JOURNAL OF CATALYSIS 104, 396-412 (1987)

The Effect of Boron on the State and Dispersion of Co/Al,O,
Catalysts

MICHAEL A. STRANICK, MARWAN HOUALLA, AND DAvID M. HERCULES

Department of Chemistry, University of Pittsburgh, Pittsburgh, Pennsylvania 15260

Received August 21, 1986; revised October 30, 1986

The influence of boron on the chemical state and dispersion of Co/AlQ; catalysts has been
investigated by bulk and surface spectroscopic techniques. Three series of Co/AlO; catalysts were
studied: one containing a constant Co loading of 3 wt% and boron loadings of 0.3 to 3 wt%, and two
series containing 0.7 to 10 wt% Co and constant boron loadings of either 0 or 3 wt%. In the absence
of boron, Co dispersion decreased with increasing Co loading above 1.5 wt% Co. The presence of
boron had little effect on Co dispersion at low Co loadings, while catalysts with Co loadings in
excess of 1.5 wt% exhibited an increase in Co dispersion compared to boron-free catalysts. X-ray
photoelectron spectroscopy, diffuse reflectance spectroscopy, and gravimetric analysis were used
to quantify the Co species present on the catalysts as a function of both Co and boron loading. In
the absence of boron, Co exists as tetrahedral and octahedral Co?* at low Co loadings, while Co;0,
is the primary phase at higher Co loadings. In the presence of boron, Co;0, formation is suppressed
for catalysts with Co loadings less than 8 wt% in favor of octahedral Co?* and minor amounts of Co
borate. The formation of Co;0, occurs at Co loadings greater than 6 wt% for boron-containing
catalysts. A mechanism is described to account for the effect of boron on the dispersion and

chemical state of Co. © 1987 Academic Press, Inc.

INTRODUCTION

Numerous studies have focused on the
use of additives to modify interactions be-
tween the active phase and carrier of sup-
ported metal catalysts. Changes in active
phase/support interactions can affect the
chemical state and dispersion of the active
phase and hence alter catalyst activity. For
example, the effect of alkali cations on the
state and dispersion of nickel, cobalt, and
molybdenum supported on alumina have
been reported (/-5). Changes in the surface
properties of nickel and cobalt oxides sup-
ported on Ge**-, Ga**-, and Zn?*-modified
aluminas have also been described (6-12).

The present study concentrates on the in-
fluence of boron on the state and dispersion
of cobalt supported on y-alumina. Modifi-
cation of the acid—base properties of alu-
mina by boron is well known (13, I14) and
alumina-boria itself has been used as an
acidic cracking catalyst (/5). It has been
shown that the hydrogenolysis activity of

Ni-Mo/Al,O; (16) catalysts and the CO hy-
drogenation activity of Ru/Al,O; catalysts
increase as a result of boron support modifi-
cation (I7). An increase in the activity of
Pt/AlO; reforming catalysts modified with
boron has also been reported (/8).
Although the influence of boron on cata-
lyst activity has been investigated, few
studies have been conducted of the effect of
boron on active phase/support interactions.
Previous work by one of the authors has
shown that an increase in both cobalt dis-
persion and cobalt surface phase formation
occurs as a result of boron addition to the
alumina support (/9). An increase in sur-
face phase formation has also been re-
ported for nickel oxide supported on boron-
modified alumina (20). Thus, a systematic
study of the influence of boron on the state
and dispersion of Co/AlLO; catalysts has
been conducted using bulk and surface-sen-
sitive techniques, with the primary goal be-
ing to identify and quantitate the various
metal species present on the catalyst sur-
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face as a function of both boron and cobalt
loading.

