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A spent resid demetallation catalyst has been characterized using kinetic analysis, N2 adsorption, 
X-ray photoelectron spectroscopy (XPS or ESCA), elemental analysis, X-ray diffraction (XRD), 
electron microprobe analysis, and CO chemisorption. During the demetallation process Ni, V, Fe, 
S, and C deposited from the resid feed onto the catalyst surface leading to its deactivation. The 
catalyst accepted about 100% of the original catalyst weight as metals and coke. Surface areas 
dropped by 30-65% and pore volumes were reduced by 60-85%. The deposition of metals, sulfur, 
and coke takes place preferentially at the entrances of pores, causing pore mouth plugging. This 
effect can be semiquantitatively described by the constraint index which is obtained by division of 
the Nz adsorption/desorption hysteresis loop area by pore volume. All elements exhibit preferential 
deposition on the catalyst extrudate surfaces as evidenced by XPS and by electron microprobe 
extrudate cross-section analyses. Vanadium and nickel sulfides are formed on the working catalyst 
surface. The sulfides have been identified as V& and N&S, or N&S. Upon air exposure these 
sulfides oxidize slowly on the surface. Nickel and vanadium deposition through the reactor bed 
parallel each other with a maximum deposition at about 17% of bed depth, whereas the carbon 
profile is relatively uniform. The top section of the catalyst bed, containing 1.5 times the metals but 
0.9 times the carbon compared to the bottom section, was 30-50% more active for both V and Ni 
removal. 

INTRODUCTION 

Removal of trace metals from petroleum 
residue is a major goal of hydrotreating ca- 
talysis. These organically bound trace con- 
taminants tend to foul downstream cata- 
lytic processes or deposit in industrial 
boilers when the resid is burned. Recently, 
a new family of catalysts, tailored specifi- 
cally for the demetallation reaction has 
been developed (I, 2). Understanding how 
these catalysts function and deactivate re- 
quires careful characterization of the spent 
material. 

The purpose of this paper is to report on 
the characterization of a spent resid de- 
metallation catalyst using kinetic analysis, 
N2 adsorption, CO chemisorption, elec- 
tron microprobe analysis, X-ray diffraction 
(XRD), X-ray photoelectron spectroscopy 
(XPS or ESCA), and elemental analysis. 
Each technique provides information rele- 

vant to the physical and chemical makeup 
of the working demetallation catalyst. 

EXPERIMENTAL 

Sample preparation. Fresh resid deme- 
tallation catalyst containing 1% Moo3 on a 
large pore A1203 support, prepared accord- 
ing to Ref. 3, was used to hydroprocess an 
Ardeshir vacuum resid with properties 
shown in Table 1. The high pressure fixed 
bed reactor, containing 2500 cm3 of catalyst 
in a 12-ft bed, operated down flow with 
pure hydrogen and vacuum resid feed en- 
tering the top. The reactor operated adia- 
batically to simulate a commercial fixed bed 
reactor and therefore had an ascending 
temperature profile throughout the run. In- 
let temperature to the catalyst bed was 
steadily increased, as the catalyst deacti- 
vated, to achieve 50 wt% vanadium re- 
moval throughout the run. The run was ter- 
minated when increasing temperature no 
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TABLE 1 

Feedstock Properties-Ardeshlr Volume 
Resld 

Gravity, “API 40 
Sulfur, wt% 52 
Carbon, wt% 83 74 
Hydrogen, wt% 990 
Nitrogen, wt% 0 484 
Oxygen, wt% 0364 
Vanadmm, ppm 229 
Nickel, ppm 62 
Asphaltenes, wt% 14 3 
Ramscarbon residue, wt% 26 3 

longer improved demetallatlon perfor- 
mance 

At the conclusion of the run, the reactor 
temperature was lowered before swltchmg 
from the resld feed to gas 011 Whde on gas 
011, the catalyst was cooled to room temper- 
ature and then washed m toluene Catalyst 
was vacuumed from the top of the umt m 
sections Prior to analysis, each section 
was chloromethane washed m a Soxhlet ex- 
tractor for 24 hr and dried overnight m vac- 
uum at 38°C Samples are numbered from 
the top of the bed, 1 through 14 Catalyst 
sections from 9% (Section 6) and 73% (Sec- 
tion 13) of the bed length from the top, were 
designated as “top” and “bottom ” They 
were carefully characterized and used m kl- 
netlc studies The kinetic work was con- 
ducted m a bench scale isothermal fixed bed 
unit After loadmg, the test sample was pre- 
soaked m gas 011 at 65°C overnight The cat- 
alyst then hydroprocessed gas 011 feed for 2 
days pnor to mtroductlon of resld 

