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CHAPTER I 

INTRODUCTION 

In the sevent1es, great 1nterest arose 1n the produc­

tlon of synthet1c l1qu1d fuels der1ved from coal, o1l 

shale, and tar sands Desp1te the o1l glut of the e1ght-

1es, these alternate fuels are expected to become of great 

value 1n the future. Petroleum feedstocks are becom1ng 

harder to process as crude qual1ty decreases, and as 1t 

becomes more 1mportant to process the bottom of the barrel. 

The alternate feedstocks and heav1er petroleum fract1ons 

conta1n h1gher concentrat1ons of n1trogen compounds than 

the l1ghter petroleum crudes. Table I g1ves the n1trogen 

content of some representat1ve foss1l fuels (1 ,2,3) 

N1trogen compounds lower the grade of the fuels due to the 

follow1ng reasons 

1. Fuel bound n1trogen contr1butes d1rectly to the 

format1on of NOx 1n combust1on processes 

2. The act1v1ty of catalysts used 1n crack1ng (4-6) 

and other processes (4, 6-8) such as reform1ng, 1somer1za­

t1on, and polymer1zat1on 1s reduced because these catalysts 

are ac1d1c whereas n1trogen compounds are bas1c. 

3 H1gh n1trogen concentrat1ons are detr1mental to 

both product qual1ty and product stab1l1ty. 

1 
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TABLE I 

NITROGEN CONTENT OF SOME FOSSIL FUELS 

Coals Wt% Synthet~c L~qu~ds Wt% 
Petroleum Crudes 

0~1 Shale 2.39 SRCI 1. 71 

L~gn~te (Glen- 1 . 01 H-Coal 0.77 

howold M~nes) 
Syntho~l 0.97 

Sub-b~tum~nous 1 • 23 
(B~g Horn) Colorado Shale 0~1 2.1 4 

B~tum~nous (Kentucky 1.42 El Pal~to #6 Fuel 0. 41 
#9 and #11 ) 

1000 ~+ West Texas 0.40 
B~tum~nous 1. 61 Res~duum 
(P~ttsburgh Steam) 

H~gh volat~l~ty b~tu- 1 • 01 
m~nous (Ill~no~s #6) 

Anthrac~te (Black 0.66 
Mounta~n Pennsylvan~a) 

In fact, gums, prec~p~tates and lacquers formed dur~ng the 

storage or use of o~ls and fuels are d~rectly related to 

the presence of n~trogen compounds (9-10). In add~t~on, 

the presence of these compounds, even ~n trace amounts, 

leads to poor color and color stab~l~ty of o~ls (11-12). 

4. Most aromat~c n~trogen compounds are b~olog~cally 

harmful and often carc~nogen~c. 
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It 1s necessary to remove the n1trogen from these o1ls 

before they can be ut1l1zed or processd further. Hydrode­

n1trogenat1on 1s a common process to up-grade these fuels. 

The o1ls are reacted w1th hydrogen wh1ch results 1n the 

removal of n1trogen as ammon1a. 

A ma)or port1on of the n1trogen present 1n these fuels 

1s found as heterocycl1c compounds, wh1ch are usually re­

s1stant to hydroden1trogenat1on. Nonheterocycl1c compounds 

are present 1n small concentrat1ons. They 1nclude al1pha­

t1c am1nes and n1tr1les. The latter compounds are rela­

t1vely more react1ve than the prev1ous ones. The low 

concentrat1ons and relat1vely h1gh react1v1ty of these com­

pounds make them of l1ttle eng1neer1ng s1gn1f1cance. 

Stud1es on the nature of the n1trogen-conta1n1ng com­

pounds 1n petroleum have shown that n1trogen concentrat1on 

1ncreases w1th 1ncreas1ng bo1l1ng po1nt of the petroleum 

fract1ons (13). One or two-r1ng heterocycl1c n1trogen 

compounds (pyr1d1nes, qu1nol1nes, pyroles and 1ndoles) are 

concentrated 1n the l1ghter fract1ons, whereas mult1r1ng 

n1trogen-conta1n1ng compounds predom1nate the heav1er frac­

t1ons. Pyr1d1nes and qu1nol1nes are found 1n both cracked 

gasol1ne and catalyt1cally cracked )et fuel (14) Further­

more, qu1nol1nes, benzoqu1nol1nes and hydroxybenzoqu1no­

l1nes have been 1dent1f1ed 1n a stra1ght-run heavy-gas 011 

( 1 5) • 

N1trogen concentrat1ons 1n synthet1c l1qu1ds are typ1-

cally two to f1ve t1mes h1gher than those 1n petroleum. 
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Several laborator1es have carr1ed out research on the 

character1zat1on of coal der1ved l1qu1ds. It has been 

reported that s1m1lar types of n1trogen-conta1n1ng com­

pounds are present 1n petroleum, coal der1ved l1qu1ds, and 

shale o1ls (16-18). Hence, the pr1nc1ples of hydroden1tro­

genat1on (HDN) of petroleum l1qu1ds w1ll also apply to the 

HDN of both coal der1ved l1qu1ds and shale o1ls. However, 

the synthet1c l1qu1ds are d1ff1cult to hydroprocess because 

of h1gh n1trogen content, h1gh aromat1c1ty, and larger 

molecules. 

Des1gn of any hydroprocess1ng operat1on for a n1trogen 

conta1n1ng feedstock requ1res an adequate knowledge of HDN 

k1net1cs of that feedstock. The feedstock hydroprocess1ng 

k1net1cs are usually obta1ned from laboratory or p1lot 

plant stud1es. No pred1ct1ve techn1que ex1sts to perm1t an 

est1mat1on of HDN k1net1cs of a crude feedstock from 1ts 

chem1cal analys1s. Developement of such a pred1ct1on tech­

n1que requ1res a ~horough study of the k1net1cs of the 

1nd1v1dual compounds and the1r m1xtures. 

Most of the prev1ous HDN k1net1c stud1es have cons1-

dered e1ther s1ngle model n1trogen compounds or a whole 

coal der1ved l1qu1d, whereas, l1ttle work has been per­

formed to relate the model compound k1net1cs to the k1ne­

t1cs of the crude 011. These pure compound stud1es rema1n 

of l1ttle pract1cal value w1thout the knowledge to pred1ct 

the k1net1cs of the whole l1qu1ds. Hence, th1s work 1s 

undertaken to study the k1net1cs of two pure compounds and 
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the1r b1nary m1xture. More spec1f1cally the ob]ect1ves of 

th1s work are to. 

1. Establ1sh react1on networks for the HDN of s1ngle 

compounds, qu1nol1ne and acr1d1ne. 

2. Develop k1net1c models for each react1on. 

3. Study the 1nteract1ons between these two compounds 

1n the1r b1nary system and the effects of m1x1ng on mecha­

n1sms and k1net1cs of HDN. 



CHAPTER II 

CHEMISTRY OF COAL LIQUIDS UPGRADING 

In general, coal der~ved l~qu~ds are very complex 

m~xtures of hydrocarbons w~th sulfur, n~trogen and oxygen 

conta~n~ng heterocompounds. In add~t~on, they conta~n 

traces of organometall~c and other ~norgan~c ~mpur~t~es 

(19). However, coal der~ved l~qu~ds are qu~te d~fferent ~n 

compos~t~on than petroleum fract~ons. They conta~n h~gher 

concentrat~ons of polynuclear aromat~cs and oxygen- and 

n~trogen-conta~n~ng compounds. In general, the relat~ve 

amounts of these compounds depend upon the ~n~t~al coal and 

the l~quefact~on techn~que (20). The prom~nent aromat~c 

n~trogen-conta~n~ng compounds as well as the~r structures 

are presented ~n F~gure 1 (21-23). 

These heterocompounds can be removed from l~qu~d 

foss~l fuels by hydrotreatment. Hydrotreatment ~s a m~ld 

hydrogenat~on process where the pr~mary ob)ect~ve ~s the 

removal of heteroatoms (19). Th~s process ~ncludes hydro­

desulfur~zat~on (HDS), hydroden~trogenat~on (HDN), hydro­

deoxygenat~on (HDO), and hydrodemetalat~on (HDM). In 

add~t~on, hydrotreatment causes some hydrogenat~on of unsa­

turated bonds w~th m~n~mal crack~ng of large molecules. 

Hydrotreatment ~s usually ach~eved ~n the presence of 

6 
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hydrogen at pressures of 7-14 MPa, temperatures of 300-

4Sooc, and a catalyst. In general, the ox1des and the 

sulf1des of Mo and of W are effect1ve catalysts 1n hydro­

treatment. They are usually supported on ¥-alum1na (Al2o3 ) 

or s1l1ca-alum1na (20) and are promoted w1th Co or N1 

ox1des. The ma1n react1ons wh1ch occur can be represented 

as follows. 

N1trogen conta1n1ng compound + H2 --> Hydrocarbon + NH3 

Sulfur conta1n1ng compound + H2 --> Hydrocarbon + H2s 

Oxygen conta1n1ng compound + H2 --> Hydrocarbon + H2o 

Some degree of aromat1c saturat1on also takes place 

From the above d1scuss1on, 1t 1s clear that the hydro­

treatment of l1qu1d foss1l fuels 1ncludes complex react1ons 

wh1ch are ach1eved on a m1xture of a w1de var1ety of orga­

n1c compounds. Thus, 1t 1s d1ff1cult to ach1eve a deta1led 

study of the k1net1cs and mechan1sms of the above reac­

t1ons. An understand1ng of hydrotreatment can be ga1ned 

through stud1es made on 1nd1v1dual compounds wh1ch are 

prom1nent. 

A. Hydroden1trogenat1on of Model N1trogen Compounds 

Hydroden1trogenat1on (HDN) 1s the react1on of n1trogen 

conta1n1ng compounds w1th hydrogen lead1ng to a reduct1on 

1n the n1trogen content of the 011. As a result, n1trogen 

1s removed as ammon1a (19). 



HDN has rece1ved less attent1on 1n the l1terature 

than HDS. Nevertheless, 1t has been cons1dered 1n the last 

few years as an 1mportant part of the heavy fuel hydropro­

cess1ng. HDN 1s a more d1ff1cult process than HDS, hence, 

1t requ1res more severe cond1t1ons and consumes more hydro­

gen (24,25). Th1s large hydrogen consumpt1on 1s attr1buted 

to the obl1gatory complete saturat1on of carbon atoms 

e1ther bound d1rectly to n1trogen or at meta pos1t1on w1th 

respect to the n1trogen atom. Th1s saturat1on 1s neces­

sary for HDN both 1n the presence of sulfur (24,26-28) and 

1n 1ts absence (26,29-34) 

The n1trogen conta1n1ng compounds, present 1n l1qu1d 

foss1l fuels can be class1f1ed 1nto bas1c compounds, l1ke 

pyr1d1ne, qu1nol1ne, and acr1d1ne, and non-bas1c compounds 

l1ke pyrrole, 1ndole, and carbazole. In general, the HDN 

mechan1sm 1s looked upon as heterocycl1c r1ng hydrogena­

t1on, wh1ch has been observed to be revers1ble under most 

c1rcumstances, followed by hydrogenolys1s and subsequent 

n1trogen removal as NH3 (20). A l1terature rev1ew of the 

HDN k1net1cs 1s presented here. 

A.1. Pyr1d1ne 

Cox (35) stud1ed the hydrogenat1on of pyr1d1ne and 

some of 1ts der1vat1ves. He reported that the react1on 1s 

f1rst order w1th respect to pyr1d1ne. Furthermore, the 

react1on order 1ncreases w1th n1trogen concentrat1on 1n 

the feed. 
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Mcilvr1ed (36) stud1ed the HDN of pyr1d1ne and found 

that the react1on 1nvolves success1ve steps 1n the follow-

1ng manner 

pyr1d1ne --> p1per1d1ne --> n-pentylam1ne --> 

n-pentane + ammon1a 

S1nce the react1on 1s complex, he concluded that 1t would 

be much helpful to study not only the den1tr1f1cat1on of 

pyr1d1ne, but also the den1tr1f1cat1on of p1per1d1ne and 

n-pentylam1ne, hop1ng that the k1net1cs of one step could 

be better understood 1f the k1net1cs of the follow1ng steps 

were known. Therefore, he ran h1s exper1ments on pyr1d1ne, 

p1per1d1ne, and n-hexylam1ne. The last am1ne was used 

s1nce 1t was 1mmed1ately ava1lable and was expected to have 

k1net1cs close to those of n-pentylam1ne. All runs were 

made 1n a bench scale, f1xed-bed, flow reactor, us1ng a 

presulf1ded Co-Mo/alum1na catalyst at 316oc, and a hydro­

gen pressure 1n the range of 5.2-10.3 MPa. He found that 

both the f1rst step 1n the react1on, the hydrogenat1on of 

pyr1d1ne to p1per1d1ne and the last step, the den1tr1-

f1cat1on of n-pentylam1ne, are rap1d On the other hand, 

the second step, the r1ng rupture of p1per1d1ne to n-pen­

tylam1ne 1s slow. Ammon1a appears to be strongly adsorbed 

on hydrogenat1on s1tes, whereas other n1trogen compounds 

appear to be almost equally strongly adsorbed on den1tr1f1-

cat1on s1tes or are present 1n concentrat1ons so small that 

have no s1gn1f1cant effect on k1net1cs. The data obta1ned 
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from p1per1d1ne den1tr1f1cat1on, f1t a Langmu1r-H1nshelwood 

type k1net1c model. Th1s model 1s expressed 1n the 

follow1ng manner 

d( 1 /LHSV) 

- 0.71n PHPN 

(1+R)(1+1.57P ) 
Po 

Th1s rate express1on was then used to develope the 

follow1ng k1net1c model for pyr1d1ne den1tr1f1cat1on, 

dP 
p 

d(1/LHSV) 

- 4.55n PHPp 

( 1 +R) ( 1 + 1 0. SPA) 

where P's are the part1al pressures of the components 1n 

and 

The 

and 

ps1a, 

R 1s the gas rate, mole H2/mole l1qu1d feed, 

LHSV 1s the volumetr1c l1qu1d hourly space veloc1ty 

-1 1n hr , 

n 1s the total pressure 1n ps1a. 

subscr1pts: 

H refers to hydrogen, 

A refers to ammon1a, 

N refers to p1per1d1ne, 

p refers to pyr1d1ne, 

0 refers to cond1t1ons at reactor 1nlet 
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Sonnemans et al.(31 ), stud~ed the pyr~d~ne hydrogena­

t~on at h~gh hydrogen pressures on Mo/alum~na and Co-Mo/ 

alum~na catalysts and found the follow~ng rate equat~on. 

r = kP P~/P 
P 2 Po 

Also, they reported that n equals 1.0 at 250°C and 1.5 at 

300-375°C. Th~s ~s a der~ved rate funct~on assum~ng strong 

adsorpt~on of pyr~d~ne and ~ts products; all compounds 

hav~ng ~dent~cal adsorpt~on constants. In add~t~on, the 

hydrocrack~ng of p~per~d~ne has a low order ~n H2 , wh~ch ~s 

probably lower than 0.5. Furthermore, the adsorpt~on of 

n~trogen bases and H2 appeared to be very strong on alum~na 

and molybdenum-conta~n~ng catalysts. Adsorpt~on ~ncreases 

~n the order of p~pr~d~ne > pyr~d~ne > ammon~a. However, 

H2 and n~trogen bases adsorb on d~fferent s~tes. 

Goudr~aan et al. (27), ~n the~r exper~ments to study 

the effect of H2s on the HDN of pyr~d~ne, hydrogenated 

pyr~d~ne over a Co-Mo/alum~na catalyst at about 8.1 MPa 

pressure and at temperatures of 250-400oc~ They found that 

at h~gh convers~ons, the temperature requ~red to atta~n a 

certa~n HDN level ~s about 25°C lower w~th a presulf~ded 

catalyst than w~th the catalyst ~n ~ts ox~d~c state. In 

add~t~on, the presence of H2s reduces th~s temperature by 

some 60°C. It was also reported that pyr~d~ne r~ng hydro-

genat~on ~s 25-45% h~gher on the presulf~ded catalyst than 

on the ox~d~c catalyst. Furthermore, p~per~d~ne r~ng 
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open1ng at 250-350oc, on presulf1ded catalyst 1s h1gher 

than on the ox1d1c catalyst by 5-15% of the or1g1nal amount 

of pyr1d1ne. However, the presence of H2s 1ncreases th1s 

react1on by another 20-50%. Thus, 1t can be concluded that 

the presence of H2s has two benef1c1al effects on the HDN 

of pyr1d1ne. F1rst, sulf1d1c catalyst pyr1d1ne-r1ng-hydro­

genat1on-act1v1ty 1s greater than that of ox1d1c catalyst. 

Second, the hydrocrack1ng catalyst act1v1ty 1s 1ncreased. 

Sonnemans et al. (26) stud1ed the convers1on of penty­

lam1ne on Mo/alum1na catalysts between 250 and 350°C at 

var1ous hydrogen pressures. Cons1der1ng the fact that pen­

tylam1ne 1s an 1ntermed1ate compound formed dur1ng the HDN 

of pyr1d1ne, they ran the1r exper1ments to d1st1ngu1sh 

whether deam1nat1on of pentylamine 1s rate determ1n1ng step 

1n th1s process. Several react1ons were observed crack1ng 

to pentene and ammon1a, hydrocrack1ng to pentane and 

ammon1a, dehydrogenat1on to pentan1m1ne and butylcarbo­

n1tr1le, and d1sproport1onat1on to ammon1a and d1pentyl­

am1ne. However, 1t was reported that, under most of the 

exper1mental cond1t1ons, the d1sproport1onat1on react1on 

w1th zero order 1n hydrogen, and -1 order 1n the 1n1tal 

pentyalam1ne pressure, atta1ns equ1l1br1um. At 250°C the 

equ1l1br1um constant 1s about 9, whereas 1t 1s about 5 at 

320°C. In add1t1on, dehydrogenat1on react1on was observed 

at low hydrogen pressures, and espec1ally at h1gh tempera­

tures and was found to be f1rst order 1n pentylam1ne. 

Both crack1ng and hydrocrack1ng take place, ma1nly above 
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3QO•c. Furthermore, the rate of crack1ng 1s almost 1nde­

pendent of the hydrogen pressure wh1le hydrocrack1ng 1s 

half order 1n hydrogen. On the other hand, hydrocarbon 

format1on 1s of zero order 1n pentylam1ne or d1pentylam1ne. 

Sonnemans et al.(26) recons1dered the1r prev1ously reported 

results that the deam1nat1on of pr1mary am1nes 1s fast com­

pared w1th the den1trogenat1on of heterocycl1c n1trogen 

bases (36-38) and that the rate determ1n1ng step 1n the de­

n1trogenat1on of these bases 1s the hydrogenat1on of the 

aromat1c r1ng (39) or the rupture of th1s r1ng (36). These 

cons1derat1ons, comb1ned w1th the results of the1r exper1-

ments, led to the conclus1on that deam1nat1on of pr1mary 

am1nes 1s not rate determ1n1ng step, may be 1ncorrect. 

In a later study on the mechan1sm of pyr1d1ne HDN, 

Sonnemans et al. (33) ran exper1ments to 1nvest1gate the 

convers1on of p1per1d1ne on Co-Mo/alum1na catalysts as a 

funct1on of the temperature, react1on t1me, 1n1t1al p1per1-

d1ne part1al pressure and hydrogen pressure. The follow1ng 

conclus1ons were drawn from the results. 

1. P1per1d1ne 1s converted 1nto ammon1a, pentane and 

pyr1d1ne. 

2. N-pentylp1per1d1ne 1s an 1ntermed1ate 1n the 

ammon1a format1on. 

3. N-pentylp1per1d1ne 1s converted 1nto ammon1a and 

pentane w1th the product1on of p1per1d1ne, d1pentylam1ne 

and pentylam1ne as 1ntermed1ate products. 
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Th1s react1on scheme 1s presented 1n F1gure 2. It was 

reported that below 50% p1per1d1ne convers1on, at 6.1 MPa 

of hydrogen, p1per1d1ne 1s select1vely converted to ammon1a 

and n-pentylp1per1d1ne by a two-step react1on. r1ng open1ng 

to n-pentylam1ne followed by a fast alkyl transfer from 

n-pentylam1ne to p1per1d1ne. However, the p1per1d1ne con­

vers1on 1s f1rst order 1n p1per1d1ne as well as 1n hydro­

gen, whereas 1t 1s of m1nus one order 1n the total pressure 

of the n1trogen bases. On the other hand, at h1gher con­

vers1ons the rate of format1on of pentane and ammon1a 1s 

affected by the equ1l1br1um constants of the alkyl transfer 

equ1l1br1a and by the rate of the hydrocrack1ng steps. 

Furthermore, when a r1ng 1s present 1n the n1trogen base, 

the rate of a hydrocrack1ng react1on 1s lower. The act1va­

t1on energ1es of these react1ons are 160 kJ/mol, whereas 

the alkyl transfer react1ons have smaller act1vat1on 

energ1es, about 100 kJ/mol. On the other hand, at one 

atmosphere hydrogen pressure a completely d1fferent product 

compos1t1on was observed. 

Satterf1eld et al. (32) reported that the equ1l1br1um 

between pyr1d1ne and p1per1d1ne can be a rate-l1m1t1ng 

factor under some cond1t1ons. Thus, a max1mum 1n the pyr1-

d1ne HDN rate occurs at about 400°C over N1-Mo/alum1na 

catalyst at 1100 kPa pressure. Th1s max1mum 1s caused by a 

thermodynam1c l1m1tat1on on the allowable concentrat1on of 

p1per1d1ne. In add1t1on, N1-Mo/alum1na catalyst appears to 

have greater hydrogenat1on-dehydrogenat1on act1v1ty than 



ammon 10 + N-pentylp•perrdme K 7 > fpij;e-; ;d ~el + pentane 
+H2 ~----- ...... 

K 2 > pentylam1ne K 6 > ammon•a + pentane 
+H2 +H2 

ammon1a + > pentylam• ne + pentane 

Figure 2. Reaction Network of Piperidine HDN,at 6 1 
MPa, Co-Mo/Alum~na (33) 



have greater hydrogenat~on-dehydrogenat~on act~v~ty than 

Co-Mo/alum~na catalyst, whereas the latter has greater 
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hydrogenolys~s act~v~ty, at least at about 300°C and below 

Anabtaw~ et al. (40) stud~ed the vapor-phase hydro-

genat~on of pyr~d~ne ~n an ~ntegral flow reactor over a 

N~-W/alum~na catalyst. The k~net~cs of the hydrogenat~on 

of pyr~d~ne to p~per~d~ne as well as the effects of var~ous 

parameters have been ~nvest~gated. They concluded that 

hydrogenat~on of pyr~d~ne proceeds through the follow~ng 

ma~n react~ons 

1 Saturat~on of pyr~d~ne double bonds to form p~per-

2. D~sproport~onat~on of p~per~d~ne to form ammon~a 

and n-pentylp~per~d~ne. 

3 Format~on of n-pentane from n-pentylp~per~d~ne. 

In add~t~on, adsorpt~on of hydrogen was found to be the 

rate-controll~ng step. Furthermore, the apparent rate 

constant ~s ~nversely proport~onal to the ~nt~al pressure 

of pyr~d~ne. The follow~ng rate express~on was developed 

d[P ] k 
r =- 12 = (P )(PH )(-s- + k 

dt p 2 [P ] ~ 

Po 

where [ p ] 
p ~s the part~al pressure of pyr~d~ne 2 

~n N/m , 

[P ] ~s the ~n~t~al part~al pressure of pyr~d~ne 
Po 

2 
~n N/m , 

F ~s flow rate of feed, moles/hr, 

k ~s react~on rate constant ~n a plot of k 
~ OV 



vs 1/[P ], mole/(g.cat)h~(N/m2 ), 
Po 

18 

k0 v 1s the observed rate constant for hydrogena-

t1on of pyr1d1ne, mole/(g.cat)(hr)(N/m2 ), 

k 1s the react1on rate constant slope 1n a plot s 

of k vs 1/[P ], mole/(g.cat)(hr), ov p 0 

and t 1s W/F, t1me (g.cat)(hr)/gmole. 

Also, the average act1vat1on energy was reported to be 57.3 

kJ/mol. 

Satterf1eld et al (25), 1nvest1gat1ng the 1ntereact1ons 

between catalyt1c HDS of th1ophene and HDN of pyr1d1ne, 

observed that pyr1d1ne 1nh1b1ts the HDS react1on, whereas 

sulfur compounds have a dual effect on HDN. At low tern-

peratures, th1ophene 1nh1b1ts the react1on by compet1ng 

w1th pyr1d1ne for hydrogenat1on s1tes wh1ch retards the 

convers1on of pyr1d1ne to p1per1d1ne and hence reduces the 

overall react1on rate. On the other hand, at h1gh tempera-

tures, H2s, an HDS react1on product, 1nteracts w1th the 

catalyst to 1mprove 1ts hydrogenolys1s act1v1ty and hence 

1ncreases the rate of p1per1d1ne hydrogenolys1s, wh1ch 1s 

rate controll1ng under these cond1t1ons, lead1ng to an 

1ncrease 1n the overall HDN rate. 

Satterf1eld et al. (41) recently stud1ed the s1mul-

taneous HDN of pyr1d1ne and HDS of th1ophene over N1-Mo/ 

alum1na catalysts. Each of th1ophene and pyr1d1ne had a 

part1al pressure of 12.4 kPa whereas total pressure var1ed 

between 1.14 and 7.0 MPa at temperatures of 200-400°C. It 

was observed that pyr1d1ne 1nh1b1ts th1ophene HDS at all 
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temperatures and pressures stud1ed. On the other hand, 

pyr1d1ne-p1per1d1ne equ1l1br1um 1s atta1ned, 1n the absence 

of th1ophene, above 350°C at all pressures whereas, 1n 1ts 

presence, the equ1l1br1um 1s not atta1ned because of both 

pyr1d1ne hydrogenat1on 1nh1b1t1on and enhancement of p1per-

1d1ne hydrogenolys1s. Furthermore, the overall convers1on 

of pyr1d1ne and p1per1d1ne as a pa1r 1s 1ncreased by the 

presence of th1ophene at pressures of 3.55 and 7.0 MPa as 

long as the temperature 1s greater than 300°C. 

A.2. Qu1nol1ne 

Kobe and McKetta (42) reported the follow1ng mechan1sm 

for qun1ol1ne HDN. 

Qu1nol1ne + H2 --> 1 ,2,3,4-tetrahydroqu1n011ne --> 

(Py-THQ) 

am1nes --> propylbenzene + ammon1a 

(PB) 

Fl1nn et al. (37), study1ng the HDN of qu1nol1ne over 

a presulf1ded N1-W/Al 2o3 1n a h1gh pur1ty paraff1n 011, 

found that the react1on 1s f1rst order w1th respect to 

qu1nol1ne. However, 1t was reported that the react1on 

1nvolves r1ng hydrogenat1on wh1ch 1s the rate-controll1ng 

step, preceed1ng any n1trogen removal. 

Doelman and Vulgter ( 38) performed the1r exper1ments 

1n a f1xed bed reactor us1ng a Co-Mo/alum1na catalyst. 

They found that at low temperatures the pyr1d1ne r1ng of 
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qu1nol1ne 1s hydrogenated result1ng 1n Py-THQ. Around 

300°C some 90% of the qu1nol1ne 1s converted 1nto Py-THQ 

At h1gher temperature 1ts quant1ty decl1nes, partly be­

cause, above 350°C S,6,?,8-Tetrahydroqu1nol1ne (Bz-THQ) 1s 

also formed. Format1on of the latter compound 1s favored 

by h1gher temperatures and also by lower feed rates. How­

ever, the quant1ty of Py-THQ present 1n the react1on pro­

ducts decl1nes more rap1dly w1th 1ncreas1ng temperature 

than that of the Bz-THQ 1somer. The more rap1d decl1ne 

must be attr1buted to the open1ng-up of the n1trogen con­

ta1n1ng r1ng, wh1ch g1ves r1se to var1ous am1nes. In 

add1t1on, to the prev1ous compounds, t-phenylpropylam1ne 

was found among the HDN products 1n most cases, though 1n 

small quant1t1es. Th1s compound 1s expected to result from 

the breakage of the C-N bond 1n Py-THQ and 1t seems l1kely 

that NH2 group spl1ts eas1ly from 1t. Also, cons1derable 

quant1t1es of an1l1nes were found 1n the HDN products of 

qu1nol1ne. These 1ncluded an1l1ne, o-tolu1d1ne or o-methyl­

an111ne (OMA), o-ethylan1l1ne (OEA), and o-propylan1l1ne 

(OPA). OPA 1s formed by the break1ng of a C-N bond 1n Py­

THQ. The other an1l1nes may have or1g1nated e1ther from 

complete or part1al el1m1nat1on of the alkyl group from 

OPA, or from breakage of one of the C-C bonds 1n the 

n1trogen-conta1n1ng r1ng 1n Py-THQ, g1v1ng r1se to the 

format1on of an unsubst1tuted or ortho-subst1tuted N-alkyl­

an111ne. However, N-alkylan1l1nes have never been found 1n 

the react1on products, but th1s may be due to the1r rap1d 
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convers1on 1nto an an1l1ne and a hydrocarbon (methane, 

ethane, or propane). In fact, all of the products of HDN 

of qu1nol1ne can be expla1ned as hav1ng been formed from 

Py-THQ rather than from Bz-THQ, hence they concluded that 

Bz-THQ 1s more stable than Py-THQ. Only at very low space 

veloc1t1es, butylpyr1d1ne has been observed wh1ch must have 

or1g1nated from Bz-THQ. However, the decahydroqu1nol1ne 

(DHQ) formed at these low veloc1t1es 1s probably also 

der1ved from th1s 1somer. Furthermore, 1ndole was found 1n 

small amounts at the h1gher HDN temperatures. 

