type 1 (t1/2 = 130 min), and Vertex Type 2 (t1/2 = 56 min) (Fig.2a). The bubble size 224 

distribution of foam without NZVI was from 5 to 35 µm (Fig. 2b). Most of the bubble sizes 225 

for foam stabilized by Vertex Type 2 (see Fig. 2c) and SLES were 6 to 10 µm, while most of 226 

the bubble sizes for foam stabilized by Vertex Type 1 was slightly bigger, i.e. 11 to 15 µm. 227 

Interestingly, adding NZVI into the foam did not seriously alter foam stability for 228 

both SLES-F-NZVI (NZVI foam stabilized by SLES) (t1/2 = 140 min) and Vertext Type 1-F-229 

NZVI (t1/2 = 131 min), while NZVI substantially enhanced the stability of the foam stabilized 230 

by Vertex Type 2, for which t1/2 became 112 min (Fig.2a), twice as much as without NZVI. 231 

This similar synergetic effect of nanoparticles and surfactant in foam stabilization has 232 

previously been reported 
53, 54

. Fig.2d illustrates a microscopic demonstration of surfactant 233 

modified NZVI adsorption onto the foam bubble. Noticeably, black aggregates of surfactant-234 

modified NZVI sorbed onto the surface of the foam bubble between the contact line of the 235 

two phases (gas and liquid). The accumulation of surfactant-modified NZVI on the foam 236 

surface is similar to interfacial targeting of the NAPL source zone by amphiphilic polymer-237 

modified NZVI in saturated porous media reported in recent studies 
15, 28

. The film of 238 

attached surfactant-modified NZVI on the foam bubble may increase the surface elasticity of 239 

the foam, reduce the coarsening tendency, and enhance foam stability 
53

. This could explain 240 

the increased stability of Vertex Type 2-F-NZVI, mentioned previously. 241 

Since of all three workable surfactants, SLES appeared to perform the best at 1% 242 

(w/w), we next evaluated the effect of SLES concentration (1, 3, 5, 7, and 9% (w/w)) and N2 243 

flow rate (125, 300, and 500 mL/min) to determine the best conditions to generate SLES-F-244 

NZVI. As shown in Fig. S3a, at an N2 flow rate of 125 mL/min, SLES at a concentration of 245 

3% performed the best in terms of foam stability (t1/2 = 173 min). Next, we evaluated the role 246 

of N2 flow rate to determine the best N2 flow rate which could carry NZVI modified by SLES 247 
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at 3% (w/w) the best. As shown in Fig. S3b, the greater the N2 flow rate, the greater the 248 

concentration of NZVI in foam. At an N2 flow rate of 500 mL/min, SLES-F-NZVI contained 249 

NZVI as much as 33.49 ± 3.72 g/L when started with an initial concentration of 50 g/L. The 250 

capability of SLES-F-NZVI at 3% (w/w) SLES and 500 mL/min N2 on NZVI carrying was 251 

67% of the NZVI stock solution. Consequently, this optimum SLES-F-NZVI formation was 252 

used in all of the following experiments, unless otherwise specified. 253 

 254 

3.2. Delivery and emplacement of F-NZVI in unsaturated sand-packed column 255 

Fig. 3a illustrates the breakthrough curve of SLES-F-NZVI generated at 50 g/L NZVI 256 

stock solution in 3% (w/w) SLES at 500 mL/min N2 flow rate. The foam quality of SLES-F-257 

NZVI entering the sand-packed column was 99.83%, with the liquid portion of the foam 258 

(0.17%) carrying 41.32 g/L of NZVI. Noticeably, from 5th PV to 20th PV, the breakthrough 259 