EXPERIMENTAL
Catalyst Preparation

A series of boron-modified alumina carri-
ers (0.3 to 3 wt% boron) was prepared by
pore volume impregnation of y-alumina
(Harshaw Chemical Co., AL-1401P; BET
surface area: 180 m?/g; pore volume: 0.43
ml/g) with solutions containing various
amounts of boric acid. Samples containing
2 and 3 wt% boron were prepared by double
impregnation of the alumina using one-half
the required amount of boron for each im-
pregnation step. Samples were dried at
130°C for 4 h between impregnation steps.
All samples in the series were finally dried
at 130°C for 16 h then calcined in air for 6 h
at 600°C. The BET surface area of the alu-
mina was unchanged (180 = 5 m¥g) as a
result of boron impregnation.

Cobalt was deposited on the boron-modi-
fied carrier by pore volume impregnation
with cobalt nitrate solutions. A series of
catalysts (designated C3Bx) was prepared
using the boron-modified aluminas and con-
taining a constant cobalt loading of 3 wt%
as Co metal. A loading of 3 wt% Co was
chosen because it is typical of many com-
mercial HDS catalysts. Two additional cat-
alyst series were prepared with Co contents
ranging from 0.7 to 10 wt% Co. One series
(designated CyB0) utilized unmodified alu-
mina and the other (designated CyB3) em-
ployed a support having a boron loading of
3 wt%. Samples were dried at 130°C and
calcined at 600°C. Catalysts were finely
ground to minimize the effects of inhomo-
geneity on surface analytical measure-
ments.

Bulk Characterization Techniques

X-ray diffraction (XRD). X-ray diffrac-
tion patterns of catalyst samples were ob-
tained with a Diano 700 diffractometer,
which utilizes nickel-filtered CuKea radia-
tion. Diffraction patterns were obtained
with an X-ray gun operated at 50 kV and 25

397

mA, using a scan rate of 0.4° min~! (26).
Samples were run as powders mounted on
glass slides using silicone grease as an ad-
hesive. Compound identification was ac-
complished through comparison of mea-
sured spectra with ASTM powder
diffraction file data.

Laser Raman spectroscopy (LRS). Laser
Raman spectra were obtained with a Spex
Ramalog spectrometer which utilizes holo-
graphic gratings. The excitation source was
the 514.5-nm line from a Spectra-Physics
argon-ion laser, which delivered approxi-
mately 50 mW of power measured at the
sample. Reported peaks are accurate to
within =2 cm~!. Samples were pressed into
pellets with a KBr support and rotated off-
axis to prevent excessive heating by the la-
ser beam.

Diffuse reflectance spectroscopy (DRS).
Diffuse reflectance spectra of Co catalyst
powders were obtained using a Beckman
Acta MVI spectrophotometer equipped
with a Harrick DRA-2CB diffuse reflec-
tance attachment. Spectra were recorded in
the 350- to 800-nm range. Quantitation of
tetrahedral Co?* was accomplished for
samples which contain no Co304 by em-
ploying the Kubelka—~Munk treatment (21).
Absence of Co;0, was determined from
XRD, LRS, and gravimetric data. A series
of standard CoAlLO,/Al,O; mixtures was
prepared with tetrahedral Co’* contents
ranging from 0 to 15 mg Co**/g Al,Os. The
Kubelka—Munk function was determined
for each standard mixture at 625 nm (the
maximum in the Co?* tetrahedral band) and
alinear calibration curve of Kubelka—Munk
function versus tetrahedral Co?* content
was obtained. Comparison of the Kubelka-
Munk function at 625 nm of catalyst sam-
ples with the calibration curve yielded the
tetrahedral Co?* content of the catalysts.
The quantity of octahedral Co** was deter-
mined by difference.

Microbalance. Catalyst reduction/oxida-
tion behavior was studied using a Cahn 113
microbalance system. Prior to reduction,
oxidic samples were dried at 500°C in ultra-
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high purity 10% OyHe (99.99% O,,
99.999% He) until a constant weight was
achieved. Samples were then reduced in a
flow of ultrahigh purity (99.999%) hydrogen
at a temperature of 500°C for 12 h, followed
by reoxidation at the same temperature in
O,/He. The percentage of Co existing as
Co;04 was calculated from the weight
change measured during the reduction/
reoxidation step relative to the weight
change which would be expected assuming
all Co was present as Co;04. Thus percent-
age reduction reflects the percentage of
Co0,0, in the oxidic catalyst.