Aboul-Ghe1t et al. (29), work1ng on the HDN of qu1no­

l1ne 1n paraff1n o1l over ox1d1c Co-Mo/alum1na catalysts, 

proposed a mechan1sm almost s1m1lar to that of Kobe and 

McKetta, w1th OPA as a react1on 1ntermed1ate. However, 1t 

was assumed that the f1rst step, the hydrogenat1on, 1s too 

fast, whereas the second step, the r1ng rupture, 1s rate 

determ1n1ng. Also, 1t was found that the react1on exh1b1ts 

f1rst order k1net1cs w1th respect to total n1trogen content 

and an act1vat1on energy of 125.5 kJ/mol was reported. 

Sh1h et al. (28) also stud1ed qu1nol1ne HDN 1n an 

attempt to determ1ne the react1on network as well as 

react1on k1net1cs Try1ng to work as closely relevant to 

pract1cal 1ndustr1al cond1t1ons as poss1ble, they ran the1r 

exper1ments 1n a 1-11ter autoclave us1ng presulf1ded HDS-9A 

catalyst and a h1ghly paraff1n1c wh1te o1l as a solvent 

under a total pressure of 3.4 MPa and a temperature of 



22 

342°C. Moreover, an amount of cs2 equ1valent to 0.05 wt.% 

of the carr1er o1l was added to the catalyst and qu1nol1ne 

to ma1nta1n the catalyst 1n the sulf1ded form dur1ng the 

react1on. However, 1t was concluded that HDN of qu1nol1ne 

1s a complex react1on wh1ch 1nvolves hydrogenat1on, hydro­

genolys1s of the result1ng p1per1d1ne r1ng and subseqent 

deam1nat1on. Hydrogenat1on takes place through two routes, 

the pyr1d1ne-r1ng-hydrogenat1on route lead1ng to the forma­

t1on of Py-THQ, and the benzeno1d-r1ng-hydrogenat1on route 

lead1ng to the format1on of Bz-THQ. Also, these two 

routes, by subsequent hydrogenat1on, produce DHQ as another 

react1on 1ntermed1ate. N1trogen removal takes place ma1nly 

through the hydrogenolys1s of DHQ. The react1on network 1s 

shown 1n F1gure 3. It was also reported that the hydroge­

nat1on react1ons are f1rst order w1th respect to n1trogen 

content, whereas they are second order 1n hydrogen. On the 

other hand, the hydrogenolys1s react1ons are f1rst order 1n 

n1trogen content. However, the hydrogenolys1s of Py-THQ 1s 

f1rst order 1n hydrogen, whereas, the hydrogenolys1s of DHQ 

1s zero order 1n hydrogen. 

Satterf1eld et al. (43) stud1ed the 1ntermed1ate reac­

t1ons 1n the HDN of qu1nol1ne 1n the vapor phase over a 

sulf1ded N1-Mo/alum1na catalyst. The exper1ments were run 

1n a cont1nuous-flow m1croreactor at 3.4 MPa and 6.9 MPa, 

and at temperatures of 230 to 420oc, w1th qu1nol1ne part1al 

pressures of about 13 to 110 kPa. It was found that qu1no­

l1ne 1s rap1dly hydrogenated to an essent1ally equ1l1br1um 
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concentrat1on of Py-THQ. The react1on mechan1sm 1s com­

plex, but, cons1der1ng the prev1ous stud1es and the1r 

exper1mental results, they suggested the mechan1sm present­

ed 1n F1gure 4. All the spec1es 1n the proposed mechan1sm 

were 1dent1f1ed except for propylcyclohexylam1ne (PCHA), 

but 1t 1s thought to be a plaus1ble 1ntermed1ate. However, 

1t was found that the dom1nat1ng 1n1tal react1on pathway 

var1es w1th temperature. At low temperatures qu1nol1ne 

concentrat1on 1s much less than that of Py-THQ and thus the 

latter 1s converted v1a the pathways II and VIII, whereas 

at h1gher temperatures the equ1l1br1um concentrat1on of 

Py-THQ 1s much d1m1n1shed relat1ve to qu1nol1ne and hence 

react1on path IV becomes s1gn1f1cant. On the other hand a 

s1gn1f1cant fract1on of qu1nol1ne was found to react, under 

extreme cond1t1ons, lead1ng to the format1on of var1ous 

h1gh molecular we1ght substances 1nclud1ng some n1trogen­

conta1n1ng compounds. However, these compounds may be 

d1ff1cult to react further. 

Bh1nde (44) developed a h1gh-pressure l1qu1d-phase 

flow m1croreactor and used 1t for study1ng qu1nol1ne HDN. 

Also, the relat1ve react1v1tes of three d1methylqu1nol1nes 

were determ1ned 1n a batch autoclave reactor at 350°C and 

3.4 MPa over presulf1ded N1-Mo/alum1na catalyst. Moreover, 

the 1nteract1on effects that occur dur1ng s1multanous HDN, 

HDS, and hydrogenat1on were 1nvest1gated. For th1s pur­

pose, HDN of qu1nol1ne and 1ndole, HDS of d1benzoth1phene 

and hydrogenat1on of naphthalene were stud1ed 1n a batch 
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autoclave under comrnerc1al react1on cond1t1ons. He pro­

posed a react1on network for qu1nol1ne HDN s1m1lar to that 

suggested by Sh1h et al. He found that qu1nol1ne, and 

Py-THQ rap1dly atta1n thermodynam1c equ1l1br1um, and that 

the rate of total n1trogen removal, the d1sappearance of 

the lumped group of qu1nol1ne, Py-THQ and other 1nd1v1dual 

react1ons follow pseudo-f1rst order k1net1cs. Also, OPA 

was found refractory towards HDN and most n1trogen removal 

occurs through hydrogenolys1s of DHQ. In add1t1on, the 

rate constants 1n qu1nol1ne HDN are reduced by 1ncreas1ng 

qu1nol1ne concentrat1on, whereas the rate of total n1trogen 

removal 1ncreases. Furthermore, 1t was reported that 1n­

dole, naphthalene, d1benzoth1ophene and the1r react1on pro­

ducts have a sl1ghtly negat1ve effect on the k1net1cs of 

HDN of qu1nol1ne. However, 1t was found that the reactant 

molecule 1s absorbed on one type of catalyt1c s1te and 

hydrogen 1s adsorbed on a d1fferent one. 

Cocchetto et al. (45) stud1ed the chem1cal equ1l1br1a 

1n the HDN of qu1nol1ne. Equ1l1br1um constants were calcu­

lated for s1gn1f1cant react1on pathes. It was concluded 

that HDN react1on pathways, of m1n1mum hydrogen consump­

t1ons are not thermodynam1cally favored under 1ndustr1al 

cond1t1ons. Thus, the burden of select1vely hydrogenat1ng 

only the hetero-r1ng 1s la1d on the catalyst. They report­

ed the mechan1sm shown 1n F1gure 5. 

Satterf1eld et al. (46) 1nvest1gated react1on network 

and k1net1cs of the HDN of qu1nol1ne 1n the vapor phase. 
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They ran the~r exper~ments ~n a cont~nuous-flow m~croreac-

tor at 3.55 and 7.0 MPa, 330-420oc, and over presulf~ded 

N~-Mo/alum~na catalysts. HDN processes were carr~ed out on 

qu~nol~ne and each of the ~ntermed~ate HDN products ~nd~v~-

dually. PCH was found to be the predom~nant product. All 

the react~ons between qu~nol~ne and ~ts hydrogenated het-

erocycl~c der~vat~ves were found revers~ble. However, the 

complex k~net~c behav~or, observed ~n the HDN of qu~nol~ne, 

can be expla~ned by cons~der~ng the equ~l~br~um l~m~tat~ons 

on the ~nt~al r~ng hydrogenat~on react~ons as well as the 

w~de var~at~on between the absorpt~v~t~es of var~ous n~tro-

gen-conta~n~ng compounds present ~n the react~on m~xture at 

a certa~n t~me. In add~t~on, the follow~ng k~net~c model 

was developed for the den~trogenat~on of OPA. 

where, rOPA ~s the net rate of format~on of OPA, 

k1 ~s the pseudo-rate constant for OPA den~tro­

nat~on, 

K ~s the adsorpt~on equ~l~br~um constant, 

POPA ~s the par~t~al pressure of OPA, 

and P ~s the POPA at the reactor ~nlet cond~t~ons. OPA,o 

If ~t ~s assumed that (KNHJ/KOPA) = 1, equal adsorpt~v~t~es 

of OPA and NH3 , a pseudo-f~rst order rate express~on re­

sults. On the other hand, ~f (KNHJ/KOPA) = O, negl~g~ble 

adsorpt~on of ammon~a, zero-order k~net~cs are developed. 
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Furthermore, another model was establ1shed for the k1net1cs 

of the Py-THQ hydrogenolys1s to OPA and hence 1ts conver-

s1on to hydrocarbons and NH3 • Thus, the net rate of forma­

t1on of OPA 1n th1s case 1s g1ven by the follow1ng expres-

s1on· 

where, k; 1s the pseudo-rate constant for hydrogenolys1s 

of Py-THQ to OPA, 

AA 1s a subscr1pt for the aromat1c am1nes, 

qu1nol1ne, Bz-THQ, and OPA, 

and SA 1s a subscr1pt for the secondary am1nes, Py-THQ 

and DHQ. 

In th1s express1on 1t 1s assumed that the secondary am1nes 

adsorb equally strongly, w1th an adsorpt1on equ1l1br1um 

constant KSA and also aromat1c am1nes are l1kew1se assumed 

to have equal adsorpt1on equ1l1br1um constant KAA. 

Satterf1eld and Gultekln (47), study1ng the effect of 

H2s on the catalyt1c HDN of qu1nol1ne 1n the vapor phase, 

found that H2s has a sl1ght 1nh1b1t1ng effect on the 1nter­

med1ate hydrogenat1on steps, whereas 1t has a marked accel-

erat1ng effect on the 1ntermed1ate hydrogenolys1s steps. 

Th1s accelerat1ng effect reached 1ts max1mum when the H2s 

part1al pressure was 1ncreased unt1l (H2S/qu1nol1ne) molar 

rat1o 1s about 1. However, the net effect of H2s presence 
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1s an 1ncrease 1n the overall HDN rate. In add1t1on, they 

observed a pr1mary l1m1t1ng factor on the overall HDN rate, 

work1ng on commer1cal N1-Mo/alum1na catalysts. Th1s factor 

1s the very strong adsorpt1on of secondary am1nes formed as 

react1on 1ntermed1ates. Furthermore, rate constants as 

well as act1vat1on energ1es were reported for most of the 

1ntermed1ate steps for a set of standard cond1t1ons 1n the 

presence as well as 1n the absence of H2s. 

In a recent study, Satterf1eld and Carter (48) 1nves­

t1gated the effect of water vapor on the catalyt1c HDN of 

qu1nol1ne. They ran the1r exper1ments at 7 MPa total pres­

sure on a N1-Mo/alum1na catalyst. It was observed that 

water vapor, at 13.3 kPa part1al pressure moderately accel­

erates certa1n react1ons, whereas 1t moderately 1nh1b1ts 

others. Consequently, there 1s a l1ttle net effect on the 

overall rate at 330 and 375oc, whereas there 1s a sl1ght 

1nh1b1t1ng effect at 420°C. However, under these exper1-

mental cond1t1ons, the enhancement effect of H2s on the HDN 

rate 1s not s1gn1f1cantly affected. 

Satterf1eld and Yang (49) 1nvest1gated catalyt1c HDN 

1n a tr1ckle-bed reactor. The purpose of the1r work was 

pr1mar1ly to compare the react1on network of qu1nol1ne HDN 

w1th that 1n the vapor phase, under as nearly 1dent1cal 

cond1t1ons as poss1ble. Stud1es were performed over a com­

merc1al N1-Mo/alum1na catalyst, HDS-3A at 350,375, and 

390°C and 6.9 MPa. Qu1nol1ne and var1ous react1on 1nter­

med1ates were used 1n the exper1ments. It was reported 
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that the react~on rate constants for the var~ous HDN reac­

t~ons, ~n the presence of an ~nert paraff~n l~qu~d are very 

s~m~lar to those for the same react~ons ~n the vapor phase, 

although the l~qu~d tends to equal~ze the adsorpt~v~t~es of 

the var~ous n~trogen compounds. In both l~qu~d-and vapor­

phase, the overall HDN react~on ~s zero order under the 

cond~t~ons stud~ed. However, equ~l~br~um ~s rap~dly atta~­

ned between qu~nol~ne and Py-THQ ~n both cases. In add~­

t~on, homogenous react~ons are negl~g~ble except for the 

hydrogenat~on of qu~nol~ne to Py-THQ. A rev~sed react~on 

network has been proposed as shown ~n F~gure 6. 

Yang and Satterf~eld (50) reported that the presence 

of H2s (generated ~n s~tu from cs2 ) somewhat ~nh~b~ts 

hydrogenat~on and dehydrogenat~on react~ons ~n qu~nol~ne 

HDN, whereas, ~t markedly accelerates hydrogenolys~s reac­

t~ons, for a net ~ncrease ~n the overall rate of HDN. 

These effects are s~m~lar to those observed prev~ously ~n 

vapor-phase HDN. 

Satterf~eld and Sm~th (51), ~n a more recent study of 

the effect of water on the HDN of qu~nol~ne, ran the~r 

exper~ments at 375•c and 6.9 MPa on a presulf~ded N~-Mo/ 

alum~na catalyst. They found some confl~ct between conclu­

s~ons from the~r work and prev~ous ones, about the effect 

of H2s on the ~nd~v~dual react~ons ~n HDN of qu~nol~ne. It 

was reported that H2s markedly ~ncreases hydrogenolys~s 

rates. It ~ncreases also hydrogenat~on rates moderately 

whereas prev~ously ~t was concluded that ~t sl~ghtly de-
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creased hydrogenat~on rates. However, water vapor was 

found to moderately ~ncrease the HDN rate of qu~nol~ne, ~n 

e~ther presence or absence of H2s. Water vapor does not 

s~gn~f~cantly affect hydrogenat~on react~ons but ~ncreases 

hydrogenolys~s. 

M~ller et al. (52) stud~ed the HDN of qu~nol~ne over 

two sulf~ded Co-Mo catalysts. One catalyst was supported 

on alum~na whereas the other was supported on 50% alum~na, 

50% ultrastable fau]as~te zeol~te. The purpose of th~s 

study was to determ~ne under what cond~t~ons non-f~rst­

order k~net~cs can be observed for qu~nol~ne HDN and how 

exper~mental cond~t~ons ~nfluence the observed k~net~c 

order. However, ~t was found that the HDN react~on order 

determ~ned from a power law k~net~c model ~s not f~rst 

order, but less than f~rst order w~th respect to n~trogen 

concentrat~on. A Langmu~r-H~nshelwood k~net~c model, ~n 

wh~ch ~t was assumed that ammon~a ~s weakly adsorbed on the 

catalyst, was successful for ~nterpretat~on of the data. 

It was concluded that, for low n~trogen feeds, the k~net~cs 

are f~rst order. In add~t~on, h~gh react~on temperatures 

can also lead to f~rst order k~net~cs by reduc~ng the mag­

n~tude of n~trogen adsorpt~on equ~l~br~um constant. Th~s 

~s a funct~on of the catalyst support ac~d strength. Weak­

ly ac~d~c catalysts have smaller equ~l~br~um adsorpt~on 

constants and g~ve more nearly f~rst-order k~net~cs. 
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A. 3. Isogu1nol1ne 

Kobe and McKetta (42) suggested the mechan1sm presen­

ted 1n F1gure 7 for the HDN of Isoqu1nol1ne. 

A.4. Acr1d1ne 

Zawadzk1 et al. (1 ,20) stud1ed the HDN of acr1d1ne at 

342°C and 13.8 MPa over a presulf1ded N1-Mo/alum1na cata­

lyst and developed the mechan1sm presented 1n F1gure 8. 

The system showed f1rst-order k1net1c behav1or w1th respect 

to the removal of acr1d1ne as well as to total n1trogen 

content. For th1s reason, pseudo-f1rst order k1net1cs was 

used 1n model1ng each react1on 1n the react1on network. 

network. The rate constant for each 1nd1v1dual react1on 1n 

the network 1s g1ven on the arrow for the react1on. A 

carbon-n1trogen bond sc1ss1on 1n an aromat1c r1ng does not 

take place before r1ng hydrogenat1on. The nonselect1ve 

nature of the catalysts for n1trogen removal, 1s apparent 

from the rate constants reported 1n the react1on network. 

Th1s nonselect1ve nature, 1n contrast to sulfur removal~1n 

wh1ch catalysts show h1gh select1v1ty towards d1rect sulfur 

removal, results 1n h1gh hydrogen consumpt1on. However, 

Gates et al. (53) observed that 1ncreas1ng hydrogen pres­

sure results 1n a non-l1ner 1ncreases 1n the rate of 

acr1d1ne HDN. Also, 1t was found that HDN 1s strongly 

dependent on temperature w1th an act1vat1on energy of 146 

kJ/mol for total n1trogen removal. 
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Figure 7 . ReactLnn Network for Isoqu1nol1ne HDN (42) 
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Naga1 et al. (54) stud1ed the HDN of acr1d1ne on a 

prereduced Mo/alum1na catalyst 1n an attempt to establ1sh 

the mechan1sm of the react1on. The exper1ments were car-

r1ed out 1n a flow m1croreactor us1ng xylene solut1ons 

conta1n1ng 0.1-1.0 wt% acr1d1ne at temperatures of 200-

3so•c, and total pressure of 2.5-14.7 MPa. It was observed 

that acr1d1ne eas1ly hydrogenated to 9,10-d1hydroacr1d1ne 

(DHA) even below 200•c. DHA was hydrogenated success1vely 

to 1,2,3,4,4a,9,9a,10-octahydroacr1d1ne (OHA) and perhydro-

acr1d1ne (PHA), wh1ch was den1trogenated to d1cyclohexyl-

methane (DCHM) above 300•c. The1r proposed react1on 

mechan1sm 1s presented 1n F1gure 9. The act1vat1on energy 

for the format1on of DCHM was found to be 133.9 kJ/mol. 

The rate equat1on developed was: 

k r= 

where, r 1s the rate of format1on of DCHM, 

CPA 1S the part1al pressure of PHA, 

PH2 1S the part1al pressure of H2' 

and k,KPA and K are constants. It was also reported that 
H2 

the hydrogenat1on of acr1d1ne to perhydroacr1d1ne 1s 1n 

equ1l1br1urn at h1gher temperatures and the rate-determ1n1ng 

step 1s the transformat1on of PHA to DCHM. 
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Figure 9. Reaction Network for Acridine HDN, 
at 200-35o•c, 2.5-14.6 MPa, Prereduced 
Me/Alumina Catalyst (54) 



A.5. Indole 

Kobe and McKetta (42) suggested the mechan~sm 

presented ~n F~gure 10 for the HDN of ~ndole. 
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Qader et al. (55) stud~ed the k~net~cs of the hydro­

removal of S,O, and N from a low temperature coal tar They 

reported that these hydroremoval react~ons are all of f~rst 

order w~th respect to the heterocycl~c molecules and that 

the rupture of the C-S, C-0, and C-N bonds of these mole­

cules ~s the rate-controll~ng step. However, several 

authors have found that HDN follows f~rst order k~net~cs 

(37,55-57). On the other hand, other ~nvest~gators cla~med 

a f~rst order for HDN of the 6-membered compounds, such as 

pyr~d~neJand second order for the 5-membered compounds such 

as ~ndole (38,58). 

Aboul-Ghe~t et al. (29) made a study on the HDN k~ne­

t~cs of some n~trogen compounds over Co-Mo/alum~na cata­

lysts. They found that HDN of both bas~c and non-bas~c 

compounds follows a psuedo-f~rst order k~net~cs. Also, the 

act~vat~on energy for ~ndole HDN was found to be 18.5 kcal/ 

mol Indole HDN was suggested to proceed ~n the scheme 

presented ~n F~gure 11 w~th the f~rst step as the rate 

controll~ng step. 

Aboul-Ghe~t (59), ~n a later study, ~nvest~gated the 

k~net~cs of HDN of ~ndole ~n paraff~n o~l over Co-Mo/alu­

m~na ~n a st~rred batch autoclave at temperatures between 

350-400°C and a hydrogen pressure between 4.1-20.3 MPa. 
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Figure 11.. React1on Network for Indol~ HDN at 350-400°C, 
20 2 MPa, Co-Mo/, Alum~na Catalyst (29) 
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The overall rate constant and the rate constants for the 

three react1on steps were represented by the follow1ng 

equat1ons: 

k = 0.611X10 3 exp(-20,400/RT) -1 
0 

s 

k1= 0.121X10 2 exp(-14,865/RT) -1 s 

k2= 0.590X10 3 exp(-18,480/RT) -1 s 

k3= 0.246X10 2 exp(-14,880/RT) -1 s 

Stern (60) stud1ed the HDN of some n1trogen conta1n1ng 

heterocycl1c compounds try1ng to develope the react1on 

mechan1sm. The exper1ments were run 1n an autoclave at 

350°C and 6.9 MPa, us1ng a m1xture of 95% H2 and 5% H2s 

The part1al pressure of H2s was ma1nta1ned dur1ng the reac­

t1on to keep catalysts 1n a fully sulf1ded cond1t1o~ as 

well as to s1mulate hydrotreat1ng cond1t1ons of heavy 

feedstocks wh1ch conta1n n1trogen and sulfur s1multaneously. 

However, the 1ndole HDN was found to be a stepw1se process 

w1th the n1trogen-r1ng hydrogenat1on as the f1rst step 

wh1ch leads to the format1on of 2,3-d1hydro1ndole and o-

ethylan1l1ne (OEA) as 1ntermed1ate products. OEA 1s sub-

sequently converted to ethylcyclohexane e1ther through r1ng 

hydrogenat1on and ammon1a el1m1nat1on wh1ch 1s the predom1-

nant react1on path or v1a d1rect hydrogenolys1s wh1ch 

occurs to a lesser extent. Th1s mechan1sm 1s shown 1n 

F1gure 12. 
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Figure 12. Reaction Network for Indole HDN at 3so•c, 6.9 
MPa (60) 
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A.6. Carbazole 

Kobe and McKetta (42) suggested the mechan1sm presen­

ted 1n F1gure 13 for the HDN of carbazole. 

Stern (60), stud1ed the HDN of carbazole at a tempera­

ture of 3SO•c, under 6.9 MPa, us1ng Harshaw 0402T, Harshaw 

HT100 and some 1n house prepared catalysts 

Co-Re/ Al2o3 • He observed that 1,2,3,4-tetrahydrocarbazole 

(THC) was the pr1me product obta1ned from the HDN of car­

bazole. In add1t1on, m1nor amounts of b1phenyl and phenyl­

cyclohexane was observed. However, the reason of the 

absence of hexahydrocarbazole (HHC) the expected 1ntermed1-

ate, 1s not clear. The hydroprocess1ng cond1t1ons may be 

unfavorable for the format1on of such an 1ntermed1ate or, 

less l1kely, 1ts rate of format1on 1s very small compared 

w1th 1ts rate of den1trogenat1on. 

Gates et al. (61) 1nvest1gated the HDN of carbazole 

under cond1t1ons s1m1lar to those used for acr1d1ne. It 

was observed that THC 1s the ma]or 1ntermed1ate compound 

present 1n the product. On the other hand, both c1s-hexa­

hydrocarbozole and octahydrocarbazole (OHC) are m1nor reac­

t1on products. However, both carbazole d1sappearance and 

total n1trogen removal can be represented as f1rst order 

react1ons. It was also observed that carbazole react1v1ty 

1s sl1ghtly less than that of qu1nol1ne and acr1d1ne 1s the 

least react1ve. 

Takkar et al. (62) stud1ed the HDN of an SRC-I 
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Figure 13. Reaction Network for Carbazole HDN (42) 
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recycle solvent over a N1-Mo/alurn1na catalyst us1ng a 

tr1ckle-bed reactor. K1net1cs of total n1trogen and carba-

zole removal were exam1ned. They found that n1trogen com-

pounds, other than carbazole, were essent1ally completely 

removed or rendered 1nd1st1ngu1shable by HDN, hence, con-

eluded that carbazoles are a good model for the less-reac-

t1ve n1trogen compounds 1n coal der1ved l1qu1ds. Carba­

zole HDN was represented by a f1rst order rate equat1on. 

where 

and 

-ln(1-XC) = k'/LHSV 

XC 1s the fract1onal convers1on of carbazole, 

k' 1s the f1rst order react1on rate constant, 

( hr _, ) , 

LHSV 1s the l1qu1d hourly space veloc1ty, 

( hr _, ) • 

Also, the act1vat1on energy was est1mated to be 51 .6 kJ/mol 

-1 w1th the frequency factor 3.19 s • 

Naga1 et al.(63), stud1ed the HDN of carbazole 1n a 

h1gh pressure flow m1croreactor over a prereduced Mo/alu-

m1na catalyst, us1ng a solut1on of 0.25 wt% carbazole 1n 

xylene. The react1on was performed at 270-310°C under a 

total pressure of 10.1 MPa. It was observed that carbazole 

hydrogenates through 1 ,2,3,4,-THC to perhydrocarbazole 

(PHC), wh1ch den1trogenates to b1cyclohexyl. The rate of 

den1trogenat1on 1ncreases w1th an 1ncrease 1n temperature. 

However, b1cyclohexyl undergoes 1somer1zat1on and r1ng 



open1ng above 300°C to y1eld ethylb1cyclo [4.4.0] decane 

and hexylcyclohexane. The apparent act1vat1on energy for 

the rate of format1on of b1cyclohexyl 1s 126.8 kJ/mol. 

Furthermore, 1t was observed that hydrogenat1on of carba­

zole to PHC 1s 1n a quas1-equ1l1br1um at h1gh temperatures 

and that the HDN of PHC 1s the rate-determ1n1ng step. 

Suggested react1on scheme 1s presented 1n F1gure 14. 

B. Hydroden~trogenat~on of Coal Der~ved L~qu~ds 

Several 1nvest1gators have stud1ed the k1net1cs of HDN 1n 

coal der1ved l1qu1ds. Two general approaches have been 

used to model the HDN a ~r law model often result1ng 1n 

a f1rst or second order k1net1cs or a comb1nat1on of f1rst 

order models appl1ed to react1ve and non react1ve 011 frac­

t1ons. Seapan and Crynes (19) have rev1ewed the hydro­

treatment k1net1cs 1n the l1terature. A br1ef rev1ew to 

the extent of 1nterest of th1s proJect 1s presented here. 

B.1 F1rst Order Models. 

Qader et al. (55), 1nvest1gated the k1net1cs of HDS, 

HDN and HDO of a low temperature coal tar, bo1l1ng range 

200-235oc, over a ws 2 catalyst. They reported that hetero­

atoms can be completely removed at 500°C and a pressure of 

10.3 MPa. The data showed that the HDS, HDN, and HDO are 

all f1rst order w1th respect to the heterocycl1c molecules. 

Furthermore, HDS was found to follow a true Arrhen1us 
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temperature dependence whereas, ~n the case of HDN and HDO 

the plots showed sl~ght curvatures wh~ch could be resolved 

~nto two parts, each approach~ng l~near~ty w~th a break at 

400°C. These curvatures were attr~buted e~ther to the pre­

sence of two compet~ng react~ons w~th d~fferent act~vat~on 

energ~es, or to the occurrence of the same react~on both 

thermally and catalyt~cally. A summary of the~r k~net~c 

results ~s reported ~n Table II 

In a later study, Qader and H~ll (64) ~nvest~gated the 

k~net~cs of hydrocrack~ng of a low temperature neutral~zed 

coal tar ~n a one-l~ter batch autoclave. 

In add~t~on, the neutral tar fract~on was hydroref~ned over 

Co-Mo catalyst at 375oc and a pressure of 10.3 MPa to re­

move S, 0 and N. Furthermore, a tar fract~on bo~l~ng 

between 200°C and 360oc, des~gnated as tar fract~on, was 

prepared. The tar, the neutral tar, the ref~ned tar and 

the tar fract~on were all hydrotreated over a catalyst 

conta~n~ng sulf~des of n~ckel and tungsten, supported on 

s~l~ca-alum~na, at a temperature range of 400-soooc and a 

pressure of 10.3 MPa. It was reported that the mechan~sm 

of low-temperature-tar hydrocrack~ng ~nvolves s~maltaneous 

and consecut~ve crack~ng, hydrogenat~on and ~somer~zat~on 

react~ons. In add~t~on, crack~ng react~ons ~nvolv~ng the 

breakage of C-C, C-S, C-O and C-N bonds were found rate 

controll~ng. The data were descr~bed by s~mple f~rst order 

k~net~cs w~th the rate constants represented by the follow­

~ng Arrhen~us equat~ons. 
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TABLE II 

KINETIC DATA FOR COAL TAR HYDROTREATMENT 

Compound Temperature Frequency Factor Act~vat~on Energy 

,(kJ/mol) 
I 

Sulfur 300-500 3.3 46.0 

Oxygen 300-400 1 .OE5 50.2 

Oxygen 400-500 5.0E3 33.5 

N~trogen 300-400 1 • 7E4 41 8 

N~trogen 400-500 5.0E9 58.6 

k 43.528 exp(-17,600/RT) -1 
gasol~ne 

= s 

k 10.033 exp(-13,600/RT) -1 
= s oxygen 

ksulfur 5.9284 exp(-14,500/RT) -1 
= s 

kn~trogen 13.161 exp(-15,900/RT) -1 
= s 

Qader et al. (65) stud~ed the rate of tar hydro-

crack~ng over a catalyst conta~n~ng 6% n~ckel sulf~de and 

19% tungsten sulf~de supported on s~l~ca-alum~na at 400-

475°C. They found that the overall order of the react~on 

~s second order below 10.3 MPa and f~rst order at and above 

10.3 MPa. However, the rate of gasol~ne format~on from tar 

was represented by: 
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where k 1N.O' k 18 , k 10 , and k1N are the f1rst order rate 

constants for the hydrocrack1ng of neutral 011, and sulfur, 

oxygen, and n1trogen compounds repect1vely. The values of 

k 1N' k 18 , and k 10 can be calculated from the Arrhen1us 

equat1ons, reported 1n the prev1ous study whereas the rate 

constant for neutral o1l hydrocrack1ng can be calculated 

from the equat1on· 

k 1N.O = 66.7 exp(-16,800/RT) 
-1 s 

Schne1der et al. (66), stud1ed the HDN and HDO of 

SRC-II m1d-d1st1llate by catalyt1c hydrogenat1on at 350-

4250C and under a pressure of 17.2 MPa. It was found that 

Co-Mo catalyst 1s the best one for HDO. It 1s sl1ghtly 

better than N1-Mo catalyst whereas N1-W 1s the poorest of 

the three. On the other hand, the three catalysts appear 

to be equal 1n the1r HDN act1v1ty. The k1net1c data, 

reported for both HDN and HDO, were represented by a s1mple 

f1rst order equat1on. The act1vat1on energ1es and the 

frequency factors are shown 1n Table III. In add1t1on, the 

rate constant for HDN of the KOH raff1nate of SRC-II m1d­

d1st1llate at 400°C was found to be tw1ce that obta1ned 

w1th the m1ddle d1st1llate conta1n1ng the phenol1c com­

pounds, whereas the rate constants for HDO are almost the 

same. Th1s result leads to the conclus1on that the removal 

of phenol1c compounds from coal der1ved l1qu1ds may be the 

most 1mportant step 1n convert1ng 1t to ref1nery charge 

stock. 