NZVI concentrations seemed to reach steady state at around 45% of the influent 260 

concentration. The unsaturated media filtered around half of NZVI carried by the foam. This 261 

finding is in good agreement with a recent study which reported that NZVI (3g/L) carried by 262 

foam generated by SLES (0.5% (w/w)) was filtered at approximately 20% by an unsaturated 263 

sand-packed column (grain diameter of 0.8-1.25 mm) 
25

. Presumably, the present study 264 

generated foam at a higher NZVI concentration than Ding’s study, which caused more 265 

agglomeration of NZVI in the foam (see NZVI agglomerates attached on SLES-F-NZVI in 266 

Fig. S4 in SI) and thus was filtered out by the unsaturated porous media much easier. 267 

Nevertheless, from 20th to 60th PVs, the breakthrough NZVI concentrations gradually raised 268 

to 100% transportability through the unsaturated packed bed. Presumably, after 20th PV, the 269 

moisture content in unsaturated porous media exceeded the critical moisture content (ɵcr) 270 

where immobilized NZVI started to be released at a rate proportional to the product of the 271 

pore water velocity and the attached particle concentration 
55

. This interesting behavior was 272 
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not observed in Ding’s study, in which a transport study was conducted up to only 2 PVs 
25

. 273 

Possibly, the moisture content of the unsaturated sand media in their study might not have 274 

reached the critical point.  275 

Fig. 3b illustrates the NZVI attached to the sand in the unsaturated packed column 276 

after 60 PVs. The concentration of NZVI deposited on sand decreased exponentially with the 277 

distance from the inlet, in good agreement with typical infiltration behavior of colloidal and 278 

nanoparticles in unsaturated porous media reported previously 
25

. Nevertheless, the amount of 279 

deposited NZVI in this study is greater than the previous study by around 5 to 10 times 280 

because NZVI concentration in the liquid portion of SLES-F-NZVI in this study was 41.32 281 

g/L, while the NZVI concentration in foam used a previous study was only up to 4.4 g/L 
25

. 282 

We designed the NZVI emplacement in unsaturated porous media to achieve high particle 283 

concentrations because the greater the emplaced NZVI, the more effective the thermally 284 

enhanced evaporation of TCE promoted by NZVI under SLF-EMF.  285 

 286 

3.3. Magnetic induction heating (MIH) rate of F-NZVI 287 

3.3.1 Free F-NZVI 288 

NZVI is ferromagnetic material with the area under the hysteresis loop (∆U) =6.7 × 289 

10
4
 emu G/g as confirmed by XRD and VSM results (Fig. S5 and S6 as well as detailed 290 

discussion of the results in SI)
47

. Under applied SLF-EMF, the DI, SLES solution, and SLES 291 

foam control samples without NZVI could not generate any heat. However, DI and SLES 292 

solutions with NZVI as well as SLES-F-NZVI generated heat and substantially raised the 293 

temperature of the suspension, as expected (Fig. 4a). For all cases, the temperature change 294 

per (∆T) unit mass of NZVI (MassNZVI) was above 65°C/g for 15 min. However, their heat 295 

induction rate constants (kHI) (determined from eqn. 1) and maximum induced temperature 296 

increases (∆Tmax /MassNZVI) significantly depended on their vehicles.  297 
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 Interestingly, SLES-F-NZVI (KHI = 29.94 × 10
-2 

min
-1

 and ∆Tmax/MassNZVI = 380°C/g) 299 

was the fastest in term of heating kinetics, followed by NZVI in SLES solution (KHI = 17.88 300 

× 10
-2 

min
-1

 and ∆Tmax /MassNZVI = 74°C/g), and NZVI in DI water (KHI = 10.14 × 10
-2 

min
-1

 301 

and ∆Tmax /MassNZVI = 186°C/g). Noticeably, the KHI of NZVI in DI water in the present 302 

study is similar to those reported in a previous study 
47

. The difference of KHI and ∆Tmax 303 

/MassNZVI generated by NZVI in the three different vehicles may be attributed to the specific 304 

heat capacity (CP) of each carrying media. As DI water, SLES solution, and SLES-F-NZVI 305 

examined in this study contained the same kind of NZVI with ∆U = 6.7 × 10
4
 emu G/g, the 306 

heat dissipation per unit of NZVI mass should have been the same under exactly the same 307 

