一、行程說明: 此次出國行程為:

  09/19--09/20
起程搭機至俄國莫斯科

  09/21      
參加 Foster Wheeler 及Axens 煉油技術會議

  09/22--09/23
參加EPC公司主辦5th Russia & CIS Refining Technology 

Conference & Exhibition，會中發表煉研所發展的氧化脫硫製

程，報告題目為: “Oxidative Desulfurization & Denitrogenation

of Petroleum Oils” 
  09/24--09/25
返程

    Axens主要合作對象為法國石油研究院 (IFP)，為法國在二次世界大戰後為了擺脫美國的影響而由國家及石油業共同組成，集國家力量對煉油各製程都加以研發，受教及研究學生也可授予正式學位，IFP研發各製程及觸媒之後即交由Axens做製程銷售，觸媒大量生產及販賣等；本公司有一些重要生產工場採用IFP Axens製程，如桃廠第二重組及未來將設置的媒裂汽油加氫處理工場(桃廠及大林廠各乙座)，在其技術會議中，再對其他各製程的發展情形有更多了解，獲得的資訊也可與研究員分享。FW公司則是以EPC (Engineering Procurement Construction)見長，對於製程評估也有水準； EPC (Euro Petroleum Consultants)舉行的RRTC會議都是歐洲各石油及製程公司發表新技術的主要場合，本次會議報告題目(包括我們CPC的報告)如下:
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二 會議部份報告主要內容:
1. Foster Wheeler 討論會: Foster Wheeler技術討論會主要介紹四個主題：蘇俄的煉油市場、氫氣生產技術、重油Upgrading及Project執行。

1.1 蘇俄煉油狀況: 由Wood Mackenzie公司所提供，首先圖示煉油業的利潤(Gross Refining Margins of Light Crude) ，在1995(1999年，在世界主要三大煉油區域美國灣區(USGC)，新加坡及西北歐(NEW)都僅能達到約 $2/bbl，但在2003至2004都可增高至4(6 $/bbl，其中一個原因可在全世界而言油品需求逐漸與煉油能力接近，因此spared capacity已降低至少於5Mbd，在亞洲燃料油仍是持續略為短少，而美國則需求汽油持續增加；歐洲正好是汽油及低硫燃料油(LSFO Low Sulfur Fuel Oil)生產過剩，因此歐洲煉油由此外銷產品得到不少利潤，而LPG及柴油是歐洲最是需求的油品。在俄國油品的需求年成長約2.6% (其中60%的成長是在運輸用油，而且燃料油的需求也預估會下降)，而柴油將是約4.7%，因此蘇俄必需增加更多的投資來增加輕質油料的生產，尤其是清淨油品的生產，因此需要更多氫氣，重油處理及大修時間的控制，並且未來可以考慮油品出口至歐洲以增加利潤。

1.2氫氣生產技術: 清靜油品目前目標為汽柴油少於50ppmS，近海船用油1%，因此需要更多的氫氣，FW做法是先做煉油廠氫氣平衡，再討論是否有回收或Revamp現有系統的機會，利用Pinch方法反覆計算來決定較佳的氫氣工場大小，再接著做經濟評估設計等工作(如圖1)；對某一中東的煉油廠的case study顯示”建立最小的氫氣工場”(回收更多的氫氣)並不一並是最optimum的。另以西伯利亞NIS-OIL煉油廠的例子，MHC/DHT工場需要64 KNm3/hr高純度氫氣，另外已有CCR(即reforming重組工場)及DHT Off Gas可利用以及規劃設置天然氣為進料(以LPG為備料)的氫氣工場，三個例子其中流程B如圖2所示，最後比較結果顯示B為最佳(考慮了氫氣工場 PSA等的投資及操作費用)；比起case A，需要略提高CCR PSA Off Gas的壓力，(因此節省CCR PSA投資成本)，Off Gas加壓後與天然氣等共為進料因此減少進料CH4的需要量，這是改善的主要兩個因素，而case C是由CCR gas直接到HGC其實是不應加以考慮的，因為其流量太大，(而且已含不少H2)只是增加HGU的投資，此種利用off gas的概念可以與現場討論探討落實可行性。FW宣稱在氫氣及合成氣(syngas)工場技術方面已有50年的經驗，在世界上已設計百餘家工場總計可生產超過3 billion SCFT的氫氣，近6個月在東歐及蘇聯即有4座工場的設置，都採專利的新式 Terrace Wall加熱爐設計，可以有很高的熱流(heat flux)及熱效率 (依照片看來似乎是燃燒器火燄非常靠近爐壁，再借爐璧幅設至爐管)。

1.3重油Upgrading：因為重油市場的縮減以及利潤的降低，煉油廠都在思考如何將重油轉換成高價值的輕質產品，其中有採用觸媒的製程有加氫裂解(HCR)及流體化觸媒裂解(RFCC)等，而無觸媒的方式則有結焦(coking)，減黏(visbreaking)及溶劑萃取(solvent deasphaltene)等；其中coking製程可以達到重油的完全轉換，FW加熱爐設計為雙面加熱，並具有線上spalling功能，只要再加強控制進料中Na的含量，此種加熱爐的可靠度很高，整體工場並可達操作(Turn Around) 5年，投資費用也不算特別高，約每桶3600美元，如果以最大化模式來生產輕質油料則焦碳是一般燃料級，可用於電廠或水泥廠，並漸在氣化(gasification)工場使用，雖具有高熱值及低灰，但含硫量高所以多以略低於煤的價格出售以保持在市場的銷售(煉油廠因coker生產的輕質油料而獲利，並不靠燃料級焦碳來獲利)；但如果要生產電極級焦碳(anode coke)則需要以低硫低金屬油品為進料，但此時獲利將會更高，在設計時也通常使用低NOx燃燒器或設SCR，製程水也多予以回收再利用；VB減黏工場的投資費用更少，每桶僅需900美元，而Coil type比Soaker更簡易操作，製程主要貢獻在於減少cutter的用量(燃料油黏度太高時需加入柴油或其他輕質油料[稱為cutter]來稀釋降低黏度，燃料油如經VB部份熱裂解後黏度就會降低可合乎市場直接使用需求)，在歐美許多煉油廠都設置有減黏工場。溶劑萃取技術，FW是與UOP合作，DAO中的金屬含量隨DAO產率增高而增高但也因油源而有差異，如墨西哥油料本來含金屬量就高，在DAO產率35%時，金屬量約10ppm，產率提高至60%時金屬即達100ppm，相對地如以AL VR為進料，在DAO有60%產率時，金屬含量仍僅約2ppm(如圖3)，因此此種DAO將是良好的FCC進料(如中殼公司為生產潤滑油基礎油的DAO)。此三個重油製程轉化率越高，投資額則越高，相對地產品利潤也較高。FW另有介紹在Fawley煉油廠FCC工場更換反應器(包括反應器上端本體及closed cyclone)的過程，在煉油廠空間不足的條件下，需先切割反應器上端並使用水平架移動反應器至百公尺外再卸至地面，同理需將新反應器(closed cyclone已焊接於此上)吊起至此水平架，移動至廠址後再小心密合至原有反應器下端的本體，據稱因為謹慎地工作，一次就完全密合，再焊接即把工作完成(如圖4所示)，頗有創意。

圖1  FW公司做氫氣系統探討流程             圖2  氫氣最適化探討Case B流程
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圖3  DAO 產率與金屬量關係依油源而變    圖4  煉油廠設置水平架移動FCC反應器
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2. Axens技術研討會: Axens技術研討會接續舉行 (9/21下午13:30(16:30) 也有主要數個主題： 重油轉化製程，烏克蘭NPK公司煉油廠的整體技術服務，異構化觸媒與製程發展，Prime G+的商業化狀況的報導等；Axens所贈資料之中也有數篇文章值得參考，例如LNG液化數個商業化製程的比較；FCC製程(稱為R2R)設計良好的反應區cyclone可降低油料觸媒接觸(即反應)時間，自15秒降至2秒時，在不同的反應溫度下乾氣(dry gas即C2-)產量可以減少~1 wt%，而且汽油產率可以增加~2 wt%(絕對值)。