TABLE III 

KINETIC DATA FOR HYDROTREATMENT OF SRC-II 

React~on Catalyst Pre-exponent~al 

Factor (s-1 ) 

All 
HDN Catalysts 0.36E5 

HDO Co-Mo 6.80E5 

N~-Mo 35.36E5 

N~-w 218.90E5 

Act~vat~on Energy 

(kJ/mol) 

106.1 

122.4 

132.6 

145.3 

Wh~te et al. (67) hydrotreated a COED process coal 

der~ved o~l over N~-Mo/alum~na catalyst ~n a cont~nuous 

downflow system. F~rst order k~net~cs were assumed ~n 

correlat~ng the data on heteroatom removal. An Arrhen~us 

plot for oxygen removal showed a sharp break at about 

390oc, g~v~ng two d~fferent act~vat~on energ~es, 19.7 

kJ/mol for temperatures above 390°C and 160.2 kJ/mol for 
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temperatures below 390°C. The low act~vat~on energy could 

be the result of a mechan~sm change from chem~cal rate 

control to d~ffus~on control. On the other hand, the h~gh 

act~vat~on energy would normally be assoc~ated w~th thermal 

rather than catalyt~c react~ons. A s~m~lar behav~or was 

also found for HDN Arrhen~us plot but w~th act~vat~on 
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energ1es wh1ch d1ffer cons1derably from those found 1n HDO. 

The act1vat1on energ1es reported were 111.5 kJ/mol for low­

temperature range and 38.1 kJ/mol for the h1gh temperature 

end. However, the latter act1vat1on energy 1s h1gher than 

normally assoc1ated w1th d1ffus1on control. 

Jacobs et al. (68) stud1ed the hydrogenat1on of a COED 

process coal der1ved o1ls over N1-Mo catalyst 1n a cont1-

nuous downflow f1xed bed reactor at 20.7 MPa 1n the tem­

perature range of 343-454°C. The HDS, HDN, and HDO data 

were correlated by s1mple f1rst-order k1net1cs w1th act1-

vat1on energ1es of 22.1 kJ/mol, 67.3 kJ/mol, and 34.8 kJ/ 

mol for HDS, HDN, and HDO respect1vely. However, the break 

1n the Arrhen1us plot close to 400oc, reported by Wh1te et 

al. (67), and Qader et al. (55), was not found 1n th1s 

study due to general scatter of the data and the method of 

determ1n1ng average temperature. 

Ahmed (69) 1nvest1gated the catalyst deact1vat1on 1n 

coal der1ved l1qu1ds hydrotreatment. FMC 011, Syntho1l-I 

l1qu1d, Syntho11-II l1qu1d and Rasyn l1qu1d were hydro­

treated over Co-Mo/alum1na catalysts 1n a tr1ckle bed 

reactor. The exper1ments were run under 10.3 MPa at a 

temperature range of 371-454°C. The k1net1c data obta1ned 

were analyzed assum1ng pseudo order law models for both HDS 

and HDN. The HDN data obta1ned showed that the f1rst order 

model f1ts better than the second order model. The act1va­

t1on energ1es l1e between 21-166 kJ/mol. S1m1larly, HDS 

data seem to be adequately represented by f1rst order model 



w~th act~vat~on energ~es wh~ch var~ed between 46-113 kJ/ 

mol. Furthermore, the reported low effect~veness factors 

suggest poss~ble pore d~ffus~onal effects. 
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S~vasubraman~am (70) ~nvest~gated the effect of cata­

lyst support propert~es on the HDN of raw anthracene o~l 

and qu~nol~ne-doctored raw anthrac~ne o~l. Exper~ments 

were conducted ~n a tr~ckle-bed reactor over Co-Mo/alum~na 

catalyst under 10.3 MPa and vary~ng space t~mes. Tempera­

tures of 340,371 and 399•c were used for raw anthracene o~l 

whereas, a temperature of 371•c was used for the doctored 

feedstock. No catalyst deact~vat~on was observed and the 

effect~veness factor was assumed to be un~ty. A s~mple 

power rate law express~on was ~n~t~ally chosen for data­

f~tt~ng. It was found that a s~mple f~rst or n-th order 

rate express~on cannot adequately f~t the data. 

S~vasubraman~an exam~ned Satchell's model (71 ), but ~t also 

fa~led to represent the data sat~sfactor~ly. F~nally, he 

tested the reactor models w~th ~ncomplete catalyst wett~ng 

and found that the part~al wett~ng model, based on f~rst 

order react~on, f~ts the data better than the part~al wet­

t~ng model, based on the second order react~on. Further­

more, qu~nol~ne HDN was found to be a f~rst order react~on. 

B 2. Second Order Models 

Heck and Ste~n (72) ~nvest~gated the k~net~cs of 

hydroprocess~ng of d~st~llate coal l~qu~ds w~th the obJec­

t~ve of quant~fy~ng the k~net~cs of heteroatom removal and 
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aromat1c saturat1on. They hydrotreated d1st1llate coal 

l1qu1ds from H-Coal and SRC processes over Co-Mo/alum1na 

and N1-Mo/alum1na catalysts 1n f1xed bed, cont1nuous flow 

catalyt1c reactors. Cond1t1ons of 316-427oc, 5.5-17.2 MPa 

hydrogen pressure, and 0.3-0.4 LHSV, were employed. Both 

coal l1qu1d d1st1llates had a nom1nal 160-455°C bo1l1ng 

range, but SRC recycle solvent had a lower hydrogen content 

and conta1ned more heteroatoms than the H-Coal d1st1llate. 

It was found that the second-order express1on g1ves a bet­

ter f1t to heteroatom removal data than f1rst-order expres­

S1on. They also cons1dered n-th order dependency on 

hydrogen pressure. 

Sulfur was found to be more eas1ly removed than n1trogen or 

oxygen, result1ng 1n a very h1gh percent sulfur removal, 

more than 99.5%. Therefore, the k1net1c constants, repor­

ted for HDS, are probably less rel1able than those for HDN 

and HDO. The1r k1net1c results are reported 1n Table IV. 

Ste1n et al. (73) conducted exper1ments on 33 wt%, 90 

wt% Monterey SRC and 33 wt% short contact t1me (SCT) 

Monterey SRC 1n recycle solvent to exam1ne the concentra­

t1on effect as well as to compare the SCT Monterey SRC 

blend w1th the regular contact t1me one. The k1net1c data 

for heteroatom removal was descr1bed w1th a second order 

model and the k1net1c data are presented 1n Table V. 
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TABLE IV 

KINETIC CONSTANTS FOR HYDROTREATMENT OF COAL LIQUIDS 

k 
Process 0 

E Feed + n 
(Ps1g)-n/(wt%)/hr (KJ/rnol) Catalyst 

HDS 1 • 25E9 129.6 0.96 SRC 

HDN 1 • 23E9 148.5 1 • 04 Recycle 

HDO 2.63E10 159.1 0.71 Solvent + 

HDS-1441A 

HDS 3.76E2 65.9 1.36 SRC 

HDN 3.58E9 148.9 0.96 Recycle 

HDO 3.46E9 152.8 0.85 Solvent + 

HDS-9A 

HDS 8.52E7 105.9 0.84 H-Coal 

HDN 1 • 90E7 1 31 • 7 1.30 d1st1llate 

HDO 6.00E7 148.6 1 • 49 + 

HDS-1441A 
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TABLE V 

EFFECT OF BLEND COMPOSITION ON HETEROATOM REMOVAL KINETICS 

Process Blend Type 1 ko, 1 E,kJ/mol 
( s- ) (wt%- ) 

HDN 33% REG 1.08E5 73.6 

90% REG 3.78E1 76.9 

33% SCT 3.28E3 93.4 

HDO 33% REG 1.62E5 119.5 

90% REG 6.78E5 131.9 

33% SCT 1 • 91 E7 147.4 

HDS 33% REG 4.83E4 94.9 

90% REG 2.78E1 60.7 

33% SCT 3.75E5 11 0. 1 

They concluded that the precent removal of all heteroatoms 

decreases w~th ~ncreas~ng SRC concentrat~on. Also, the 

n~trogen appears to be qu~te d~ff~cult to remove from SRC. 

However, ~t was found that, at a g~ven sever~ty of opera-

t~on,-the products from the regular and SCT SRC are very 

s~m~lar. 

Son~ and Crynes (74), compar~ng the act~v~t~es of a 

Monol~th alum~na ~mpregnated w~th cobalt and molybdenum and 

Nalcomo 474 catalyst, stud~ed the HDS and HDN of Syntho~l 
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and Raw Anthracene 0~1. The exper~ments were conducted ~n 

a tr~ckle-bed reactor at 371oc and 10.3 MPa. The global 

react~on k~net~cs of HDS and HDN were ~nvest~gated. The 

follow~ng three k~net~c models were cons~dered. 

1- A second order react~on 

2- Two f~rst order react~ons, one for the l~ghter and 

the other for the heav~er fract~ons of the feedstock 

3- A f~rst order react~on. 

The second order model was found to f~t the best for both 

HDS and HDN data. It was observed that HDS act~v~ty based 

on un~t surface area ~s the same for both catalysts, when 

process~ng the l~ghter feedstock, such as Raw Anthracene 

0~1 whereas ~t ~s h~gher for the Monol~th catalyst as 

compared to the Nalcomo 474 catalyst, when process~ng the 

heav~er feedstock, such as Syntho~l l~qu~d. Th~s d~ffer­

ence ~n the act~v~ty ~n the latter case ~s attr~buted to 

the ~ntrapart~cle d~ffus~on, s~nce the average pore rad~us 

and the ~ntrapart~cle d~ffus~on length of the Monol~th 

catalyst were 80°A and 0.114 mm versus 33°A and 1mm of the 

Nalcomo 474 catalyst. The effect~veness factors for the 

Monol~th and Nalcomo 474 catalysts were found to be 0.94 

and 0.216 respect~vely for the HDS of Syntho~l. 

Gary et al. (75) and Thakkar et al (62) stud~ed the 

HDN of SRC-I recycle solvent over a N~-Mo/alum~na catalyst 

~n a tr~ckle-bed reactor. It was found that a global 

second-order rate equat~on f~ts well the total n~trogen 
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removal data. An overall act~vat~on energy of 36.9 kJ/mol 

and a frequency factor of 2.06 X 10 3 (wt%)-1hr-1 were re-

ported. In fact, th~s apparent second order ~s the overall 

result of the react~ons of several n~trogen compounds, 

or~g~nally present ~n the feed. In add~t~on, the HDN of 

most of these n~trogen compounds ~s governed by f~rst-order 

k~net~cs. These facts led Thakkar et al. and Gary et al. 

to separate the overall second-order model ~nto two coupled 

f~rst order ~rrevers~ble steps ~n parallel. The coupled 

k~net~c model was: 

Th~s rate equat~on, upon ~ntergrat~on for a tubular flow 

reactor, g~ves· 

where kR ~s f~rst-order react~on rate constant for 

-1 
react~ve n~trogen compounds, hr , 

ku ~s f~rst-order react~on rate constant for 

-1 
unreact~ve n~trogen compounds, hr , 

aR ~s the fract~on of react~ve n~trogen, 

au ~s the fract~on of unreact~ve n~trogen, 

CN ~s the concentrat~on of n~trogen (wt%), 

and -rN ~s the rate of react~on of n~trogen. 

In develop~ng th~s model, ~t was assumed that carbazoles 

are a good model for the less-react~ve n~trogen spec~es ln 
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the feed. Therefore the rate constant for less-react1ve 

fract1on was assumed to be equal to the react1on rate 

constant for carbazole. Then the value of ~ was assumed, 

and kR was calculated from one of the exper1mental data 

po1nts at each react1on temperature. From these assumed 

and calculated values, ku, kR' au, and aR' the n1trogen 

removal, as pred1cted by the model, can be calculated and 

compared by the exper1mental data. Next, the value of au 

was adJusted and the calculat1on procedure 1s repeated to 

m1n1m1ze the error between n1trogen removal pred1cted by 

the model and the exper1mental data, and to g1ve the best 

stra1ght l1ne f1t of ~ 1n an Arrhen1us plot. The follow-

1ng values were reported as best f1t values· 

aR = 0.4 

au = 0.6 

ER = 41 • 8 kJ/mol 

Eu = 51 • 6 kJ/mol 

koR= 2.27 -1 s 

kou= 3.19 -1 s 

where k0 1s the frequency factor. 

Satchell (71) 1nvest1gated the HDN of anthracene o1l 

over Co-Mo/alum1na catalysts. He ran h1s exper1ments 1n a 

tr1ckle-bed reactor at a temperature range of 316-427oc 

and under a pressure of 3.4-10.3 MPa. He proposed two 

models: 
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a- A s1mple n-th order rate express1on was cons1dered 

wh1ch lead to a th1rd order react1on for the best f1t of 

the data. Such a h1gh apparent order was expla1ned by 

cons1der1ng the fact that the feedstock conta1ns var1ous 

organon1trogen spec1es. The react1v1t1es of these spec1es 

vary w1dely. HDN of the more react1ve spec1es tends to 

occur at relat1vely low space t1me, lead1ng to a h1gh appa­

rent 1n1tal rate constant. On the other hand, at a h1gh 

space t1me, only a small fract1on of the very react1ve 

spec1es rema1ns, result1ng 1n a smaller apparent react1on 

rate constant. The only way, that the n-th order rate 

express1on can compensate to th1s behav1or, 1s to have a 

large react1on order. 

b- Satchell cons1dered the work by Fl1nn and Beuther (76) 

who assumed that the react1v1ty of organ1c n1trogen spec1es 

from petroleum feedstocks 1s a funct1on of bo1l1ng po1nt. 

Based on th1s 1dea, he stud1ed the react1v1ty of these 

spec1es 1n anthracene o1l by analyz1ng bo1l1ng po1nt ranges 

of both anthracene 011 and 1ts HDN products for organon1-

tron1trogen level. It was found that the we1ght percent 

n1trogen rema1n1ng 1n the product generally 1ncreases w1th 

1ncreas1ng bo1l1ng range. The only reported except1on 1s 

that of the lowest bo1l1ng range wh1ch showed a percent 

n1trogen h1gher than expected. However, th1s analys1s 

assumes 1mpl1c1tly that all spec1es rema1n 1n the same 

bo1l1ng range 1n the product as that 1t occup1ed 1n the 

feed 011. In fact, a substant1al amount of crack1ng, 
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reduct1on of molecular we1ght, and bo1l1ng po1nt of the o1l 

take place dur1ng the HDN. Th1s leads to coupl1ng the ef-

fects of both HDN react1v1ty and hydrocrack1ng. However, 

cons1der1ng the assumpt1on made by Fl1nn et al. (76) that 

the assumed f1rst order HDN rate constant 1s approx1mately 

a l1near funct1on of the bo1l1ng po1nt w1th a petroleum 

feed stock, Satchell assumed that the pseudo rate constant, 

any order, 1s a l1near funct1on of the bo1l1ng po1nt. 

Thus, he developed the follow1ng equat1ons for f1rst order 

and n-th order respect1vely: 

where 

k 1 = [ln(Nf /N )]/8 
1 p1 v 

k 1 = (1/n-1)[1/Np )n-1 - (1/Nf )n-1 ]/ev 
1 1 

k1 1s pseudo rate constant for the bo1l1ng range 

~' 

Nf Is the we1ght percent n1trogen 1n the feed 1n 
1 

bo1l1ng range 1, 

N 1s the we1ght percent n1trogen 1n the product 
p1 

and 8v 1s the hourly volumetr1c space t1me. 

In add1t1on, the bo1l1ng ranges were numbered from the low-

est average bo1l1ng po1nt to the h1ghest. Furthermore, 1t 

was assumed that the k1 's are 1ndependent of both the reac­

tor operat1ng pressure and operat1ng temperature. Thus the 

model for a whole l1qu1d was der1ved: 
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N = l: w Nf exp(-r k8e ) for n=1 p 1. 1. 1. v 

w 
N = l: p [k8r 1 (n-1 )ev + (1/Nf )n-1 11/(n-1) for n :/: 1 

1. 

where w1 1.s the mass fract1.on of the o1.l 1.n cut 1., and r 1 

1.s the act1.v1.ty rat1.o def1.ned as (k1 /k8 ). It was found 

that the second order model g1.ves the best f1.t for the 

exper1.mental data. Also, th1.s model was found to be supe-

r1.or to s1.mple power-low model. In add1.t1.on the effect1.ve-

ness factor was est1.mated to be close to one. 

Sh1.h et al (77), 1.n evaluat1.ng catalysts for upgrad1.ng 

SCT SRC, conducted exper1.ments 1.n a cont1.nuous down-flow 

f1.xed bed p1.lot plant under a pressure of 13.8 MPa and at a 

temperature of 382-413°C. The feedstocks were a 70 wt% 

(h1.gh sulfur) Ind1.ana V regular SRC and a 50 wt% w. 

Kentucky SCT SRC blends w1.th process recycle solvent. 

A s1.mple model was used to est1.mate the catalyst deact1.va-

t1.on rate. It 1.s based on the assumpt1.ons that catalyst 

deact1.vat1.on 1.s 1.ndependent of reactants and products, and 

that the deact1.vat1.on rate 1.s f1.rst order w1.th respect to 

1.ts act1.v1.ty. Thus, 

dk/dt = -k/T: 

where k 1.s the reactant rate constant of the catalyst, 

T: 1.s the deact1.vat1.on t1.me constant, 

and t 1.s the age of the catalyst. 
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Assum1ng a second order react1on for both heteroatom remo-

val and 1ncorporat1ng 1t w1th catalyst deact1vat1on, y1elds 

dCA E t 2 
----- = k 0 [ exp-(-+ -) ]C 
d(1/LHSV) RT ~ A 

where k 1s the pre-exponent1al factor for fresh catalyst, 
0 

and CA 1s the heteroatom concentrat1on. For a f1xed bed 

reactor, the k1net1c equat1on der1ved from the above expres-

s1on 1s 

1 1 E 
= k [ exp-(-

0 RT 

t 
+­

~ 

)]/LHSV 

K1net1c analys1s were performed on the data obta1ned us1ng 

the above model, and the est1mated catalyst deact1vat1on 

constants, pre-exponent1al factors, and act1vat1on energ1es 

are presented 1n Table VI 

C. Summary of K1net1cs Rev1ew 

Cons1derat1on of the work 1n th1s chapter leads to the 

conclus1on that most of the prev1ous k1net1c stud1es cons1-

dered e1ther s1ngle model n1trogen compounds or a coal-

der1ved-l1qu1d,whereas l1ttle work has been done to relate 

these two types of stud1es. Gary et al. (74) approached the 

problem by assum1ng that a coal-der1ved l1qu1d 1s composed 

of a fast react1ng fract1on and a slow react1ng one. 

Satchell (71) cons1dered a coal-der1ved l1qu1d as composed 

of several fract1ons w1th HDN rate constant for each frac-
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TABLE VI 

ESTIMATED PARAMETERS FOR CATALYST DEACTIVATION MODEL 

Feedstock 

70wt% (h~gh 

Sulfur)Ind~ana 

V regular SRC 

SOwt% W. 

Kentucky 

SCT SRC 

-1 k0 , (wt%-hr) 

2.92E6 

2. 92E1 

3.80E9 

1.85E7 

9.36E1 

1.92E6 

E,kJ/mol T,Days Process 

124.7 10.6 HDS 

79.4 17.0 HDN 

180.7 10.4 HDO 

131 • 4 22.2 HDS 

80.4 36.1 HDN 

134.2 8.9 HDO 

t~on as a funct~on of ~ts bo~l~ng po~nt. Bh~nde (44) 

stud~ed the ~nteract~on effects that occur dur~ng 

s~multaneous HDN, HDS, and hydrogenat~on react~ons. Thus, 

HDN of qu~nol~ne and ~ndole, HDS of d~benzoth~ophene and 

hydrogenat~on of naphthalene were ~nvest~gated over a pre­

sulf~ded commerc~al N~-Mo/alum~na catalyst. The react~on 

k~net~cs for each reactant was quant~tat~vely determ~ned ~n 

the b~nary m~xtures as a funct~on of qu~nol~ne concentra­

t~on under the same cond~t~ons as those used for s~ngle­

componenet stud~es. It was concluded that ~ndole, 

naphthalene, d~benzoth~ophene and the~r react~on products 

have a sl~ght negat~ve effect on the k~net~cs of qu~nol~ne 
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HDN. Qu1nol1ne and 1ts react1on products strongly 1nh1b1t 

all hydrogenat1on react1on. There 1s clearly a need to 

develop techn1ques to pred1ct the k1net1cs of m1xtures from 

those of pure compounds. However, 1t 1s hoped that 1nstru­

mental analys1s w1ll develop 1n the future to an extent 

that 1t becomes s1mple to determ1ne the exact compos1t1on 

of a l1qu1d foss1l fuel. Th1s w1ll help greatly 1n deve­

lop1ng an overall k1net1c model for the HDN k1net1cs. 

Hence, 1t 1s log1cal to approach to th1s ob]ect1ve by 

study1ng b1nary m1xtures of the s1ngle model n1trogen con­

ta1n1ng compound. As a step 1n th1s d1rect1on, the HDN of 

qu1nol1ne and acr1d1ne and the1r m1xture 1n n-hexadecane 

solvent 1s stud1ed 1n the proJect. 

It has been establ1shed that N1-Mo catalysts have 

h1gher HDN capab1l1ty than Co-Mo or N1-W catalysts (78). 

For th1s reason, a N1-Mo/r-alum1na catalyst 1s used for 

HDN. Gary et al. (74) conducted screen1ng tests on seven 

catalysts 1n a cont1nuous tr1ckle-bed reactor at 10.3 MPa 

and 371°C. The1r results 1nd1cated that HDS-9A catalyst 1s 

the super1or HDN catalyst among the group of catalysts 

stud1ed. Hence, HDS-9A was selected for study 1n th1s 

work. 

A one l~ter autoclave reactor w~th glass l~ner was used 

for exper~mental runs. A novel techn~que to 1ntroduce the 

catalyst 1nto the reactor was developed and successfully 

1mplemented. The runs were conductedand the results are 

presented and d1scussed 1n chapters IV and VI. 



CHAPTER III 

EXPERIMENTAL APPARATUS AND TECHNIQUE 

A. Exper1mental Apparatus 

The exper1mental apparatus used 1n th1s proJect 1s 

d1scussed 1n three sect1ons 

1. Reactor system 

2. Catalyst preparat1on system 

3 Analyt1cal 1nstruments 

A 1 • The Reactor System 

A spec1al sem1-batch reactor system was des1gned and 

constructed to carry out the HDN exper1ments. Th1s system 

1s composed of the reactor and 1ts accessor1es for feed1ng, 

vent1ng, and sampl1ng as well as temperature and pressure 

measurment and control dev1ces. A schemat1c d1agram of the 

reactor system 1s shown 1n F1gure 15. The spec1f1cat1ons 

of the accessor1es are l1sted 1n Append1x A. 

~he reactor 

The HDN exper1ments were carr1ed out 1n a 1-11ter 

spec1al packless, autoclave reactor (Autoclave Eng1neers, 

316 SS) w1th 1nternal d1ameter 0.076m. (3 1n.) and he1ght 

of 0.229 m (9 1n.). A glass l1ner of d1ameter 0.0747 m and 
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Figure 15. Schematic Diagram of the Reactor System. 



68 

length of 0.191 m was employed to m1n1m1ze the poss1ble 

catalyt1c effect of the metall1c wall and to protect the 

reactor wall from any corros1ve reactant. The reactor 1s 

equ1pped w1th an Autoclave Eng1neers (AE) D1spers1max Ag1-

tator. Th1s dev1ce 1s a turb1ne-type ag1tator prov1ded 

w1th a hollow shaft used 1n con]unct1on w1th a set of re­

removable baffles placed 1n the vessel. Dur1ng operat1on, 

a low pressure reg1on 1s created at the turb1ne 1mpeller. 

The gases are drawn through the hollow shaft and d~spersed 

through the l1qu1d. The bubbles are broken up by the baf­

fles. Th1s type of ag1tat1on can suspend f1ne sol1d part1-

cles and 1nsure constant c1rculat1on of the reactant gases 

through the l1qu1d. H1gh speed rotary ag1tat1on 1s affect­

ed by the rotat1on of external magnets wh1ch actuate 1nter­

nal magnets that are fastened to the shaft. The external 

dr1ve magnet assembly cons1sts of an outer steel hous1ng 

conta1n1ng four rows of permanent magnets spaced at 90° 

1ntervals. Th1s outer magnet1c housing 1s placed over a 

pressure sealed 1nner hous1ng conta1n1ng c1rcular, perma­

nent, ceram1c, encapsulated magnets mounted on a square 

rotor shaft. A strong magnet1c f1eld makes the 1nner pres­

sure sealed rotor shaft rotate at the same rotat1onal speed 

as the outer hous1ng. 

The reactor 1s also equ1pped w1th a cool1ng co1l so 

that a cool1ng med1um can be 1ntroduced to quench the 

system. In add1t1on, two rupture d1scs w1th burst1ng pres­

sures 20.7 and 27.6 MPa (3000 and 4000 ps1) are also 
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1nstalled on the reactor. 

Gas Feed1ng 

Gases 1nclud1ng n1trogen, hydrogen and a m1xture 

of H2S/H2 are brought to the autoclave from the1r respec­

t1ve gas cyl1nders through appropr1ate valves. They enter 

the autoclave body through spec1al ports. The hydrogen gas 

from the gas cyl1nder flows through the ma1n l1ne, where 

1ts flow 1s controlled by a M1ty-M1te valve and a check 

valve It then branches 1nto two subs1dery paths, both of 

these paths lead to the autoclave cover, but 1n one of 

these paths, flow 1s controlled by a m1crometer1ng valve. 

L1qu1d 1s charged 1nto a cal1brated 500 ml. buret 

from where 1t can flow 1nto the feed tank e1ther from the 

top or the bottom of the tank. After the l1qu1d 1n the 

tank 1s heated to the requ1red temperature 1t 1s allowed to 

flow 1nto the autoclave through a spec1al port 1n the reac­

tor cover. 

Sampl1ng 

A male connector (0.25 1n.) 1s f1tted on the t1p 

of the sampl1ng tube through a nut and a ferrule. The 

t1p d1ps 1nto the reactants 1ns1de the autoclve. Another 

nut and ferrule are f1tted on the free end of the male 
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connector w1th a p1ece of 100 mesh SS screen 1nserted bet­

ween the nut and the ferrule. The whole system forms an 

1n-l1ne f1lter. L1qu1d samples are drawn from the reactor 

through th1s f1lter. The f1ltered l1qu1d 1s rece1ved 1n a 

30 rnl sarnpl1ng cyl1nder wh1ch 1s connected to the atmo­

sphere through a rap. The sarnpl1ng cyl1nder 1s equ1pped 

w1th a pressure gauge and a heat1ng tape and 1s 1nsulated. 

The heat1ng system 1s useful espec1ally dur1ng w1nters when 

the products may freeze 1n the sarnpl1ng cyl1nder. 

Vent1ng 

The feed tank 1s connected to the atmosphere 

through a system of valves 1nclud1ng an 1n-l1ne safety 

rel1ef valve The reactor 1s s1rn1larly vented to the atmo­

sphere but 1t 1s equ1pped w1th a trap and a rupture d1sc 

A 2 Catalyst Preparat1on System 

A un1que catalyst preparat1on system 1s dev1sed and 

used 1n th1s proJect. The catalyst 1s handled 1n a spe­

C1ally des1gned glass ampoule Th1s ampoule 1s manufac­

tured from pyrex tub1ng 14 rnrn. o.d., 12rnrn 1.d. It 1s 

shaped 1n the form of a closed flat bottomed tube, hav1ng a 

contract1on (4 rnrn. 1.d.), 9 ern from the bottom, 2 ern from 

the top. F1gure 16 shows a schernat1c of the glass ampoule. 