Sample characteruatlon The specific 
surface area m square meters per gram and 
the pore size dlstrlbutlon from 10 to 600 8, 
radius were calculated from nitrogen ad- 
sorptlonidesorptlon isotherms obtamed at 
hquld nitrogen temperature on an auto- 
mated Dlglsorb 2500 (Mlcromentlcs Instru- 
ment Corporation) Approximately 150 mg 
of sample was pretreated at 250°C and less 
than 10m4 Torr for 6 hr The BET equation 
was employed to calculate specific areas 

(4) Pore size dlstnbutlons were calculated 
using the method of Roberts (5) The degree 
of pore mouth plugging was calculated us- 
mg adsorptlon/desorptlon hysteresis loops 
and by a novel procedure described more 
fully elsewhere (6) Bnefly, the total area 
subtended by the hysteresis loop 1s dlvlded 
by the total pore volume The multiple 1s 
called a “constraint index ” The greater 
the Index, the greater the departure from 
umform cylmdrlcal pores 

The XPS measurements were performed 
with a Hewlett-Packard (HP) 5950B spec- 
trometer using monochromatic AlKa radla- 
tlon (hv = 1486 6 eV) Low energy elec- 
trons supphed by an electron flood gun 
mmlmlzed sample charging The recorded 
photoelectron bmdmg energies were refer- 
enced against the C 1s lme at 284 6 eV as 
suggested by Wagner (7) The vahdlty of 
this reference m our catalyst system was 
established by the achievement of a con- 
stant Al 2p photoelectron bmdmg energy of 
74 3 ? 0 2 eV on all sample surfaces A 
value of -74 2 eV IS characterlstlc for Al m 
y-A&O3 (8-10) 

A JEOL electron microprobe measured 
the Nl, V, C, Fe, S, and Cr concentration 
as a function of radial position m mdlvldual 
catalyst extrudates The specimens were 
prepared by embeddmg SIX or seven extru- 
dates of each catalyst m epoxy mounts The 
embedded extrudates, which were onen- 
tated parallel to each other and normal to 
the base of the embedding mold, were 
ground and pohshed to expose smooth 
cross sectlons normal to their axial dn-ec- 
tlon Silver paint provided an electrical 
path from the sample surface to ground 

RESULTS AND DISCUSSION 

Nickel, Vanadum, and Coke Projiles 
versus Bed Depth 

Figure 1 shows the spent catalyst mckel, 
vanadium, and carbon concentration as a 
function of bed depth Nickel and vana- 
dium deposltlon parallel each other very 
closely on the macro scale with maximum 
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Wt% loadtng fresh catalyst basis 

FIG 1 V, NI, and C concentration profiles m wt% 
(fresh catalyst balss) at the end of demonstration run 0 
= top of bed, 100 = bottom of bed 

deposition occurrmg at about 17% of bed 
depth Several phenomena could result m 
the observed maximum vanadium and 
mckel concentration A consecutive mech- 
amsm of resld demetallatlon, where metal 
bearmg asphaltenes are first cracked to 
form resins which subsequently demetal- 
late, 1s one possible explanation The top 
lo-20% of the catalyst bed could function 
pnmanly as an asphaltene cracking sectlon 
As new metal bearing resins are generated, 
the demetallatlon rate increases until the 
supply becomes depleted and the exponen- 
tial decline m deposltlon occurs Other pos- 
sible explanations include nomsothermahty 
or unusual deactivation behavior near the 
top of the bed However, we found that the 
position of the maxlmum does not change 
throughout the run If severe deactlvatlon 
had occurred as metals accumulated, the 
maxlmum would proceed down the bed as a 
wave 