LF-EMF if the carrying media did not play any role. Nevertheless, the heat dissipated to 308 

mostly air in the foam structure of SLES-F-NZVI (air = 99.83%) while the same amount of 309 

heat dissipated to water in the DI water sample and to 3% (w/w) SLES in the SLES solution 310 

sample. Since the CP of air (1.012 J/g/C at 25ºC) is lower than the CP of DI water (4.1813 311 

J/g/C at 25ºC) by around a factor 4, it is comprehensible that the KHI of SLES-F-NZVI was 3 312 

times greater than that of NZVI in DI water. Similarly, ionic surfactant is known to decrease 313 

the specific heat capacity of aqueous solution at concentrations greater than the critical 314 

micelle concentration (CMC) 
56

. For this reason, at 3% (w/w) SLES, which is greater than its 315 

CMC, the CP of SLES solution is supposed to be lower than DI, resulting in faster heating 316 

kinetics and extent of NZVI in SLES solution in comparison to DI, as observed in this study. 317 

Nevertheless, the decreased CP of 3% (w/w) SLES concentration may still be greater than that 318 

of the air in SLES-F-NZVI; this helps explain the poorer heating kinetics of NZVI in SLES 319 

solution in comparison to SLES-F-NZVI 320 

 321 

3.3.2 F-NZVI emplaced on unsaturated porous media 322 
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SLES-F-NZVI emplaced onto unsaturated sand could also generate heat and raise the 323 

temperature under an applied SLF-EMF, but the increase of temperature was significantly 324 

lower than that of free SLES-F-NZVI based on the same foam generating conditions. For 325 

example, Fig.S7 shows the ∆T for SLES-F-NZVI deposited onto unsaturated sand at each 326 

distance from the inlet according to the NZVI emplacement profile in Fig. 3b. It should be 327 

noted that the SLES-F-NZVI in Fig.S7 was generated under the same conditions as the free 328 

SLES-F-NZVI in Fig.4a. The MIH was conducted for 5, 10, and 15 min for each sand 329 

segment. As shown in Fig.S7, for each segment, the induced ∆T slightly increased with time 330 

from 5 to 15 min. Nevertheless, ∆T ranged only from 3 to 11ºC, not sufficient for the 331 

application of thermally enhanced remediation. The much lower ∆T of deposited F-NZVI in 332 

the unsaturated porous media in comparison to the free foam is probably due to low NZVI 333 

concentration attached to the unsaturated sand. For example, the maximum NZVI 334 

concentration deposited on to the sand according to Fig.3b was only around 5 g/kg at the 335 

segment of 0 to 2 cm while the NZVI concentration in free SLES-F-NZVI was 41.32 g/L. In 336 

order to achieve a meaningful thermally enhanced vadose zone remediation, a ∆T greater 337 

than 40ºC is preferable. Consequently, we generated SLES-F-NZVI foam using 100 g/L 338 

NZVI in 3% (w/w) SLES stock solution and an N2 flow rate of 500 mL/min and delivered it 339 

to the unsaturated pack column. After 60 PVs of delivery, the emplaced NZVI profile along 340 

the unsaturated pack sand bed was as shown in Fig. S8. Noticeably, the concentration of 341 

NZVI deposited onto the sand increased substantially, presumably due the higher NZVI 342 

concentration in SLES stock solution for foam generation, as well as the NZVI agglomeration 343 

during the foam formation which could promote NZVI filtration by unsaturated sand. 344 

However, the concentration of NZVI deposited onto the sand decreased exponentially with 345 

the distance from the inlet. The maximum NZVI deposition onto the sand was 77 g/kg at 0 to 346 

2 cm from the inlet. With this NZVI emplacement profile in each segment, the induced ∆T 347 
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substantially increased with time from 5 to 15 min (Fig. S9) in comparison to Fig. S7. 348 