The open end may be closed w1th a rubber stopper. The 

des1red amount of fresh catalyst 1s placed 1n the ampoule 

and we1ghed. Then the catalyst 1s calc1ned, sulf1ded and 
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the ampoule 1s sealed. 

Calc1nat1on 

A set of glass ampoules, loaded w1th 5.4 g 

catalyst (correspond1ng to 2 0 wt% of solvent used 1n 

exper1ments), 1s placed 1n a furnace. The ampoules are 

heated for two hours at 500°C At the end of th1s per1od 

the ampoules are transfered out of the furnace to cool 

Sulf1dat1on 
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Sulf1dat1on 1s carr1ed out 1n a 1-11ter Parr 

Autoclave wh1ch 1s equ1pped w1th aux1l1ary l1nes for feed-

1ng n1trogen and H2S/H2 gases as well as a l1ne for gas 

vent. In add1t1on, spec1al arrangements are made for tem­

perature measurement and control. 

The ampoules, w1th calc1ned catalysts are placed 1n 

the autoclave and la1d 1n a vert1cal pos1t1on. The auto­

clave 1s closed and t1ghtened The catalyst samples are 

then sulf1ded through the follow1ng steps 

1 The autoclave 1s checked for leaks. 

2. Heat1ng 1s started under a flow1ng stream of 

n1trogen. When the sulf1dat1on temperature, (260°C) 1s 

atta1ned, n1trogen stream 1s cut off and 5% H2S/H2 gas 

stream 1s adm1tted. 

3. The temperature 1s mon1tored and the heat1ng 1s 

rate 1s controlled by a var1ac. 



4. After two hours, the heater ~s turned off, H2/H2s 

gas stream ~s cut off, and n~trogen stream ~s turned on. 

The system ~s left to cool to room temperature. 

5 N~trogen stream ~s turned off and the autoclave ~s 

opened and the ampoules are ~mmed~ately closed w~th rubber 

stoppers. 
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6. The ampoules are then sealed from the~r necks The 

top glass part ~s shaped ~nto a hook wh~ch ~s later used to 

hang the glass ampoules ~ns~de the autoclave. 

A.3. Analyt~cal Instruments 

Analyt~cal ~nstruments are compr~sed of two groups, 

one for the analys~s of l~qu~d samples and the other for 

the catalyst analys~s. 

L~ou~d Analys~s 

In~t~ally, ~t was dec~ded to use a Perk~n Elmer 

Elemental Analyzer to determ~ne the n~trogen content ~n 

l~qu~d samples. But later, ~t was found that the eleMental 

analyzer was not su~table for the low n~trogen concentra­

t~on of th~s proJect. Th~s led to the use of a Var~an 3700 

Gas Chromatograph (GC). For h~gher sens~t~v~ty the GC was 

equ~pped w~th the Therm~on~c Spec~f~c Detector (TSD) The 

TSD ~s approx~mately 50 t~mes more sens~t~ve to n~trogen 

conta~n~ng organ~cs than the Flame Ion~zat~on Detector 

(riD) In add~t~on, the TSD supresses the response to car-
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l1qu1d sample analys1s are presented 1n Append1x B. 

Catalyst Analvs1s 
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The catalyst 1s analyzed before and after the re­

act1on to determ1ne both surface area and pore volume. A 

Quantachrome Autoscan Poros1meter 1s used for th1s purpose. 

In add1t1on, the spent catalyst 1s analyzed to determ1ne 

the depos1ted coke (79). 

1 • The catalyst 1s extracted in a Soxhlet apparatus for 

about three hours unt1l the solvent 1s clear. Tetrahydro­

furan 1s used as solvent. Th1s step removes the adher1ng 

soluble hydrocarbons from the catalyst surface. 

2. The catalyst 1s vacuum dr1ed at 100°C for 12 hrs. 

Th1s step removes the solvent left 1n the catalyst pores. 

3. The rema1n1ng carbonaceous mater1al on the catalyst 

1s cons1dered as coke on the catalyst. Th1s 1s determ1ned 

by roast1ng the catalyst at 600°C 1n a muffle furnace over­

n1ght. The decrease 1n the catalyst we1ght 1s used to cal­

culate the amount of coke depos1ted. Th1s 1s corrected for 

the change of the ox1d1c form to the sulf1de form of n1ckel 

and molybdenum. 

B. Exper1mental Techn1que 

In th1s work a solut1on of a s1ngle model n1trogen 

compound or of a m1xture of two compounds 1n n-hexadecane 

1s hydrotreated 1n the reactor over a presulf1ded HDS-9A 
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catalyst under a hydrogen pressure of 8.3 MPa (1200 ps1g) 

and at a temperature of 357-390°C (675-734°F). Samples of 

react1on products were taken at spec1f1ed t1me 1ntervals 

and analyzed by the GC. In add1t1on, at the end of the 

run, the spent catalyst was separated and analyzed. 

Dur1ng th1s proJect two exper1mental techn1ques were 

developed and used. In the f1rst method the catalyst was 

placed 1n the reactor, sulf1ded and used 1n the exper1ment 

In the second method, presulf1ded catalyst 1n ampoules were 

placed 1n the reactor and broken by a pressure surge at the 

appropr1ate t1me. The second techn1que was found to be 

more accurate than the f1rst one 1n def1n1ng the start1ng 

t1me for catalyt1c react1ons and was used to collect all 

the reported data 1n th1s proJect The ampoule techn1que 

w1ll be br1efly descr1bed here and more deta1ls are presen­

ted 1n Append1x C. 

The catalyst 1s placed 1n a spec1ally manufactured 

ampoule where 1t 1s calc1ned and sulf1ded, as prev1ously 

ment1oned. It 1s sealed and placed 1n the autoclave w1th the 

reactants. The autoclave 1s assembled, purged and 1n­

spected for any leaks. Heat1ng 1s then started under an 

atmosphere of hydrogen unt1l the requ1red temperature 1s 

atta1ned. At th1s moment hydrogen 1s adm1tted to the auto­

clave ra1s1ng the pressure 1ns1de the system to the requ1r­

ed level. Th1s r1se 1n pressure breaks the ampoule and the 

catalyst d1spereses 1n the reactants. Th1s 1s the zero t1me 

wh1ch 1s recorded as a sudden small JUmp 1n the temperature 
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about (3°C) plot on the temperature recorder. The react1on 

starts under hydrogen atmosphere, the pressure of wh1ch 1s 

controlled by a M1ty-M1te valve. In add1t1on, the tempera­

ture 1s controlled and ma1nta1ned at the requ1red level 

Samples are w1thdrawn from react1on products at spec1f1ed 

t1me 1ntervals through the sampl1ng cyl1nder under the 

effect of pressure d1fference. F1nally, at the end of 

react1on t1me, the system 1s shut down and the reactor 1s 

quenched. 

Th1s mod1f1ed method el1m1nates the feed1ng problems 

and g1ves a prec1sely def1ned start1ng t1me for the reac­

tlon. Furthermore, s1nce about twenty ampoules can be 

prepared 1n one batch, all catalyst ampoules are presul­

flded under 1dent1cal cond1t1ons. The only drawback of the 

system 1s that, 1n some exper1ments, the ampoules do not 

break completely and the catalyst may not completely trans-

fer 1nto the l1qu1d Th1s can be checked at the end of the 

run, 1n wh1ch case the run 1s cons1dered an aborted one 

Another operat1onal problem 1s the sol1dlf1cat1on of 

the solvent, n-hexadecane 1n the l1nes dur1ng cold days, 

s1nce the melt1ng po1nt of n-hexadecane 1s 17°C. Th1s 

problem 1s allev1ated by heat1ng the feed and sample l1nes 

w1th electr1c heat1ng tapes. 



CHAPTER IV 

EXPERIMENTAL RESULTS 

In th1s proJect, HDN exper1ments were conducted on 

qu1nol1ne, acr1d1ne and the1r m1xtures as l1sted 1n Table 

VII. The run numbers are des1gnated as NQAn, where, N, Q, 

and A refer to n-hexadecane, qu1nol1ne, and acr1d1ne, res­

pect1vely, and n refers to the run number. Whenever a com­

pound 1s not present 1n the feedstock, the correspond1ng 

letter does not appear 1n the run number code. The runs, 

1n wh1ch the catalyst ampoule d1d not break or other 

techn1cal d1ff1cult1es arose, were d1scarded and are not 

l1sted 1n Table VII. N-hexadecane was used as the solvent. 

The pressure 1n all exper1ments was 8.3 MPa (1200 ps1g) and 

the temperature was var1ed 1n the range of 357-390°C 

(675-743°F). Table VII shows the cond1t1ons of these 

exper1ments. The samples were generally taken 1n 30 m1n. 

1ntervals, except 1n the cases where some techn1cal pro­

blems h1ndered 1t and 1n run NQA8 where some samples were 

taken 1n 60 or 90 m1n. 1ntervals. 

77 
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TABLE VII 

LIST OF EXPERIMENTS 

Run Feed Temperature Durat~on of Number of 
# Compos~t~on < •c) exper~ment,hrs. Samples 

NQ5 4.42% qu~nol~ne 357 3.5 6 

NQ6 4.45% qu~nol~ne 370 3.0 6 

NQ9 4.4% qu~nol~ne 390 3.0 6 

NA1 0.916% acr~d~ne 370 3.0 6 

NA2 1 • 814% acr~d~ne 390 3.0 6 

NA3 1.816% acr~d~ne 357 3.0 6 

NQA1 1.75% acr~d~ne 390 3.0 6 
4.3% qu~nol~ne 

NQA3 1.75% acr~d~ne 357 3.0 5 
4.3% qu~nol~ne 

NQA6 1.75% acr~d~ne 370 3.0 6 
4.3% qu~nol~ne 

NQA8 1. 75% acr~d~ne 370 8.5 12 
4.3% qu~nol~ne 

A. Qu~nol~ne Hydroden~trogenat~on 

The maJor react~on ~ntermed~ates formed ~n qu~nol~ne 

HDN are: 

1,2,3,4-tetrahydroqu~nol~ne (Py-THQ) 

5,6,7,8-tetrahydroqu~nol~ne (Bz-THQ) 

decahydroqu~nol~ne (DHQ) 
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O-propylan1l1ne (OPA) 

Other n1trogen-conta1n1ng compounds that were 1dent1f1ed 

1nclude an1l1ne, o-tolu1d1ne, or o-methylan1l1ne (OMA), and 

o-ethylan1l1ne (OEA). In add1t1on, two pr1mary hydro­

carbon products were 1dent1f1ed-propylbenzene (PB) and 

propylcyclohexane (PCH). The abbrev1at1ons shown 1n paran­

thes1s are used 1n the text wh1le the complete names of 

compounds are shown 1n f1gures. Other hydrocarbons wh1ch 

are expected to result 1n the process are. benzene, cyclo­

hexene, cyclohexane, and methyl-cyclopentane (80). No 

attempts were made to 1dent1fy and measure these hydro­

carbons as well as the poss1ble crack1ng products of 

n-hexadecane In th1s proJect the concentrat1ons of Py-TIIQ, 

Bz-THQ, DHQ, qu1nol1ne; OPA, OEA, OMA, an1l1ne, PB, and PCH 

were measured. These concentrat1ons as a funct1on of t1me 

are tabulated 1n Tables VIII, IX, and X and presented 1n 

F1gures 17-28. In these f1gures, the curves are generated 

by a spl1ne method 1n the SAS-graph1cs program by connect-

1ng the exper1mental po1nts. 

At 357oc qu1nol1ne concentrat1on decreases to less 

than 10% 1n the f1rst hour of the react1on. It 1s ma1nly 

converted to Py-THQ w1th the format1on of a small amount of 

Bz-THQ, as shown 1n F1gures 17 and 18. The rate of qu1no­

l1ne convers1on decreases w1th t1me as well as the rate of 

format1on of Py-THQ. Th1s behav1or 1s due to the chem1cal 

equ1l1br1um. But, DHQ concentrat1on 1ncreases approx1-

mately stead1ly. OPA shows s1m1lar behav1or but w1th lower 
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TABLE VIII 

REACTION PRODUCTS OF RUN NQ5* (357°C) 

Compound React1on T1me, m1n 

30 60 90 150 180 210 

Qu1nol1ne 128.5 34.5 18.0 13.5 13.0 12 1 

Py-THQ 164 0 1 98.1 205.2 196.3 187.2 177.4 

Bz-THQ 11 4 13.4 12.8 11 • 6 11 • 2 11 2 

DHQ 3.9 10 8 21 • 0 35.3 40.2 50.3 

OPA 0.9 1.5 2.0 2.9 3.4 4 0 

PCH 0.3 0 5 0.8 2. 1 2 8 3.6 

PB 0 2 0 2 0.4 0.5 0.6 0.8 

OEA 0.2 0.3 0.3 0 3 0.4 0 4 

OMA 1 4 1 • 5 1 5 1 • 7 1.7 1 8 

An1l1ne 2 1 2.2 2.0 1.8 1 9 1 9 

Total 312.4 262.3 262.8 263.4 259.0 259.1 
N1trogen 

* g-mole/10 6 g n-hexadecane 

In1t1al qu1nol1ne concentrat1on = 
6 350.6 g-mole qu1nol1ne/10 g n-hexadecane. 
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TABLE IX 

* REACTION PRODUCTS OF RUN NQ6 (370°C) 

Compound React~on T~me, m~n 

30 60 90 120 150 180 

Qu~nol~ne 70 0 30 .1 19.2 14.6 12.3 10.6 

Py-THQ 136.6 143.2 130.0 116 5 105.9 95 8 

Bz-THQ 30 4 33.1 34.0 35 3 35.2 34.0 

DHQ 8.9 21.7 32.7 42.9 51 1 54.1 

OPA 2.0 3. 1 3 9 4.6 4 8 4.8 

PCH 2.5 4.0 6.5 8.9 10.3 12.2 

PB 0 7 0.8 1 . 1 1 . 3 1 • 4 1 • 5 

OEA 0.7 0.8 0.9 0.9 0 9 0.9 

OMA 2.4 2.5 2.5 2.5 2 4 2 4 

** An~l~ne 

Total 251.0 234.5 223.2 217.3 212 6 202.0 
N~trogen 

* 6 g-mole/10 g n-hexadecane 

In~t~al qu~nol~ne concentrat~on = 
345.4 g-mole qu~nol~ne/10 6g n-hexadecane. 

** Concentrat~on below detect~on l~m~t 



82 

TABLE X 

REACTION PRODUCTS OF RUN NQ9 * (390°C) 

Compound React~on T~me, m~n 

30 60 90 120 150 180 

Qu~nol~ne 48.6 22.8 14.8 11.4 8.0 7.4 

Py-THQ 141 • 8 132 3 97.9 65 5 41 • 2 24 2 

Bz-THQ 38.8 46.6 47.6 42.8 35.4 27.1 

DHQ 10 0 29.8 42 7 42.8 35 3 32.3 

OPA 3.4 5.7 7.4 8.3 7.9 8.2 

PCH 5 0 12.5 22.0 34.3 47.8 71.8 

PB 0.8 1.4 3.5 4 7 6.1 7.6 

OEA 1 • 2 1 4 1.5 1.4 1.2 1 6 

OMA 4.0 4.6 3.9 3.5 2.7 2.3 

** An~l~ne 

Total 247.8 243.2 215.8 175.7 131 • 7 103.0 
N~trogen 

* g-mole/10 6 g n-hexadecane 

In~t~al qu~nol~ne concentrat~on = 
371.7 g-mole qu~nol~ne/10 6g n-hexadecane. 

** Concentrat~on below detect~on l~m~t 
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concentrat1on level as can be seen 1n F1gure 19. Also, 

concentrat1ons of both PCH and PB are presented 1n th1s 

f1gure. An1l1ne shows a max1mum concentrat1on at 0.7 hrs., 

whereas OMA, after an 1n1t1ally fast product1on, levels off 

w1thout go1ng through a max1mum Th1s can be not1ced 1n 

F1gure 20 The behav1or of both compounds g1ves an 1nd1ca­

t1on that they a£e react1on 1ntermed1ates and are not the 

f1nal products OEA appears only 1n small concentrat1ons 

and 1ncreases very slowly w1th t1me. 

At 370•c the HDN 1dent1f1ed products are the same as 

before except for an1l1ne wh1ch appears to have d1sap­

peared rap1dly and, hence, not shown 1n F1gures 21-24. The 

rates of convers1on of qu1nol1ne are h1gher and rates of 

format1on of Py-THQ are lower then those at 357•C as can be 

seen 1n F1gures 21-22, whereas Bz-THQ forms at a h1gher 

rate than at 357•c. Th1s conf1rms the 1dea that at h1gh 

temperatures qu1nol1ne hydrogenat1on 1s sh1fted towards 

Bz-THQ format1on path. The concentrat1ons of PCH, OEA, and 

OMA are also h1gher than those at 357•c. Th1s can be seen 

1n F1gures 23-24. 

At 390•c 90% of qu1nol1ne 1s converted 1n about one 

half an hour Also, clear max1ma appeared for Py-THQ, and 

DHQ Th1s can be seen 1n F1gures 25-26. The concentrat1ons 

of PCH, OEA, and OMA are h1gher than those at 370•c Also, 

OMA goes through a clear max1mum. These are shown 1n 

F1gures 27-28. 
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A.1 Temperature Effect 

In order to clearly show the effect of temperature, 

concentrat~on versus t~me plots for each compound are shown 

~n F~gures 29-37. 

F~gure 29 presents qu~nol~ne prof~les. It ~s apparent 

that ~ncreas~ng temperature ~ncreases the rate of qu~nol~ne 

convers~on and the rate by wh~ch the equ~l~br~um ~s atta~n­

ed. However, the equ~l~br~um convers~on seems to be not 

s1gn1f1cantly affected by the temperature. 

F~gure 30 presents Py-THQ prof~les. It can be seen 

that ~ncreas~ng react~on temperature decreases the rate of 

format~on of Py-THQ, wh~le ~t ~ncreases the rate of decom­

pos~t~on of Py-THQ to both OPA and DHQ 

F~gure 31 represents Bz-THQ prof~les. The rate of 

format~on of th~s compound ~ncreases w~th temperature. 

S~m~larly, ~ts rate of hydrogenat~on to DHQ ~ncreases. 

F~gure 32 represents DHQ prof~les. The effect of 

temperature on th~s compound ~s s~m~lar to that of Bz-THQ. 

Hence, at h~gher temperatures ~ts rate of hydrogenolys~s to 

PCH ~ncreases as shown ~n F~gure 33. The shapes of these 

prof~les lead to the conclus~on that PCH ~s one of the 

f~nal -react~on products. 

F~gures 34 and 35 show the var~at~ons of OPA and PB 

concentrat~ons respect~vely. Temperature ~ncreases the 

rate of format~on of OPA, as well as the rate of ~ts hydro­

genolys~s to PB. It ~s apparent from F~gure 35 that PB 1s, 
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1n fact, also a f1nal react1on product. In add1t1on, the 

rate of convers1on of OPA to OEA and OMA 1ncreases w1th 

temperature as shown 1n F1gures 36 and 37. Furthermore, 

these an1l1ne der1vat1ves are not expected to be f1nal pro­

ducts as shown 1n the1r prof1les spec1f1cally for OMA 1n 

F1gures 37. These two compounds e1ther convert to an1l1ne 

wh1ch 1s read1ly converted to benzene and cyclohexcane, or 

are deam1n1zed to the1r respect1ve alkyl-benzenes. 

A.2. React1on Network 

Several react1on networks have been proposed 1n the 

l1terature for qu1nol1ne HDN. The results are affected by 

react1on cond1t1ons, 1n1t1al concentrat1on, as well as the 

method of analys1s. Cons1der1ng these networks and the 

products obta1ned 1n th1s work, a react1on network of 

F1gure 38 1s presented. Ind1v1dual react1ons have been 

observed by other researchers, however the comb1ned network 

1s un1que to th1s proJect. Each react1on path 1n th1s net­

work as well as the 1nvest1gators who proposed 1t are 

l1sted 1n Table XI. In fact, the use of a h1gher 1n1t1al 

concentrat1on 1n th1s work, as well as the use of a TSD 

help~d greatly 1n conf1rm1ng the format1on of several reac­

t1on 1ntermed1ates such as OEA, OMA, and an1l1ne. 
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TABLE XI 

QUINOLINE HDN REACTION PATHS 

React1.on Paths 

1-->2' 2-->5 

5-->7 

1 --> 3 

2-->1 ' 2-->4 

3-->1 ' 4-->2 

3-->4 

4-->3 

4-->6 

5-->8 ' 5-->9 ' 5-->1 0 

4-->7 

5-->6 

References 

28,30,38,43,45,47,49,81 

28,30,43,45,47 

28,38,43,45,57,49,52 

28,43,45,47,49,52 

45,49,52 

28,38,43,45,47,49,52 

45,49,52 

28,43,45,52 

38 

47 

81 

(These paths 1.nclude 
other 1.ntermed1.ate 
compounds not shown 
1.n F1.gure 38.) 

7-->6 43 

B. Acr1.d1.ne Hydroden1.trogenat1.on 

108 

Hydrogenat1.on of acr1.d1.ne results 1.n a ser1.es of pro-

ducts.- The type of compounds produced depends on the reac-

t1.on cond1.t1.ons as well as the type of catalyst. Table XII 

summar1.ze the reported compounds 1.n the l1.terature and 

the1.r format1.on cond1.t1.ons. It 1.s apparent from th1.s table 

that hydrogenat1.on of acr1.d1.ne may produce one or more of 



Start~ng 

Mater~al 

Acr~d~ne 
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TABLE XII 

REDUCED ACRIDINES 

React~on Cond~t~ons Products Ref. 

Raney n~ckel/hydrogen, 
n~ckel/hydrogen, 
conducted at room 
temperature. 

85% acr~dan 82 

Copper chrom~te/hydrogen 90% acr~dan 82 

Ruthen~um ox~de/hydrogen 98.5% acr~dan 83 

Raney n~ckle/hydrogen,at 16% SORA 82 
1oo·c 

Red phosphorus/~od~ne trans-ASOHA 84 

Raney n~ckel/d~oxan, at 38% ASOHA 82 
1oo·c 

Copper chrom~te/d~oxan, 70% ASOHA 82 
at 1oo•c 

L~th~um/ethanol STHA 85 

Raney n~ckel/hydrogen 22% DOHA 82 

Raney n~ckel/hydrogen,at 81% a-PHA 82 
24o•c 

Raney n~ckel/hydrogen, 70-80% a-PHA 86 
2.2-4.5 hr, 240-270•c, 
75-100 atm. 

Ruthen~um ox~de/hydrogen, Un~dentif~ed 82 
180•, 110 atm. PHA 

Raney n~ckel/hydrogen, 
h~gh temparature 

1,2,3,4-THA 87 



TABLE XII (Cont~nued) 

Start~ng 

Mater~al 

9,10-DHA 
or acr~dan 

React~on Cond~t~ons 

Phosphorus/hydro~od~c 
ac~d. 

Raney n~ckel/hydrogen 

1,2,3,4-THA T~n/hydroclor~de ac~d 

Sod~um formate/95% 
form~c ac~d. 

STHA 

SOHA 

C~s-OHA 

Plat~num ox~de/gla­
c~al acet~c ac~d. 

Pallad~um/Plat~num/ 
Charcoal ~n methanol. 

Raney n~ckel/hydrogen, 
2.2-4.5 hr, 240-270, 
75-100 atm. 

Plat~num/acet~c ac~d 

Catalyt~c dehydrogena­
t~on, pallad~um/char­
coal 200-250°C. 

Sod~um/ethanol/n~ckel 
formate,room tempera­
ture. 

Plat~num ox~de/glac~al 
acet~c ac~d/hydrogen, 
room temperature and 
pressure. 

Raney n~ckel/hydrogen, 
2.2-4.5 hr, 240-27ooc, 
75-100 atm. 

Products 

trans-OHA 

OHA + DDHA 

C~s-ASOHA + 

51 .6% trans­
ASOHA 

SOHA + C~s­
ASOHA+ trans-

C~s-ASOHA 

70-80% a-PHA 

SOHA 

acr~dan + 
acr~d~ne 

Un~dent~f~ed 
PHA 

20% DDHA + 
66% .6-PHA + 
9% 'f-PHA 

70-80% a-PHA 

110 

Ref. 

88 

82 

89,90 

91 

86 

92 

86 

93 

87 

94 

86 

86 



TABLE XII (Cont~nued) 

Start~ng 

Mater~al 

trans-OHA 

_64a,10_DDHA 

React~on Cond~t~ons 

Raney n~ckel/hydrogen, 
2.2-4 5 hr, 240-270°C 
75-100 atm. 

Plat~num ox~de/acet~c 
ac~d/hydrogen,normal 
temperature and pre-
ssure. 

Plat~num ox~de/d~oxan/ 
hydrogen,normal tern-
perature and pressure. 

the follow~ng compounds 

Products 

70-80% a-PHA 

60% a-PHA 
15% 8-PHA 

30.5% a-PHA 
28% 8-PHA 

9,10-d~hydroacr~d~ne or acr~dan (9,10-DHA) 

1 ,2,3,4-tetrahydroacr~d~ne or asymmetr~c-

tetrahydroacr~d~ne (1 ,2,3,4-THA or ASTHA) 

1,2,7,8-tetrahydroacr~d~ne or symetr~c-

tetrahydroacr~d~ne (STHA) 

-1,2,3,4,5,6,7,8-octahydroacr~d~ne or symmetr~c-

octahydroacr~d~ne (SOHA) 

1,2,3,4,9,10,4a,9a-octahydroacr~d~ne 

or asymmmetr~c-octahydroacr~d~ne (ASOHA) 

1 1 1 

Ref. 

86 

95 

11 2 



a - perhydroacr~d~ne 

a - perhydroacr~d~ne 

~ - perhydroacr~d~ne 

a-PHA) 

a-PHA) 

¥-PHA) 

dodecahydroacr~d~ne (DDHA) 

~4a, 10 -dodecahydroacr~d~ne (95,96). 

ASOHA also ex~sts ~n two forms of c~s and trans. In 

112 

add~t~on to the acr~d~ne der~vat~ves l~sted ~n Table XII, 

several other compounds have been synthes~zed, and reported 

~n the l~terature 

1,2,3,4,7,8-hexahydroacr~d~ne (97) 

1 ,2,3,4,5,6,7,8,9,10-decahydroacr~d~ne or DHA (98) 

1 ,2-d~hydroacr~d~ne or 1 ,2-DHA (99) 

Furthermore, tetradecahydroacr~d~ne or perhydroacr~d~ne 

(PHA) ~s, ~n theory, capable of ex~s~t~ng ~n f~ve geometr~c 

conf~gurat~ons, three of wh~ch, a, a, and ~, have been 

reported ~n the l~terature (100). Thus, the hydrogenat~on 

of acr~d~ne results ~n a m~xture of compounds wh~ch may 

conta~n a number of hydrogenated acr~d~nes. Th~s number, 

theoret~cally var~es between one and seventeen. In add~­

t~on, HDN of acr~d~ne also results ~n a hydrocarbon, 

d~cyclohexylmethane (DCHM) (54). 

-In th~s prOJect, ~n order to cal~brate chromatogram, 

~t was attempted to obta~n these compounds ~n pure form. 

However, only two of these compounds were ava~lable commer­

c~ally. 9,10-DHA, and SOHA. DCHM was obta~ned from Dr. 

E~senbraun of the Chem~stry Department at Oklahoma St~te 
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Un~vers~ty. These compounds were used to cal~brate the 

chromatograms. The analys~s of the samples showed that 

9,10-DHA d~d not ex~st ~n any of our samples SOHA and 

DCHM were ~dent~f~ed and the~r concentrat~ons were mea­

sured. The chromatograms conta~ned several other compounds 

wh~ch had to be ~dent~f~ed or pred~cted. Based on the 

relat~ve melt~ng po~nts of the suspected compounds, the 

trends ~n the var~at~ons of the~r relat~ve concentrat~ons 

and the results of the prev~ous workers (1 ,20,54) on 

acr~d~ne, the follow~ng compounds are pred~cted 

1 I 2 I 3 I 4 -THA 

SOHA 

ASOHA 

a-PHA 

DCHM 

We also used a gas chromatograph/mass spectrometer for 

~dent~f~cat~on of these compounds. However, the mass 

spectra for most acr~d~ne der~vat~ves are not ava~lable ~n 

mass opectra l~brar~es Based on the mass spectral analy­

s~s and the measured molecular we~ghts, we could conf~rm 

the ex~stance of the above ment~oned compounds. In order 

to pred~ct the concentrat~ons of the compounds wh~ch were 

not ava~lable, we had to resort to approx~mate techn~ques, 

wh~ch are expla~ned ~n Append~x B. The concentrat~ons of 

these compounds at d~fferent t~mes are tabulated ~n Tables 

XIII, XIV, and XV, and are presented ~n F~gures 39-44. 



TABLE XIII 

* REACTION PRODUCTS OF RUN NA1 (370°C) 

Compound React~on T~me, m~n. 

30 60 90 

Acr~d~ne 78 14 6 

THA 40 64 74 

ASOHA 39 36 27 

SOHA 219 239 263 

PHA 57 36 28 

DCHM 22 50 75 

Total 433 389 398 
N~trogen 

* 7 g-mole/10 g n-hexadecane 

In~t~al acr~d~ne concentrat~on = 
513 g-mole/10 7 g n-hexadecane 

120 150 

4 1 

71 66 

21 17 

219 197 

18 15 

117 1 61 

333 296 

11 4 

180 

1 

57 

1 4 

166 

13 

199 

251 



TABLE XIV 

* REACTION PRODUCTS OF RUN NA2 (390°C) 

Compound React1on T1me, m1n. 