The carbon profile 1s relatively uniform at 
start of run, however, end of run analysis 
shows a steadily increasing carbon level 
down the catalyst bed as shown m Fig 1 
The ascending coke profile 1s an mdu-ect 
result of adlabatlc operation The catalyst 
bed operated with a 15 to 20°C temperature 
nse (with H2 quench) Near the end of run, 
the programmed temperature increases at 
the reactor inlet resulted m bottom of bed 
temperatures exceedmg 435°C Excessive 
temperatures promoted coking reactlons 

resulting m the observed carbon profile on 
the spent catalyst 

Kmetlc Analysis of the Top and Bottom 
Sectzons 

A detailed elemental analysis of the top 
and bottom sections 1s shown m Table 2 
The top section contains 1 5 times the 
metals but 0 9 times the carbon compared 
to the bottom section Kmetlc studies on 
these two sections were performed to relate 
the differences m composltlon to reactivity 
These were done at two temperatures (404 
and 415°C) and at three 011 feed rates, space 
velocltles, (1 5, 1 0, 0 5 hr-I) which pro- 
vided the basis of the relative actlvlty and 
actlvatlon energy calculations The test 
feed was Ardeshu- vacuum resld with prop- 
erties listed m Table 1 

A first-order model was used to calculate 
the relative actlvlty at reference condltlons 
throughout the run Stralghtlme deactlva- 
tlon was assumed between reference condl- 
tlon penods to calculate the catalyst actlv- 
lty at each set of operating condltlons 
relative to the beginning of the test run and 
adjust the kmetlc plots accordmgly Cor- 
rectlons to the l/LHSV term were never 
more than + 15% 

Figures 2 and 3 illustrate vanadium and 
nickel removal kmetlcs for the top and bot- 
tom sections Weight fraction of Nl and V 

TABLE 2 

Elemental Analysis of Top and Bottom Sectlons 

Bulk density 
g/cm’ 

Top Bottom 
(9% from top) (73% from top) 

1 35 1 08 
wt% (fresh catalyst basis) 

NI 14 1 10 4 
V 77 0 52 3 
Fe 32 10 
S 58 5 36 4 
H 10 14 
N 5 4 
C 17 7 19 9 

NI + V + Fe 94 3 63 7 
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I TABLE 3 

FIG 2 Vanadmm removal kmetlcs LHSV = hqmd 
hourly space velocity 

remaining 1s plotted versus reciprocal space 
velocity Table 3 compares activation ener- 
gies and actlvltles of the two sections at 
V~IIOUS levels of conversion The top sec- 
tlon of the catalyst bed IS 30-50% more ac- 
tive than the bottom sectlon for both vana- 
dmm and nickel removal The apparent 
actlvatlon energy for vanadium removal 
ranges from 13 3 to 26 3 kcal/gmole and m- 
creases with seventy A slmllar trend oc- 
curs with de-mckelatlon The shlftmg ap- 
parent actlvatlon energy emphasizes the 
complexity of the reaction kinetics Several 
processes including catalytic reaction, dlf- 
fusion, and thermal reaction can contrlbute 
to the observed rate 

Surface Area and Pore Size Dmtrrbutlons 

Table 4 compares the total surface area 
and pore volume from mne progressively 

Demetallatlon Kmehc Companson-Top vs Bottom0 

ConversIon E. 

Top 
E. ATOP lA~o,tom 

Bottom 
404°C 415°C 

03 
04 
05 

02 
03 
04 

Vanadium 
13 3 14 8 1 43 1 34 
17 5 19 7 1 47 1 43 
21 1 26 3 1 52 1 50 

Nickel 
11 1 13 8 1 47 1 43 
13 1 22 3 1 50 1 34 
19 7 1 26 

(1 E,, actlvatlon energy (kcal/gmole), A, actwty 

deeper sections of the catalyst bed to the 
fresh catalyst values Two facts are lmme- 
dlately clear These catalysts, which ac- 
cepted about 100% of the ongmal catalyst 
weight as metals and coke, have slgmfi- 
cantly altered structures Pore volumes 
have been reduced by 60-85% and surface 
areas by 30-65% Both values show exten- 
sive alteration of the catalyst 

Second, the preferential use of the top 
portions of the bed 1s obvious as shown by 
the regular increase m surface area and 
pore volume with bed depth Relative pore 
size dlstnbutlon of fresh and used catalysts 
are shown by histograms m Fig 4 The se- 