Intuitively, the greater the emplaced NZVI, the higher the increased ∆T (Fig.4b) at a 349 

particular MIH time. Promisingly, the ∆T values were 41 and 77ºC for emplaced NZVI 350 

concentrations of 22 g/kg and 77 g/kg for the unsaturated sand segment of 2 to 4 and 0 to 2 351 

cm, respectively, after 15 min of MIH (Fig.4b). This finding suggests that in order to make 352 

SLES-F-NZVI a viable alternative induced thermal remediation agent for the vadose zone, a 353 

significant amount of NZVI, at least at a concentration of 22 to 44 g/kg, must be emplaced in 354 

the unsaturated porous media. 355 

 356 

 357 

3.4. Enhanced TCE Evaporation by SLES-F-NZVI under SLF-EMF 358 

 Here, we evaluate the feasibility of thermally enhanced TCE evaporation using MIH 359 

of SLES-F-NZVI deposited into unsaturated porous media at the attached NZVI 360 

concentration of 77 g/kg described in the previous section. The control reactors (i.e. 361 

unsaturated sand with water saturation (WS) = 5, 25, and 50% and TCE (pure phase) 362 

saturation = 3.5% without SLES-F-NZVI) and the reactors with SLES-F-NZVI but without 363 

MIH cannot generate any heat, and the temperature remains at 25ºC over 60 min of the study. 364 

However, under an applied LF-EMF, deposited SLES-F-NZVI generated heat to achieve T 365 

from 95 to 110ºC (∆T from 70 to 85ºC) in 15 min (Fig.5a). WS in unsaturated porous media 366 

did not obviously affect the heating kinetics of the SLES-F-NZVI reactors in SLF-EMF. 367 

Thus, the deposited SLES-F-NZVI concentration is the main governing factor. 368 

 As theoretically hypothesized, the heat generated by SLES-F-NZVI under LF-EMF 369 

substantially enhanced TCE evaporation in batch reactors. As shown in Fig. 5b (presented in 370 

log scale), the TCE concentrations in the headspace of the control reactors and SLES-F-NZVI 371 

reactors without SLF-EMF application were relatively constant over 60 min of the study, i.e. 372 
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2,236 ± 329 mg/L and 2,114 ± 465 mg/L, respectively. WS did not appear to play any 373 

obvious role in TCE evaporation in these reactors. However, TCE concentrations in the 374 

headspace of SLES-F-NZVI reactors with MIH increased sharply from 0 to 5 min MIH for 375 

WS = 25 and 50%, while it increased more gradually in the reactor with WS = 5%. After 376 

around 15 min MIH, TCE concentration in the headspace of all MIH reactors reached a 377 

similar maximum concertation of 81,504 ± 4,751 mg/L, regardless of WS. Consequently, the 378 

MIH of SLES-F-NZVI deposited in unsaturated porous media at the NZVI concentration of 379 

77 g/kg increased TCE evaporation by 39.51 ± 6.59 times in comparison to the reactors 380 

without MIH. This proof-of-concept experiment strengthens the VOC remedial feasibility 381 

using SVE thermally enhanced by F-NZVI and LF-EMF. 382 
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 389 

Figure Caption 390 

Fig. 1 A conceptual model of delivery and electromagnetic induction of F-NZVI as a 391 

combined remediation technique for NAPL) in vadose zone. 392 

 393 

Fig. 2 (a) Half-life (t1/2) of foam and F-NZVI formed by three different surfactants, (b) 394 

bubble size distribution of three different types of foam, and micrograph of (c) Vertex Type 2 395 

Foam and (d) Vertex Type 2-F-NZVI. 396 

 397 

Fig. 3 (a) Breakthrough curve of SLES-F-NZVI over 60-PV delivery through an unsaturated 398 

sand-packed column and (b) concentration of deposited NZVI in unsaturated porous media as 399 

a function of distance from the inlet. 400 

 401 

Fig.4 (a) MIH kinetics of SLES-F-NZVI in comparison to NZVI in DI water and SLES 402 

concentration (3% (w/w)) and (b) linear trend between deposited NZVI concentration 403 