Surface Characterization

X-ray  photoelectron  spectroscopy
(ESCA or XPS). X-ray photoelectron spec-
tra of oxidic catalysts were obtained with a
Leybold-Heraeus LHS-10 surface analysis
system interfaced to a Hewlett—Packard
1000 computer. In the present study, an
aluminum anode (AlKa = 1486.6 eV) oper-
ated at 12 kV and 20 mA was employed.
The residual pressure inside the spectrome-
ter was 1078 Torr or lower. ESCA measure-
ments were done on catalyst powders
which had been dusted onto double-sided
adhesive tape and mounted on the spec-
trometer probe.

It has been shown that the intensity ratio
of supported phase and carrier ESCA peaks
is related to the dispersion of the supported
phase (22-25). In the present work, the Co/
Al intensity ratios predicted for monolayer
Co coverage were calculated using the
model of Kerkhof and Moulijn (25). Cobalt
speciation was determined from ESCA
analysis of chemically treated catalysts us-
ing a method which accounts for differ-
ences in the dispersion of the Co phases
present on the catalyst surface (26).

An AEI ES200 spectrometer was utilized
to obtain ESCA spectra of reduced or sul-
fided catalysts. This permitted transfer of a
treated catalyst from an external reaction
chamber to the spectrometer without expo-
sure to air, using a sealable probe. The re-
action chamber and scalable probe have
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been described in detail elsewhere (27, 28).
Samples were mounted on the sealable
probe as pellets pressed at 2000 kg/cm?.
Samples were reduced in a flow of ultrahigh
purity hydrogen for 12 h at 500°C or sul-
fided in a flow of 15% H,S/H, for 12 h at
400°C. The AEI instrument was interfaced
to an Apple Ile microcomputer and was
equipped with an aluminum anode operated
at 12 kV and 20 mA. The residual pressure
inside the spectrometer was 5 X 1078 Torr.

ESCA binding energies of catalyst sam-
ples were referenced to the Al 2p line at
74.5 eV. The Al 2p binding energy was pre-
viously determined through deposition of
gold onto y-alumina and referencing to the
Au 4f5; line at 83.3 eV (29). The binding
energies of standard compounds were ref-
erenced to the C 1s line at 284.6 eV, the
value measured for catalyst samples. Bind-
ing energy values were measured with a
precision of =0.15 eV or better.

Ion scattering spectroscopy (ISS). Ion
scattering spectra of catalyst samples were
obtained using a 3M Model 525 ion scatter-
ing spectrometer which employs a cylindri-
cal mirror analyzer to measure the energy
of backscattered ions. An incident ion beam
of 3He* ions with a kinetic energy and cur-
rent density of 2 keV and 2 X 1077 A/cm?,
respectively, was employed. This corre-
sponds to an approximate sputtering rate of
3 monolayers/h. The base pressure inside
the spectrometer was 1 X 1078 Torr prior to
backfilling the analysis chamber with scat-
tering gas to a pressure of 1 x 107 Torr.
Samples were pressed into pellets as de-
scribed above and mounted on the ISS
probe for analysis. ISS data which are pre-
sented as supported phase/carrier peak in-
tensity ratios are the average of at least four
spectra measured after the sample had been
exposed to the ion beam for 10 min. The
total time that the catalyst was exposed to
the ion beam was not greater than 30 min.
Intensity ratios from consecutive scans
were reproducible to within +0.06, indicat-
ing that there was no significant sputtering
of the samples.
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FiG. 1. ESCA B 1s/Al 2s intensity ratios versus the
B/Al atomic ratio for B/Al,Q; carriers.

RESULTS
BORON-MODIFIED ALUMINA

Bulk Characterization

XRD. The X-ray diffraction pattern of y-
AlL,O5 modified with 3 wt% boron exhibited
no diffraction lines in addition to those of
the alumina, suggesting a well-dispersed
boron phase. The intensities of the alumina
lines were lower by 25% for the boron-mod-
ified carrier compared to the unmodified
material.