30 60 90 

Acr1d1ne 164 47 22 

THA 28 47 77 

SOHA 456 525 614 

ASOHA 91 80 73 

PHA 185 155 133 

DCHM 33 70 116 

Total 924 854 91 9 
N1trogen 

* 7 g-mole/10 g n-hexadecane 

In1t1al acr1d1ne concentrat1on = 

1081 g-mole/10 7 g n-hexadecane 

120 150 

8 6 

80 76 

594 539 

61 50 

11 0 92 

153 179 

853 763 

11 5 

180 

6 

62 

481 

42 

80 

228 

671 
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TABLE XV 

* REACTION PRODUCTS OF RUN NA3 (357°C) 

Compound React1on T11ne, m1n. 

30 60 90 120 150 180 

Acr1d1ne 51 63 76 100 139 177 

THA 127 243 253 264 260 240 

ASOHA 399 549 503 481 453 398 

SOHA 89 74 50 42 39 356 

PHA 60 43 30 24 22 20 

DCHM 185 37 12 5 3 3 

Total 860 946 848 816 777 696 
N1trogen 

* 7 g-mole/10 g n-hexadecane 

In1t1al acr1d1ne concentrat1on = 
7 1008 g-mole/10 g n-hexadecane 
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At 3S7•c acr1d1ne concentrat1on decreases to less than 

4% 1n the f1rst hour of react1on. It 1s converted ma1nly 

to THA and SOHA. Small amounts of ASOHA and PHA appear 1n 

the react1on products as shown 1n F1gures 39-40. SOHA 

atta1ns 1ts max1mum concentrat1on after about one hour. 

But 1ts rate of convers1on 1s very slow. Format1on of THA 

1s slower than SOHA but after about one hour, 1ts rate of 

format1on 1s decreased apprec1ably. After two hours 1ts 

concentrat1on slowly starts to decrease. In fact the 

shapes of the plots of THA and SOHA 1n F1gure 39show that 

convers1on rates are slow and show an equ1l1br1um. On the 

other hand, DCHM 1s formed from the hydrogenolys1s react1on 

and 1ts concentrat1on cont1nuously 1ncreases w1th t1me. 

These are clearly shown 1n F1gure 42. The rate of total 

n1trogen removal 1s slow as 1s shown 1n Table XIII. It 

shows about 51% removal 1n three hours. 

F1gures 43 and 44 show the react1on products at 390•c. 

Acr1d1ne, SOHA, and THA show s1m1lar behav1or as 1n the 

370•c run. Th1s 1s clear from the compar1son between the 

plots 1n F1gures 41 and 43. However, h1gher concentrat1on 

1s not1ced for THA at 370•c than at 390•c as observed from 

the compar1son of Table XIII w1th Table XIV, whereas h1gher 

max1mum concentrat1on of PHA 1s not1ced at 390•c than at 

370•c as shown 1n F1gures 41 and 43. 

B. 1. Temperature Effect 

In order to v1sual1ze the effect of temperature, 
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for each compound, the concentrat1on prof1les at d1fferent 

temperatures are plotted together and shown 1n F1gures 45-

50 The concentrat1on of each compound at 357oc may be 

d1rectly compared w1th 1ts concentrat1on at 390oc, s1nce 

the 1n1t1al acr1d1ne concentrat1on 1s approx1mately the 

same for both cases Acr1d1ne convers1on 1s not s1gn1f1-

cantly affected by react1on temperature as 1s apparent 1n 

F1gure 45 On the other hand temperature has a maJor 

effect on the rate of convers1on of THA as shown 1n F1gure 

46. Temperature sl1ghtly 1ncreases the rate of format1on 

of both SOHA and ASOHA as 1s apparent 1n F1gures 47 and 48. 

F1nally, at 390°C the rate of format1on of PHA as well as 

the rate of 1ts convers1on to DCHM are h1gher than those at 

357°C as shown 1n F1gures 49 and 50 Total n1trogen re­

moval 1s about 38% at 390oc, whereas 1t 1s about 31% at 

357°C after three hours of react1on as 1s 1nd1cated 1n 

Tables XIV and XV. 

B.2 In1t1al Concentrat1on Effect 

The 1n1t1al acr1d1ne concentrat1on at 370°C 1s about 

half 1ts concentrat1on at 357°C and 390°C. The total 

n1trogen removal 1s about 51% at 370oc, whereas 1t 1s 38% 

and 31% at 390°C and 357oc respect1vely. It 1s apparent 

that react1on rate of n1trogen removal depends on 1n1t1al 

concentrat1on. It 1ncreases w1th 1n1t1al concentrat1on 

decrease. 
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B. 3. React1on Network 

Although a w1de range of stud1es has been done on the 

synthes1s of reduced acr1d1nes, l1ttle work has been repor­

ted on the mechan1sm of 1ts hydroden1trogenat1on (1 ,20,48) 

Our results 1nd1cate that some of the reduced acr1d1nes are 

1n chem1cal equ1l1br1a w1th each other. We bel1eve that 

acr1d1ne 1s 1n1t1ally converted to AS~ and THA through two 

separate routes As 1nd1cated by Naga1 et al.(54), the 

format1on of ASOHA 1s accompl1shed through the ~ap1d hydro­

genatlon of an 1ntermed1ate, 9-10 DHA, wh1ch was not 

detected 1n our samples. THA 1s then converted to SOHA, 

establ1sh1ng an equ1l1br1um. Both SOHA and ASOHA are later 

converted to PHA, wh1ch 1s hydrogenolyzed to DCHM Equ1-

l1br1um ex1sts between PHA and both SOHA and ASOHA. Based 

on these d1scuss1ons, the react1on network of F1gure 51 1s 

developed and presented 

C. Qu1nol1ne-Acr1d1ne M1xture Hydroden1trogenat1on 

Hydroden1trogenat1on exper1ments were carr1ed out on a 

m1xture of qu1nol1ne and acr1d1ne 1n n-hexadecane, conta1n-

1ng approx1mately the same amouts of reactants as the Sln­

gle compound runs. The temperatures were 1dent1cal to those 

of the s1ngle compound runs. The react1on products wh1ch 

resulted from the HDN of a qu1nol1ne-acr1d1ne m1xture are 

s1m1lar to those 1dent1f1ed 1n s1ngle compound runs of 

qu1nol1ne and acr1d1ne, except for an1l1ne and THA wh1ch 
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d1d not appear 1n the m1xture. An1l1ne probably had such a 

low concentrat1on that 1t could not be detected. THA e1ther 

reacted qu1ckly or 1t 1s not d1st1ngu1shable from the other 

products that eluted from the GC and couldn't be 1dent1-

f1ed. The results are presented 1n the Tables XVI-XIX and 

plotted 1n the F1gures 52-69. In fact, dupl1cate runs (NQA6 

and NQA8) were conducted at 370°C. However, the NQA6 

results were 1ncons1stent w1th the results of other runs 

(NQA, NQA3, NQA8) and hence 1t was cons1dered erroneous, 

apparently due to some unobserved temperature 1rregular-

At 390°C qu1nol1ne 1s rap1dly converted to Py-THQ and 

Bz-THQ. The rate of qu1nol1ne convers1on 1s not affected 

by the presence of acr1d1ne, ne1ther 1s the rate of forma-

t1on of Py-THQ affected by acr1d1ne. But the equ1l1br1um 

concentrat1on of Py-THQ 1s somewhat h1gher 1n the HDN of 

the m1xture than 1n the HDN of qu1nol1ne, as can be seen 

from compar1son of F1gure 52 and F1gure 25. The rates of 

format1on of both Bz-THQ and DHQ are s1m1larly not affected 

by the presence of acr1d1ne HDN productsJwhereas, the rates 

of convers1on of both compounds are slower 1n the case of 

the m1xture. Th1s can be observed from F1gures 53 and 26. 

F1gures 54 shows the format1on of OPA and PCH. Compar1ng 

the plots from F1gure 54 w1th those of F1gure 27 shows that 

the rate of format1on of PCH 1s about one half of 1ts rate 

1n qu1nol1ne HDN, whereas OPA forms at a h1gher rate 1n the 
~ 

HDN of the m1xture. Hence, we can state that the rate of 
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TABLE XVI 

* REACTION PRODUCTS OF RUN NQA1 (390°C) 

Compound React~on T~me, m~n. 

30 60 95 120 150 180 

Qu~nol~ne 47 4 21 . 5 13.2 1 3. 1 15.7 13.0 

Py-THQ 126.7 112 3 83.9 71 5 67 9 65.7 

Bz-THQ 41 • 0 42 9 39 4 36.3 35.6 33.9 

DHQ 19 7 32.6 43.0 45.4 44.1 41 • 7 

OPA 6.1 1 0. 4 1 4. 5 1 6.1 18.0 16.4 

PCH 4 2 7.5 15.2 19.8 24.5 33.4 

PB ** ** ** ** ** ** 
OEA 1.5 1.8 1 8 1 • 7 1 . 6 1 4 

OMA 3 0 3.4 3.2 3. 1 3. 1 2.9 

Acr~d~ne 19.8 11 • 1 6.5 3.4 1 • 0 0.7 

ASOHA 0.5 0.9 1 . 5 1 9 2.2 1.9 

SOHA 22 6 34 1 46.3 53.9 58 3 54.6 

PHA 9 3 11 . 8 12.4 12 2 10.3 7 2 

DCHM 23.2 23.7 23.4 22.5 21 . 9 20.4 

Total n~trogen 297 6 282.8 265.7 258.6 257 8 239.4 

* 6 g-mole/10 g n-hexadecane 

In~t~al qu~nol~ne concentGat~on = 
372.1 g-mole qu~nol~ne/10 g n-hexadecane. 

In~t~al acr~d~ne concentGat~on = 
102.1 g-mole acr~d~ne/10 g n-hexadecane. 

** Under detect~on l~m~t 
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TABLE XVII 

* REACTION PRODUCTS OF RUN NQA3 (357°C) 

Compound React1on T1me, m1n. 

Py-THQ 

Bz-THQ 

DHQ 

OPA 

PCH 

PB 

OEA 

OMA 

ASOHA 

SOHA 

PHA 

DCHM 

Total n1trogen 

60 

47 5 

172.4 

18.3 

31 0 

4.6 

1 • 3 

** 

0.4 

0.9 

34.5 

0 6 

15.4 

1 2. 7 

21 9 

338.3 

90 

19 2 

1 67.3 

22 6 

55.7 

8.5 

2 4 

** 

0.5 

1.0 

25.8 

1 2 

22.5 

1 5. 2 

21 8 

339.5 

* g-mole/10 6 g n-hexadecane 

120 150 

11 • 3 8.5 

142 1 120 2 

24.5 25.8 

75.7 98 3 

13.4 18.5 

6 4 9.4 

** ** 

0 5 0.6 

0.9 0.9 

1 6 1 11 • 0 

2. 1 3.0 

32.8 39.2 

16.4 1 6. 2 

20.9 19.8 

335.8 342.2 

In1t1al qu1nol1ne concent6at1on = 
372.1 g-mole qu1nol1ne/10 g n-hexadecane. 

In1t1al Acr1d1ne concen5rat1on = 
102.1 g-mole acr1d1ne/10 g n-hexadecane. 

** Under detect1on l1m1t 

180 

7.6 

98.0 

28 1 

122.9 

23.9 

1 4. 3 

** 

0.6 

0 9 

8.6 

4.0 

43.5 

1 4. 2 

19.5 

352.3 
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TABLE XVIII 

* REACTION PRODUCTS OF RUN NQA6 (370°C) 

Compound React1on T1me, m1n. 

30 60 90 120 150 180 

Qu1nol1ne 67.8 29.3 18.6 1 4. 1 10.3 9 0 

Py-THQ 166.9 188 8 1 77.4 175.2 167 2 1 31 9 

Bz-THQ 27.9 29 0 27.0 26.2 27.0 26 1 

DHQ 10 4 26 4 32.1 45.8 56 9 64 5 

OPA 3.3 6.0 9.3 12.2 1 9. 2 22.2 

PCH ** 2.0 3.5 5.8 9. 1 12.6 

PB ** ** ** ** ** ** 

OEA 0 9 1 • 1 1.1 1 2 1 . 3 1 . 2 

OMA 1 5 1.8 1.7 1 8 1.9 1 9 

Acr1d1ne 37 3 30 2 22.7 17.0 15 2 12.7 

ASOHA 0.3 1 • 5 0.9 1.5 2.6 2 9 

SOHA 11 • 6 18 1 23.2 29.2 40.9 45.0 

PHA 10 3 1 6. 5 18.8 20 3 21 . 0 1 9 1 

DCHM 11 2 19.00 9.0 8.2 ** 7.0 

Total n1trogen 363.4 360 4 342 0 314.9 278.0 256 4 

* 6 g-mole/10 g n-hexadecane 

In1t1al qu1nol1ne concent6at1on = 
348 4 g-mole qu1nol1ne/10 g n-hexadecane 

In1t1al acr1d1ne concen5rat1on = 
97.0 g-mole acr1d1ne/10 g n-hexadecane 

** Under detect1on l1m1t 



TABLE XIX 

* REACTION PRODUCTS OF RUN NQA8 (370°C) 

Compound React~on T~me, m1n. 

Qu1nol1ne 

Py-THQ 

Bz-THQ 

DHQ 

OPA 

PCH 

PB 

OEA 

OMA 

ASOHA 

SOHA 

PHA 

DCHM 

30 60 

59 4 21 .1 

176 4 143.4 

25.8 35.8 

33 7 69.1 

3.8 10.3 

1.8 6.8 

** ** 
0.3 0.5 

0.7 0.8 

31.7 25.4 

0.6 1 7 

22 8 41 • 8 

8.2 10.5 

9.4 8.1 

90 

13.0 

99.0 

40 6 

94.1 

16 2 

15.3 

2.2 

0.6 

1.1 

9 7 

2.7 

54.9 

1 0 1 

7.5 

Total n~trogen 363.4 360.4 342.0 

*- 6 g-mole/10 g n-hexadecane 

120 

8.1 

61 • 2 

40.2 

105.8 

20.5 

24 4 

3.0 

0.7 

1 0 

4 0 

3 5 

61 • 0 

8.9 

8 1 

314.9 

In~t1al qu~nol~ne concent5at1on = 
378.9 g-mole qu1nol1ne/10 g n-hexadecane. 

In~t~al Acr1d1ne concen5rat1on = 
103.2 g-mole acr1d~ne/10 g n-hexadecane. 

** Under detect1on l1m1t 

150 

4.7 

35.1 

35.6 

1 01 • 9 

23.4 

34 0 

3.6 

0 7 

0.9 

1 • 5 

4.1 

62 9 

7.2 

7.6 

278.0 

137 

180 

2.2 

20.9 

30.3 

95.8 

23.6 

43.0 

4.1 

0.5 

0.7 

0 8 

4.6 

65.1 

6.4 

7.6 

256.4 



TABLE XIX (cont~nued) 

Compound React~on T~me, m~n. 

Qu~nol~ne 

Py-THQ 

Bz-THQ 

DHQ 

OPA 

PCH 

PB 

OEA 

OMA 

ASOHA 

SOHA 

PHA 

DCHM 

210 

0.4 

1 2 1 

23.7 

76 6 

27.9 

54.4 

4.8 

0.6 

0.5 

0 5 

4 7 

62.3 

5.6 

7.9 

240 

0.0 

7.7 

17.3 

58.6 

27.1 

56.3 

4.5 

0.4 

0.6 

0.4 

4.8 

60.9 

5.3 

8.5 

300 

0.0 

3.6 

9.4 

32.8 

24.4 

58.2 

4.1 

0.5 

0.3 

0.4 

4 7 

57.4 

5.0 

11 • 4 

Total n~trogen 222.8 191.6 138 5 

* 

360 

0.0 

1 • 7 

3.9 

13.3 

23.8 

54 4 

3.2 

0.4 

0.2 

0.3 

4.6 

54.7 

4.5 

10.5 

107.4 

In~t~al qu~nol~ne concent6at~on = 
378.9 g-mole qu~nol~ne/10 g n-hexadecane. 

In~t~al Acr~d~ne concenGrat~on = 
103.2 g-mole acr~d~ne/10 g n-hexadecane 

420 

0 0 

6 0 

4.4 

11 • 5 

20.8 

55 8 

2.9 

0.4 

0.2 

0.3 

3.7 

47.0 

4.3 

10.2 

98.6 

138 

510 

3.8 

11 9 

11 • 0 

29 2 

1 4.1 

67.8 

3.8 

0.3 

0.2 

0 3 

2.7 

38.3 

3 2 

9.9 

111 2 
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transformat~on of DHQ to PCH ~s somewhat retarded by the 

presence of acr~d~ne. S~m~larly, the rate of convers~on of 

OPA to OMA ~s retarded by the presence of acr~d~ne HDN pro­

ducts. On the other hand, the format~on of OEA ~s enhanced. 

Th~s appears from the compar~son of F~gures 55 and 28 

Acr~d~ne convers~on ~s decreased by the presence of 

qu~nol~ne HDN products. In the f~rst th~rty m~nutes of 

react~on about 85% of acr~d~ne ~s converted ~n acr~d~ne 

HDN, whereas the convers~on ~s sl~ghtly decreased to 80.6% 

~n the presence of qu~nol~ne HDN products. After 60 m~nu­

tes the convers~on ~s decreased from 95 7% to 89.1% by the 

presence of qu~nol~ne HDN products. These can be seen from 

compar~ng F~gures 46 and 59. Also, the rates of format~on 

and convers~on of both SOHA and ASOHA are retarded. s~m~­

larly, the PHA format~on ~s retarded as may be seen from 

compar~son of F~gures 44 and 57. On the other hand, the 

rate of format~on of DCHM ~s enhanced by qu~nol~ne HDN pro­

ducts. Its concentrat~on atta~ns a max~mum after about 40 

m~nutes. 

At 357oc qu~nol~ne convers~on ~s sl~ghtly affected by 

the presence of acr~d~ne HDN products. The qu~nol~ne con­

vers~on, after 60 m~nutes react~on, decreased from 90.2% to 

87.2%. Its convers~on to Py-THQ ~s retarded, whereas ~ts 

convers~on to Bz-THQ ~s ~ncreased. Th~s ~s apparent when 

compar~ng the data and F~gures 17, 58, 18 and 59. Also, 

the rate of format~on of DHQ ~s enhanced. s~m~larly, the 

rate of DHQ convers~on to PCH and the rate of convers~on of 
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Py-THQ to OPA are enhanced. Th1s can be seen clearly from 

compar1ng F1gures 19 and 60. S1m1lar to 390°C run, the OPA 

convers1on 1s affected by the presence of acr1d1ne products 

Its convers1on to both O~ffi and OEA 1s decreased, and con­

centrat1ons of an1l1ne and PB are below detect1on l1m1t. 

Th1s 1s apparent from compar1son of F1gures 20 and 61 

Acr1d1ne convers1on 1s cons1derably affected by the 

presence of qu1nol1ne HDN products. After 60 m1nutes of 

react1on, 66 2% acr1d1ne convers1on 1s atta1ned, wh1le 1t 

1s 96.4% 1n the absence of qu1nol1ne produts. Also, after 

3 hrs., 1ts convers1on 1s 91 .6%, whereas 1t 1s almost com­

plete 1n the absence of qu1nol1ne HDN products. Th1s 

observat1on 1s s1m1lar to the results of 390°C run. In 

add1t1on, the rate of format1on of SORA 1s also apprec1ably 

decreased. Furthermore, THA d1d not show up These facts 

can be seen when compar1ng F1gures 39 and 62. S1m1larly, 

the rate of format1on of ASOHA 1s decreased as well as the 

rate of convers1on of PHA. On the other hand, both the 

rate of format1on and the rate of convers1on of DCHM are 

1ncreased wh1ch may lead to the conclus1on that there 1s 

another react1on patn wh1ch y1elds DCHM. These facts are 

apparent when cons1der1ng F1gures 40 and 63. 

At 370oc, qu1nol1ne convers1on 1s sl1ghtly affected by 

the presence of acr1d1ne HDN products. Py-THQ rate of 

format1on and 1ts rate of convers1on are h1gher. Th1s 

effect 1s due to the enhancement of the convers1on of Py-THQ 

to DHQ. The concentrat1on of the latter 1s 1ncreased 
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apprec1ably. On the other hand, the rate of format1on of 

Bz-THQ 1s sl1ghtly decreased. These effects are apparent 

from the F1gures 21, 22, 64 and 65 The rates of format1on 

of both OPA and PCH are 1ncreased. However, the rates of 

convers1on of OPA to OMA, OEA and PB are decreased, In 

fact, the last compound d1d not show up. These facts can 

be not1ced 1n F1gures 23,24,66 and 67. 

Acr1d1ne convers1on 1s reduced 1n the presence of 

qu1nol1ne HDN products as can be seen from the compar1son 

of F1gures 41 ,42,68 and 69 S1m1larly, the rates of forma­

t1on of SOHA and PHA as well as the1r rates of convers1on 

are decreased. On the other hand, the rate of format1on of 

DCHM 1s 1ncreased, whereas the rate of format1on of ASOHA 

1s dcreased. However, 1ts rate of convers1on 1s 1ncreased 

These are rough est1mates of the effects of the presence of 

qu1nol1ne HDN products, s1nce the 1n1t1al concentrat1on of 

acr1d1ne 1n the m1xture 1s about double 1ts value 1n the 

HDN products. 

Run NQAB was cont1nued for a total of 8.5h to study the 

long term convers1on phenomena. The results unt1l the end 

of the run are presented 1n the F1gures 70-75. It was 

expected that both qu1nol1ne and acr1d1ne, the start1ng re­

actants, convert completely after th1s long react1on t1me. 

Also, the react1on 1ntermed1ates go through max1ma and then 

start to decrease, whereas the f1nal products keep 1ncreas-

1ng w1th t1me. But, some unusual behav1ors were observed 

1. Qu1nol1ne, Py-THQ, Bz-THQ and DHQ reached a 
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m1n1mum then started to 1ncrease. Th1s can be not1ced 1n 

F1gures 70 and 71 • 

2. PCH, after 1t started to decrease, 1t 1ncreased. 

Th1s can be seen 1n F1gure 74. 

3 DCHM showed two max1ma. Th1s 1s apparent 1n F1gure 

75. 

Behav1or # 1 may be expla1ned by cons1der1ng that acr1-

d1ne HDN products, l1ke THA, SOHA, ASOHA and PHA, spl1t to 

g1ve some of the qu1nol1ne HDN products as shown 1n F1gure 

76. In fact, Hartung et al. (101-102) have reported a 

mechan1sm for HDN of carbazole s1m1lar to that suggested 

here. In add1t1on, butylpyr1d1ne was observed by Doleman 

and Vulgter (38) as one of the products of HDN of qu1no­

l1ne. Th1s compound must have or1g1nated form Bz-THQ. 

Th1s conclus1on 1s conf1rmed by the fact that SOHA, ASOHA 

and PHA concentrat1ons are decreas1ng wh1le DCHM, wh1ch 1s 

assumed to be the only f1nal product, 1s also decreas1ng. 

Behav1or #2 1s, 1n fact, connected to the prev1ous 

explanat1ons, s1nce qu1nol1ne HDN products y1eld PCH. 

Behav1or #3 leads to the suggest1on that ASOHA 1s con­

verted to DCHM through a react1on 1ntermed1ate, o-per­

hydrotolylan111ne. Th1s react1on path has been reported by 

Zawadzk1 et al. (1 ,20). In add1t1on to these unusual 

behav1ors, 1t 1s clear that DHQ 1s more res1stant to HDN 

than qu1nol1ne. S1m1larly, SOHA 1s more res1stant than 

acr1d1ne. 
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D. Catalyst Analys1s 

The propert1es of the Amer1can Cyanam1de HDS-9A catalyst 

used 1n th1s proJect are presented 1n Table XX. The spent 

catalysts were analyzed for coke percentage and the regen­

erated catalysts were analyzed for surface area and pore 

volume. The results for d1fferent HDN runs are presented 

1n Table XXI. 

Table XXI shows that the percentage coke depos1ted on 

the catalyst 1s h1gher 1n qu1nol1ne HDN than 1n acr1d1ne 

HDN. Th1s may be due to the h1gher 1n1t1al concentrat1on 

1n qu1nol1ne HDN. In acr1d1ne HDN, both runs NA2 and NA3 

have almost the same coke, even though they were not per­

formed at the same temperature. On the other hand, coke 

percentage 1n NA1 1s lower than 1n NA3 although NA1 was 

performed at a h1gher temperature. 

Th1s may be due to the lower acr1d1ne concentrat1on 1n NA1. 

Th1s leads to the conclus1on that the react1on temperature 

1n the range of 357°C to 390°C has no s1gn1f1cant effect on 

percentage coke, whereas the amount of coke depos1ted 

1ncreases w1th n1trogen compound concentrat1on. Th1s 

conclus1on 1s conf1rmed by the results observed 1n NQA1, 

NQA2, and NQA6. However, 1t 1s observed that coke 1n NQA8 

1s lower than NQA1, NQA2 and NQA6. Th1s may be expla1ned 

by the fact that coke on the catalyst 1s composed of two 

types, a react1ve coke wh1ch 1s subsequently converted to 

react1on products and an unreact1ve coke wh1ch rema1ns 
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TABLE XX 

PROPERTIES OF AMERICAN CYANAMIDE HDS-9A CATALYST* 

Loss on 1gn1t1on at 900°F,Wt % 

Chem1cal, Wt. % dry bas1s 

Molybdenum (Mo03) 

N1ckel (N10) 

Sod1um (Na20) 

Iron (Fe) 

Sulfate (S04) 

S1l1con d1ox1de (S102) 

Phys1cal Propert1es 

Average d1amerer, 1nches 

Average length, 1nches 

Surface area, m2/gm 

Pore volume, cm3 /gm 

* Vendor's date 

** Measured 1n our laboratory 

1 • 2 

17.5 

3.2 

0.03 

0.03 

0.4 

0.5 

0.061 

0.18 

170.00 (265)** 

** 0.52 (0.46) 
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TABLE XXI 

CATALYST ANALYSIS 

Catalyst Surface Area, Pore Volume Percentage 
After Regenerat1on After Regenerat1on Coke 

m2/g cm3/g 

Fresh 205 0.46 -----

NQ5 202 0.49 * 
NQ6 214 0 52 * 
NQ9 210 0 49 8.90 

NA1 207 0.53 6.95 

NA2 186 0.52 7.98 

NA3 193 0.52 7 90 

NQA1 200 0 51 10.99 

NQA3 183 0. 51 11 39 

NQA6 201 0.51 11 • 07 

NQA8 188 0.53 9 65 

* The results lost due to m1shandel1ng 1n the laboratory 
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unreacted on the catalyst. Th~s assumpt~on was reported by 

several ~nvest~gators (103-106). Th~s lower level of coke 

can be expla~ned by the convers~on of react~ve coke to 

react~on products, at the end of the long react~on t~me of 

th~s run, by react~on w~th hydrogen. 

The pore volumes, reported ~n Table XXI show that the 

catalysts have recovered the~r fresh pore volume after 

regenerat~on. s~m~larly, surface area has been almost re­

covered by regenerat~on and the var~at~ons presented ~n the 

table are w~th~n the exper~mental error. 



CHAPTER V 

KINETIC MODELING 

Quant1tat1ve 1nterpretat1on and analys1s of the 

exper1mental results can only be accompl1shed through 

mathemat1cal model1ng of the k1net1cs. In th1s proJect two 

approaches have been taken a lumped compound model and a 

mechan1st1c k1net1cs model Models des1gnated w1th numbers 

1 through 3 below are lumped compound models 1n wh1ch all 

,n1trogen compounds are cons1dered as one reactant "A", 

whereas models mumber 4-7 are mechan1st1c models, cons1-

der1ng the react1ons of each compound separately. Each 

model results 1n a set of d1fferent1al equat1ons. These 

equat1ons are solved e1ther by analyt1cal 1ntegrat1on, 

whenever poss1ble, or by numer1cal 1ntegrat1on us1ng a 

Runge-Kutta fourth order method. The parameters of the 

equat1ons are est1mated by a least square regress1on 

techn1que us1ng Marquardt's numer1cal rout1ne Deta1ls of 

th1s rout1ne are g1ven elsewhere (106). 

Model # 1 

The overall HDN react1on 1s presented by the follow1ng 

lumped equat1on 
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A+H2 ---> hydrocarbon + NH3 [ 1 ] 

where A represents the react1ng n1trogen compounds. 

Assum1ng that the n1trogen removal can be shown by a f1rst 

order k1net1cs model, the rate of HDN can be expressed as 

[ 2] 

where CA 1S the concentrat1on of n1trogen 1n we1ght 

percent, 

k1 1S the rate constant, 

PH 1S the part1al pressure of hydrogen, 
2 

and n 1S the order of react1on w1th respect to 

hydrogen. 

S1nce part1al pressure of hydrogen 1s held constant dur1ng 

the exper1ments, equat1on (2] may be wr1tten as 

[ 3] 

where k 1s the pseudo-f1rst order rate constant 

Integrat1on of th1s equat1on results 1n· 

[ 4] 

where CAo 1s the 1n1t1al we1ght percent of n1trogen 1n the 

011 and CA 1s the we1ght percent of n1trogen 1n the o1l at 

t1me t. Based on th1s model a plot of ln(CA/CA0 ) versus t 

should result 1n a stra1ght l1ne w1th a slope of -k 
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Model # 2 

In th~s model the overall HDN react~on ~s assumed as 

<------> D+E [ 1 ] 

where A ~s the react~ng n~trogen compound, 

D ~s the result~ng n~trogen compound, 

and E ~s the hydrocarbon ~~sult~ng from the HDN of A 

It ~s assumed that hydrogen ~s adsorbed on one type of 

s~tes ~n atom~c form, wh~le all the n~trogen compounds 

adsorb on a d~fferent s~te. The react~on occurs between 

the adsorbed hydrogen and n~trogen compounds. The f~nal 

products of HDN are also adsorbed on the n~trogen compound 

s~tes Thus the mechan~sm of the react~on can be p~ctured 

as follows. 