(CAttached-NZVI/CSand (g/kg)) and induced ∆T (ºC) at 5, 10, and 15 min MIH under 150 kHz 404 

and 13 A of EMF. 405 

 406 

Fig. 5 (a) Heating kinetics of reactors containing unsaturated sand at WS = 5, 25, and 50% 407 

and TCE saturation =3.5% induced by SLES-F-NZVI under 150 kHz and 13 A and (b) 408 

kinetics of TCE evaporation to headspace with and without applied SLF-EMF and as a 409 

function of MIH time.  410 

  411 
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Fig. 1 A conceptual model of delivery and electromagnetic induction of F-NZVI as a combined remediation 
technique for NAPL) in vadose zone.  
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Fig. 2 (a) Half-life (t1/2) of foam and F-NZVI formed by three different surfactants  
160x161mm (300 x 300 DPI)  
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Fig. 2 (b) bubble size distribution of three different types of foam  
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Fig. 2 micrograph of (c) Vertex Type 2 Foam  
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Fig. 2 (d) Vertex Type 2-F-NZVI  
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Fig. 3 (a) Breakthrough curve of SLES-F-NZVI over 60-PV delivery through an unsaturated sand-packed 
column  
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Fig. 3 (b) concentration of deposited NZVI in unsaturated porous media as a function of distance from the 
inlet.  
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Fig.4 (a) MIH kinetics of SLES-F-NZVI in comparison to NZVI in DI water and SLES concentration (3% 
(w/w))  
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Page 28 of 31

ACS Paragon Plus Environment

Environmental Science & Technology



  

 

 

Fig.4 (b) linear trend between deposited NZVI concentration (CAttached-NZVI/CSand (g/kg)) and induced 
∆T (ºC) at 5, 10, and 15 min MIH under 150 kHz and 13 A of EMF.  
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Fig. 5 (a) Heating kinetics of reactors containing unsaturated sand at WS = 5, 25, and 50% and TCE 
saturation =3.5% induced by SLES-F-NZVI under 150 kHz and 13 A  
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Fig. 5 (b) kinetics of TCE evaporation to headspace with and without applied SLF-EMF and as a function of 
MIH time.  

164x166mm (300 x 300 DPI)  
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Table S1 Physicochemical Properties of Nanofer 25 (NF25) 

 

Physicochemical Properties of  Nanofer 25 (NF25) 

Chemical composition of Fe
0
 

Fe(core) 
FeO (shell) 

Content of solid phase in dispersion by weight 20% 

Content Fe
0
 in solid phase 

Other ingredients in solid phase 

Content of Fe
0 

in dispersion by weight 

≈ 85%  
Fe3O4,FeO,C  
17% 

Crystalline structure of Fe
0
 Alpha Fe 

Particles morphology spherical 
Average particle size d50 < 50nm 
Particles specific surface area >25m2/g 
Dispersion colour black 

Dispersion density 

Fe
0
 particles density 

Fe3O4 density 

1,210 kg/m3 
7,870 kg/m3  
5,700 kg/m3 

 

Foam and F-NZVI Generation Procedure and Characterization 

Briefly, the control foam samples, i.e. foams without NZVI, were generated by 

first injecting approximately 5 mL of surfactant solution at a concentration of 1% 

(w/w) into a foam-generating column (Fig. S1) (acrylic with an i.d of 2 cm and length 

of 7 cm) via a peristaltic pump (Cole-Parmer Masterflex) at a flow rate of 1.5 ± 0.1 

mL/min. Nitrogen gas was then introduced into the column along with solution 

injection at an N2 flow rate of 125 mL/min. A 60-mesh stainless steel screen was 

placed at the inlet of the column to help create foam. After stable foam-generating 

conditions were established for 5 min, the foam was collected using test tubes 7 cm 

long and of 2 cm inner diameter. For the case of F-NZVI formation, the generation 

protocol was the same as the control foam, except that the stock solutions consisted of 
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50 g/L of NZVI for all five kinds of surfactant at a surfactant concentration of 1% 

(w/w) and an N2 flow rate of 125 mL/min. The stock solutions were sonicated using an 

ultrasonic probe throughout the experiment.  