2.1 重油轉化製程Hyvahi及H-Oil：Axens對重油的偏好以加氫方式處理，H-Oil即是加氫裂解(Hydrocracking 稱為HCR或HCC)製程，是流動化床(Ebullated)的設計，氫氣及油料自反應器底端進入，新鮮觸媒則自頂端加入，於底部並設置液體回流系統，如此造成反應器內液體及觸媒的內部循環，反應溫度可以保持近恆溫，而觸媒每日都有取出及加入新鮮觸媒因此反應活性可以維持，此外流動化床的差壓也較固定床式為低，操作上不會因差壓問題導致停爐，目前已有7座商業化的工場(在南美委內瑞拉油田有開採重油，Hyvahi也可應用上)；在實驗工場測試時反應器通常為兩座串聯，在Lyon的Pilot Plant曾測試加入中間分離槽(於兩座反應器之中)，將分離出的氣體先送至後端高壓分離槽，僅液體部份再進入第二座反應器，如此反應及產品品質都更佳，而且因第二座反應器體積的減少，可以節省投資成本，並且在較高煉量時設計成Single Train仍然能保有相當的轉化率，另外兩座反應器分別可以控制氫氣/油料比也是非常好的優點。因為各種原油含柏油精(asphaltene)量有所不同，油料如果在太高的轉化率(加氫裂解成輕質油料)之後，會因柏油精的轉化較少而會有沉殿的現象(此通稱重油的穩定性，Stability)，圖5顯示三種不同油料的轉化上限，例如Ural油料僅可轉化至60%，而所示中東兩種油料卻可以轉化至70~78%，如果在超過此界限的轉化率，則未轉化油料不能當成燃料油，只能送至如殘渣油氣化工場(Gasification)[Axens也說明歐洲有煉油廠是採這種操作策略]，針對重油的這種性質，Axens也發展簡易的分析方法來判別asphaltene在maltene的溶解性。

Hyvahl則是固定床式的重油加氫脫硫(RDS)工場，影響操作周期的主要原因有:來自沉積物(通常是進料帶來雜質或是管線腐蝕物)造成差壓的昇高(尤其是首座反應器)，積碳的形成(在高溫下)以及金屬(Ni, V，進料中有機金屬經加氫脫金屬HDM反應後此兩種金屬就沉積在觸媒的孔洞上)造成觸媒的毒化，Axens提出設置前處理反應系統(PRS，Permutable Reactor System)的概念，基本上就是多串聯設置A/B兩座比較小的前端反應器(如圖6)，裝上脫金屬(HDM)觸媒以增強後端脫硫觸媒的保護，並特別注意量測追蹤其壓差，如有昇高，則予以更換(A/B兩座採Lead Lag方式操作，新更換觸媒後的反應器當成第二座)，為求安全也都裝上特製的高壓電動隔離閥；商業化數據顯示在PRS兩座各更換一次觸媒下，整個RDS工場操作周期即可從7個月延長至11個月(如圖7)，而且產品脫金屬及脫硫率也都略有改善。

圖5 重油可穩定轉化率隨原油種類而變         圖6  PRS為增設兩個HDM反應器 
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2.2 NPK公司煉廠整體技術服務: 烏克蘭(Ukraine)自蘇聯解體後，石油產品市場消耗量即自40百萬噸(1992)大幅降至15百萬噸(2001)，Axens加以協助工場排障，以便好好利用多餘的煉製能力，未來可以推出產品至歐洲市場，例如熱裂解工場(TC, Thermal Cracking)的加熱爐腐蝕，在探討油料性能(高硫及TAN)及操作條件，提出建議更換材質及保持低流速等方案，另建議增設產品新運送管線(pipeline)，異構化工場增加迴流，重組操作最適化及MTBE的摻配等，使NPK公司煉廠更具競爭力。

2.3 Prime G+的商業化狀況：媒裂汽油通常佔整體汽油30~40%，但其硫份高佔全體>98%，媒裂汽油中硫成份以分佈在190℃+的硫份最高，而隨油料越重，烯烴含量則越少(如圖8)，Prime G+設計原理是多降低烯烴被飽和的機會，因此如圖9所示，使用兩段反應達成脫硫目標，比起傳統加氫脫硫可以保持更多的烯烴，在2000年至2005年間獲得近百座工場的設置(桃廠及大林廠在公開招標後也都由此製程得標)；商業化數據(圖10)顯示在進料(400ppm硫時，在3年的操作，產品都保持在10ppm以下，反應溫度僅由270℃提高至280℃。

圖7 更換PRS觸媒可延長整體操作周期            圖8 媒裂汽油硫及烯烴分佈圖
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圖9 烯烴飽和(HDO)與脫硫(HDS)比較圖     圖10 媒裂汽油處理 進料及產品硫含量資料
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2.4 異構化技術與觸媒：異構化油RON可以高達92，且不含硫烯烴及芳香烴應是優良的摻配原料，製程上可以改善的地方有觸媒，迴流等；異構化反應是熱力學平衡，以C6平衡關係而言(圖11)，含氯的氧化鋁為觸媒在反應溫度約150℃時，產品2,2 DMB含量高，而以沸石為觸媒時反應溫度需提高至~250℃，此時產品中異烷烴含量就較少因此RON較低，且因高溫是在氣相反應，所以投資及操作成本較高，但沸石觸媒卻有對雜質的忍受度較高的優點。Axens認為使用含氯的氧化鋁觸媒才是最佳選擇，如操作在進料once through時產品RON約僅可達83，如果加上傳統去異己烷塔(DIH)則產品可增高至87.5(其實低RON部份即迴流至反應器)，Axens建議使用吸附/脫附可以讓正烷烴/異烷烴的分離更加完全，如此RON可以提高至89，此對於含C5教高的進料最為適當；如果工場已有DIH及迴流系統，原有DIH底部因為蒸餾效率並未能完全產品仍將含有MP及nC6，如果此stream再加一座吸附/脫附分離，確實可將大部份的MP及nC6分離(如圖12)則產品可以達到91.5。

圖11 異構化C6平衡及兩種觸媒活性圖      圖12 異構化工場增設吸附脫附及DIH流程
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2.5 汽油新規範及生產流程，Hyc10製程生產10ppmS柴油：歐洲汽油規範在2009年時苯含量維持1 vol%的上限，芳香烴不超過30 vol%，烯烴不超過14 vol%，硫份少於10ppm，而未來則將會更嚴格(如圖13)；Axens做數個case study，其中為符合2015年可能更嚴格的規範及如果不使用MTBE時，汽油生產流程將如圖14所示，Naphtha分餾需確實，重組約以99RON為操作目標，異構化需投資提昇RON，媒裂輕質油料烯烴經OATS製程部份產柴油，C4=以烷化處理，需增加操作費用如圖15所列。未來MHC (Mild Hydrocracking)進料將來自Straight run 及coker VGO 以及媒裂LCO，產品柴油直接是10ppm S以下，未轉化VGO因為已有相當的加氫飽和，是FCC的良好進料(整體流程如圖16)，現已有一座工場建造中，其設計進料與產品規範如圖17及圖18，主要觸媒是HR400系列，宣稱在南美Puertollano煉油廠既有加氫裂解工場使用可達需求，轉化率35%，柴油cetane index為47.7，而未轉化VGO硫及氮含量都低於100ppm，可是卻無顯示現場實際歷史資料圖。

圖13 歐洲汽油規範                      圖14 依生產流程計算汽油產量
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圖15 如MTBE不使用時需要投資C4烷化   圖16 MHC對10ppmS柴油及FCC都有助益
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      圖17 Hyc10工場的進料性質                 圖18 Hyc10工場主要產品性質
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3. RRTC會議: 會議的報告主題如上章節所列，因為部份僅以俄文報告 (但有即席翻譯) 而未留有英文版本，或是談論至俄羅斯做工程計劃時招標 EPC等所衍生困擾等，因此僅對於數篇含技術性資訊較多的報告，摘要其重點如下:

3.1 ConocoPhillips公司Dr Senn介紹汽柴油除硫製程S Zorb: 首先介紹其原理為含硫成份的硫分子與固體吸附物結合，然後釋出不含硫的大分子，與傳統HDS類似。但有不同處則為後者此時的硫分子是與氫結合成H2S，其吸附速率也與HDS反應類似，對硫醇(mercaptans)及disulfide的反應較快，而對Thiophene分子的反應較慢；吸附反應的溫度較高時，汽油RON及MON的損失卻較少；整個製程與FCC相似，通常可以保持相當好的溫度分佈，又因吸附物的定時取出及加入，可以保持其一定活性，對於進料的改變，可以很快對應操作，此外所使用的H2濃度要求相對不嚴苛，也可如FCC般操作多年；除了目前Conoco自己公司使用三套外。在2007年將有第四套，並且已售出二套，都將於2006年正式完工進料。由實際工場的操作數據顯示在94%除硫率時RON損失~1，提高至98%硫去除率時 (如以FCC裂解汽油為700ppm S計，依98%除硫率則產品為35ppm，即可摻配成10ppm硫汽油)，RON損失約1.5，RON只略減少為一大優點 (在其他報導時另有汽油回收率很高的優點)。另外也可加入其他添加觸媒來做如異構化及裂解反應，在分析產品i/n烷烯烴比例都因加入其他觸媒而增高，RON亦可略增多。因為S-Zorb的反應溫度比FCC反應低很多(>100℃)吸附劑的磨損率較低，吸附劑再生條件也較和緩，因此並不認為直接將S-Zorb吸附劑加入FCC工場(如此讓裂解及汽油脫硫反應一併進行，似乎可以節省建工場的需求)，在此報告中另有列表說明如要增加一個oct-bbl時，如在FCC工場需要付出(21￠，而如果在S-Zorb時則約需(1￠。(文獻報導說明可以用至柴油脫硫，但俄國學者質疑柴油含硫分子大可能不夠快或吸附量不高)。

3.2 GTC Joseph Gentry報告汽油中取出benzene的製程: 現今汽油中苯含量的要求是少於 1ppm，未來則要求可能更低;汽油苯的來源主要來自重組工場，次則來自於媒裂工場及輕油裂解，要減少重組產品的苯含量，可以先將進料予以先經分離，將苯先驅物 (benzene precusor) 環己烷等先行取出，油料經重組後苯含量就會較低，但如此做也有一些缺點：在此進料分離時，cut並非易事，取得較輕時將會含正戊烷等，其辛烷值並非特別高，因此略降低了整體汽油池的辛烷值，但如取得過重，則在重組反應易造成積碳；因此限制，產品仍會有一些苯，對1wt%的要求達成不難，如未來趨勢要求再降，可不見得能符合；另種方式是將產品重組油分餾後，含苯較高輕成份再加氫飽和，除了略降辛烷值外，卻有脫氫再加氫白浪費操作能源之爭議，但對以車用燃料為主產品的煉油廠而言，這未嘗不是簡易的解決方法；基於市場專為生產苯的石化廠已不少，如果煉油廠也能將汽油部份的苯取出來銷售，其總量對整體苯市場的衝擊並不會太大，GTC公司發展的製程是先將重組油分餾，輕質部份再以萃取蒸餾將苯及甲苯提出，相似製程UOP及Uhde公司都有提供，但萃取溶劑不同，席間曾尋問如果重組油不先經分餾，是否可能將苯 甲苯及二甲苯一併取出? Joseph認為這樣做並不合經濟，仍應苯與甲苯由輕質油料中取出，重質油料另行取二甲苯，但也未能提出數據來支持此說明。

3.3 Straco DuPont 公司報告Alkylation 製程: 主要反應器 (contact reactor) 有新的設計概念，hydraulic head的機械軸封:單層的使用Teflon sleeve bearing，雙層的則使用ball bearings，並有隔離液體，此種軸封可以使用長達四年，DuPont宣稱此部份的模組不僅是可靠度高，而且更換容易，在24小時內即可完成讓反應器回歸生產線，圖19即為反應器簡圖，為求C4=與硫酸的混合完全，強力軸向的攪拌器讓流體與冷卻管有良好的接觸以便控制反應於均勻較低的溫度，整體反應器是碳鋼材質，但是impeller及injection nozzle因不同操作激烈度需求會設計成不同材質;在操作時反應器中硫酸的強度會影響產品的辛烷值，如保持硫酸在~93wt%時 可得最高的新烷值產品，此外為求良好的控制，以較精細的Coriolis流量計來量測含酸stream的流量已為標準配備;反應後產品與酸分離後，酸的沉降分離(acid settler)則改為兩階段，可以降低產品油料中酸的濃度至<1%ppm ; Effulent處理首先水洗回收酸，次則以微溫不強的鹼液中和，最後再水洗，並都使用靜態混合器(static mixer)以增加效率，因此新的設計槽子都不必太大;每年十萬噸(即~2500BPSD)以下的烷化工場無商業競爭力，因此除了應用媒裂工場C4=外，需多應用輕裂工場Raffinate; Straco硫酸製程市場佔有率約達80%，另外在美國煉油廠集中區域也有設置硫酸再生處理工場(SAR)及含硫氣體處理工場(SGR，即Claus及相關尾氣處理)，集中以單一設施為數家煉油廠統一處理，可使煉油廠也降低成本，因此DuPont在此方面業務也一直在擴充。

     圖19 Alkylation反應器示意圖             圖20 CD Tech提出downflow反應器
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3.4 CD Tech公司也是介紹硫酸烷化製程的改善: 主要在於降流式反應器(downflow contactor)的設計(如圖20)，基本上硫酸烷化是三相接觸與分離系統，低溫反應時更為有利，可減少ASO及sludge 的生成，酸的消耗量也少，並提高產品產率及品質;操作上分離(phase separation)也更容易，但低溫時黏度(viscosity)增高，需增加攪拌能量，該公司是基於MTBE酯化反應的經驗，也是利用蒸發latent heat移除大量熱以及操作壓力來控制溫度，並讓流體保持在pulse區段，此類型反應器體積可以很小但有效率，已在超過60個商業工場使用，因此相較於傳統的烷化反應器需要數座串以及effluent需再水洗 CD Tech認為此新式反應器乙座即可達到高煉量需求如每日一萬桶，因此可以節省許多投資成本;另在PP測試反應，數據顯示在反應溫度差異9F時，產品產率可差3.5%，辛烷值差0.6，而舊酸(spend acid)濃度則有1.1wt%差異， 而且更能耐二丁烯雜質的污染，最後提出其在烷化有13個經驗紀錄，其中五個是硫酸法。 

3.5 ExxonMobil公司Xinjin Zhou報告烯烴及芳香烴的upgrading技術: EMOGAS主要是丙烯及丁烯的聚合反應(就與IFP的Dimersol一樣，煉油廠如不建alkylation則可建此工場) ，如圖21為反應機構示意圖，具酸性的觸媒先提供質子至烯烴，然後即繼續進行聚合反應，由圖所示產品是具有支鏈，因此辛烷值將會較高，經測試不同的觸媒配方發現對產品的成份分佈有相當的影響(如圖22所示); 含氮雜質會毒化觸媒(因是酸性觸媒)，但可容忍約20ppm的硫份，觸媒可以再生使用，六次的數據顯示每次再生後活性保持~95%;反應設定在340F及1000psi;應是大量放熱的反應，因此流程設計時觸媒是置於多管的tubular反應器內 殻側(shell side)則以冷水來控溫 並且採用多個並行(parallel)反應器，在試驗工場(Pilot Plant)測試數據顯示含沸石(zeolite)的觸媒在操作近兩個月時活性保持仍很平穩，產品RON也可保持>96，預計在2007年第一座新建商業化工場，比起烷化(alkylation)工場，建廠費用相對較低很多;重組油烷化(reformate alkylation)則是將含苯油料與FCC的輕質烯烴(乙烯)反應形成烷基芳香烴(alkyl aromatics)，辛烷值可以>100，此其實就是乙基苯(ethyl benzene)及cumene的製程，各有數十座商業製程，約佔50%EB等市場;數據顯示觸媒經八年操作仍保持穩定活性，固定床系統皆可更新(retrofit)成此製程;相較於傳統PSA ExxonMobil發展快速PSA(Rapid Cycle PSA)體積減少很多，投資設置成本也較低，席間有人問及閥的切換要快速則將易於磨損，是否閥有特別處理以及每次周期時間多久，但演講者以商業機密不願透露細節;會議後上網查詢可見是EM與QuestAir合作(其小型設備簡圖如圖23，與傳統型數座吸脫附塔串聯的方式不同，似乎是利用旋轉的方式比較類似二甲苯分離方式，並有設計大型供煉油廠使用但尚未商業化)，已下載一些資訊，或許小型RCPSA值得設置測試。