LRS. The laser Raman spectrum of the
boron-modified alumina was similar to that
for unmodified alumina (29); no bands were
observed in the 100- to 1200-cm™! range.
The Raman spectra of the reference com-
pound H;BO; was measured and exhibited
intense peaks at 880 and 500 cm™!, in agree-
ment with published values (30). A Raman
spectrum of B,O5 could not be obtained due
to fluorescence problems; however, bands
at 806 and 602 cm~! have been reported
(20). The absence of bands in the Raman
spectrum of the boron-modified alumina in-
dicates that neither H;BO; nor B,0O; is
present on the alumina. The phase diagram
of the AlLO;—-B,0O; system reveals that
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9AL,0; - 2B,0; is the aluminum borate
compound which could form at the boron
loadings employed in this study (31). The
Raman spectrum of aluminum borate,
9A1,05 - 2B;0;, exhibited no significant
bands in the 100- to 1200-cm~! range.

Surface Characterization

ESCA. The B 1s binding energy of the
modified aluminas was invariant with boron
loading and averaged 192.5 = 0.1eV. The B
Is binding energies of the reference com-
pounds B,O; and H;BO; have been re-
ported to be 193.5 and 193.2 eV, respec-
tively (32-34). Measurements of the B 1s
binding energies for B,O3; and H;BO; in this
laboratory were consistent with the litera-
ture values. The B 1s binding energy of alu-
minum borate, 9AL,0; - 2B,0;, was 192.5
eV. The B 1s binding energies of the modi-
fied supports are lower than those of B,0s
or H3;BO; suggesting that boron is not
present as either of these compounds on the
support surface. The B 1s binding energy of
the boron modified carriers is consistent
with that of aluminum borate. ESCA bind-
ing energy measurements alone, however,
are insufficient for determining the pres-
ence or absence of specific chemical com-
pounds.

The ESCA B 1s/Al 2s intensity ratios
plotted as a-function of the B/Al atomic ra-
tio are shown in Fig. 1 for the boron-modi-
fied aluminas. It can be seen that the inten-
sity ratio increases linearly with increasing
boron content. Calculated intensity ratios
based on the Kerkhof-Moulijn monolayer
model are also plotted versus boron content
in Fig. 1. There is good agreement between
the calculated and experimental intensity
ratio values, indicating that boron is well-
dispersed on the alumina surface.

COBALT SUPPORTED ON
BORON-MODIFIED ALUMINA

Bulk Characterization

XRD. Table 1 indicates the presence (+)
or absence (—) of Co;0, for the C3Bx,
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TABLE

Presence (+) or Absence (—) of Co:0, for C3Bx, CyB0, and CyB3 Catalysts
by X-ray Diffraction

wt% B C0304 wt% Co Co,0,

B/Al C3Bx Co/Al CyB0 CyB3
atomic ratio atomic ratio
0 0 + 0.7 0.007 - -
0.3 0.014 + 1.5 0.013 - -
0.6 0.029 + 3.0 0.026 + -
0.9 0.044 + 6.0 0.052 + -
1.5 0.073 -~ 8.0 0.069 + +
2.0 0.11 -~ 10.0 0.087 + +
3.0 0.15 -

CyBO, and CyB3 catalyst series from X-
ray diffraction measurements. X-ray dif-
fraction patterns of samples from the C3Bx
catalyst series having boron loadings below
1.5 wt% exhibited diffraction lines charac-
teristic of Co30, in addition to those of the
alumina. The intensity of the Co;0, diffrac-
tion lines decreased with increasing boron
content and no lines except for those of the
support were observed for samples contain-
ing greater than 1.5 wt% boron. Diffraction
patterns of samples from the CyB0 and
CyB3 catalyst series containing less than 3
wt% Co were identical to that of the sup-
port, indicating the absence of any crystal-
line Co phases of greater than 4 nm in parti-
cle size. The diffraction patterns of CyB0
catalysts having Co loadings in excess of
1.5 wt% exhibited lines characteristic of
Co0;04. Catalysts containing Co loadings of
1.5 wt% and less exhibited diffraction pat-
terns similar to that of the support. CyB3
catalysts containing Co loadings less than 8
wt% exhibited diffraction patterns similar
to that of the support. Co;04 was identified
on catalysts containing 8 and 10 wi% Co for
both boron-free and boron-modified cata-
lysts.