To quantify the quality of the control foam and F-NZVI generated by all five 

surfactants, 5 ± 0.5 mL of each foam sample was collected. Ten mL methanol was 

used as a defoaming agent for each foam sample (Zhong et al., 2010; Shen et al., 

2011). The volumes of the defoamed solutions for both control foam and F-NZVI and 

for each surfactant were measured using a graduated cylinder to determine the volume 

of the liquid component (Vl) of the foam. The difference between the total foam 

volume and Vl is the volume of gas in the foam (Vg). All experiments were performed 

in duplicate. The foam quality (F (%)) was defined by Eq.S-1 (Mulligan and Eftekhari, 

2003). 

                                                     F = 	
��

			�	��	��
	× 100	                 (S-1) 

The amount of NZVI in the liquid phase of each F-NZVI sample was 

quantified by separating NZVI out of the deformed solution using magnetic separation 

of NZVI followed by weighting of the separated NZVI after drying in an oven at 

105oC for around 2 hr.  

The foam stability following the same concept as the half-life of the foam was 

defined as the time required by the control foam and F-NZVI to reach half of its initial 

volume. The bubble size distributions of the control foam and F-NZVI were evaluated 

using a light microscope with a magnification 4×/0.01 connected to a digital camera 

(3.0 MP). The bubble sizes were quantified by using the S-Viewer software 
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Figure S1 F-NZVI generation unit connected to an unsaturated sand-packed column for 

F-NZVI delivery and emplacement experiment. 
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Delivery and emplacement of F-NZVI in unsaturated sand-packed column 

The sand (average d = 0.85 mm) was washed with DI water and dried at 105°C 

prior to using in the experiments. The porosity of the packed-bed sand was 0.41 ± 0.02 

as determined by the gravity method. The packed columns were flushed with 3 pore 

volumes of 0.02 M NaCl solution prior to the study; the flushing electrolyte remaining 

in the columns was drained under gravity, and the columns were weighed to determine 

the initial water saturation (WS). Then, one pore volume (PV) of foam without NZVI 

was generated and flushed through the column, followed by the generation and 

delivery of 60 PVs of SLES-F-NZVI at the optimum generating condition (50 g/L 

NZVI in 3% (w/w) SLES solution at a flow rate of 1.5 mL/min and 500 mL/min N2). 

The breakthrough NZVI concentrations in SLES-F-NZVI were monitored by sampling 

the SLES-F-NZVI at the effluent as a function of time, followed by the same 

procedure of foam destabilization, magnetic separation, and gravimetric determination 

of NZVI discussed earlier. The experiment was conducted in duplicate. 

After a 60-PV experiment, the sand-packed column was dissected into eight 2-

cm long segments where the sand and emplaced NZVI were removed from the 

segments. Retained NZVI was recovered by washing the F-NZVI and a sand mixture 

with 25 mL of DI water under sonication for 1 min, followed by manual vigorous 

shaking for a few seconds. The aqueous dispersions of NZVI washed out from the 

sand were decanted; NZVI was separated from the suspension by magnetic separation. 

The procedure was repeated 5 times for each sample until there was no more 

recoverable NZVI. The recovered NZVI was dried at 105oC and weighed to determine 

the amount of SLES-F-NZVI deposited in each unsaturated sand segment. The 
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percentage of emplaced F-NZVI was calculated by dividing the amount of recovered 

NZVI by the total amount of dried sand in each segment.   