TABLE 4 

Changes of Surface Area and Pore Volume Through 
Reactor Bed 

Section Surface areas 

(m*k (% of 
fresh cat) fresh) 

Pore volume 
(% of fresh) 

i oe- . Bo”wnaectlo”4cwC Fresh 188 100 loo 
x . Bo”c.msenm” ‘lwc 4 64 34 0 17 9 
k ~ 05- 0 Topeactan 404% 5 70 37 2 23 8 
D A Top se3lcil 415’C 6 (“top”) 79 42 0 28 6 
3 1 1 9 (“mid”) 93 49 5 34 5 

0 10 20 10 104 55 3 42 9 
l/LHSV hr 11 131 69 7 440 

133 70 7 45 2 
FIG 3 Nickel removal kmetlcs LHSV = hqmd 

13 (“hot”) 
l4 130 69 1 41 7 

hourly space velocity 
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- F,&l 
---spent 

Pore diameter A “Constramt Index” 

FIG 4 Pore volume dlstnbutlon of fresh and spent 
(top) catalyst 

vere loss in total pore volume as well as 
preferential filling of large pores and net m- 
crease of pores smaller than 50 8, diameter 
from larger pores are clearly seen 

Pore Mouth Pluggmg 

The nitrogen adsorptlon/desorptlon lso- 
therms of fresh and used matenal (top) are 

FIG 5 Adsorption-desorption isotherms 

shown m Fig 5 The large Increase m the 
hysteresis loop of the used catalyst relative 
to Its greatly decreased pore volume was 
considered an mdlcatlon that deactlvatlon 
via pore mouth plugging may be operative 
m these catalysts The rapid deposltlon of 
vanadium and nickel sulfides and coke near 
the catalyst exterior could prevent full utlh- 
zatlon of the mtenor pore volume 

In an attempt, to measure, in a semiquan- 
tltatlve manner, the extent of pore mouth 
pluggmg, a “constraint Index” 1s calculated 
as follows The area of the hysteresis loop 
between N2 adsorption and desorptlon lso- 
therms IS measured This area 1s dlvlded by 
the desorptlon pore volume 

= Hysteresis Loop (Absolute Value) 
Pore Volume 

Table 5 hsts the constraint index of three 
progressively deeper sections of the cata- 
lyst bed m contrast to the fresh catalyst A 
regular progression 1s noted showing severe 
pore mouth plugging at the top of the bed 
which decreases with bed depth 

Table 5 also shows several surface area 
ratios Fu-st of these 1s the calculated area 
of pores measured by the desorptlon pro- 
cess compared to the calculated area of 
pore measured by the adsorptlon process 
If the pores are perfectly uniform cylinders 
with no pore mouth pluggmg, we might ex- 
pect the N2 desorptlon/adsorptlon area ra- 

TABLE 5 

NZ Adsorption Measurements of Pore Mouth 
Pluggmg” 

Section Constraint mdex D/A D/BET A/BET 

6 30,200 1 73 1 72 100 
9 25,600 1 72 1 58 0 92 

13 19,500 1 51 1 53 1 02 
Fresh 11,450 1 15 1 48 1 28 

L1 A = pore area calculated from adsorption data, D 
= pore area calculated from desorptlon data, BET = 
total surface area (experimental) 
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tlo to be close to umty Indeed this 1s the 
case for the fresh catalyst where the ratio 1s 
1 15, but the ratlo rises to 1 73 at the top of 
the bed m Sectlon 6 Physlsorbed nitrogen 
m “Inkbottle” pores cannot desorb until 
the relative pressure 1s low enough to allow 
the adsorbed nitrogen m the narrow neck to 
desorb When this point 1s reached, the 
much greater mtenor volume of the mk bot- 
tle 1s free to desorb and 1s counted as pores 
with the diameter of the narrow neck result- 
mg m large desorptlon/adsorptlon area ra- 
tios The discrepancy between adsorption 
and desorptlon surface areas IS, therefore, 
another measure and confirms pore mouth 
pluggmg m these upper sections of catalyst 
bed Still another mdlcatlon of pore mouth 
pluggmg 1s the ratlo of the calculated de- 
sorption surface area to the experimentally 
measured BET surface area This ratio 1s 
also seen to be higher m the top portions of 
the bed 