圖 21 EMOGAS反應機構示意圖       圖 22 反應產品分佈隨觸媒種類而變
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3.6 Johnson Matthey討論除硫問題: 重組，異構化，氫氣工場及芳香烴加氫飽和等工場的觸媒都易受到硫的毒化，早期觸媒上活性金屬採用單一鉑(Pt)金屬時，微量硫的影響不大，但發展更穩定及高活性金屬需添加如Re或Sn後，微量硫即可大幅降低觸媒活性(如圖24)，因此在進入主要反應之前，油料都需先加處理，即先加氫脫硫，將硫分子轉變成硫化氫，然後通過固定床吸附劑為最簡單省成本的處理方法，lead lag兩座反應器串聯，較新鮮的吸附劑置於第二座為最具保護作用的設置，硫吸附劑主要有三類:氧化鋅(ZnO)，銅鋅(CuZn)及鎳(Ni)，如含有硫醇(mercaptan)則需採用後兩種，如含有thiophene則需使用Ni，但壽命較短且價格較貴，所以有時使用多層的排列，如銅鋅置於氧化鋅之後，硫化氫都被氧化鋅吸附了，穿透的硫醇則有銅鋅做最終的吸附，因此能確保如氫氣工場主要反應觸媒。
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    圖23 QuestAir RCPSA設備示意圖             圖24硫含量影響重組觸媒活性

3.7 Koch Glitsch 介紹NAFTAN煉油廠新建設高壓加氫裂解工場：(hydrocracker及相關氫氣，酸水汽提 amine處理，硫酸及分餾區等相關工場)的情形 KG負擔許多細部設計，設備運送及現場設置等工作，報告對各階段主要整地及設備安裝就以投影片顯示(如圖25即為主要兩座反應器豎立完成)，就是宣傳Koch Glitsch公司不只可以設計也可以如工程公司完成煉油設備的整體設置(EPC)工作。
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Cetane Index 54.9 55.5
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   圖25 加氫裂解反應器裝設                  圖26 UOP新再生器降低NOx的排放

3.8 UOP討論FCC工場產品產率及污染排放控制: 首先大略介紹UOP的FCC技術，如進料噴嘴(feed nozzle)，封閉式旋風分離器(closed cyclone)及觸媒吹除(catalyst stripper)設備等及降低dipleg underflow都可以使汽油產率增加，降低輕質氣體(C2-)的產生;首座第三級分離器TSS於2002年開始使用，排氣中懸浮粒為38~50mg/Nm3，不需再增設靜電集塵器(EP)即可達到MACT II排放標準;另外提出再生器的改善可以增高觸媒油料比，在相同CO2排放量時約可增加4%的轉化率(conversion)，新的設計再生器稱為combustor regenerator 可使觸媒分佈平均並與空氣接觸良好，在柱狀流動狀況(plug flow)，並且部份熱觸媒迴流(recycle)以增進燃燒速率，燃燒廢氣可的CO在不需加入助燃器時仍可達到<100ppm，並且NOx的排放量較低!(如圖26)。

3.9 Axens報告HR500觸媒用於ULSD的生產: Axens宣稱HR500觸媒是易於處理(handling)，活化(activation)及再生(regeneration) 再生前後也不需再加入其他化學藥品，因為觸媒的活性位置(active sites)增加，且有些空間阻礙較小，適合含氮分子或4,6DBT的吸附反應，而且增強加氫能力(脫硫過程有兩路徑: 先加氫飽和後脫硫，對有立體障礙的分子而言這是較易之路，另外一條路徑則為直接脫硫，通常是較小分子經由此路徑)，在中高壓系統皆適用，另外因為此觸媒除氮的能力增強，因此對其他已經反應的油料(cracked feed，如FCC LCO或Coker Gas Oil)也都可以處理；HR526是CoMo而HR538是NiMo觸媒，兩者皆是三瓣形(trilobe)，比較HR400系列含有更多量(5~20%)的活性金屬量，因為新的氧化鋁基材，有更好的孔洞分佈及必要的酸基，但仍保持相同的容積密度；在2003年開始商業化之後至今已約有60次的應用紀錄；所提出商業化的操作歷史數據顯示一年半的操作，柴油產品硫含量大部份時段保持30~45ppm，但有數十點數據顯示5~8ppm數據(猜測是平時需求是50ppm S柴油，10ppm以下是特別測試時的數據)，煉量為原設計的120~130%；另外也說明進料液體分配系統的重要，斷層掃瞄(tomograph)影像顯示新設計系統流體分佈均勻；為求在反應器內部良好的溫度控制，觸媒床可分為二段或三段，其間以氫氣加入冷卻(interstage cooling)，使用amine吸收塔來移除循環氫氣中的二硫化氫H2S也是必要的設備，觸媒高密度(catalyst dense loading)可以增加約25%觸媒，也以照片顯示觸媒裝填時狀況，另外要減緩差壓問題，也採用grading bed，在活性觸媒頂部以大孔洞陶瓷及其他具孔洞無(低)活性物分層來沉積油料中雜質。  

3.10 Haldor Topsoe公司討論FCC進料前處理及汽油硫的生成問題: Topsoe公司先強調FCC進料前處理的最明顯好處是除硫及除氮。降低FCC進料硫含量後媒裂觸媒再生時排放SOx會減少，裂解汽油中的硫份也降低，當然FCC進料金屬、CCR及多環芳香烴(PNA)減少亦有相當的幫助，氮會影響觸媒酸基的反應性，芳香烴飽和成環烷烴後則更易於被裂解，同時觸媒積碳也會減少(因此觸媒再生溫度不會太高，並且因要維持再生器溫度循環觸媒量會增大，也就是觸媒/油料比會增高)。Topsoe TK558/TK559分別是CoMo及NiMo觸媒，採用新的方法做成基材(Carrier)，有更多的表面積(+28%)，對金屬的分散性更好，在報告時使用SEM Slides分多層次說明孔洞的情形，且因避免MoS2層的相疊，所以反應基(Site)較多；在2004年，TK-558已在蘇俄煉油廠使用，其進料為SR VGO Russian Export Crude有時加上Visbreaking柴油，IBP/50/FBP為315/440/575，含硫量約1.7wt%，N則約1400ppm，在LHSV=1.4hr-1，H2PP=40bar，H2/Oil=380 Nl/l，SOR=360℃的操作條件下，進料含硫約為1.7wt%，產品約含0.15wt%硫，因此FCC汽油將約含70(100ppm硫，整個在350天的操作期間，只提溫10℃。比TK525還要好5(10℃。另一東歐煉油廠油料就比較為Narrow Cut，但要求有時操作在加氫脫硫HDS模式，有時則為微裂解(MHC)模式，希望有15(25wt%輕質油料的生產，其進料及產品硫含量如圖27所示，在HDS時，產品約為0.2wt%硫，但在MHC模式時，產品硫則降低至0.05wt%，其操作溫度如圖28，首先以HDS模式操作，平穩溫度340℃近一年，然後改為MHC模式，溫度梯度提高至近0.1℃/day，圖中顯示新觸媒活性比以前至少高20℃。

圖27 TK觸媒實用進料及產品硫含量資料圖     圖28 TK觸媒實用時操作模式可改變
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Density @ 15.5

o

 C

0.826 g/ml 0.824 g/ml ASTM D5002

Flash Point

95

o

 C 95

o

 C

ASTM D93

Pour Point

-15

o

 C -15

o

 C

ASTM D97

Viscosity @ 40

o

 C

2.847 cSt 2.812 cSt ASTM D445

Water & Solids 0.00 vol% 0.00 vol% ASTM D1796

Cetane Index 54.9 55.5 ASTM D976

Corrosivity 3hr (at 50

o

 C)