A+l <--- Al [ 5 ] ---> 

H2+2m <------> 2Hm [ 6 ] 

2Hm+Al+l <------> Dl+El+2m [ 7] 

Dl <------> D+l [ 8] 

El <--------> E+l [ 9] 

where m and 1 represent adsorpt~on s~tes for hydrogen and 

n~trogen compounds respect~vely. Then the rates of the 

react~ons (5-9) can be wr~tten as 



r6 = k61cH2c~- k62 c~ 
2 2 

r 7 = k71cAlcHm cl - k72cDlcElcm 

where r 1s the rate of react1on 1, 
1 

k 11 1s the rate constant of react1on 1 1n the 

forward d1rect1on, 

k12 1s the rate constant of react1on 1 1n the 

backward d1rect1on, 

CJ 1s the concentrat1on of compound J, 

and c 1 and em are the concentrat1ons of the s1tes 1 

and m. 

Now the follow1ng equ1l1br1um relat1ons are cons1dered 

where 

K sr 

= k51/k52 

= k61/k62 

K 1s the adsorpt1on equ1l1br1um constant of 
J 

compound J, 
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[ 1 0] 

[ 11 ] 

[ 1 2] 

[ 1 3] 

[ 1 4] 

[ 1 5] 

[ 1 6] 

[ 1 7] 

[ 1 8] 

[ 1 9] 



and Ksr ~s the equ~l~br~um constant of the surface 

react~on. 

By subst~tut~ng the equat~ons 15-19 ~nto the equat~ons 

10-14 we get 

r5 = k51 (CACl - CAl/KA) 

k61 (c c 2 2 
r6 = - CHm/KH ) H2 m 2 

k71 
2 2 

r7 = (CAlcHmcl - CDlCElCm/Ksr) 

ra = k82 (CDl/KD - CDCl) 

rg = k92 (CEl/KE - CECl) 

Assum~ng surface react~on, (r7 ), to be the rate 

controll~ng, then. 

k51 ---> a:l 

k61 ---> a:l 

k82 ---> a:l 

and k92 ---> a:l 
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[20] 

[ 21 ] 

[22] 

[23] 

[24] 

s~nce r 5 , r 6 , r 8 and r 9 must rema~n f~n~te, then the value 

~n parenthes~s ~n each of the equat~ons 20,21 ,23, and 24 

must be equal to zero. Th~s y~elds the follow~ng relat~ons 

CAl = KACACl [25] 

CDl = KDCDCl [26] 

eEl = KECECl [27] 
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CHm = (K c ) 1 / 2c 
H2 H2 m [28] 

let ct = cl + CAl + CDl + eEl 
1 

[29] 

et = c + eHm 
2 m [30] 

where et 1s the concentrat1on of catalyt1c s1tes ava1lable 
1 

for both n1trogen compounds and hydrocarbons, 

and et 1s the concentrat1on of catalyt1c s1tes ava1lable 
2 

for hydrogen. 

Then 
et = c 1 < 1 + KAeA + KDCD + KEeE) 

1 
[ 31 ] 

et = em ( 1 + VKH2 CH ) 
2 2 

[32] 

Therefore 

et 
1 [33] 

el = 
( 1 + KAeA + KDeD + KEeE) 

et 
2 

e = m ( 1 + VKH eH ) 
2 2 

[34] 

By subst1tut1ng from equat1ons (25-28) 1n equat1on 22 we 

get· 

[35] 

[36] 
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KAKH K 
2 sr 

But K = [37] 

where K 1s the ord1nary thermodynam1c equ1l1br1um constant 

for the overall react1on. 

By subst1tut1on from [33],[34], and [37], 1n [36] we get 

[38] 

Now, mak1ng use of Sh1h, et al. (28) assumpt1on that each 

n1trogen-conta1n1ng compound has a comparable adsorpt1on 

equ1l1br1um constant, the term [1 + KACA + K0c0 + KECE 

can be wr1tten as [1 + KNCNo + KECE]' where CNo 1s the 

1n1t1al concentrat1on of the n1trogen compound, and KN 1ts 

adsorpt1on equ1l1br1um constant. 

Then equat1on 38 can be wr1tten as. 

[39] 

where kA 

Model #3 

Th1s model 1s essent1ally 1dent1cal to model # 2 

except that the react1on of adsorbed hydrogen w1th adsorbed 

n1trogen compound results 1n an 1nterm1d1ate adsorbed 
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compound (Pl), wh1ch then decomposes to adsorbed hydrocar-

bon and ammon1a The react1on mechan1sm for th1s model may 

be assumed as follows 

A 1 <--- Al [ 5 ] + ---> 

H2 + 2m <------> 2Hm [ 6 ] 

Hm + Al < ---
---> Pl + m [40] 

2Pl < --- Dl El [ 41 ] ---> + 

Dl <------> D + 1 [ 8 ] 

El <------> E + 1 [ 9 ] 

The rates of the above react1ons can be wr1tten 

r5 = k51CAC1 - K52CA1 [ 1 0] 

2 2 
r6 = k61cH2cm - k62CHm [ 11 ] 

r40 = k401CHmCAl - k402cPlcm [42] 

r41 = 2 
k411CP1 - k412CD1CE1 [43] 

[ 1 3] 

[ 1 4] 

Now cons1der the follow1ng equ1l1br1um equat1on. 

[ 1 5] 



HSU 

KH = k61/k62 [ 1 6] 
2 

K = k401/k402 [44] sr1 

K = k411/k412 [45] sr2 

KD = k82/k81 [ 18] 

KE = k92/k91 [ 1 9] 

By subst~tut~ng the equat~ons (15,16,44,45,18,19) ~nto the 

equat~ons (10,11 ,42,43,13,14) we get 

= k51 (CACl - CAl/KA) 

= k 61 (C c2 - C~/KH ) 
H2 m 2 

= k401 (CHmCAl - CP1Cm/Ksr1 ) 

2 = k411 (CPl - CD1CE1/Ksr2 ) 

= k81 (CDl - KDCDCl) 

Assum~ng surface react~on, (r40 ), to be the rate 

controll~ng step then. 

k51 ---> Cl) 

k61 ---> Cl) 

k411 ---> Cl) 

k81 ---> Cl) 

and k91 ---> Cl) 

[20] 

[ 21 ] 

[46] 

[47] 

[23] 

[24] 
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S1nce r 5 ,r6 ,r41 ,r8 & r 9 must rema1n f1n1te, then the value 

between parenthes1s 1n each of the equat1ons 20,21,47,23 

and 24 are to be equal zero. Th1s y1elds the follow1ng 

relat1ons: 

CAl = KACACl [25] 

CDl = KDCDCl [26] 

eEl = KECECl [27] 

CHm = (K c ) 1 / 2c 
H2 H2 m [28] 

CPl = (CDlCEl/Ksr;) 
1/2 

[48] 

let Ct = (Cl + CAl + CPl + CEl + CDl) 
1 

[49] 

ct = c +CHrn 
2 m [50] 

Then 

(KDCD) (KECE) 
1/2 

ct = c 1 [ 1 + KACA + J + 
1 K 

KDCD + KECE] 
sr2 

[51 ] ' 

ct = c [1 + (KH2CH2)1/2] 2 m [52] 

The last two equat1ons can be rewr1tten 1n the follow1ng 

forms: 

[53] 
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c = ct 1 (1 + 
m 2 

[54] 

By subst~tut~ng from the equat~ons 25-28,48 ~n equat~on 46 

we get. 

[55] -
Assume CD = CE 

By subst~tut~ng for c 1 and em we get: 

= k401Ct Ct [ KACA(KH CH )0.5 - KCE]I 
1 2 2 2 

[1+ KACA + KDCD +KECE +K'CE]I [1+ ,/KH CH ] [56] v 2 2 

where, K = ( K K IK ) 1 I 2 IK [57] D E sr2 sr1 

and [58] 

Now assum~ng the follow~ng. 

kA = k401ct ct 
1 2 

KA = KD 

CAo = CA + CD 

CE = CAo - CA 

KE = K + K' E 

and subst~tut~ng ~n equat~on 56 we get. 
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Model # 4 

Th2s model 2s based on the react2on network for 

qu2nol2ne, presented 2n F2gure 38 As w2ll be d2scused 2n 

chapter VI, model # 2 shows good est2mat2on for the total 

n2trogen 2n qu2nol2ne react2on products at d2fferent 

temperatures. The relat2ve errors are less than 5%. Th2s 

model can be s2mpl2f2ed to est2mate d2fferent react2ons 2n 

the follow2ng style 

[39] 

Th2s model 2s developed for two product components, D and 

E. For most of the react2ons wh2ch w2ll be cons2dered here 

we can represent the react2on as· 

<---A + H2 ---> D 
[60] 

so equat2on 39 can be rewr2tten as 

[61] 



Th1s equat1on can be rewr1tten 1n a s1mpler form: 

[62] 

where k 1s the spec1f1c rate constant for the react1on of 
1J 

the compound 1 to form compound J. Also the follow1ng 

relat1ons hold 

K 
1J 

[63] 

[64] 

c 1s the concentrat1on of the compound 1, react1ng 
1 

to produce the compound J, 

C 1s the concentrat1on of the product J. 
J 

However, each of k,J, a and K 1s a funct1on of tempera-
~ 1J 1J 

ture. 

Th1s 1nd1cates that a mechan1st1c model presented 1n 

equat1on 34 reduces to a pseudo-f1rst order react1on for 

1nd1v1dual steps cons1dered 1n the react1on network. Now 

cons1der1ng the react1on network for the HDN of qu1nol1ne, 

presented 1n F1gure 38, the follow1ng mathemat1cal model 

was developed: 

= - k21a21 (C2- C1/K21) - k24a24(C2 - C4/K24) -

k25a25c2 [66] 

(dC3/dt)= -k31a31 (C3-C1/K31) - k34a34(C3 - C4/K34) [67] 



(dCs/dt)= - <ks7a57 + ks8a58 + ksgasg + ks1o)Cs + 

k25a25c2 

(dC6/dt)= k46a46c4 

(dC7/dt)= k57a57CS 

(dc8 /dt)= ks8a58cs 

(dC9/dt)= k59a59CS 

These ten equat~ons can be rewr~tten ~n the follow~ng 

forms. 

(dC2/dt)= -(a21 + a24 +a25)C2 + a21C1/K12 + 

[68] 

[69] 

[70] 

[ 71 ] 

[72] 

[73] 

[74] 

a24C4/K24 [76] 

(dC3/dt)= -(a31 + a34)C3 + a31C1/K31 + 

a34C4/K34 [77] 

(dC4/dt)= - (a43 + a42 + a46)C4 + a42C2/K42 + 

a43C3/K43 [ 78] 



(dC7/dt)= aS7CS [ 81 ] 

(dc8/dt)= a sacs [82] 

(dC9/dt)= aS9CS [83] 

(dC10/dt)= aS10CS [84] 

where (dC1/dt) 1s the net rate of react1on of compound 1, 

and 1s a parameter for the react1on start1ng 

w1th compound 1 to produce compound J. 

Th1s set of ten equat1ons w1th 22 parameters are solved 

us1ng the Marquardt's rout1ne. 

Model # S 

The react1on mechan1sm for qu1nol1ne HDN, presented 1n 

F1gure 38, may be s1mpl1f1ed by assum1ng that qu1nol1ne 

hydrogenat1on to Py-THQ 1s the only revers1ble react1on. 

Thus, the set of d1fferent1al equat1ons developed for model 

# 4 can be reduced to: 

(dC1/dt)= -k12a12 [C1- C2/K12] - k13a13C1 

(dC2/dt)= -k21a21 [C2- C1/K21] - k24a24C2 -

k2Sa24C2 

(dC3/dt)= k13a13c1 - k34a34c3 

(dC4/dt)= k24a24c2 + k34a34C3 - k46a46c4 

[8S] 

[86] 

[87] 

[88] 



(dCS/dt)= -[k57a57 + k58a58 + k59a59 + k510a510]C5 + 

k25a25c2 

(dC6 /dt)= k46a46c4 

(dC7 /dt)= k57a57c5 

(dc8 /dt)= k58a58c5 

(dC9 /dt)= k59a59c5 

These equat1ons can be wr1tten 1n the follow1ng form. 

(dC1/dt)= -[a12 + a13]C1 + a21C1/K12 

(dC2/dt)= -[a21 + a24 + a2s 1 c2 + a21C1/K21 

(dC3 /dt)= a13c1 - a34c3 

(dC4/dt)= a24c2 + a34c3 - a46c4 

(dC5 /dt)= -[a57 + a58 + a59 + as1o 1Cs + a25c2 

(dC6 /dt)= a46c4 

(dC7 /dt)= a57c5 

(dc8 /dt)= a58c5 

(dC9/dt)= a59c5 

(dC10/dt)= a510c5 

Th1s set of ten equat1ons w1th 13 parameters are solved 

[691 

[701 

[ 71 1 

[721 

[731 

[74] 

[89] 

[90] 

[ 91 ] 

[921 

[791 

[801 

[ 81 1 

[82] 

[83] 

[841 



us1ng Marquardt's rout1ne. 

Model # 6 

In th1s model, the pseudo f1rst order react1on steps, 

developed earl1er 1n model #4 are appl1ed to the react1on 

network (F1gure 51) of HDN of acr1d1ne. Each compound 1n 

the react1on network 1s des1gnated by a number as follows: 

Ar1d1ne ----> 1 

THA ----> 2 

ASOHA ----> 3 

SOHA ----> 4 

PHA ----> 5 

DCHM ----> 6 

The rate equat1on for each react1on 1s g1ven by: 

(dC /dt) =-a [C - CJ/K,J] 1 1J 1 ... 

where a 1s a parameter for the react1on start1ng w1th 
1] 

[93] 

compound 1 to produce compound J. Cons1der1ng the react1on 

network for HDN of acr1d1ne presented 1n F1gure (51), the 

follow1ng equat1ons can be developed: 

(dC1 /dt) = -a12 [ c1 - C2/K12] - a13 [ c1 - C3/K13] [94] 

(dC2/dt) = -a12 [ c1 - C2/K12] - a24[C2 - C4/K24] [95] 

(dC3/dt) = -a13 [ c1 - C3/K13] - a35 [C1 - C5/K35] [96] 

(dC4/dt) = -a24[C2 - C4/K24] - a45[C4 - C5/K45] [97] 



(dCS/dt) = -a35[C3 - CS/K35] + a45[C4 - CS/K45] -

a56c5 

189 

[98] 

[99] 

Th1s set of s1x equat1ons w1th eleven parameters are solved 

us1ng the Marquardt's rout1ne 

Model # 7 

Th1s model handles qu1nol1ne-acr1d1ne m1xture HDN It 

cons1ders the react1ons presented 1n bolh F1gure 38 and 

F1gure 51 In fact, th1s model 1s a comb1nat1on of model 

# 4 and model # 6. It 1ncludes the equat1ons 75-84 and the 

equat1ons 94-99. Thus, th1s model results 1n a set of 16 

d1fferent1al equat1on w1th 33 parameters These equat1ons 

are solved us1ng the prev1ous method as 1n model # 6 

Effect of The Amount of Catalyst 

-1 The values of k 1n these models are 1n sec , wh1ch 

does not cons1der the relat1ve amount of catalyst to o1l. 

Obv1ously, 1f the react1ons are conducted w1th d1fferent 

amounts of catalyst, the observed rates would appear to be 

d1fferent In order to compare the values of rate con-

stants obta1ned 1n th1s work w1th those obta1ned w1th d1f-

ferent rat1os of catalyst to 011 and w1th those of tr1ckle 

bed reactors, the rate constants here should be d1v1ded by 

the catalyst concentrat1on (g cat /g n-hexadecane). 



CHAPTER VI 

DISCUSSION OF RESULTS 

In th1s chapter the results of f1tt1ng the exper1mental 

data w1th the models descr1bed 1n Chapter V are d1scussed 

Model # 1 

Th1s model cons1ders a pseduo-f1rst order react1on for 

total n1trogen removal Us1ng the exper1mental data, the 

best est1mate fork 1s evaluated by the Marquardt's method. 

Qu1nol1ne HDN data, presented 1n Tables VIII, IX, and 

X, were used to est1mate k, the rate constant for total 

n1trogen removal. The results are presented 1n Table XXII, 

and plotted 1n F1gure 77. The percentage relat1ve error 

(PRE) var1es between -22.8% and 13 4% The s1gns of PRE 

1nd1cate that th1s model does not f1t the qu1nol1ne data 

sat1sfactor1ly. The values of k, pred1cted by th1s model, 

were used to calculate the act1vat1on energy Values of 

ln (k) are plotted versus 1/T 1n F1gure 78. The pred1cted 

act1vat1on energy 1s 129.5 kJ/mol. Th1s value 1s compar­

able to the value pred1cted by Sh1h et al (43), 104 6 

kJ/mol, but 1s closer to the value reported by Aboul-Ghe1t 

et al. (44), 126 8 kJ/mol. The rate constants pred1cted by 

th1s model are also close to the values reported by Aboul­

Ghe1t et al (44). They reported the values of 1 3 E-5, 3 4 

190 
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TABLE XXII 

MODEL # 1 - QUINOLINE HDN 

k,s -1 Tempera- T1.rne, *Actual *Pred1.cted Percentage 
ture, oc rn1.nute Concen- Concentra- Relat1.ve Error 

trat1.on t1.on 

3.3E-5 357 0 351 351 

30 312 331 -6.1 

60 262 312 -19.2 

90 263 294 -11 9 

150 263 262 0.4 

180 259 247 4 7 

210 259 233 1 0.1 

6 3E-5 370 0 345 345 -----

30 251 308 -22.8 

60 235 275 -17.1 

90 223 246 -10 2 

120 217 219 -11 3 

150 213 196 8.0 

180 202 175 13.4 
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TABLE XXII (contJ.nued) 

k,s -1 Tempera- TJ.me, *Actual *PredJ.cted Percentage 
ture, oc mJ.nute Concen- Concentra- RelatJ.ve Error 

tratJ.on tJ.on 

11 5E-5 390 0 372 372 

30 248 302 -21 8 

60 243 245 -10 2 

90 216 199 7 7 

120 176 162 8.0 

150 132 132 0 3 

180 103 107 -3 8 

* g-mole/1 .OE6 g n-hexadecane 

E-5, and 7 5E-5 s-1 for 350, 375, and 400°C respectJ.vely, 

whereas they are two orders of magnJ.tude less than the rate 

constant reported by ShJ.h et al (43), 6 8E-3 s-1 at 342°C. 

In fact, thJ.s model J.S not expected to fJ.t the quJ.nolJ.ne 

HDN results well, because of thermodynamJ.c equJ.lJ.brJ.um 

lJ.mJ.tatJ.ons J.n quJ.nolJ.ne HDN process If only the fJ.rst 

three data poJ.nts of each run are fJ.tted WJ.th thJ.s model, 

the PRE varJ.es between -10.5 and 9.7 and the values of k 

wJ.ll be 0.78E-4, 1 .23E-4 and 1.47E-4 s-1 for 357, 370, and 

390°C respectJ.vely whJ.ch are about one order of magnJ.tude 

h1gher than the prev1ous results Then the actJ.vatJ.on 

energy J.S 63 5 kJ/mol (15 2 kcal/ mole). The effectJ.veness 
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factor, as calculated 1n Append1x D, 1s about 0.98, wh1ch 

1nd1cates that the effect of pore d1ffus1on may be neglec-

ted 

Acr1d1ne HDN data, presented 1n Tables XIII, XIV, and 

XV, are f1tted w1th th1s model to pred1ct the total n1tro-

gen removal. The results are presented 1n Table XXIII and 

plotted 1n F1gure 79. Tne PRE var1es between 5.8% and 

-10.7%, wh1ch 1nd1cates a better f1t than qu1nol1ne data 

Values of ln(k) are plotted versus (1/T) 1n F1gure 80 The 

act1vat1on energy pred1cted for acr1d1ne HDN 1s 26 1 kJ/mol 

(6.2 kcal/mol) wh1ch 1s very low compared to the s1ngle 

value reported 1n l1terature, 146 kJ/mol (35 kcal/mol) 

(67). Also, the rate constants pred1cted here are two 

orders of magn1tude lower than that reported by Gates et. 

-1 al. (67), (0.83 E-2 s ) at 342°C. 

The HDN data of the qu1nol1ne-acr1d1ne m1xture, pre-

sented 1n Tables XVI, XVII and XIX, were also f1tted w1th 

th1s model to pred1ct the total n1trogen removal. The 

results are presented 1n Table XXIV and plotted 1n F1gure 

81. The range of the PRE shows a poor f1t 1n th1s case. 

F1gure 82 shows the Arrhen1us plot, wh1ch pred1cts an 

overall act1vat1on energy of 67.7 kJ/mol. Th1s may be 

compared w1th the average of the act1vat1on energ1es of 

qu1nol1ne and acr1d1ne, 77 8 kJ/mol. The pseudo-f1rst 

order rate constants pred1cted here are also approx1mately 

equal to the average values of the correspond1ng ones pre-

d1cted for qu1nol1ne and acr1d1ne. 

1 95 
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TABLE XXIII 

MODEL # 1 - ACRIDINE HDN 

k,s -1 Tempera- T~me, *Actual *Pred~cted Percentage 
ture, oc m~nute Concen- Concentra- Relat~ve Error 

trat~on t~on 

3 3E-5 357 30 86o0 95o2 -10 7 

60 94o6 89o9 4o9 

90 84o8 84o9 -0 1 

120 81 6 80o2 1.8 

150 77o7 75o7 2o6 

180 69o6 71 0 5 -2o7 

6 3E-5 370 30 43o3 45o8 -5 8 

60 38o9 40o9 -5o1 

90 39o8 36o5 8 3 

120 33o3 32 6 2 o1 

150 29o6 29 o1 1 7 

180 25.1 26o0 -3o6 

4 o 1 E-5 390 30 92o4 100 4 -8o6 

60 85 4 93o2 -9 o1 

90 91 9 86o5 5o8 

120 85o3 80o3 5 8 

150 76o3 74o6 2o2 

180 67 o1 69o3 -3o2 

* g-mole/1 o0E6 g n-hexadecane 
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TABLE XXIV 

MODEL # 1 - QUINOLINE-ACRIDINE MIXTURE HDN 

-1 * * k,s Temperature, TJ.me, Actual Con- PredJ.cted PRE 
oc m1n. centrat1on concentrat1on 

4 3 E-5 357 0 474.2 474.2 

60 338.3 406.9 -20 3 

90 339.5 377 0 -11 0 

120 335.8 349.2 -4 0 

150 342.3 323 5 5.5 

180 352.3 299.6 1 4. 9 

6.2 E-5 370 0 482.1 482.1 

30 363 3 430.9 -18 6 

60 360.4 385 1 -6.8 

90 342.0 344.2 -0 6 

120 314.9 307.6 2.3 

150 278.0 274 9 1 1 

180 256 4 245.7 4.2 
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TABLE XXIV (cont1nued) 

-1 * * k,s Temperature, T1me, Actual Con- Pred1cted PRE 
oc m1n centrat1on concentrat1on 

8 3 E-5 390 0 474.2 474 2 

30 297 6 408 1 -37 1 

60 282 8 351 2 -24 2 

95 265 7 294 7 -10 9 

120 258 6 260 1 -0 6 

150 257.8 223.8 1 3 2 

180 239.4 1 92.6 1 9 6 

* g-mole/1 OE6 g n-hexadecane 
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Model # 2 

Th1s model 1s represented as follows. 

[39] 

Marquardt's method was used to get the best est1mat1on 

for the model parameters and Runge-Kutta method was used to 

numer1cally 1ntegrate the equat1on [39]. 

Qu1nol1ne HDN data, presented 1n Tables VIII, IX, and 

X, are f1tted w1th th1s model. The results are presented 

1n Tables XXV and XXVI and plotted 1n F1gure 83. Table XXV 

shows that the PRE var1es between -4.7 and 4.9 1nd1cat1ng 

an excellent f1t From Table XXVI, 1t 1s apparent that 

both kA and K 1ncrease w1th react1on temperature. The rate 

constants are ut1l1zed to prepare an Arrhen1us plot 1n 

F1gure 84 wh1ch g1ves an act1vat1on energy of 56.4 kJ/mol. 

-1 Then the rate 1n s can be pred1cted by the follow1ng 

equat1on when T 1s 1n K. 

k = 0.76 exp (-6,785/T) [100] 

Acr1d1ne HDN results, presented 1n Tables XIII, XIV, 

and XV are also f1tted by th1s model. The results are pre-

sented 1n Tables XXVII and XXVIII and plotted 1n F1gure 85. 

The PRE var1es between 7.1 and -10.5 as shown 1n Table XXX. 

Th1s f1t 1s not as good as the f1t for qu1nol1ne and 1t 1s 

almost as good as model # 1 for acr1d1ne. The var1at1ons 



TABLE XXV 

MODEL # 2 - QUINOLINE HDN 

* * Tempera- T~me, Actual Pred~cted Percentage 
ture, oc m~nute Concen- Concentra- Relat~ve Error 

trat~on t~on 

357 0 351 351 

30 312 297 4.9 

60 262 274 -4.7 

90 263 265 -0.7 

150 263 259 1 • 5 

180 259 258 0.3 

210 259 258 0 4 

370 0 345 345 

30 251 256 -1 • 8 

60 235 234 0 6 

90 223 223 0 1 

120 217 216 0.6 

150 213 210 1 . 4 

180 202 204 -1 2 

390 0 372 372 

** 30 248 

60 243 252 -3 8 



TABLE XXV (contLnued) 

* * Tempera- T~me, Actual Pred~cted Percentage 
ture oc m~nute Concen- Concentra- Relat~ve Error 

trat~on trat~on 

90 216 209 3.4 

120 176 171 2.8 

150 132 136 -3.4 

180 103 102 0.8 

* g-mole/1 .OE6 g n-hexadecane 

** not used ~n model f~tt~ng. 

TABLE XXVI 

PARAMETER OF MODEL # 2 FOR QUINOLINE HDN 

Temperature,oc 357 370 390 

kA' s-1 1.5E-5 2.2E-5 2.6E-5 

KA 3,311 1 .165 1, 275 

KH 3,035 4, 361 4,816 
2 

KE 75,177 1 , 931 44,510 

K 0 0276 0 0390 0.1447 
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TABLE XXVII 

MODEL # 2 - ACRIDINE HDN 

* * Tempera- T~me, Actual Pred~cted Percentage 
ture, oc m~nute Concen- Concentra- Relat~ve Error 

trat~on t~on 

357 0 100.8 100.8 

30 86.0 95.1 -10.5 

60 94.6 89.9 5.0 

90 84.8 85.0 -0.3 

120 81.6 80.4 1 • 5 

150 77.7 75.8 2.4 

180 69.6 71.1 -2.2 

370 0 51.3 51 3 

30 43.3 46.1 -6.4 

60 38.9 41 • 3 -6.3 

90 39 8 37.0 7.1 

120 33.3 33.0 1 • 0 

150 29.6 29.2 1.4 

180 25.1 25.6 -1 • 9 

390 0 1 08.1 1 08.1 

30 92.4 98.5 -6.6 

60 85 4 91 • 4 -7.0 

90 91.9 85.5 6 9 
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TABLE XXVII (cont1.nued) 

* * Tempera- T1.me, Actual Pred1.cted Percentage 
ture, •c m1.nute Concen- Concentra- Relat1.ve Error 

trat1.on t1.on 

120 85.3 80 3 5.9 

150 76.3 75.1 1 • 5 

180 67.1 69.7 -3.9 

* g-mole/1 .OE6 g n-hexadecane. 

TABLE XXVIII 

PARAMETERS OF MODEL # 2 FOR ACRIDINE HDN 

Temperature,•c 357 370 390 

kA' s -1 2.2 E-5 2.4 E-5 2.7 E-5 

KA 1,846 1 '756 1,429 

KH 4' 431 5,662 5,317 
2 

KE 46,826 64,448 15 '1 46 

K 0.1227 0.4475 0.1419 
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of both kA and K are small w~th temperature as shown ~n 

Table XXVIII. The values of KA result ~n an act~vat~on 

energy of 21.6 kJ/mol. 

The qu~nol~ne-acr~d~ne m~xture HDN data, l~sted ~n 

211 

Tables XVI, XVII and XIX, were f~tted here to pred~ct the 

total n~trogen removal. The results are l~sted ~n Tables 

XXIX and XXX. W~th the except~on of a s~ngle data po~nt, 

hav~ng a PRE of -12 6, the PRE values vary between -6 9 and 

5 8, ~nd~cat~ng a sat~sfactory f~t These results are 

plotted ~n F~gure 86 The rate constants, presented ~n 

Table XXX show a clear rate ~ncrease w~th temperature. 

These values result ~n an act~vat~on energy of 78 7 kJ/mol. 