DRS. Diffuse refiectance spectra of sam-
ples from the C3Bx catalyst series are
shown in Fig. 2. Samples containing less
than 1.5 wt% boron exhibit a broad charge

transfer band at 450 nm, characteristic of
Co0304 (35). A tetrahedral Co?* triplet at 600
nm (35) is also visible, superimposed on the
broad 700-nm Co;04 band (35). At higher
boron loadings the Co;04 bands at 450 and
700 nm decrease in intensity, revealing the
underlying 600-nm triplet band, due to tet-
rahedral Co?*, and the 510-nm octahedral
Co?* band (35). The intensities of both the

N
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N

600

nm

Fic. 2. Diffuse reflectance spectra of C3Bx catalysts
shown in order of increasing boron content.



EFFECT OF BORON ON Co/Al,0; CATALYSTS

C0304 c°304

c&on c&'14a

C.780

b

C7

8

C1583

C3

)

£683
It ) 1 1

400 500 600 700
>\ 7

300 800

nm

FiG. 3. Diffuse reflectance spectra of Co;04-free
CyB0 and CyB3 catalysts shown in order of increasing
Co content.

octahedral and tetrahedral Co?* bands in-
crease with increasing boron loading.

DRS spectra of selected catalysts from
the CyB0 and CyB3 catalyst series contain-
ing less than 8 wt% Co are shown in Fig. 3.
Spectra from the CyB3 series all exhibit
both the 600-nm tetrahedral Co?* band and
the 510-nm octahedral Co’* band. In addi-
tion, comparison of the spectra for the
C.7B0 and C.7B3 catalysts reveals that the
former exhibits only the tetrahedral band,
while the latter exhibits both the tetrahedral
and octahedral Co?* bands. There was no
evidence of C0;0, in any of the above spec-
tra. The DRS spectrum of C1.5B0 was simi-
lar to that of C3B0, while spectra of C6B0
and both 8 and 10 wt% Co were similar to
that Of.(:03()¢

Table 2 shows the percentages of tetrahe-
dral and octahedral Co?* for Co;O,-free cat-
alysts determined from DRS measure-
ments. It can be seen that the presence of
boron in the support causes an increase in
the percentage of octahedral Co?* at the ex-
pense of the tetrahedral species for cata-
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TABLE 2

Percentage Co?* in Tetrahedral and
Octahedral Coordination
Determined by Diffuse Reflectance

Spectroscopy*
Catalyst % Td % Oh
C.7B0 79 21
C.7B3 14 86
C.7B3 14 86
C1.5B3 29 71
C3B3 22 78
C6B3 13 87
C3B2 38 62
C3B3 22 78

2% Td and % Oh from DRS are
+8% rsd.

lysts containing 0.7 wt% Co. The octahe-
dral Co®* species was the major species in
catalysts containing boron at all Co load-
ings studied. The percentage of tetrahedral
Co** increased from 14 to 29% for the 0.7
and 1.5 wt% Co catalysts, respectively.
The tetrahedral Co?>* content then de-
creased with increasing Co loading for the 3
and 6 wt% Co catalysts. A decrease in the
percentage of tetrahedral Co?*, from 38 to
22%, was also observed with increasing bo-
ron loading for catalysts containing 3 wt%
Co.