1a 1a ASTM D130

Rams Bottom Residue 0.09 wt% 0.04 wt% ASTM D524

Ash 0.002 wt% 0.001 wt% ASTM D482

Residue 1.6 vol% 1.6 vol%

Sulfur 198 ppm* < 5ppm** *ASTM D2622

Boiling Range (

o

 C)

*ASTM D5453

          IBP 218.4 217.3

          10 vol% 235.1 235.2

          20 vol% 243.2 243.1

          50 vol% 264.8 264.4

          90 vol% 319.7 317.8

          End Point 358.4 359.1

Table 2. Diesel properties of example samples 


HT另也報告探討媒裂汽油硫分子的來源：在汽油池中(Gasoline pool)，FCC汽油約佔34%，但其硫則貢獻約98%。因此如果FCC進料如在(2000ppm，FCC汽油責將為110ppm，略可摻成50ppm硫的汽油，以目前FCC進料前處理HDS系統，將可以達成(如前段所示)，但如要需求10ppm硫的汽油，則媒裂前處理要求達到300(500ppm硫則可不容易，Topsoe認為在HDS時必需先除去氮後才能有更深度的脫硫，並且以FCC硫的詳細分析發現其分佈情形與進料硫含量或原油來源的相關性較小，因此Topsoe就再特別準備數支油料來探討媒裂汽油硫的來源，以2.6wt% S的VGO經HDS至0.09wt% (Feed #2)及0.22wt% (Feed #1)，在硫為0.22wt%時，4.6 DMDBT為最多，但也有濃度較低的C2，C3及C4 DBT；而在0.09wt%的樣品時，比4.6DMDBT輕的硫幾乎不存在，但仍有一些C2，C3 DBT；如果在高溫及很低的LHSV下，將此VGO除硫至10ppm以下，再加入2200ppm的DBT及180ppm的quinoline 油料命名為Feed #3 (三種進料詳細硫分佈分別如圖29~31所示)，如果以non-basic氮carbazole取代quinoline則為Feed #4，而未處理的原來VGO則為Feed #5，此5支油料樣品再經媒裂反應，產品重汽油(180(232℃)部份再加以詳細分析(圖32~35)可見，Feed #1，Feed #3的重汽油主要含有Benzothiophene (BT)及MBT，硫含量分別為0.0187%及0.0046%，因Feed #1及Feed #3的硫分佈有相當差異(前者含4.6DMDBT等，後者只有DBT)，因此推論形成重油中BT的反應機構可能一致。Topsoe提出進料硫反應成H2S後，再與Olefin反應脫氫而形成BT等(依所呈現數據此推論也合理，如果能再增加一個反應實驗增添一些olefin及H2S至進料，再看BT是否有增加，應該更加清楚，本報告可謂三天討論會中最具推理深度)。此5種進料經裂解後汽油硫含量分別為273ppm，82ppm，71ppm，75ppm及9700ppm (但這些數字與前述對進料#1 #2而言重汽油硫含量數據187及46ppm並不一致，重汽油硫含量會比汽油硫含量高!)。Topsoe依此認為Alkyl-DBT比DBT更易反應。(由Feed #2 進料含900ppm硫幾乎都是Alkyl-DBT，其產品BT為82ppm，而Feed #3及Feed #4含2200ppm硫份，且全都是另行添加的DBT，而產品BT僅為71(75ppm，應該是DBT比Alkyl-DBT更易反應)。Feed #3及Feed #4含氮分子有不同，或許是含氮量尚不夠高，對產品硫含量差異(71ppm及75ppm)的影響難以量化(原來實驗目的應是認為所謂non basic氮對反應無很大影響[feed #4]，而含quinoline feed #3會大幅降低反應性)。

  圖29 媒裂進料1的硫分子分佈圖              圖30 媒裂進料2的硫分子分佈圖

[image: image34.emf]Sulfur Species Boiling Point, F Relative Reaction

Thiophene 185 100

Benzothiophene 430 30

Dibenzothiophene 590 30

Methyl dibenzothiophene 600~620 5

Dimethyl dibenzothiophene 630~650 1

Trimethyl dibenzothiophene 660~680 1

Table 1. Typical sulfur compounds and relative HDS reactivity 

[image: image35.emf]
圖31 媒裂進料3的硫分子分佈圖           圖32 媒裂進料1的重汽油硫分子分佈圖

[image: image36.emf][image: image37.emf]
圖33 媒裂進料2的重汽油硫分子分佈圖    圖34 媒裂進料3的重汽油硫分子分佈圖

[image: image38.emf][image: image39.emf]
圖35 媒裂進料5的重汽油硫分子分佈圖       圖36 Shell設計分配盤後以水測試效果

[image: image40.emf][image: image41.emf]
圖37 以放射性物質測反應器流體是否分佈均勻    圖38 改善流體分佈後反應溫度較低
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3.11 Shell公司介紹柴油加氫反應器內件及criterion觸媒等: 未求生產ULSD 反應進料分配盤的設計非常重要，傳統的概念是以觸媒床對油料分散效果較被重視，因此分配盤的效果不佳時只略損失上端一些觸媒的功能，但ULSD生產時需確實利用到所有的觸媒，因此使用流力計算軟體設計新的分散盤，再以實驗證明，如圖36可以見到較均勻的水滴分佈，在實際工場應用時也曾以放射性物質加以進料中，然後在反應器底部周圍量測放射線強度分佈，由強度分佈變化可推斷油料分散有所改善(圖37)，另有設計底部Basket，可以讓觸媒裝填更多，並且因設計網線較強，可以承受較高的觸媒床差壓，最後使用criterion的觸媒，比照原有系統，煉量增加~15%，反應溫度WABT降低~8C(圖38)，但脫硫率改善8~20%，整個報告算很嚴謹，唯可惜的是舉用實例是巴西煉油廠，還是生產含硫量>1000ppm的柴油。

3.12 Worley Parsons/BOC 報告使用oxygen enrichment來改進硫磺工場的操作: 煉油廠如僅少量的氧氣(~20ton/day)需求可以以槽車運送液態氧，用量稍多(~100tpd)則可設置PSA，大量需求時(>150tpd)則需賴低溫空氣分離ASU，在煉油廠裡可用及氧氣的製程有:廢水處理工場，流體化床媒裂FCC的觸媒再生，殘渣油氣化(Gasification)工場以及硫磺(Sulfur)工場，在硫磺工場使用時可以增加操作彈性(在較稀的H2S下可以保持所需高溫度)，在新設計工場可以減小燃燒器的大小，圖39可見在氧氣及空氣的環境下，酸氣燃燒後的溫度相差約100~300C；通常硫磺工場使用氧氣可分為三層次: 使用濃度至28% 因既有pipe的限制等，煉量可以提昇至130%，當濃度提高至45%時需要新設計的燃燒噴嘴(burner)，煉量可提至180%，但燃燒區溫度控制將為瓶頸，如使用純氧氣時則需另裝設一反應器，煉量可提高達至原有的250%，原有酸氣mass flow即成瓶頸，如圖40即簡示燃燒噴嘴需修改流程圖，而圖41則為burner圖。

3.13 Linde 公司介紹當煉油廠將新設置以甲烷為進料的氫氣工場(steam reforming)時，如何考慮利用ROG(refinery off gas): 煉油廠主要off gas含氫濃度有不同，在未來H2需求大增預期下，都應考慮予以回收，回收的方式通常可以以 PSA，薄膜(membrane)或低溫分離;依據off gas中氫氣的不同濃度及流量，ROG 可以(1)直接加入氫氣工場天然氣等進料，也可以(2)共用PSA或是(3)先進入專用的PSA，此PSA 的off gas再與甲烷一起送至蒸氣重組爐(此種配置如圖42所示)，數個Case Study(考慮ROG流量H2濃度，蒸氣重組爐及PSA的投資及操作費用等[投資及操作費用隨ROG貢獻度而變，專用PSA時此費用如圖43所示])的結果列如圖44，此結果顯示當ROG濃度高，量也不少時設置專用PSA相當有利，例如在ROG為80% H2時，如果ROG對整體H2供應在12%以下先進入共用PSA較有利，如相同ROG對整體氫氣貢獻在39%以上時，設置專用PSA最為有利，其他時候則以直接與甲烷一同進入蒸氣重組爐最佳。