Th~s value ~s approx~mately equal to the sum of the act~va-

t~on energ~es pred~cted for qu~nol~ne and acr~d~ne 

Model # 3 

r-todel #3 ~s represented as follows 

kA[KACA (KH2CH2)0.5_ K(CAo- CA)] 

rA = [59] 
[1 + KACAo + KE (CAo- CA)][1 +~KH2CH2] 

Th~s model was used to pred~ct the qu~nol~ne HDN The 

results are presented ~n Tables XXXI and XXXII. The PRE's 

are generally s~m~lar to those of the model #2, the var~a-

t~ons of the k~net~c parameters w~th temperature are erra-

t~c Therefore, rilodel #3 was cons~dered unaccept~ble and no 

further work was done w~ th th~s model 
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TABLE XXIX 

MODEL # 2 - QUINOLINE-ACRIDINE MIXTURE HDN 

* * Ternpe_,ra- T~rne, Actual Pred~cted Percentage 
ture, oc rn~nute Concen- Concentra- Relat~ve Error 

trat~on t~on 

357 0 474.2 474.2 

60 338.3 341 • 4 -0.9 

90 339.5 341 • 4 -0.6 

120 335.8 341.4 -1 • 7 

150 342.2 341 • 4 0.2 

180 352.3 341.4 3. 1 

370 0 482 1 482.1 

30 363.3 409.2 -12.6 

60 360.4 358.1 0.6 

90 342.0 322.3 5.8 

120 31 4. 9 297.1 5.7 

150 278.0 279.5 -0.5 

180 256.4 267.3 -4.3 
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TABLE XXIX ( Cont11mecl) 

* * •rempera- T1me, Actual PredJcted Percentage 
ture, oc m1nute Concen- Concentra- Relal1ve Error 

trnt1on t1on 

390 0 474.2 474.2 

30 297.6 306.8 -3.1 

60 282 8 267 1 5.5 

95 265 7 257 8 3.0 

120 258.6 256.4 0.9 

150 257.8 255.9 0.7 

180 239.4 255.8 -6.9 

:t 
g-mole/1 .OE6 g n-hexdecane. 

TABLI: XXX 

PARAMETERS OF MODBL # 2 FOR QUINOLINE-ACRIDINE MIXTURE 

Temperature,oc 357 370 390 

kA, s-1 1 6f-S 5 4L-5 7. TC-5 

KA 435 888 998 

KH 5,010 6,847 2,399 
2 

KE 24,568 23,249 11 , 985 

K 0 3 1 4 3 6 
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TABLE XXXI 

MODEL # 3 - QUINOLINE HDN 

* * Tempera- T1.me, Actual Pred1.cted Percentage 
ture, oc m1.nute Concen- Concentra- Relat1.ve Error 

trat1.on t1.on 

357 0 351 351 

30 312 297 4 8 

60 262 274 -4.7 

90 263 265 -0.7 

150 263 259 1 • 5 

180 259 258 0.3 

210 259 258 0.4 

370 0 345 345 

30 251 260 -3.4 

60 235 229 2.7 

90 223 217 2.5 

120 217 213 1 • 7 

150 213 212 0.6 

180 202 211 -4.5 

390 0 372 372 

** 30 248 

60 243 257 -5 8 

90 216 210 2 6 
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TABLE XXXI (Cont1nued) 

* * Tempera- T1me 1 Actual Pred1cted Percentage 
ture1 •c m1nute Concen- Concentra- Relat1ve Error 

trat1on t1on 

120 176 170 3.6 

150 132 134 -1 • 6 

180 103 103 -0.2 

* g-mole/1 .OE6 g n-hexdecane. 

** not used 1n model f1tt1ng. 

TABLE XXXII 

PARAMETERS OF MODEL # 3 FOR QUINOLINE HDN 

Temperature 1•C 357 370 390 

kAI s-1 2.3E-5 2 5E-5 2.0E-5 

KA 211 91 1 1405 1 1322 

KHz 51309 151430 51365 

KE 1 46 1933 781377 5761523 

K 0.1 E-7 0.1 E-6 0.1 E-6 
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Model # 4 

Th1s model wh1ch cons1sts of ten d1fferent1al equat1ons 

w1th 22 parameters was used to pred1ct the qu1nol1ne HDN. 

Parameters were est1mated by Marquardt's method comb1ned 

w1th Runge-Kutta 1ntegrat1on techn1que. The results are 

plotted 1n F1gures 87-98 and the est1mated parameters are 

l1sted 1n Table XXXIII OMA concentrat1on prof1les pre­

dlcted by the model are far from actual values as can be 

seen 1n F1gure 98 Th1s, 1n fact, resulted from the model 

assumpt1on that OMA 1s a f1nal product However, OMA 1s 

expected to react further to generate hydrocarbons and am­

monla. The concentrat1on of the f1rst sample was used as 

the start1ng po1nt for the est1mat1on process. It can be 

seen from the tables that the percentage relat1ve error 

(PRE) lS less than 7.6% for 91 2% of the po1nts at 357°C 

and 370oc, and less than 14% for 81.5% of the po1nts at 

390°C. Th1s 1nd1cates an adequate f1t. Some of the para­

meters do not show cons1stent behav1or w1th temperature. 

Th1s was also observed by prev1ous workers (49). 

Model # 5 

Th1s model 1s a mod1f1ed form of the model #4. Some of 

the revers1ble react1ons 1n the prev1ous model are consld­

dered to be 1rrevers1ble. Th1s model 1s solved 1n the same 

manner as model # 4 and f1tted for qu1nol1ne HDN. The re­

sults are presented 1n F1gures 99-110, and the parameters 
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TABLE XXXIII 

PARAMETERS OF MODEL # 4 FOR QUINOLINE HDN 

Temperature 357°C 370°C 390°C 

a12 0.511 E-1 0.209 E-1 0.295 E-1 

a13 0.626 E-2 0.125 E-1 0.235 E-2 

a21 0.258 E-2 0 11 0 E-1 0.177 E-1 

a24 0.100 E-6 0.385 E-2 0.182 E-1 

a25 0.118 E-3 0.237 E-3 0.920 E-3 

a31 0.307 E-2 0.168 E-2 0 1 91 E-2 

a34 0.100 E-15 0.1 00 E-10 0.100 E-1 

a42 0.692 E-4 0.189 E-2 0.263 E-3 

a43 0.100 E-13 0 100 E-20 0.100 E-15 

a46 0.710 E-3 0.215 E-2 0.107 E-1 

a 57 0. 1 30 E-2 0.159 E-2 0.602 E-2 

ass 0.466 E-3 0.382 E-3 0.243 E-3 

a 59 0.976 E-3 0.648 E-4 0.100 E-8 

a510 0.100 E-12 ----- -----

K12 0.100 E+15 0.100 E+20 0.261 E+2 

K13 0.995 E-1 0.11 9 E+1 0.596 E+O 

K21 0.102 E+O 0.230 E+O 0.137 E+O 

K24 0.100 E+10 0.271 E+O 0.100 E+13 

K31 0.221 E+1 0.470 E+O 0.758 E-1 

K34 0.100 E+S 0.100 E+12 0.100 E+12 

K42 0.500 E-1 0.532 E+O 0.394 E-1 

K43 0.100 E+B 0.100 E+3 0.100 E+3 
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are l1sted 1n Table XXXIV. It can be seen from these re­

sults that the PRE 1s less than 10% for 91 2% of the po1nts 

at 357•c and 370•c, whereas 1t 1s less than 16.2% for 88.9% 

of the po1nts at 390•c. In fact, th1s 1s a reasonable f1t 

Model # 6 

The results of acr1d1ne HDN were f1tted w1th th1s 

model. The est1mated k1net1c parameters are l1sted 1n 

Table XXXV, whereas both model pred1cted concentrat1ons and 

pract1cal concentrat1ons are plotted 1n F1gures 111-116. 

At 357•c, the PRE 1s less than 10 0 for 83.3% of the data 

po1nts. The PRE var1es between -14 9 and 14.6 At 370•c, 

the PRE 1s less than 10.0 for 80.6% of the data po1nts. 

The PRE var1es between -38.7 and 45.0 In fact, th1s large 

PRE 1s not unexpected s1nce we are deal1ng w1th very low 

concentrat1ons. At 390•c, the PRE 1s less than 12.0 for 

88.9% of the data po1nts The PRE var1es between -15 1 and 

17.7 From Table XXXV 1t can be seen that 1ncreas1ng reac­

t1on temperature enhances THA format1on, whereas decreas1ng 

1t enhances ASOHA format1on. F1nally, cons1der1ng these 

results, 1t can be concluded that all the react1ons 1n the 

react1on network, except the react1on 5 --> 6, are rever­

S1ble ones. 

Model # 7 

The qu1nol1ne-acr1d1ne m1xture HDN data were f1tted w1th 

th1s model Both Marquardt's method and Runge-Kutta 
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TABLE XXXIV 

PARAMETERS OF MODEL # 5 FOR QUINOLINE HDN 

Temperature 357°C 370°C 390°C 

a12 0.541 E-1 0.403 E-1 0 632 E-1 

a13 0.133 E-2 0.217 E-2 0.185 E-1 

a21 0.155 E-2 0.436 E-2 0.526 E-1 

a24 0.11 9 E-2 0.304 E-2 0.272 E-2 

a25 0.11 9 E-3 0.239 E-3 0.897 E-3 

a34 0.292 E-2 0.525 E-3 0.934 E-2 

a46 0.710 E-3 0.235 E-2 0.11 5 E-1 

a 57 0.135 E-2 0.159 E-2 0.597 E-2 

a 58 0.466 E-3 0.520 E-3 0.240 E-3 

a 59 0. 111 E-2 0.100 E-8 0.100 E-10 

a 510 0.100 E-10 ----- -----

K12 0.145 E+2 0.904 E+1 0.484 E+1 

K13 0.593 E-1 0.153 E+O 0.228 E+O 



Z4.5 

TABLE XXXV 

PARAMETERS OF MODEL # 6 FOR ACRIDINE HDN 

Parameter 357oc 370°C 390°C 

a12 0.3603 E-1 0. 41 91 E-1 0.4400 E-1 

a13 0.2036 E-1 0.5804 E-2 0.2562 E-2 

a24 0.9875 E-1 0.5932 E-1 0.4107 E-1 

a35 0.3300 E-1 0.7848 E-2 0.5875 E-2 

a45 0.2561 E-2 0.6555 E-2 0.2629 E-2 

a 56 0.3182 E-2 0.2162 E-1 0.2415 E-1 

K12 0.2533 E+3 0.1000 E+9 0.1830 E+2 

K13 0.4746 E+1 0.3208 E+1 0.1386 E+2 

K24 0.2085 E+2 0.1279 E+2 0.5969 E+1 

K35 0.6555 E+1 0.5621 E+2 0.1078 E+8 

K45 0.2009 E+1 0.8359 E+O 0.9032 E+O 
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techn1que were used 1n the solut1on of th1s model The 

est1mated parameters for qu1nol1ne react1ons and acr1d1ne 

react1ons are presented 1n Tables XXXVI and XXXVII. Both 

the models pred1cted and measured concentrat1ons are plot­

ted 1n F1gures 117-134 OMA, OEA, and DCHM pred1cted con­

centrat1ons are far from the actual values as can be seen 

1n F1gures 120,122,126, and 132 In fact, these large 

dev1at1ons are due to the model assumpt1on that these three 

compounds are f1nal products. 

At 357oc, the PRE 1s less than 11 0% for 77 8% of the 

data obta1ned for the maJor qu1nol1ne HDN products, com­

pounds 1 --> 6 H1gher errors were observed for the other 

products, wh1ch appeared 1n a concentrat1on of about 1 

g-mole/1 OE6 g n-hexadecane. On the other hand the PRE 1s 

less than 11 0% for 70% of the data obta1ned for n1trogen 

compounds result1ng 1n acr1d1ne HDN 

h1gher PRE 

However, DCHM showed 

At 370oc, the PRE 1s less than 11 0% for 86% of the 

data obta1ned for the maJor qu1nol1ne HDN products. H1gher 

PRE was observed for the other products wh1ch appeared at a 

low concentrat1on. On the other hand, the PRE 1s less than 

8% for 66.7% of the data obta1ned for n1trogen compounds 

result1ng 1n acr1d1ne HDN 

h1gher PRE. 

However, DCHM showed also 

At 390°C, the PRE 1s less than 10% for 91 7% of the 

data obta1ned for the ma)or qu1nol1ne HDN products, com­

pounds 1 ---> 6 However, the PRE 1s smaller than 15% 



253 

TABLI~ XXXVI 

PARAMETERS OF MODEL # 7 roR QUINOLINE HDN 

Parameter 357°C 370°C 390°C 

a12 0.2033 E-1 0.3519 E-2 0.1588 E-1 

a13 0.1605 E-1 0.2292 E-1 0 4776 E-1 

a21 0.1943 E-4 0 5676 E-4 0.9669 r:-4 

a24 0.6300 E-2 0.2370 :C-1 0.623 E-1 

a25 0.7620 E-0 0.1744 r:-2 0.9448 E-3 

a31 0 1130 E-6 0.4302 E-3 0.117.? E-4 

a34 0.1000 E-18 0.4737 E-2 0 2416 E-2 

a42 0.5660 E-8 0 1019 E-2 0.8160 E-8 

a43 0.1000 E-17 0.1000 E-17 0.1000 E-17 

a46 0.1320 r:-2 0.3169 E-2 0.4887 E-2 

a 57 0 100 E-15 0 1742 E-2 0.1000 r:-13 

a 58 0 5472 E-3 0.1862 E-3 0.6406 E-5 

a 59 0.8346 E-3 0 4393 E-4 0. 1 000 E-9 

a510 0.1000 r:-15 0.912 E-16 0.1000 E-15 

K12 0.100 E+19 0.1000 E+19 0.1000 E+19 

K13 0.1512 E+1 0.2144 F+.? 0 2070 E+1 

K21 0.7796 E-3 0.7474 E-3 0 3192 E-3 

K24 0 1000 E 1-15 0.1000 E+15 0.1000 E+1S 

K31 0 5000 E-4 0.3094 E-1 0.4070 :C-2 

K34 0 6110 :C+12 0.1000 E+12 0.100 E+12 

K42 0.1200 E-5 0.1129 E+O 0.2047 E-5 

K43 0.1460 E-3 0.1460 :C-3 0.1460 E-3 
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TABLE XXXVII 

PARAMETERS OF MODEL # 7 FOR ACRIDINE HDN 

Parameter 357°C 370°C 390°C 

a12 0 1678 E-1 0.2160 E-1 0 1980 E-1 

a13 0.4131 E-2 0.2272 E-2 0 3256 E-2 

a24 0 1228 E-1 0 3789 E-1 0 1475 E-1 

a35 0 2580 E+1 0.1000 E-10 0 2133 E+1 

a45 0 5398 E-2 0 1000 E-10 0 1000 E-9 

a 56 0 1180 E-1 0 1000 E-11 0 7725 E-3 

K12 0 2818 E+1 0.3900 E+15 0.1 98 E+14 

K13 0 1000 E+16 0.4300 E+10 0 542 E+12 

K24 0 3700 E+11 0.9992 E+1 0 7330 E+1 

K35 0 1300 E+02 0 6530 E+9 0 3296 E+1 

K45 0 1000 E+13 0.1370 E+9 0 8862 E+O 

for all the compounds result1ng from qu1nol1ne HDN On the 

other hand, the PRE 1s 11 0% for 58 3% of the data obta1ned 

for the compounds result1ng 1n acr1d1ne HDN 

Interact1ons In Qu1nol1ne-Acr1d1ne M1xture HDN 

1 Effects of Acr1d1ne on Qu1nol1ne HDN 

The presence of acr1d1ne affects the qu1nol1ne HDN 

react1ons to vary1ng degrees Table XXXVIII compares the 
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relat1ve concentrat1ons of qu1nol1ne, 1n pure qu1nol1ne and 

qu1nol1ne-acr1d1ne m1xture HDN These results are plotted 

1n F1gure 135-137 Qu1nol1ne convers1on 1s not affected by 

the presence of acr1d1ne as shown 1n these F1gures Table 

XXXIX compares the relat1ve concentrat1ons of n1trogen of 

qu1nol1ne and 1ts hydrogenat1on products, 1n pure qu1nol1ne 

and qu1nol1ne-acr1d1ne m1xture HDN These results, pre­

sented 1n F1gures 138-140, show that the effect of ac£1d1ne 

on the n1trogen removal from qu1nol1ne and 1ts der1vat1ves 

1s also 1ns1gn1f1cant. 

From a mechan1st1c po1nt of v1ew, these effects can 

be observed clearly, when Table XXXIII 1s compared w1th 

Table XXXVI. The rate of convers1on of qu1nol1ne to Py-THQ 

1s decreased and the react1on can be cons1dered 1rrevers1-

ble On the other hand, the rate of convers1on to Bz-THQ 

1s 1ncreased. Also, the rate of convers1on of Py-THQ to 

DHQ 1s 1ncreased Th1s react1on path 1s pract1cally 1rre­

vers1ble S1m1larly, the rate of convers1on of Py-THQ to 

OPA 1s 1ncreased The other react1on paths are sl1ghtly 

affected by the presence of acr1d1ne and 1ts HDN products 

In summary, we can conclude that both the format1on and the 

convers1on of the maJor products of qu1nol1ne are 1nfluenc­

ed by the presence of acr1d1ne HDN products, but the over­

all effect of acr1d1ne on n1trogen removal from qu1nol1ne 

compounds 1s 1ns1gn1f1cant 

Acr1d1ne 1s sl1ghtly more bas1c than qu1nol1ne (53) 

Acr1d1ne hydrogenat1on also produces stronger bases than 
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TABLE XXXVIII 

RELATIVE QUINOLINE CONCENTRATIONS 

357oc 370oc 390°C 

T1me 
M1xture Pure M1xture Pure M1xture Pure 

0 1 00 1 00 1 00 1 00 1.00 1 00 

30 0 367 0 157 0.203 0 127 0 1 31 

60 0 128 0 098 0 056 0.087 0.058 0.061 

* 90 0 052 0 051 0 034 0 056 0 035 0 040 

120 0.030 0 039 0 021 0 042 0 035 0.031 

1 50 0 023 0 037 0 012 0 036 0 042 0.022 

180 0 020 0 035 0 006 0 031 0 035 0 020 

* T1me = 95 m1nutes 

1tself Thus, hydrogenat1on products of acr1d1ne are more 

strongly adsorbed on the catalyst than qu1nol1ne and 1ts 

HDN products. Therefore, 1t 1s expected that the presence 

of acr1d1ne and 1ts products reduces the total n1trogen 

removal from qu1nol1ne due to compet1tat1ve adsorpt1on. 

However, the molecules of acr1d1ne and 1ts HDN products 

are, 1n general, larger 1n s1ze than qu1nol1ne and 1ts HDN 

products Th1s results 1n a ster1c h1ndrance towards the 

1ntrapart1cle d1ffus1on of the reactants and hence compen­

sates the effects of stronger bas1s1ty of acr1d1ne HDN 
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TABLE XL 

RELATIVE ACRIDINE CONCENTRATIONS 

357°C 370°C 390°C 

TJ.me 
MJ.xture Pure MJ.xture Pure MJ.xture Pure 

0 1 • 00 1.00 1 00 1.00 1 • 00 00 

30 0.184 0.307 0.152 0.194 0 152 

60 0 338 0.036 0.246 0.028 0.109 0 043 

90 0 253 0 012 0 094 * 0.012 0.064 0 020 

120 0.1 58 0 005 0.039 0 007 0.033 0.007 

150 0.108 0.003 0.015 0.002 0.010 0 006 

180 0.084 0.003 0.008 0 001 0 007 0 006 

* TJ.me = 95 mJ.nutes 



143. Acr1d1ne convers1on 1s generally decreased 1n the 

presence of qu1nol1ne. Th1s decrease 1s espec1ally s1gn1-

f1cant at 357oc However, the 1nfluence of qu1nol1ne 

decreases w1th temperature as shown 1n F1gures 141-143 

From mechan1st1c po1nt of v1ew, these effects can be obser­

ved by compar1ng the values of k1net1c parameters est1mated 

for HDN of pure acr1d1ne (Table XXXV) and for HDN of acr1-

d1ne 1n the presence of qu1nol1ne (Table XXXVII). In the 

presence of qu1nol1ne, both the rate of convers1on of acr1-

d1ne to THA, and the rate of convers1on of THA to SOHA are 

decreased S1m1larly, the rate of convers1on of acr1d1ne 

to ASOHA 1s decreased at 357°C, and 370oc, but 1s sl1ghtly 

1ncreased at 390°C Th1s react1on may be cons1dered 1rre­

vers1ble. In summary, all react1on paths are affected by 

the presence of qu1nol1ne to some extents However, the 

acr1d1ne convers1on 1s s1gn1f1cantly reduced 1n the pre­

sence of qu1nol1ne, due to ster1c h1ndrance d1scussed 

above 
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CHAPTER VII 

CONCLUSIONS AND RECOMMENDATIONS 

In th~s study, the HDN of qu~nol~ne, acr~d~ne, and 

qu~nol~ne-acr~d~ne m~xture was ~nvest~gated. React~on 

networks were developed for both qu~nol~ne and acr~d~ne. 

Several models were exam~ned to f~t the data, and k~net~c 

parameters were est~mated for var~ous models. From th~s 

work, the follow~ng conclus~ons were drawn. 

1 . The pseudo-f~rst order model does not f~t well for 

the rate of total n~trogen removal probably due to thermo­

dynam~c equ~l~br~um l~m~tat~ons ~n qu~nol~ne HDN. However, 

a better f~t ~s obta~ned ~n acr~d~ne HDN. Poor data f~t ~s 

observed for total n~trogen removal ~n the qu~nol~ne-acr~­

d~ne m~xture HDN. Th~s poor f~t may be due to one or more 

of the follow~ng factors· thermodynam~c equ~l~br~um, the 

poss~ble few un~dent~f~ed n~trogen compounds and the 

approx~mat~ons ~n the response factors used for some acr~­

d~ne products. Model # 2 wh~ch cons~ders the adsorpt~on of 

hydrogen and n~trogen compounds on two d~fferent s~tes, 

shows the best f~t for the rate of total n~trogen removal 

for qu~nol~ne, acr~d~ne and qu~nol~ne-acr~d~ne m~xture HDN. 

Th~s model assumes that the react~on occurs between the 

adsorbed hydrogen and n~trogen compounds to produce the 

287 
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f1nal products Model # 3, a model wh1ch resembles model #2 

except that the react1on of adsorbed hydrogen w1th adsorbed 

n1trogen compounds results 1n an 1ntermed1ate adsorbed com­

pound does not show reasonable f1t for the total n1trogen 

removal 1n qu1nol1ne HDN. 

2 Model # 4 and model # 5 are used for pred1ct1ng 

d1fferent react1on products 1n qu1nol1ne and HDN and for 

est1mat1ng k1net1c parameters for these react1ons. Model # 

4 g1ves an excellent f1t. Th1s conf1rms the react1on 

network developed for qu1nol1ne HDN. Model # 5, although 

results 1n a reasonable f1t, 1ts PRE 1s h1gher than model # 

4 Model # 6 shows a good f1t for acr1d1ne HDN wh1ch 

conf1rms the react1on network developed for acr1d1ne HDN. 

Model # 7 shows an acceptable f1t for qu1nol1ne-acr1d1ne 

m1xture HDN, but some of the parameters do not show a 

cons1stent behav1or w1th temperature. 

3 Qu1nol1ne HDN mechan1sm 1s 1nfluenced by the 

presence of acr1d1ne and 1ts HDN products Both the 

format1on and the convers1on of the maJor qu1nol1ne HDN 

products are affected The rate of qu1nol1ne hydrogenat1on 

to Py-THQ 1s decreased and the react1on becomes pract1cally 

1rrevers1ble. On the other hand, the rate of qu1nol1ne 

hydrogenat1on to Bz-THQ 1s 1ncreased. S1m1larly, the rates 

of hydrogenat1on of Py-THQ to DHQ and OPA are 1ncreased. 

However, the overall effect of acr1d1ne on n1trogen removal 

from qu1nol1ne compounds 1s 1ns1gn1f1cant. 



4 The rate of convers1on of acr1d1ne 1s decreased 

apprec1ably at low temperatures due to the presence of 

qu1nol1ne and 1ts HDN products. Th1s decrease 1n the rate 

1s lower at h1gh temperatu£es. All react1on paths are 

affected, but to vary1ng extents. 

5. The HDN react1on temperature change 1n the range of 

357-390°C has no s1gn1f1cant effect on the percentage of 

coke depos1ted, whereas th1s percentage 1ncreases w1th 

n1trogen compound concentrat1on. 

6. The ampoule techn1que developed 1n th1s work 1s 

eff1c1ent 1n def1n1ng the zero po1nt of the react1on and 

el1m1nat1ng techn1cal problems. 

The follow1ng react1ons are recommended for further 

1nvest1gat1ons. 

1 HDN of Bz-THQ to check the poss1b1l1ty of format1on 

of 2-butylpyr1d1ne as an 1ntermed1ate product. 

2 HDN of OPA to conf1rm the format1on of an1l1ne, OMA 

and OEA 

3. HDN of 9,10-d1hydroacr1d1ne to 1dent1fy 1ts reac­

t1on products and thus conf1rm acr1d1ne HDN react1on net­

work. 

4. HDN of 1,2,3,4-THA to check the poss1b1l1ty of 

format1on of qu1Rol1ne as an 1ntermed1ate product. 

5. HDN of both SOHA and ASOHA to check the poss1b1l1ty 

of form1ng Bz-THQ and Py-THQ as react1on 1ntermed1ateb. 

6 HDN of PHA to check the poss1b1l1ty of form1ng DHQ 
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as an 1ntermed1ate product. 

7 HDN of m1xtures of acr1d1ne and each of the n1tro­

gen compounds result1ng from qu1nol1ne HDN to 1dent1fy the 

n1trogen compounds wh1ch 1nfluence the rate of convers1on 

of acr1d1ne 

Furthermore, follow1ng cons1derat1ons are also recommended 

8. If poss1ble, GC/MS and MS/MS should be used to 

1dent1fy the react1on products 

9. Develop a more prec1se method for mak1ng the 

ampoules w1th un1form shapes and un1form break1ng pressure. 
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APPENDIX A 

SPECIFICATIONS OF MAIN VALVES AND ACCESSORIES 

TABLE XLI 

MAIN VALVES 

Valve Type Company Valve # Part # Notes 

Shut off AE 21161191 6V71U4-TG * 2-way 
valve 241261271 stra~ght 

30134 

AE 13115 6V72U4-TG 2-way 
angle 

Shut off and PH 22 316R202B 
Regulat~ng 

Wh~tey 35136137 IRM4-S4 

AE 1131617 6V81U4-TG 2-way 
stra~ght 

AE 31 6V82U4-TG 2-way 
angle 

Parker 32 4Z-V4LR-SS 

Parker 21123138 2Z-V4LR-SS 

Vee Stern AE 11 11 8 30VM-4072 H~gh tern-
HT-46672 perature 
P-755 Pack~ng 

** HEX 9110112114 20UV41V-GR 
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TABLE XLI (cont1nued) 

Valve Type 

M1crometer1ng 
valve 

O-R1ng check 
valve 

Inl1ne safety 
rel1ef valve 

* 

Company 

AE 

AE 

AE 

C1rcle 
Seal 

Teflon glass pack1ng 

** Grafo1l pack1ng 

Valve # 

17,20 

8 

5,29,33 

25,28 

TABLE XLII 

Part # 

30VRMM-4812 
-TG 

30VRMM-4872 
-HT-TG 

UKO 4400 

5132T-2MP 
-2000 

Notes 

2-way, 
angle 

H1gh 
Tempera-
ture 
extended 
stuff1ng 
box. 

303- ss, 
13.8 MPa 
crack1ng 
pressure 

ACCESSORIES 

Accessory Compar1ng 

Pressure gauge Solferunt 

Notes 

4.5 1n. d1al, 0.25 1n. 
NPT, 316-SS Bourdon 
tube, 0.5% accuracy, 3500 
ps1g max1mum pressure. 



Accessory 

Pressure 
regulator 

Feed1ng Tank 

SamplLng 
CylLnder 

Traps 

In-l1ne f1lters 

Band heaters 

Thermocouples 

Extens1on w1re 

D1g1tal Readout 
1nd1cator 

Temperature 
Controller 

Temperature 
recorder 
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TABLE XLII (cont1nued) 

Compar1ng 

Grove Valve 
and Regulator 

Hoke 

Hoke 

Hoke 

Waltow 

Omega 

Omega 

Omega 

Omega 

Leeds and 
Northrup 

Notes 

M1ty-M1te, model 94, 
0.25 1n. NPT, 1nternally 
loaded, 34.5 MPa 1nlet 
pressure, 20 5 MPa outlet 
pressure. 

1-llter, ss-sampl1ng 
cyl1nder, (1/2 1n. 
female NPT), spec1ally 
des1gned to hold 13.8 
MPa at 427oc 1n the pre­
sence of H2 and H2s gases. 
30 ml ss-sampl1ng cylln­
der 1/4 1n. female (NPT), 
spec1ally des1gned to 
to hold the above. 

500 ml ss-sampl1ng cy­
llnders, 34.5 MPa work­
lng pressure. 

100 mesh, ss. 

M1ca, 3.5 1n. 1 d., 2.5 
1n. w1dth, one p1ece 
w1th post term1nals and 
clamp1ng str1ps 

Qu1ck d1sconnect thermo­
couple assembly (E-type) 

Chromel-constantan, ex­
tenslon grade w1re 

Model 402 A-E-C, 1 oc 
resolut1on, 5 po1nt 
selector sw1tch. 

D1g1tal Set Po1nt 1nd1-
cat1ng, model 165 for 
use w1th E-thermo-couple, 
range-190° to +1000°C 

Speadomax X1 recorder, 
model 621-61-000-3089-
6-59. 