LRS. Figure 4 shows the Raman spectra
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c
—
[}
> C6B3
D o]
o —y———y
o
a

400 600 _
acm

800
1

Fi1G6. 4. Laser Raman spectra of C6B0 and C6B3
catalysts.
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TABLE 3

Percentage Reduction and Sulfidation of C3Bx Catalysts

Boron loading

% Reduction

% Sulfidation by

ESCA®
wt% B/Al Gravimetric ESCA“
atomic ratio

0 0 55 59 73
0.3 0.014 45 56 65
0.6 0.029 48 54 64
0.9 0.044 48 50 61

1.5 0.073 29 39 59
2.0 0.11 0 0 58
3.0 0.15 0 0 58

2 Calculated correcting for particle size effects according to Ref. (26). Per-
centages of reduction and sulfidation from ESCA are +10% rsd.

of calcined catalysts containing 6 wt% Co
supported on unmodified and boron-con-
taining carriers. It can be seen that in the
absence of boron, Raman bands occur at
692, 524 and 485 cm™!, indicating Co;0,
(36). The catalyst containing 3 wt% boron
(C6B3) exhibited no Raman bands, indicat-
ing that boron suppresses the formation of
C0;04. The Raman spectra of the calcined 3
wt% Co catalyst containing 3 wt% boron
also exhibited no bands, while Co;0, bands
were present in the spectra of the boron-
free 3 wt% Co catalyst. In addition, Raman
analysis of dried 3% Co catalysts did not

reveal the presence of Cos;0, for either the
unmodified or 3% boron-modified catalysts.

Microbalance. Table 3 presents percent-
age reduction data for C3Bx catalysts, de-
termined gravimetrically. It can be seen
that the percentage reduction decreases
with increasing boron loading, and above
1.5 wt% boron, no catalyst reduction was
observed. Table 4 presents percentage re-
duction data for the CyB0 and CyB3 cata-
lyst series, based on microbalance mea-
surements. The results of gravimetric
studies on the CyBO0 series have been dis-
cussed elsewhere (26). In the absence of

TABLE 4

Percentage Reduction and Sulfidation of CyB0 and CyB3 Catalysts

Co loading % Reduction % Sulfidation
by ESCA®
wt% Co/Al CyB0 CyB3
atomic ratio CyB0 CyB3
Gravimetric ESCA“ Gravimetric ESCA“

0.7 0.007 0 0 0 0 25 50
1.5 0.013 17 22 0 0 30 49
3.0 0.026 55 59 0 0 73 57
6.0 0.052 92 83 0 0 89 73
8.0 0.069 92 82 55 62 92 78
10.0 0.087 91 89 77 81 94 89

a Calculated correcting for particle size effects according to Ref. (26). Percentages of reduction and sulfidation

from ESCA are +10% rsd.
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FiG. 5. ESCA Co 2p;»/Al 2s intensity ratios versus
the B/Al atomic ratio for dried and calcined C3Bx cat-
alysts.

boron (CyBO0 series), catalyst reduction was
observed at all Co loadings in excess of 0.7
wt%. Catalysts from the CyB3 series did
not exhibit a weight change during reduc-
tion/reoxidation for Co loadings less than 8
wt% Co, indicating the absence of Co;0,.
The percentage reduction determined for
the boron-containing catalysts having 8 and
10 wt% Co were significantly below those
of the boron-free samples having similar Co
loadings. Thus, gravimetric measurements
are in agreement with other bulk character-
ization techniques with regard to the sup-
pression of Co;04 formation by boron sup-
port modification.

SURFACE CHARACTERIZATION: OXIDIC
CATALYSTS

C3Bx Series

ESCA. The B 1s binding energies of the
C3Bx samples were invariant throughout
the catalyst series and averaged 192.6 + 0.1
eV, in good agreement with the B 1s bind-
ing energy of the modified alumina in the
absence of Co. The Co 2p;; binding ener-
gies of the catalyst series were unaffected
by the presence of boron and averaged
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782.2 + 0.1 eV. The Co 2p;; binding ener-
gies of the reference compounds Co;0,4 and
CoAl,04 were 780.6 and 782.0 eV, respec-
tively, in agreement with published values
(37). The measured Co 2ps, binding energy
value coupled with the presence of a char-
acteristic shake-up satellite at 786.6 ¢V in
all spectra indicate that a CoAl,0,-like sur-
face phase exists on the surface of C3Bx
catalysts.