圖39硫磺工場使用空氣及氧氣燃燒溫差圖       圖40即簡示燃燒噴嘴需修改流程圖
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圖41則為burner圖                         圖42 ROG增設專用PSA流程示意圖
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而

圖43則為burner圖                         圖44 ROG增設專用PSA流程示意圖

[image: image48.emf][image: image49.emf]
三 心得：

在許久未曾在正式場合以英文對數百位同業提出報告，因此在事先的準備特別充足，初期準備時即直接以英文擬稿(投影片及全文文稿分別為附件一及附件三)，口頭報告多次自行演練(並對講詞都有逐句先寫出，講詞字句見附件三)，在會場上也就順利完成報告。多位與會者也都稱許為有條理，清晰的報告。原來預計參加RRTC得有Topsoe及Axens等可能未來合作氧化脫硫的製程公司，前者以在莫斯科的工作人員為主力，後者在自行辦的會議之後，即大多數未參加RRTC會議，因此不如原預期引起Topsoe及Axens興趣。倒是蘇俄一位教授Boris Lvovich Lebedev, VNIINP最表示感興趣，雖經翻譯仍未能完全了解，似乎蘇俄的學校也做過許多氧化脫硫實驗，都以Straight Run Diesel，好像反應可達約70%。另外數個報告都認為Straight Run Diesel在HDS條件下，因為觸媒的持續改善，要達成10ppm並不是難事，這也增加柴油氧化脫硫的競爭。或許在先進歐美國家柴油脫硫反應設備都已是中高壓，以反應器內件及換觸媒可以應付，但是東南亞，大陸及南美現今柴油規範超過500ppm S的地區，應仍是低壓設備，增設氧化製程應比重新蓋一座高壓製程有競爭力；因此對於氧化脫硫製程實驗室的數據應再要求予以重新整理，將所有數據重新Review，看看是否有特別之處有否需再增加實驗如再現性測試，並且儘速對PAA製造及氧化反應做一連續式實驗 (目前僅只有batch reaction)，才能更加確認其未來的發展性。另一位Oil Market的主編Dmytro Mossienko對於此次報告特別感興趣，認為可以藉其雜誌(英文及俄文雙語版)來為CPC做一些說明，介紹給其讀者，這倒也是意外的收穫，我即以同意返國後，將整體一些資料並與他保持e-mail連絡。RRTC參加者3/4為蘇俄煉油業者，另外Foster Wheeler及Conocophillips(都由英國office)參加者較多，其他各類型公司參加者都僅1，2人，對蘇俄業者，英文大多不佳 [因此在與各方溝通機會都是有限]，未可此會議不宜每年參加，但蘇聯的煉油能力及擁有相當原油其天然氣存量，仍值得觀察，每數年偶參加此會議應即可。

附件一  RRTC發表論文投影片文稿 (原文稿以深色背景淺色文字，轉換之後部份圖表仍保有原設定淺色)
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附件二  RRTC發表論文準備講詞
[slide 1] Ladies and Gentlemen! It’s a pleasure for me to share with you some of our research results on Oxidative Desulfurization. This research team members include two Mr. Hwangs, their last name are the same Chinese character, but each chooses preferred way of English translation, Dr. Lin is the team leader, Dr. Shen is the Director of the research center and this is a joint project with Professor Chuang in Alberta University, Canada. 

[slide 2] I have arranged this presentation oultines as the following: In the last few days I had a tour on the Gold Ring, Moscow and St. Petersburg. Through the tour, it’s an excellent chance to understand the country’s history and culture. As we all sit in this room and just can not make a trip to Taiwan, I will use two slides to cover Chinese Petroleum Profile and hopefully you will have a feel of visiting Taiwan. I will then briefly mention the current diesel regulations, desulfurization technologies and the advantages of oxidative desulfurization. Finally I will describe our oxidative desulfurization development with some encouraging data before making the summary. 

[slide 3] Taiwan island is about 2,000 kilometers south of Tokyo, 600 kilometers north of the Philippine and 200 kilometers east of Mainland China. With the tip distance of 350 north-south and 100 east-west, more than 60% of the land is mountain area, this small place is packed with over 22 million of population. The company’s HQs is in Taipei city. Annual turnover is about 12 billion US dollars.

Currently the total employees is about 15 thousand and is monotonically decreasing and probably will be around 10 thousand in few years. The company has business in petroleum refining E&P and natural gas as well. There are some overseas’ investment in the US Vietnam and Qatar. There are three cracking refineries with a total crude capacity 700 thousand barrel a day. In the north TOR refinery is 20 kilometers away from the major international airport. Down in the south both KOR and Talin refineries are in the harbor city Kaohsiung and Lin Yuan petrochemical complex is just few kilometers away. An Liqufied Natural Gas terminal is in the south and a second one is planning in Taichung harbor. I am from the downstream research center in Chia-yi. ExxonMobil used to setup a fuel importing terminal in Taichung to compete for the local market. The Formosa Plastics had the grass root refinery and petrochemical complex only 30 kilometer away from our research center. Sometimes I feel that it’s might be easier for us to have technical service to our competitor as we don’t have to traveler 100kilometers to our refineries. We have an Exploration & Production Business Unit and also a research center in Miao Li area. This is the first oil and gas production site in Taiwan dating back to 1940(?).  

[slide 4]CPC used to be the only oil company in Taiwan. The business is monopoly and CPC even gains profits in importing gasoline to meet increasing local market in early ninety. Liberalization of the market began in 1999 with the addition of ExxonMobil and Formosa Petroleum to the market. Formosa Petroleum has a grass root refinery of 450 thousand barrel. It’s overcapacity and both companies have to export lots of products. The retail gasoline price in Taiwan is among the lowest in the world according to the EIA 2004 energy review.

[slide 5]This slide shows the diesel sulfur requirements. It may not be the updated one. In 2010, in US and EU, the sulfur will go down to 10~15ppm. The original planning of Taiwan EPA sets a 50ppm sulfur in 2007. Both CPC and Formosa Petroleum began to supply 50ppm even without any tax incentive in September last year. The EPA immediately sets the new regulation as 50ppm in 2005. We are not sure of the exact date for ultra low sulfur requirement but I expect a one or two years late of EU regulation. This really put quite a pressure on refinery in Taiwan. On the gasoline side, it’s more complicate. It’s less than 100ppm in the market, average speaking. The regulation is 150. And we will see a 50ppm in 2007.

[slide 6]Diesel desulfurization to ultra low by traditional HDS process will face some fundamental difficulty. Thiophene up to dibenzothiophene with boiling point of 185 and 590 F have relatively high reaction rate. For methyl , dimethyl and trimethyl dibenzothiophene, the reaction activity will be quite low due to the stereo hindrance for hydrogenation before the desulfurization reaction.

[slide 7]Therefore, for HDS reaction to produce ultra low sulfur diesel, the LHSV has to be reduced down to less than 1, hydrogen to oil ratio has to be increased, higher hydrogen partial pressure will be required. And general practice would be the installation of amine scrubber, operating at higher reaction temperature, with a better distributor and even has catalyst in dense loading. A polishing reactor to deal with color problem is also necessary. 

[slide 8]Other than revamping an existing HDS unit or design a new unit according to the principles mentioned in the previous slide, there are several new technologies to produce low sulfur diesel. Biodiesl, gas to liquid, addition of pretreater by reaction or adsorption. And certainly, the S Zorb by ConocoPhiiips is commercially available. Oxidation reaction has been identified as a potential.