APPENDIX B 

ANALYTICAL PROCEDURES 

The maJor analyt1cal tool to measure the concentra­

t1ons of the react1on products was a model 3700 Var1an Gas 

Chromatograph (GC), equ1pped w1th a Therrn1on1c Spec1f1c 

Detector (TSD), and an HP 3390A Report1ng Integrator. The 

system was used for the analys1s of qu1nol1ne/n-hexadecane, 

acr1d1ne/n-hexadecane, and qu1nol1ne/acr1d1ne/n-hexadecane 

hydrogenat1on products In order to opt1rn1ze the measure­

ment procedure, d1fferent columns w1th d1fferent tempera­

tures were used, wh1ch are descr1bed here. In th1s Append1x 

the column select1on, quant1tat1ve analys1s, and prec1s1on 

and accuracy of measurement for each case w1ll be d1scussed 

Qu1nol1ne Hydrogenat1on Products Analys1s 

Column Select1on 

The rna1n compounds wh1ch result from the HDN of qu1no­

l1ne 1n n-hexadecane, the manufacturer, and the pur1ty are 

l1sted 1n Table XLIII. Samples of most of these compounds 

were obta1ned and used to 1dent1fy and cal1brate the1r 

chrornatograph1c peaks, except for propylcyclohexylarn1ne 

wh1ch was not ava1lable. In search of a su1table GC column 

a 5% OV 101 CHROM G H P 100/120, 50 ern x 1/8 1n., sta1n-
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TABLI:; XLIII 

HDN PRODUCTS OF QUINOLINE IN N-HEXADECANE 

Compound Manufacturer Molecular Bo1.l1.ng Pur1.ty 
We1.ght Po1.nt,oc 

PCH (P&B) 126 24 155 97% 

PB (P&B) 120.2 159 98% 

propylcyclohexylam1.ne 1 41 • 2 * 
an1.l1.ne (Aldr1.ch) 93 1 3 184 99 5% 

OMA (Aldr1.ch) 107 1 6 199-200 99% 

OEA (P&B) 1 21 18 210 98% 

Bz-THQ (Alfa) 133 1 9 218 

3-phenyl-1- (Aldr1.ch) 135 21 221 98% 
propylam1.ne 

OPA (Aldr1.ch) 135 21 222-224 97% 

Qu1.nol1.ne (Alfa) 129 16 237 99 9% 

Py-THQ (K&K) 1 33 1 9 249 98% 

decahydroqu1.nol1.ne (Alfa) 1 39 1 9 99 99/20mm. 

n-hexadecane (Alfa) 226.45 287 99% 

* not ava1.lable 

less steel column was tr1.ed f1.rst. Both 1.sothermal and 

temperature programmed cond1.t1.ons were tested However, 

the separat1.on was 1.nadequate and e1.ther a cap1.llary or a 

polar column was requ1.red. 
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Follow1ng Albert's (108) work, we used a column of 

6'x0.25" o d., 2mm 1.d , glass tub1ng packed w1th 10% Car­

bowax 20 M on 80-100 mesh Gas Chrom Q, for the separat1on 

of a blend of several compounds represent1ng pyr1d1nes, 

qu1nol1nes, 1ndoles and carbazoles A s1m1lar column, 

10'x1/8 1n. o d., o.1 1n. 1 d., sta1nless steel, 10% Car­

bowax 20 M on 80-100 mesh CHROM W-HP, was constructed and 

tr1ed for the analys1s of qu1nol1ne HDN products. 

Us1ng the Carbowax var1ous operat1ng cond1t1ons were 

tr1ed for the maJor compounds l1sted 1n Table XLIII. The 

best cond1t1ons to separate these compounds were 1dent1-

f1ed as 

InJector temperature 220°C 

Detector temperature 220°C 

Column temperature 200°C 

Range 10-11 amp/mv 

Bead current 4 8 amp 

Hydrogen pressure 30 ps1g 

Volume lnJected 0 1 ml 

Retent1on t1mes for these compounds are l1sted 1n Table 

XLIV. A standard solut1on of a m1xture of these compounds 

1n n-hexadecane was prepared to test the prec1s1on. The 

compos1t1on of th1s standard solut1on was pred1cted by com­

parlng 1ts chromatogram w1th those obta1ned from s1ngle 

component standard solut1ons These results were used to 

develop a comprehens1ve understand1ng about the errors of 

analys1s. These results are presented 1n Table XLIV 
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TABLE XLIV 

PRECISION AND ACCURACY OF ANALYSIS 

Compound RT A PRS Cpr Ca PRE 

PCH 1.06 5,895 4 17 423.3 427 2 -0 92 

PB 1 • 36 7,350 3.35 463.3 467 8 -0 97 

n-hexadecane 2.50 7,798,200 3.16 976,283 998,836 -2 26 

Bz-THQ 4.17 42,672 2.49 56.8 60 3 -6 1 6 

OPA 5 83 27,932 3 00 54.2 59 8 -9 42 

Q 6.74 48,566 3.15 63 3 65 9 -4 11 

1 ,2,3,4-THQ 9 33 77,776 8.74 81 9 82 9 -0 73 

** DHQ 2 28 * * * * * 
An~l~ne 3.75 ** * * * * * 
0-tolu~d~ne 4.36 ** * * * * * 

** 3-phenyl-1- 5. 71 * * * * * 
propylam~ne 

;t<'Not measured 

** The solvent was acetone 

where RT ~s the retent~on t~me ~n m~nute, 

A ~s the average area of at least three ~nJeCt~ons, 

PRS ~s the percentage relat~ve standard dev~at~on, 

Cpr ~s the pred~cted concentrat~on, p9m, 

Ca ~s the actual concentrat~on, ppm, 

and PRE ~s the percentage relat~ve error 
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Table XLIV shows that, for the seven compounds stud~ed, 

most of the results have relat~ve standard dev~at~ons lower 

than 5%, wh~ch means an acceptable and adequate prec~s~on. 

Also, most of the pred~cted results have relat~ve errors 

lower than 7% wh~ch ~nd~cates a h~gh degree of accuracy. 

These results ~nd~cate that the techn~que ~s a potent~ally 

su~table one. 

However, s~m~lar stud~es on the other hydrogenat~on 

products of qu~nol~ne, as shown ~n Table XLIV, were unsuc­

cessful because some of these compounds are spar~ngly solu­

ble ~n n-hexadecane. Th~s led to the use of acetone as 

an alternat~ve solvent. Also, some of those compounds have 

retent~on t~mes very close to each other. Furthermore, DHQ 

peak was found to overlap the n-hexadecane peak. The re­

tent~on t~mes of the compounds that are ~nsoluble ~n 

n-hexadecane were determ~ned ~n acetone and are presented 

~n Table XLIV. The problem was resolved by lower~ng the 

column temperature and us~ng a temperature program. F~nal­

ly, a su~table temperature program was found, wh~ch ~s 

g~ven here along w~th ~ts operat~ng cond~t~ons. 

InJector temperature 220°C 

Detector temperature 220°C 

In~t~al column temperature 150°C 

In~t~al t~me 8 m~nutes 

Program rate 10°C/m~nute 

F~nal column temperature 200°C 

F~nal t~me 10 m~nutes 



Hydrogen pressure 

Bead current 

Range 

Quant~t~at~ve Analys~s 

30 ps~g 

4.8 amp 

10-11 amp/mv 

The retent~on t~mes for d~fferent compounds under 

these cond~t~ons are l~sted ~n Table XLV. As shown ~n 

Table XLV, several of the reference compounds conta~ned 
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~mpur~t~es wh~ch appeared as ~mpur~ty peaks. Th~s cornpl~-

cated the cal~brat~on and the analys~s process. It was 

necessary to prepare several standard solut~ons from rn~x-

tures of these compounds for cal~brat~on purposes. 

In~t~ally two standard solut~ons were prepared from a m~x-

ture of each rna)or compound ~n n-hexadecane as solvent. 

Standard solut~on #1 was relat~vely concentrated, whereas 

standard solut~on #2 was d~lute. Relat~ve Response Factors 

(RRF=we~ght/peak area) were determ~ned for each compound ~n 

both standards. It was found that RRF var~ed w~th concen-

trat~on. A th~rd standard solut~on was prepared from the 

rest of the expected compounds (the rn~nor ones) ~n acetone. 

However, ~t was d~ff~cult to analyze w~th standard solu-

t~ons wh~ch had d~fferent components, s~nce the retent~on 

t~rnes of some compounds were close. Therefore, a solut~on 

of a m~xture of all these compounds ~n n-hexadecane was 

tr~ed. Thus, standard solut~on # 4 was prepared. However, 

~twas found that 3-phenl-1-propylam~ne d~d not d~ssolve ~n 
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TABLE XLV 

* RETENTION TIMES OF QUINOLINE HDN PRODUCTS 

Compound 

Acetone 

Benzene 

N-propylcyclohexane 

Propylbenzene 

Decahydroqu~nol~ne 

N-hexadecane 

An~l~ne 

5,6,7,8-tetrahydro-
qu~nol~ne 

0-methylan~l~ne 

0-ethylan~l~ne 

3-phenyl-1-propylam~ne 

0-propylan~l~ne 

1,2,3,4-tetrahydro­
qu~nol~ne 

* 

Ma~n peak 

1 • 25 

1 • 41 

1 • 54 

2.44 

5.82 

7.65 

11 • 63 

11 • 87 

12 62 

13.64 

14 46 

14.59 

15.37 

18.34 

Retent~on t~me ~n m~nutes 

** Peaks arranged ~n a decreas~ng order 

** Other Peaks 

18.98,14.92,13.39, 
1.08 

19.50,6.55,10.06, 
10.60 

1 • 46 

15.41 

8.09,19.76 

19 86,9.49,15.35, 
11.69,11.18 

2.05,17.22,4.79 



the solut1on. In fact standard solut1on #4 was not suff1-

c1ent for the analys1s s1nce the concentrat1on of some 

compounds var1ed w1dely Qu1nol1ne concentrat1on, for 

example, var1es from about 45,000 ppm to lower than 5000 

ppm. S1m1larly, RRF var1es w1th concentrat1on. Hence, two 

other standard solut1ons were prepared 

1 Standard solut1on #5 wh1ch was a h1ghly concen­

trated solut1on of Qu1nol1ne 1n h-hexadecane. 

2. Standard solut1on #6 wh1ch was a h1ghly concen­

trated solut1on of a m1xture of the maJor compounds 1n 

n-hexadecane. 

In fact, the standard solut1ons 4 thru 6 were used 1n 

the analys1s of each run The compos1t1ons of these solu-

t1ons are presented 1n Table XLVI. However, other compounds 

compounds wh1ch were expected to occur 1n the HDN of qu1no­

l1ne were analyzed and the1r retent1on t1mes are l1sted 1n 

Table XLVII together w1th the retent1on t1me of n-hexade­

cane for compar1son. 

The analys1s 1s performed 1n three steps: 

1 • Determ1n1ng the RRF for each compound by cal1bra­

t1ng w1th a standard solut1on. 

2. Determ1n1ng the area for each compound from the 

chromatogram 

3. Mult1ply1ng the area of each compound 1n a sample 

by 1ts RRF to obta1n 1ts concentrat1on. 

In1t1ally, 1t was 1ntended to perform analys1s on d1luted 
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TABLE XLVI 

COMPOSITION OF STANDARD SOLUTION, PPM. 

Compound Solut~on #4 Solut~on #5 Solut~on #6 

N-hexadecane 958,329 954,427 917,132 

Bz-THQ 3,278 15,758 

OPA 3,304 1 6' 530 

Qu~nol~ne 4,766 43,843 33,122 

Py-THQ 4,472 16,257 

Isoqu~nol~ne 1 '730 1 '201 

PCH 4,960 

PB 5,856 

DHQ 3 '1 93 

An~l~ne 1 '615 

OMA 2,525 

OEA 4,017 

3-phenyl-1- 3,685 
propylarn~ne 



TABLE XLVII 

RETENTION TIMES FOR OTHER 
EXPECTED COMPOUNDS 

Compound RT, m~nute 

n-octane 1 20 

cyclohexane 1 • 22 

n-decane 1 50 

n-undecane 1 . 78 

ethylbenzene 1 87 

o-xylene 2 17 

pyr~d~ne 2.29 

n-dodecane 2.36 

n-tr~decane 3.03 

n-tetradecane 4.18 

~soqu~nol~ne 16.05 

Indole 33.88 

samples, but ~t was found later that such d~lut~on could 

lead to the loss of some m~nor compounds wh~ch would not 
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show up ~n the chromatogram. Therefore, analys~s was done 

for each sample w~thout d~lut~on. However, ~t was needed 

to make some ~nterpolat~on to determ~ne the su~table RRF 

for a certa~n concentrat~on 
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Analys~s of Acr~d~ne Hydrogenat~on Products 

Column Select~on 

It was reported ~n Chapter III that acr~d~ne hydro-

genat~on results ~n a m~xture of compounds wh~ch, theore-

t~cally, var~es between one and seventeen reduced acr~-

d~nes, and DCHM. Only three of these compounds were ava~l-

able dur~ng th~s proJect. So they were used to ~dent~fy 

the~r correspond~ng peaks and cal~brate the GC. For the 

rest of the compounds we were obl~ged to use the ava~lable 

phys~cal property data to guess the~r peaks~ ~n chromato-

grams and to est~mate the~r response factors for cal~bra-

t~on. These pred~ct~ng and est~mat~ng methods are d~cussed 

later. 

In seach~ng for a su~table GC column for analys~s of 

acr~d~ne HDN products, a 5% OV 101 CHROM G.H.P. 100/20, 2.0 

m. x 1/8 ~n., SS column was used. After many tra~ls, the 

follow~ng operat~ng cond~t~ons were found su~table for 

separat~ng the HDN products· 

InJector temperature 

Detector temperature 

In~t~al column temperature 

12 m~nutes 

Program rate 1 °C/m~nute 

F~nal temperature 

F~nal t~me 3 m~nutes 

Range -11 10 amp/mv 



Hydrogen pressure 

Bead current 

Quant~tat~ve Analys~s 

33 ps~g 

5.4 amp 
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Several qual~tat~ve ~nJect~ons were performed, us~ng 

th~s column under the stated cond~t~ons to determ~ne the 

retent~on t~mes for the var~ous compounds wh~ch are expect­

ed to be present dur~ng the quant~tat~ve analys~s. Reten­

t~on t~mes of the other expected react~on products, wh~ch 

are not ava~lable for use, are est~mated form the analys~s 

of the actual HDN samples, us~ng the~r melt~ng po~nts. It 

~s assumed that the compounds elute from a non-polar column 

~n an order s~m~lar to the volat~l~ty order. Thus, the 

lower the bo~l~ng po~nt of a compound, the earl~er ~s ~ts 

elut~on. Also, ~t ~s assumed that the lower the melt~ng 

po~nt of a compound, the lower ~s ~ts bo~l~ng po~nt. The 

retent~on t~mes of all the compounds are presented ~n Table 

XLVIII. 

Several standard solut~ons w~th vary~ng concentra­

t~ons were prepared for cal~brat~on. The compos~t~ons of 

these solut~ons are presented ~n Table XLIX. The relat~ve 

response factor (RRF) for each of the ava~lable compounds 1s 

measured d~rectly. For compounds wh~ch are not ava~lable, 

the RRF ~s assumed to be proport~onal to the extent of 

hydrogenat~on of the compound. Therefore, the RRFs are 

est~mated as follows 



TABLE XLVIII 

RETENTION TIMES FOR ACRIDINE 
HDN PRODUCTS 

Compound Retent1on T1me, 
m1nutes 

DCHM 5.57 

1 , 2 1 3 , 4 -THA 1 0 73 

n-hexadecane 14.04 

SOHA 18.38 

ASOHA 1 9 64 

PHA 20 96 

Acr1d1ne 22 64 

9,10-DHA 26 80 
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1 The RRF of ASOHA 1s assumed to be equal to that 

of SOHA 

2 The RRF of 1,2,3,4-THA 1s cons1dered equal to the 

average value of the RRF of acr1d1ne and that of OHA 

3 The RRF of PHA 1s expected to be lower than that 

of SOHA Therefore 1t 1s est1mated by extra-polat1on. 

Quant1tat1ve analys1s 1s performed 1n the same way as 

descr1bed for qu1nol1ne. 
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TABLE XLIX 

COMPOSITION OF STANDARD SOLUTIONS, PPM. 

Compound Standard Solut1on # 

1 0 13 1 4 15 1 6 

Toluene 985,140 

N-hexade- 979,169 981,108 969,150 993,604 
cane 

DCHM 5,317 4' 148 

SOHA 5' 601 5' 1 4 7 1 2 '500 2,990 

Acr1d1ne 14,860 9' 91 3 9,597 18,350 3,406 

Prec1s1on and Accuracy 

The average percentage relat1ve standard dev1at1on 1s 

less than 5%. Th1s means an adequately h1gh prec1s1on 

For accuracy calculat1ons, two methods were used 

1 Pred1ct1ng feed concentrat1on by us1ng standard 

solut1on #10. For th1s purpose, several 1n]ect1ons were 

made of both the feed to run NA1 and the standard solut1on 

#10 The follow1ng data were obta1ned 

N-hexadecane dens1ty 

Toluene dens1ty 

In]ect1on volume 

0 773 g/ml. 

0.867 g/ml 

0 3 J.Ll 



Average area for acr1d1ne 1n standard 

solut1on #10 9,508,533 

Average area for acr1d1ne 1n 

NA1 feed 5,458,500 

Mass of acr1d1ne 1n 0 3 ~1 of standard sol. #10 

= (1 486/100)X 0 3 X 10-3 X 0 867 

= 3 865 X 10-6g 

RRF for standard sol #10 = (3.865 x 10-6 /9,508,533) 

= 4.065 x 1o-13g/un1t area 
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Pred1cted acr1d1ne 1n 0 3 ~1 feed = 4.065x 10-13x 5,458,500 

= 2.2189 X 10-6 g 

Actual mass of acr1d1ne 1n 0.3 ~1 feed 

= (0 916/100) X 0.3 X 10-3 X 0 773 

= 2 125 X 10-6 g 

Percentage relat1ve error 

=[(2.2189 -2 125)/2,125x10- 6 ]x10-6x100% 

= 4.4% 

2 Compar1ng RRF obta1ned from standard solut1on 

#10 w1th that from #13 

~ 

Average area from 0.3 ~1 standard solut1on #13 = 5,508,800 

Mass correspond1ng to th1s area =(0 9913/10 2 )(0.3/10 3 )(0.773) 

= 2.2988 X 10-6 g 

RRF = 2 2988 x 10-G/5,508,800 

= 4 173 x 10-13 g/un1t area 



316 

Error 1n RRF = [(4.173- 4 065)x 1o-13/4.173x1o-13 ] x 100% 

= 2.59% 

Hence, h1gh degree of accuracy 1s atta1ned 1n our analys1s. 

M1xture Hydrogenat1on Products Analys1s 

Column Select1on 

Several 1nvest1gat1ons were performed to select a 

su1table column for qu1nol1ne-acr1d1ne m1xture products 

analys1s. These led to the select1on of a column, 10'X1/8 

1n. 1.d., sta1nless steel, 10% Carbowax 20M on 80-100 mesh 

CHROM W-HP. The follow1ng operat1ng cond1t1ons were found 

su1table for separat1ng the HDN products: 

InJector temperature 23o·c 

Detector temperature 23o•c 

In1t1al column temeperature 

In1tal t1me 8 m1nutes 

Program rate s•c/m1nute 

F1nal temperature 22s•c 

F1nal t1me 30 m1nutes 

Range -11 I 10 amp mv 

Hydrogen Pressure 33 ps1g 

Bead current 4.8 amp 

Quant1tat1ve Analys1s 

Several qual1tat1ve analyses were performed,us1ng these 
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operat1ng cond1t1ons, to determ1ne the retent1on t1mes for 

the var1ous compounds wh1ch were expected 1n the product 

solut1on Retent1on t1mes of the other expected unava1lable 

products, were est1mated from the analys1s of the actual HDN 

samples The retent1on t1mes for all these compounds are 

presented 1n Table L 

Two standard solut1ons were prepared for cal1brat1on. 

The compos1t1ons of these solut1ons are presented 1n Table LI 

The RRF for each of the ava1lable compounds was measured 

d1rectly, whereas 1t was est1mated for the other compounds, 

as descr1bed 1n acr1d1ne products analys1s. Also, quant1ta­

t1ve analys1s was performed 1n the same way as descr1bed for 

qu1nol1ne A typ1cal chromatogram 1s presented 1n F1gure 144 

Prec1s1on and Accuracy 

The average percentage relat1ve standard dev1at1on 1s 

less than 5% wh1ch means a h1gh prec1s1on. Accuracy 1s 

checked by the same way descr1bed 1n acr1d1ne products 

analys1s under method #1. Feed concentrat1on of NQA1 1s 

measured d1rectly. It resulted 1n PRE's of -3.74,-2 29 for 

qu1nol1ne and acr1d1ne concentrat1ons respect1vely 

fact, 1s a h1gh degree of accuracy. 

Safety of The Che~1cals 

Th1s, 1n 

Safety hazards of both qu1nol1ne and acr1d1ne were 

cons1dered Qu1nol1ne 1s moderately cox1c by most routes 

of exxposure In one exper1ment, 1nhalat1on of 1ts satu-



TABLE L 

RETENTION TIMES FOR QUINOLINE-ACRIDINE 
MIXTURE HDN PRODUCTS 

Compound Retent1on T1me, 

PCH 1 21 

PB 1 99 

DHQ 4 39 

DCHM 5 90 

N-hecadecane 6 95 

An1l1ne 1 0 87 

Bz-THQ 11.1 5 

OMA 12 31 

OEA 13.90 

ASOHA 1 4 76 

OPA 15 57 

THA 1 5 72 

Qu1nol1ne 16 1 9 

Py-THQ 1 9 24 

SOHA 25.61 

PHA 30.50 

Acr1d1ne 43 11 

m1nute 

rated vapor (17ppm) for 8 hours caused no death (109) 

Acr1d1ne 1s a strong 1rr1tant to sk1n, eye and mucous mem-

brdnes of the body It causes Lachrymat1on and 1rr1tat1on 



TABLE LI 

COMPOSITION OF STANDARD SOLUTIONS 
USED IN MIXTURE ANALYSIS 

..J I J 

Compound Solut1on #17 Solut1on #18 

PCH 1 1590 

PB 1 1 521 

DHQ 9,024 

DCHM 2,450 

n-hexadecane 896,820 938,571 

3,550 6,658 

Bz-THQ 9,745 

OMA 1 1958 

OEA 1 1889 

OPA 4,692 

49,006 5,070 

Iso-qu1nol1ne 1 1777 183 

Py-THQ 23,211 9,331 

SOHA 10,673 5,337 

14,963 1 1 981 

of the con]unt1ve (110) No health hazard 1nformat1on 

on other chem1cals, were ava1lable 1n the l1terature To 

avo1d any adverse effects, sk1n contact or 1nhalat1on of 

these chem1cals should be avo1ded 
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APPENDIX C 

REACTOR OPERATING PROCUDURE 

The sealed ampoule conta~n~ng the presulf~ded catalyst 

~s hanged ~ns~de the autoclave, where the reactants are 

placed The autoclave ~s heated to the requ~red tempera­

ture. Then hydrogen pressure ~ns~de the autoclave ~s 

ra~sed to the requ~red level wh~ch breaks the ampoule and 

the react~on starts. Th~s procedure ~ncludes several 

steps: purg~ng and leakage check~ng, react~on, sampl~ng 

and shut down. 

Purg~ng and Leakage Check~ng 

1. The l~qu~d reactants are poured ~n the glass 

l~ner wh~ch ~s placed ~n the autoclave. 

2. The catalyst ampoule ~s attached to the autoclave 

cover (between the cool~ng co~l and the st~rrer). 

3. The autoclave ~s carefully covered and t~ghtened 

and all the valves are closed 

4. N~trogen ~s slowly ~ntroduced ~nto the autoclave 

unt~l the pressure reaches 200 ps~g. The system ~s tested 

for any leaks. A pressure drop of less than 10 ps~ ~n two 

hours ~s cons~dered acceptable. 

5. The pressure ~ns~de the system ~s released 
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slowly. Then hydrogen 1s slowly adm1tted to the system 

allow1ng the pressure to r1se up to 100 ps1g. Hydrogen 1s 

then slowly released to the atmosphere. Th1s step 1s 

repeated. 

React1on 

1 • Now hydrogen 1s allowed to bu1ld up slowly 1n the 

system to atta1n 200 ps1g pressure. All valves are closed. 

2. The set po1nt of the temperature controller 1s 

ra1sed to the requ1red level. Then heat1ng of the auto­

clave 1s started. 

3. Temperature 1s mon1tored by a d1g1tal 1nd1cator 

and plotted by a chart recorder. 

4. Dur1ng the heat1ng process the pressure 1ns1de 

the system 1s also recorded. 

5. When the des1red react1on temperature 1s atta1n­

ed, the st1rrer 1s started at a low speed. Hydrogen 1s 

slowly adm1tted 1nto the system unt1l the pressure bu1lds 

up to the requ1red level. Dur1ng th1s step the ampoule 

fractures under the h1gh pressure and the zero t1me of the 

react1on 1s recorded as a Jump of about 3oc on the chart 

recorder. 

6. The st1rrer speed 1s ra1sed to 750 rpm. 

7. The valve 18 1s gently opened. Then the valve 19 

1s opened. A very small stream of gas 1s allowed to vent 

to the atmosphere by open1ng the valve 21 and ad]ust1ng 

both the valves 8 and 20. The valve 24 1s also opened. 
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Sampl1ng 

When sampl1ng t1me approaches, n1trogen 1s 1ntro­

duced through the valve 31 to the sampl1ng cyl1nder to a 

pressure of about 600 ps1g. Then the valve 31 1s closed. 

The valve 12 1s opened and qu1ckly closed. The valve 13 1s 

opened slowly to rlease the pressure. Then the valve 14 1s 

opened slowly to rece1ve sample. F1nally, the valve 14 1s 

closed and the pressure 1ns1de the sampl1ng system 1s 

released through the valves 19 and 20. 

Shut Down 

1. The electr1c power for autoclave heater 1s turned 

off. 

2. Hydrogen supply 1s cut by clos1ng the valves 3,6, 

7,8,10,11 and 18. 

3. The rate of the st1rrer 1s decreased to 150 rpm. 

4 A stream of n1trogen 1s passed through the 

cool1ng co1l 1ns1de the autoclave to quench the react1on. 

5. When the temperature 1s about 300°C the stream of 

cool1ng n1trogen 1s cut off and the st1rrer 1s turned off. 

6. The current to the temperature measur1ng, recor­

d1ng and controll1ng 1nstruments 1s turned off. 



APPENDIX D 

EFFECTIVENESS FACTOR 

The qu1nol1ne effect1veness factor, ~' was calculated 

us1ng the follow1ng equat1ons suggested by Froment and 

B1shcoff (111) for heavy petroleum feedstocks. 

~ = (3/H2 ) [H coth(H) - 1 ] 

H = R (k /D ) 1 / 2 
c obs eff 

0eff = (eD/-c) [ 1 - ( R /R ) ] 4 
m P 

The free l1qu1d d1ffus1v1ty, D, was calculated us1ng 

Sche1bel's correlat1on (112). 

D = ( KT IJJ.) I v R 1 I 3 

where K = Z [1 + (3VL/VR) 2/ 3 J 

and Z = 8.2 ~ 10-8 

The solvent V1scos1ty, ~' was calculated us1ng Letsou and 

Stell's correlat1on for h1gh temperature l1qu1ds (112) 

J.LE = [(J.Le)' + w ( ~£)II ] 

(J.Le)' = 0.015174 - 0.02135 T + 0.0075 T2 
r r 

(J.Le)" = 0.042552 - 0.07674 T + 0.0340 T2 
r r 

e = T 1/ 6/(MW p ) 1 /2 
c L c 
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The values of the parameters used 1n these equat1ons are 

l1sted 1n Table LII. 

By subst1tut1on 

{JJ.E) 1 = 0.0021 

(JJ.E) 1 = 0.0011 

)J.E = 0 0029 

E = (717) 1 / 6 /(226 X 14)0.5 = 0.0532 

)J. = 0 0029/0 0532 = 0.055 cP 

K = 8.2 X10-8 [ 1 + (3 X 350/140.9) 2 / 3 J 

= 39.48 X 10-8 

D = 39 48 X 10-8 X 643/0 055/(140.9) 1 / 3 

= 0.0009 em2/sec. 

0eff = (0 5} (0 0009) [1-(3.8/50)] 4 /2.5 

= 1 3 X 10-4 cm 2 /sec. 

Rc = 3 X 0. 1 8 X 0.061/4/[0.061/2 + 0.18] 

= 0 039" = 0.1 em 

kobs = (k) (volume of solvent/vel of catalyst) 

= (6.3 E-5 X 350)/(5.4 X 0 016/48)=3 14 X 10-3 

H = 0.1 [3 14 X 10-3 /(1.3 X 10- 4 )] 1 / 2 = 0 492 

11 = 3[0 492 coth (0.492)-1 ]/(0 492) 2 =0.98 



TABLE LII 

PARAMETERS USED IN EFFECTIVENESS FACTOR CALCULATIONS 

MWL - n-hexadecane molecular we~ght (226 g/mole) 

Pc - N-hexadecane cr~t~cal pressure (14 0 atm) 

Rc - average catalyst part~cle rad~us 

Rm - qu~nol~ne molecule s~ze (3 8°A) 

Rp - average pore rad~us (50°A) 

Tc 

E 

w 

D 

- n-hexadecane cr~t~cal temerature (717°K) 

- n-hexadecane molar volume at mornal bo~l~g po~nt 
(350 ml /g-mole) 

- qu~nol~ne molar volume at normal bo~l~ng po~nt 
(140.9 ml /g-mole) 

- catalyst vo~d fract~on (0 5) 

- catalyst tortuos~ty factor (2 5) 

- n-hexadecane accentr~c factor (0 74) 

- free l~qu~d d~ffus~v~ty (cm2/sec) 

kobs- observed react~on rate constant 

S - external surface area of a pellet (cm2 ) 
X 

V - volume of a pellet (cm3 ) p 

T - React~on temperature (643°k) 

Tr - Reduced temperature 
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