Lastly, m Table 5 there 1s a column 
showing the calculated adsorption area ra- 
tloed to the expenmental determined BET 
area Here the ratlo stays near 1 0 for all 
used samples because adsorptlon data mea- 
sure the “true” composite pore size dlstn- 
butlon and are not affected by pore mouth 
pluggmg. The nearness to unity and the 
constancy of this ratio 1s reassurmg that our 
calculations are correct Note, however, 
that the fresh sample exhibits a ratio of 1 28 
which must result from a pore geometry 
with only a few simple cylmdncal pores 
The used samples, on the other hand, must 
have acquired more cylrndncal pores as a 
result of the metal deposltlon If one wishes 
to measure “true” pore size distributions m 
catalysts of Gus type, we would use adsorp- 
tlon data, but done wishes to measure “ef- 
fective” pore size dlstnbutlons, desorptlon 
data are preferred If pore mouth pluggmg 
as a deactlvatlon mechamsm IS to be mea- 
sured, a hysteresis loop showmg both types 
of data 1s required and data should be tabu- 
lated as m Table 5 

Further evidence of pore mouth plugging 
IS the fact that the constramt mdex de- 

TABLE 6 

Changes of Constramt Index with 
PhysIcal Alteration of Sample 

Sectlon 

6 
6 (powdered) 
9 
9 (4% removed 

by abrasion) 

Constramt mdex 

30,500 
24,400 
25,600 
22,500 

creases from 30,500 to 24,400, when mate- 
nal from Section 6 was investigated after 
powdermg (Table 6) In a similar expen- 
ment, a catalyst from Section 9 was tum- 
bled to remove 4% by weight of surface ma- 
tenal The residue showed a constraint 
mdex of only 22,500 compared to 25,600 
from the nonabraded sample as shown m 
Table 6 

Contammant Metal Surface Area 
Measurements 

Nickel 1s known to catalyze its own re- 
moval as well as the removal of vanadium 
and sulfur If the rate of nickel and vana- 
dmm removal IS rapid, pore mouth plugging 
from deposits near the extenor takes place 
Therefore, a quantltatlve measure of active 
sites for demetallatlon and desulfurlzatlon 
would be desirable, but IS, unfortunately, 
extremely complex because the “working” 
demetalhzatlon catalyst may exhibit sev- 
eral types of active sites for demetallatlon 
associated with Nl. V, Fe, MO, and the alu- 
mina support Some experiments were 
done employing CO chemlsorptlon to ob- 
tam a rough measure of active site density 

Catalyst samples were treated m flowing 
hydrogen at 400°C overnight and swept 
clean m flowing helium before dosmg with 
CO at room temperature We found that the 
top sectlon chemlsorbs twice as much as 
the bottom (18 versus 9 pmole CO/g) Un- 
doubtedly, only a portion of all active sites 
are reduced properly to chemlsorb, but the 
N1 sites are most likely to chemlsorb under 
these condltlons Indeed, d one relates CO 
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FIG 6 XPS survey spectra of a fresh and spew 
catalyst 

chemlsorptlon to nickel content, the ratio IS 
essentially constant (CO/Nl-0 006) The 
greater number of active metal sites for de- 
metallatlon m the top portions of the bed 1s 
partially offset by the reduced pore volume 
and greater pore mouth pluggmg m these 
sectlons These data are consistent with our 
earlier kinetic finding of a 30-50% higher 
activity of the top portlon of the catalyst 

X-Ray D&7Yractlon Studies 

Some used catalysts were examined by 
X-ray diffraction (XRD) A tumbhng of the 
catalyst extrudates to produce a limited 
amount of abrasion fines from the catalyst 
extenor showed the vanadium to be present 
as an unusual V3S4 state Nickel sulfides, 
while likely present m high concentration, 
were not detected m XRD patterns 

Surface Analysrs by XPS 

The catalyst for resld demetallatlon has 
been used m an extruded form The extru- 
dates were less than 1 mm m diameter and 
approximately 5 mm long They were ana- 
lyzed by XPS m two different ways First, a 
few extrudates were mounted parallel on a 
sample holder to expose the “external” 
surface to the XPS analysis Second, some 
extrudates were ground and the resulting 
powder pressed mto a pellet thereby expos- 
mg mainly the “mtenor” surfaces of the 

extrudates In both cases, no particular pre- 
cautions were taken to avold air exposure 