[slide 9]Oxidative desulfurization has some advantages over the traditional HDS in: Hydrogen not required. Mild conditions, low temperature near 50C and near atmospheric pressure. Minimal impact on product qualities and I will show the number later on. Other than desulfurization, the oxidant also preferentially reacts with nitrogen compound and this is favorite in cracking feed preparation. As shown in previous slide, complicate dibenzothiophene compounds are less reactive in HDS reaction but it is easily removed by oxidation. We expect that investment would be low.

[slide 10]A representative diagram of the oxidation is: the peroxide reacts with the sulfur atoms to sufoxide and then to sulfone. If there is a nitrogen compound, the nitrogen atom will be reacted in the similar way.

[slide 11]There are several desulfurization technologies that have been announced. This is the overall comparison list. Hydrogen peroxide is the most common. Lyondell uses t-butyl hydroperoxide and we use peracetic acid. A phase transfer catalyst is required to increase reaction rate in these system. With peracetic and its solvent is readily well mixed with hydrocarbons, there is no need of catalyst. Separation of sulfones with product can be done by adsorption or extraction. Extraction is a preferred one. We select acetic acid, a byproduct of this reaction, as extraction solvent. The byproduct is also market valuable. There is quite a difference in reaction temperature. As hydrocarbons and peracetic acid are completely well mixed, we have seen fast reaction at low temperature as 50C. We also test the reaction with heavy oils with good results.

[slide 12]We propose a schematic diagram of the oxidation process as shown in this slide. 

Feedstocks include acetaldehyde and oxygen (air) with the addition of trace amount of organoiron, reaction at low pressure and temperature. After a gas/liquid separator, some gas is recycled and most is purged. The liquid phase contains peracetic acid and is free of water. The oxidant is mixed with oil feed and enters in a reactor, a tubular reactor should be acceptable. Acetic acid is used for extraction of sulfones and oxidized nitrogen compounds to produce low sulfur oil. Acid distillation tower simply recover acetic acid from the top as product and for recycle. Sulfones rich stream has to be processed further. The whole process can be simply divided into three part: peroxide preparation, oxidation reaction, product extraction. Not shown in this simple diagram is the acetone recovery route, which can be placed either before or after oxidation reaction.

[slide 13]An example for oxidant preparation is listed as: Acedaldehyde is diluted with acetone as feedstock. Organic iron catalyst concentration is added in ppm level. Mild conditions are set at 40~60C and 6 atm. PAA concentration of 18~24% is produced. This is just quite a simple way of PAA preparation!

[slide 14]Oxidation reaction is very fast and DMDBT AED area is also negligible in few minutes.

[slide 15]AED peak clearly shows the complete shift of peak and indicating high boiling point compounds are formed. After alumina oxide adsorption (or acetic extraction) the product contains less than 5ppm sulfur.

[slide 16]As for acetic extraction, several experiments were organized. We even developed a simple model for extraction correlation. This model shows quite well correlation when we produce diesel product down to less than 50ppm sulfur.

[slide 17]Comparison of diesel properties before and after oxidation/extraction is shown in this table. Negligible changes were found in density, flash point, viscosity and corrosivity. Minor improvements in cetane index and ash content are found although it’s not so significant.

[slide 18]The diesel feed has a light yellow color. After oxidation, a brown sample indicates high boiling point sulfones are presented. Clear solution of product is obtained after extraction to remove sulfones. We should put a warning sign on it: this is not drinking water!

[slide 19] Let me finish this presentation with the summary indicating unique advantages of this process. First of all, the PAA preparation conditions are so simple that investment cost would be quite low.

Reaction byproduct acetic acid is also a valuable commodity and could be sold to increase operation benefit. Because PAA solution is completely soluble in diesel and the fact that PAA is a strong oxidant, without a phase transfer catalyst, the oxidation reaction rate is still so fast as we have seen the disappearance of DMDBT AED peak in few minutes. Byproduct acetic acid is found to be an excellent extraction solvent. There is no need for separate stock of solvent. We did not observe solid precipitation or phase separation problem as indicate by some other researchers reported. We also had experience of treating VGO and ATB with PAA and preliminary results are quite encouraging. 
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Abstract

A robust, non-aqueous, and oil-soluble organic peroxide oxidant is used for oxidative desulfurization and denitrogenation of hydrocarbon feedstocks including petroleum fuels.  Even at low concentrations, the non-aqueous organic peroxide oxidant is extremely active and fast in oxidizing the sulfur and nitrogen compounds in the hydrocarbon feedstocks without a catalyst.  The oxidation reactions that employ the non-aqueous organic peroxide oxidant take place at substantially lower temperatures and shorter residence times than reactions in other oxidative desulfurization and denitrogenation processes.  As a result, a higher percentage of the valuable non-sulfur and non-nitrogen containing components in the hydrocarbon feedstock are more likely preserved with the novel process.  Desulfurization and denitrogenation occur in a single phase, non-aqueous environment so that no phases transfer of the oxidant is required.  Moreover, there is no appreciable amount of water in the system, which would otherwise cause unexpected precipitation of solids. The non-aqueous medium of the oxidant is also an excellent solvent for sulfones and organic nitrogen oxides that are produced.  Furthermore, no phase separation is required for recycling the spent acid, which is the phase transfer agent in most other oxidative desulfurization methods.  Another advantage is that the process generates recoverable organic acid, as a valuable by-product.  It was also found that the in-situ generated organic acid is an excellent solvent for extracting the sulfones and organic nitrogen oxides from the oils.  Commercially viable process schemes have been developed for desulfurization and denitrogenation of diesel and vacuum gas oil (FCCU feedstock).
Environmental Regulations on Road Diesel Sulfur

Stringent environmental regulations on sulfur content of petroleum fuels have been continuously enacted worldwide. In the United States, gasoline sulfur level will be reduced by 90% from current 300ppm down to 30ppm and CalRFG3 called for a level of 15ppm by 2006, while European regulations set a requirement of 50ppm by 2005[1]. On the road diesel fuel, most of industrialized countries have adopted for a level of 50ppm or even as low as “zero sulfur” in the future. Other countries have progressively followed up the program to reduce engine emission to improve air quality. The EPA in Taiwan more closely follows European regulations and sets a 50ppm sulfur diesel by 2007. CPC has started to provide 50ppm diesel, since September 2004 to the local market, and the other company, Formosa Petrochemical Corporation (FPC) followed immediately. Therefore, the EPA in Taiwan revised the regulation demanding 50 ppm sulfur in diesel by 2005. This is a dramatic reduction from 500ppm level only six years ago. Both oil companies in Taiwan are also actively revamping or planning for new hydrotreating units to produce 10ppm sulfur diesel. The Refining & Manufacturing Research Institute (RMRI) of CPC began oxidative desulfurization research program few years ago with a great success and the first of many U. S. patent applications has been made in late 2004. 

Low Sulfur Diesel Production Technologies

There are reports on alternatives other than the conventional hydrotreating technology to produce ULSD. For example, biodiesel[2] or GTL diesel[3] are inherently sulfur free and can be an excellent blending stock when producing in enough large quantity. There are also reports on enhancing performance of existing conventional hydrotreater operation by addition of a pretreater unit. Such a pretreater system has been designed as reactors in series[4,5] or multiple adsorbers[6]. Biodesulfurization study has been the main objective for many publications[7-9]. The process has limitations in relatively lower reaction rate, bacteria stability, oxygen supply, and the commercialization in the near future is in doubt. S-Zorb by ConocoPhillips adopts a process similar to FCC with adsorption/desorption cycle at 500psig and reports a diesel product less than 10ppm sulfur[10]. 

Removal of sulfur compounds by oxidation reaction[11-15] has drawn attention from refining industry recently. Hydroperoxide was the major oxidant with various catalysts to enhance reaction rate. In this paper, we would like to report the use of a non-aqueous organic peroxide oxidant that has several advantages over the traditional hydrogen peroxide or other organic peroxide oxidant.   

Sulfur Compounds and Oxidation Reaction

Determination of detailed sulfur compounds distribution in diesel fraction is possible with the development in atomic emission detection (AED) technology[16]. Relative HDS activity for typical sulfur compounds has been reported[17] and is shown in Table1. Due to stereo hindrance, alkyl- dibenzothiophene compounds are difficult to be removed. Reaction mechanism includes ring saturation and therefore catalysts with high saturation activity and operation at high pressure are required to achieve ultra low sulfur level. 