Magnetic induction heating (MIH) of F-NZVI and F-NZVI emplaced on 

unsaturated porous media 

For free foam MIH study, a 25 mL screwed cap glass vial containing 12.5 mL 

of SLES-F-NZVI sample generated using 50 g/L NZVI in 3 % (w/w) SLES at an N2 

flow rate of 500 mL/min, as previously described, was placed into the center of the 

induction coil of a custom-made electromagnetic magnetic field generator (EMFG) 

(Fig. S2). The EMFG generated LF-EMF at a current density of 13 A and frequency of 

150 kHz. The glass vial was inserted into an insulator prior MIH study. An infrared 

and contact thermometer (Fluke 561) (Fluke, Everett, Washington) was used to 

monitor the temperature change from the induced heat. The induced temperature under 

the applied LF-EMF was monitored at 5, 10, and 15 min. Each experiment was 

performed in duplicate. In addition to the F-NZVI, NZVI in DI water and in SLES 

suspension (not foam) at a particle concentration of 50 g/L were also evaluated for 

MIH capability, in order to compare with SLES-F-NZVI to determine if using foam as 

a vehicle to carry NZVI promotes or retards MIH. The MIH capability of each NZVI-

carrying vehicle (DI water, SLES dispersion, and SLES foam) was defined as the 

temperature changes (∆T) with respect to the amount of NZVI. 

 For emplaced F-NZVI, the same experimental set-up as section 2.3 was used. 

Delivery and emplacement of F-NZVI in an unsaturated sand-packed column was used to 

generate and deliver SLES-F-NZVI through an unsaturated porous media column. 

Sixty PVs of SLES-F-NZVI were injected in up-flow mode to emplace NZVI in the 

column. Then, the sand with NZVI emplacement was dissected into eight 2 cm-long 
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segments followed by placing each segment into the induction coil supplying LF-EMF 

at a frequency of 150 kHz and current density of 13 A for 15 min and recorded the 

temperature. The same experiment except generating F-NZVI using 100 g/L NZVI in 

3% SLES (w/w) was also conducted to evaluate the effect of higher deposited NZVI 

concentration on ∆T in unsaturated porous media. 

 

  

Figure S2 EMF generator (EMFG) and an induction coil (white coil) to hold vials for 

induction heating and EMF-enhanced dechlorination experiments. 
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Figure S3 (a) effect of SLES concentration on foam stability and (b) effect of N2 flow rate on F-

NZVI quality and capability to carry NZVI. 

 

(a) 

(b) 
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Figure S4 Micrograph of SLES-F-NZVI at 50 g/L in 3% (w/w) SLES in 500 mL/min N2 

focusing on NZVI aggregates formed on the bubble surface 
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Discussion on Magnetic Properties of NZVI 

The XRD analysis (Fig. S5) confirmed that NZVI used in this study was 

predominantly Fe0 and Fe3O4, both of which are magnetic. Fig. S6 illustrates NZVI 

magnetic responses under VSM test. The most important magnetic characteristic for 

the present study is the area under the hysteresis loop (∆U) that represents the 

hysteresis loss due to the irreversible magnetization in EMF. Hysteresis loss is one of 

three losses including eddy current loss and residual loss, which altogether generate 

heat during magnetic induction of magnetic particles in EMF. Noticeably, upon the 

magnetization and demagnetization cycle, NZVI responded irreversibly, causing 

hysteresis and loss of energy as heat. The degree of irreversibility, ∆U, is related to the 

amount of energy dissipation upon the reversal of the field. Under LF-EMF, the 

reversal happens continuously and yields heat by energy dissipation from the particles. 

For a particular frequency (f) of LF-EMF, heat (P) generated due to the hysteresis loss 

is given by Eqn. S-2 (Li et al., 2010). 