Surface Composition 

The changes m elemental composltlon 
between a fresh and a spent catalyst are 
dlustrated m Fig 6 comparing their XPS 
survey spectra Keeping m mmd the detec- 
tion limit of -1 atom% (under the mstru- 
mental condltlons of a survey scan) and the 
mcapabdlty of hydrogen detection by XPS 
we find the deposItIon of vanadium, nickel 
and u-on along with sulfur and carbon on 
the catalyst Spectrum b m Fig 6 (spent 
catalyst) was obtained from Sectlon 6 (m 
pellet form) The relative amounts of the 
deposited materials vary through the reac- 
tor bed as already discussed Slgmficant 
differences m the survey spectra are also 
observed between the exterior and Interior 
extrudate surfaces 

Table 7 lists “surface composltlons” of 3 
different catalyst sections each analyzed as 
the ongmal extrudate and as pellet The 
analysis was done using the C Is, 0 Is, Al 
2p, S 2p, NI 2p, V 2p, and MO 3d lme A 
lmear background was subtracted from the 
spectra to attempt to discount the melastl- 
tally scattered electrons After a five-point 
smoothmg operation, the spectral areas 
were obtamed by computer mtegratlon 
They were normalized for all Instrumental 
parameters as well as photolomzatlon cross 
sections, c+(E), and for differences m elec- 
tron mean paths, h(E) We rehed on the 
values for (T(E) calculated by Scofield (11) 
The correction for different escape depths 
was done by assuming that the mean free 
paths, a(E), vary as the square root of the 
photoelectron kmetlc energy m the region 
from 200 to 1400 eV (22) The peak areas 
were normalized relative to a kinetic energy 
of 1000 eV With all these corrections, these 
numbers represent a “surface composl- 
tlon” averaged over the first few monolay- 
ers with exponentially decreasmg contnbu- 
tlon from the first to deeper lying layers 
These numbers prove to be useful m com- 
paring relative changes among slmdar sam- 
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TABLE 7 

Surface Composltlon of Spent Demetallatlon Catalysts Expressed m Atomic Ratios Relative to Al and m 
Relative Weight Percent 

Al S 

Atomic ratlo Weight percent 

C 0 NI V Fe MO Al S C 0 NI V Fe MO 

#6 
Pellet 1 053 390 320 004 019 004 006 16 8 106 29 1 31 4 1 3 59 13 37 
Extrudate 1 1790 2089 61 10 0 90 3 50 1 10 2 10 06 125 547 213 12 39 13 43 

#9 
Pellet 1 093 440 3 50 009 0 39 005 003 138 152 267 287 26 102 15 15 
Extrudate 1 2690 193 30 850 094 2 30 0 50 2 40 05 172 464 272 11 24 06 46 

x13 
Pellet 1 0 54 3 70 340 006 025 004 004 16 3 10 4 267 33 1 2 0 77 12 25 
Extrudate 1 10 70 94 40 33 30 046 2 10 0 53 0 50 12 152 505 237 12 48 13 21 

ples (23) Table 7 shows significant dlffer- mformatlon on the chemistry of the depos- 
ences m the surface composltlon of ited materials Figure 7 shows V 2p,,, spec- 
extrudate extenor and mtenor The most tra of the deactivated catalyst from the top 
apparent difference 1s the lack of a strong of the reactor A doublet mdlcates the pres- 
Al signal from the external surfaces be- ence of two chemically different V species 
cause of a thick carbon/metal sulfide over- The two peak maxima are located at 513 4 
layer which attenuates the Al photoelec- & 0 3 and 516 9 rf: 0 2 eV on the bmdmg 
trons Carbon concentrations between 45 energy scale mdlcatlve of the presence of a 
and 55 wt% are found on these samples V2+ or V3+ and V4+ or V’+, respectively (7) 
compared to about 28 wt% on the pelletlzed The former one may be correlated with a 
samples This observation points to the not V3S4 that has been identified by X-ray dlf- 
unexpected fact that the extrudate surface fraction The formal oxldatlon state of V m 
IS more severely coked than Its mtenor, this compound 1s 2 67 (mixed sulfide) This 
most hkely due to dtiuslonal effects, as m- might explam the bmdmg energy of 513 4 
dlcated by the pore size data eV which 1s slgmficantly higher than the 