[image: image68.emf]
Reduction of LHSV, installation of amine scrubber to maintain higher hydrogen purity in the recycle stream and increase of H2/Oil ratio or use of dense loading may be required to assure the production of ULSD in a traditional HDS unit[18]. A polishing reactor may also be required to deal with the color problem that occurs due to higher temperature operation[19]. 

Oxidation reaction literature had shown that alkyl-dibenzothiophene could be preferentially reacted over dibenzothiophene. A generalized oxidation route is the formation of sulfoxide and then to corresponding sulfone. Alkyl group and the ring structure are essentially intact as can be seen from Figure 1[15]. And this places oxidation process in an attractive position for ULSD production. Unipure Corporation made a presentation on oxidative desulfurization for ULSD production at AIChE meeting in 2002[20]. Conventional stirred tank reactor was chosen for the oxidation reaction. Straight run diesel was mixed with hydrogen peroxide, in proportional to the sulfur content, water and recycled organic acid catalyst. At the completion of reaction, spent acid extracted nearly 50% of sulfur compounds presented as sulfones. The diesel, being reduced in sulfur contents, was neutralized, washed, dried and then passed through alumina bed to adsorb the remaining sulfones. Less than 5ppm sulfur water-like diesel could be produced. The alumina bed was regenerated by light hydrocarbon washing and hot methanol extraction. Water balance loop had to be carefully organized as water was formed as oxidation byproduct, presented in the commercial peroxide solution and, stripped in spent acid regeneration and used to wash off residual acid. No further advance of the technology was publicly reported since 2002. 

Instead of using relatively expensive hydrogen peroxide, Eni/UOP developed the process using organic peroxides and solid catalyst. It was also claimed that the change in polarity of sulfur compounds would facilitate the separation from diesel stream[21]. It is said that a demo plant is foreseen in 2006.

Lyondell, with strong technology and market of C4 chemicals, initiated the use of t-butyl hydroperoxide (TBHP) as oxidation agent. A fixed bed catalyst has to be used to promote the reactions. However, recycle of corrosive organic acid (as the phase transfer agent) in hydrogen peroxide system could then be avoided. The byproduct t-butyl alcohol could be easily separated from the fuel stream. Unreacted TBHP was decomposed to maintain fuel stability before extraction or adsorption of sulfones. Planning for semi commercial scale plant was also set[15]. 

CPC Process and Technology Development

Hydrogen peroxide, as in the aqueous phase, has a drawback of poor mixing with the oil phase. Phase transfer agent (or catalyst) has to be developed in order to break mass transfer barrier. Organic peroxide, readily mixed well with petroleum fraction would be an ideal candidate for selective oxidative reaction.

The CPC process uses peracetic acid (PAA) as the oxidative agent to take the advantages of its high oxidation activity without a catalyst. PAA could also be generated at high concentration and therefore could be, without further concentration, directly used in oxidation reaction. High concentration PAA is also beneficial as the oxidation activity would be higher. 

Figure 2 is the schematic diagram of the developed diesel oxidation process. It consists of three major steps: (1) generation of PAA, preferentially from acetaldehyde with organoiron catalyst in a homogenous system; (2) oxidation of sulfur and nitrogen compounds by the non-aqueous PAA without catalyst; and (3) removal of sulfones and nitrogen oxides by extraction, adsorption or combination of the two. As the major byproduct of the current oxidation reaction is acetic acid (AA), sulfones and nitrogen compounds will preferentially present in the AA phase over original petroleum phase. In another words, the byproduct AA can also serve as the extraction solvent. Acetic acid, with a high market value, is then distillated to remove sulfones and purified. Low purity acetic acid stream could be recycle to the sulfone extractor as the extractive solvent.  

One of the distinguish differences between the CPC process and other announced processes is the elimination of phases transfer agent during oxidation reaction. As the non-aqueous PAA is extremely active and completely miscible with the petroleum oils, design of oxidation reactor is very simple. AED analysis results, shown as Figure 3, indicted that DMDBT completely reacted with PAA in few minutes. We selected a tubular reactor, possible with multiple injection points, to keep PAA at high concentration throughout the reactor and to provide a better temperature control in the reactor.

Generation of the peroxide at relative low cost also offers the competition advantage of the CPC process. Trace amount of organoiron in ppm level is enough to produce an oxidant containing 20 wt% PAA from acetaldehyde (AcH) at mild condition.  

Diesel Product Quality

As an example for oxidation reaction, a diesel sample with 198ppm total sulfur was treated with PAA. GC with sulfur detector was employed for the detailed analysis of sulfur compounds. Sulfur peaks of the diesel, before and after oxidation, were shown in Figure 4. The chromatograms clearly show the shift of peaks after oxidation indicating the formation of heavier compounds as sulfones. Also shown in Figure 4 was the chromatogram of samples after water wash and adsorption by active alumina. As sulfones were insoluble to water, sample sulfur content simply by water wash was practically not reduced. Adsorption by alumina would nearly remove all sulfones as shown by the last chromatogram in the figure. As mentioned in the previous section that removal of sulfones could also be done by AA extraction. To facilitate the design of the extraction column in the future, a correlation was also developed to predict the sulfones’ distribution between oil and AA phases. Prediction of the amount of residue sulfur in diesel phase matched quite well with the actual analytical results as shown in Figure 5. This confirmed that production of ultra low sulfur diesel could be realized by oxidation reaction and followed by extraction.
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Color of all samples was presented as Figure 6. The color of the sample changed from light yellow to deep orange after oxidation reaction. This should be reasonable as sulfones were compounds with darker color. The transparent appearance of treated oil might be more comfortable to customers. Other important qualities of diesel samples were essentially unchanged and were listed as Table 2. Most noticeable of all were the slight improvement of cetane index and Rams Bottom Residues.
Extended Development

The non-aqueous property and high activity (without phase transfer agent or solid catalyst) of the PAA oxidant makes it possible for the current process to be extended to treat heavy fractions such as vacuum gas oil (VGO) or atmospheric residual oil (ATB). Tests had been made in the laboratory and preliminary results had shown that the treated oil with less nitrogen compound was a better FCC feed with an impressive improvement on yield pattern.  Although the separation of sulfones from heavy oil with high viscosity is more difficult, we are in the process to develop a special solvent to effectively extract the sulfones and nitrogen oxides from the heavy oils.

Other than filing the first U.S. patent application in 2004 and continuously preparing for additional patent applications, CPC also exploits for opportunity to commercialize the process. A tentative plan is to construct a pilot unit in 3rd quarter of this year. Demonstration to produce ultra low sulfur diesel should be completed before 2006. The pilot unit will be used continuously for tests of VGO, LCO and ATB treatment.

Summary

As an energy and petroleum refining company, CPC seeks sustainable growth. Continuous commitment to reduce fuel product sulfur contents to meet or even beyond the government regulations would need the involvement of extensive research activity. In the past few years the Research Institute of CPC had various research achievements successfully implemented in refineries. The development of this novel process for the production of ultra low sulfur fuels is actually one of the many achievements of our oxidation research project. As detailed described in previous sections, there are several unique advantages of this novel process, including:

(1) Novel and efficient oxidant production method minimizes the overall investment cost. 

(2) High byproduct value benefits greatly the overall product value. 

(3) High reactivity oxidant eliminates the requirement of catalyst or a phase transfer agent. 

(4) Byproduct could serve as the extraction solvent. 

(5) Non-aqueous system minimizes unexpected phase separation or solid precipitation after oxidation reaction. 

(6) Great oil affinity nature makes it viable to extend the system for VGO and ATB treatments.  
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Figure 1. Typical Representative Diagram of Oxidative Desulfurization
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Figure 2. Schematic Diagram of CPC Diesel Oxidation Process
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Figure 3. Fast reaction observed for DMDBT with PAA
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Figure 4. GC AED results of sulfur peaks for example samples

Figure 5. Correlation diagram on AA extraction of sulfones

Figure 6. Color appearance of diesel samples
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