                                                          � = �∆�                                    (S-2) 

Based on Fig. S6, the ∆U for NZVI is 6.7 × 104 emu G/g. In addition, NZVI has a 

saturation magnetization of 55 emu/g. The remanence and coercivity of NZVI are 11 

emu/g and 168 G, in good agreement with the values reported in a previous study 

(Rosická and Šembera, 2011).. 
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Figure S5 XRD of NZVI used in this study. 

 

Figure S6 VSM of NZVI used in this study. 
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Figure S7 the ∆T for SLES-F-NZVI deposited onto unsaturated sand at each distance from the 

inlet according to the NZVI emplacement profile in Fig.3b. 

 

Figure S8 the emplaced NZVI profile along the unsaturated pack sand bed for 60-PV delivery 

of SLES-F-NZVI generated using 100 g/L NZVI in 3% (w/w) SLES stock solution and N2 flow 

rate of 500 mL/min 

 



13 

 

 

 

 

 

 

 

 

 

 

 

 

Reference 

Li, Z., Kawashita, M., Araki, N., Mitsumori, M., Hiraoka, M., Doi, M., 2010. 
Magnetite nanoparticles with high heating efficiencies for application in the 
hyperthermia of cancer. Mater. Sci. Eng. C 30, 990-996. 
Mulligan, C.N., Eftekhari, F., 2003. Remediation with surfactant foam of PCP-
contaminated soil. Eng. Geol. 70, 269-279. 
Rosická, D., Šembera, J., 2011. Assessment of Influence of Magnetic Forces on 
Aggregation of Zero-valent Iron Nanoparticles. Nanoscale Res. Lett. 6:10. 
Shen, X., Zhao, L., Ding, Y., Liu, B., Zeng, H., Zhong, L., Li, X., 2011. Foam, a 
promising vehicle to deliver nanoparticles for vadose zone remediation. J. Hazard. 
Mater. 186, 1773-1780. 
Zhong, L., Szecsody, J.E., Zhang, F., Mattigod, S.V., 2010. Foam Delivery of 
Amendments for Vadose Zone Remediation:Propagation Performance in Unsaturated 
Sediments. Vadose Zone J. 9, 757-767. 

 

Figure S9 the ∆T for SLES-F-NZVI deposited onto unsaturated sand at each 

distance from the inlet according to the NZVI emplacement profile in Fig.S6. 

 


	Adsorbed...
	Abstract
	Introduction
	Materials and methods
	Chemicals
	Bare NZVIs
	Poly(aspartate)-modified NZVIs
	Zeta potential of bare NZVIs
	Adsorbed PAP layer characterization
	Groundwater
	TCE dechlorination
	Quantifying the change of adsorbed PAP layers on NZVIs after TCE dechlorination
	Acridine orange counting of microorganisms

	Results and discussion
	Charge density of bare NZVIs and adsorbed layer properties of PAP-modified NZVIs
	Effect of groundwater solutes on TCE dechlorination using bare NZVIs
	Effect of groundwater solutes on TCE dechlorination using PAP-modified NZVIs
	Conceptual model: Donnan potential in the adsorbed PAP layer and NZVI site blocking by PAP trains limit the adverse effect of dissolved solutes in groundwater on TCE dechlorination
	Desorption of PAP from PAP-modified NZVIs increases the TCE dechlorination rate over time
	Implications for applications of NZVIs

	References

	Modified...
	Abstract
	Introduction
	Theoretical and conceptual model
	Materials and methods
	NZVI breakthrough data
	Model implementation
	Iterative procedure for optimization of the parameters

	Results and discussion
	1-D simulations of PSS-modified NZVI
	Simulation of the 1-D model at a low particle concentration
	1-D modeling simulations at high particle concentrations
	Deposition at high NZVI particle concentrations
	Detachment at high particle concentrations

	1-D Simulation of CMC-modified NZVI
	2-D simulations
	Up-scaling of the model to 2-D simulations
	Comparison of the concentration contours in the 2-D simulations

	Mass conservation
	Prediction of the size of the agglomerate

	Feasibility evaluation and limitation
	References