Very interesting are the MO/AI atomic ra- 
tios shown m Table 7 When contaminant 
metals, sulfur and coke are deposlted on 
the catalyst surface during time on-stream 
one would expect that the MO and Al are 
buned simultaneously However, as shown 
m Table 7, overlayer deposltlon strongly 
decreases the Al signal on the extrudate 
surfaces whereas the MO slgnal 1s more or 
less unaffected by this deposItIon We, 
therefore, observe much higher MO/AI sur- 
face atomic ratios on the extrudate than on 
the pellet surfaces Apparently, the MO 
sites either remam uncovered or migrate to 
the top of the deposlted layer 

I  

f 

s 
-E 

Surface Chemistry 

High resolution XPS spectra yield more FIG 7 V 2p3n photoelectron lines of sectlon 6 (top) 
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FIG 8 NI 2p photoelectron lines of section 6 (top) 

values reported for V2+ compounds How- 
ever, It 1s well known that there 1s a wide 
spread m bmdmg energies for each partlcu- 
lar oxldatlon state and, therefore, often an 
overlap between adJacent oxldatlon states 

Supporting the presence of a vanadium 
sulfide 1s the S 2p photoelectron bmdmg en- 
ergy of ? 161 7 eV which undoubtedly mdl- 
cates a sulfide amon (7) The presence of a 
V4+ species 1s surprlsmg consldermg the 
strongly reducmg environment of the resld 
demetallatlon reactor and suggests an air 
exposure induced artifact Months of room 
temperature air exposure caused oxldatlon 
of V2+ to V4+ that was complete after 2 
years (Fig 7) The presence of any vana- 
dium oxide can be excluded since we do not 
find the charactenstlc oxide peak at -530 0 
eV (14) The only detectable 0 1s species 
appears at 531 8 eV which is, among 
others, typlcal for hydroxides (15) We, 
therefore, believe that the high oxldatlon 
state vanadium compound with a 2p3/2 bmd- 
mg energy of 516 9 eV could be a V4+15+ 
hydroxide and/or sulfate (we observed the 
oxldatlon of S2- mto S042- as discussed 
later) or a more complex, mixed compound 
as, for instance, a VOS04 Its V 2p3j2 bmd- 
mg energy has been reported at 516 0 eV 
(16) which 1s slightly lower than our value 

This demonstration of a sample handling m- 
duced artifact underlines the necessity for 
extreme care m dlscussmg surface chemls- 
try from XPS data of air exposed sample 
surfaces Because the air oxldatlon 1s slow, 
XPS can ldentlfy V3S4 as the most likely 
form of the vanadium deposit on the work- 
ing catalyst 

Nickel 1s the other major metal removed 
from resld The Nl level on spent catalyst is 
25% of vanadmm as shown by elemental 
analysis (Table 2) and XPS analysis (Table 
7) This lower NI concentration relative to 
vanadium IS the result of a threefold lower 
Nl content m the feed and an mtrmslcally 
slower de-mckelatlon kinetics The NI 
chemistry parallels that discussed for V 
Nickel deposits on the catalyst surface as a 
sulfide with a Nl 2pJn bmdmg energy of 
853 7 eV (Fig 8) The sulfide form IS either 
Nl& (853 7 eV) (8) or NlzS (854 0 eV) (8) 
The Nl species 1s clearly not NlS (854 9 eV> 
(8) and not metalhc Nl (852 8 eV> (24) 

Upon air exposure a new Nl species ten- 
tatively assigned to Nl(OH), slowly forms 
(2pjn bmdmg energy of 856 4 eV) as shown 
m Fig 8 (25, 17) After 1 week of air expo- 
sure, oxldatlon has progressed extensively 
on the extrudate surfaces but has not yet 
penetrated the extrudate mtenors (compare 
spectra of extrudate and pellet surface) 
Another chemically feasible compound, 

Sulfate Sulfide 

Bmdmg energy eV 

FIG 9 S 2p photoelectron lmes of section 6 (top) 
and of fresh catalyst 
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Nickel Vanadum 

FIG 10 Elemental composltlon profiles across catalyst extrudates (extrudate dmmeter IS 0 79 mm) 

N1S04, IS most likely not present since Its 
Nl 2~~~ bmdmg energy 1s at a slgmficantly 
higher value of 857 1 eV (18) More lmpor- 
tantly, the high oxldatlon state Nils already 
observed at a time when all the sulfur 1s still 
present as sulfide However, after very long 
au- exposures with slgmficant sulfate quan- 
titles present we locate NI 2p3,* at -857 2 
eV mdlcatmg the presence of NB04 

Demetallatlon of the feed IS accompamed 
by desulfunzatlon Up to 17 wt% sulfur was 
detected on the catalyst surface (Table 7) 
As already mentioned, all the sulfur 1s 
found with a very low 2p bmdmg energy of 
161 7 mdlcatlve of metal sulfides Despite 
au exposure for one week, minimal sulfur 
oxldatlon 1s observed (Fig 9) After 2 years 
of au- exposure, varying amounts of sulfate 
(30 to 80% of the total sulfur) have formed 
Figure 9c shows the presence of a sulfate 
species with a 2p bmdmg energy of -169 0 
eV along with the ongmal sulfide Note the 
change m the sulfide peak structure, mdlca- 
tlve of the addltlonal formation of a differ- 
ent sulfide species with slightly higher bmd- 
mg energy It IS the discrepancy m the 
oxldatlon rate of metals versus sulfur that 
mdlcates a transformation of the deposited 
metal sulfides mto metal oxldes/hydroxldes 
rather than mto sulfates 

Elemental Dwtnbutlon Profiles by 
Electron Mcroprobe Analysis 

Figure 10 shows quahtatlve radial dlstn- 
butrons of carbon, Iron, nickel, vanadmm, 

and sulfur from three levels of the catalyst 
bed Carbon and u-on are highly con- 
centrated on the extrudate surface, at all 
levels, mdlcatmg poor dlffuslon through the 
catalyst Vanadium 1s slightly concentrated 
at the extrudate surface, but It 1s found 
throughout For the top section (#6), the 
nickel and sulfur profiles are more com- 
plex They show maximum concentrations 
both at the extrudate surface and about 
halfway to the center of the extrudate To- 
wards the bottom sections all elements 
have slmllar profiles, showing higher con- 
centrations at the extrudate surface The 
shape of the V, NI, and S profiles for the 
top section 1s consistent with vanadmm and 
nickel being present as sulfides The sulfur 
profile appears to be a composite of the 
nickel and vanadmm profiles 

CONCLUSIONS 

Nickel and vanadium deposltlon through 
the reactor bed parallel each other closely 
with a maximum deposition at about 17% of 
bed depth This pomts to a consecutive de- 
metallatlon mechanism where the metal 
containing hydrocarbons are first catalytl- 
tally converted mto other compounds 
which then easily demetallate 

The coke profile through the reactor bed 
1s relatively umform Higher temperatures 
at the bottom of the bed led to Increased 
coke levels 

Interesting deposltlon profiles across the 
extrudates have been observed for C, Fe, 
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Nl, V, and S All elements exhlblt preferen- 
tial deposltlon on the extrudate surface 
The V, NI, and S profiles are consistent 
with the presence of vanadium and mckel 
sulfide which have been ldentlfied as V3S4 
by XRD and XPS and as Nl& or N12S by 
XPS 

Upon air exposure these sulfides slowly 
oxldlze on the surface and form mixed ox- 
ldes/hydroxldes Sulfur orlgmally present 
as sulfide also oxldlzes upon air exposure 
but more slowly to sulfate 

Total surface areas are reduced by 30- 
65% and pore volumes by 6045% 

The combined deposltlon of metals, sul- 
fur, and coke takes place preferentially at 
the entrances of pores leading to pore 
mouth plugging which can be semlquantl- 
tatlvely described by the “constraint m- 
dex” obtained by dlvlslon of hysteresis 
loop area by pore volume 

The top section of the catalyst bed con- 
tamed 1 5 times the metals but 0 9 times the 
carbon compared to the bottom sectlon Kt- 
netlc analysis showed the former one to be 
30-50% more active for both V and Nl re- 
moval 
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