Figure 5 shows the Co 2p3,/Al 2s inten-
sity ratio as a function of the B/Al atomic
ratio for dried and calcined C3Bx catalysts.
The intensity ratio values for monolayer Co
coverage calculated using the Kerkhof-
Moulijn model are also indicated. In the
case of the dried samples, the Co/Al inten-
sity ratios decrease with increasing boron
content. Conversely, the Co/Al intensity
ratios of the calcined samples increase with
increasing boron loading. In both the dried
and calcined series, the change in Co/Al
intensity ratio with increasing boron load-
ing is less than 25% relative to the unmodi-
fied samples. The Co/Al intensity ratios of
the dried catalysts at low boron loadings do
not differ significantly from the calculated
monolayer value; however, at higher boron
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F1G. 6. ISS Co/Al intensity ratios versus the B/Al
atomic ratio for calcined C3Bx catalysts.
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F1G. 7. ESCA Co 2py,/Al 2s intensity ratios versus
the Co/Al atomic ratio for calcined CyB0 and CyB3
catalysts.

loadings the experimental intensity ratios
are below that of the monolayer level. The
Co/Al intensity ratios of the calcined sam-
ples are significantly lower than the mono-
layer value at all boron loadings.

ISS. The 3He* ISS Co/Al intensity ratios
plotted as a function of the B/Al atomic ra-
tio for the C3Bx catalyst series are shown
in Fig. 6. An increase in the Co/Al intensity
ratio with increasing boron content is ob-
served above a B/Al atomic ratio of 0.014
(0.3 wt% B). A constant Co/Al intensity ra-
tio value is attained at loadings above a B/
Al atomic ratio of 0.075 (1.5 wt% B). The
Co/Al intensity ratio of the catalyst con-
taining a B/Al atomic ratio of 0.15 (3 wt%
B) is approximately twice that of the un-
modified catalyst.

CyB0 and CyB3 Series

ESCA. The ESCA Co 2py, binding ener-
gies for CyBO and CyB3 catalysts de-
creased with increasing Co content. This
decrease in binding energy indicates an in-
crease in Co;04 formation with increasing
Co loading. A decrease in the Co 2p;,, bind-
ing energy with increasing Co content has
been observed previously for unmodified
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Co/Al,O; catalysts (38). Boron-modified
samples containing 1.5 to 8 wt% Co exhib-
ited higher Co 2p;; binding energies than
boron-free catalysts. The higher Co binding
energy of the modified samples is consis-
tent with less Co;04 formation in the pres-
ence of boron. The B 1s binding energy did
not change significantly with Co loading
and averaged 192.5 + 0.1 eV.

Figure 7 shows the ESCA Co 2p3»/Al 2s
intensity ratios plotted versus the Co/Al
atomic ratio for the CyB0 and CyB3 series.
Also plotted are the intensity ratios calcu-
lated from the Kerkhof—-Moulijn model for
monolayer Co coverage. The Co/Al inten-
sity ratio data for the CyBO series have
been discussed elsewhere (26) and show
that the dispersion of Co decreases with in-
creasing Co loading. The Co/Al intensity
ratios of samples containing 3 wt% boron
are not significantly different from the Co/
Al intensity ratios of boron-free samples at
low Co loadings. However, at Co/Al atomic
ratios greater than 0.013 (1.5 wt%), the Co/
Al intensity ratios continue to increase with
increasing Co content for the boron-modi-
fied catalysts, while those of the unmodified
catalysts remain constant. This indicates
that addition of boron improves Co disper-
sion. The Co/Al intensity ratios of the bo-
ron-modified catalysts with Co/Al atomic
ratios of 0.007 and 0.013 (0.7 and 1.5 wt%
Co) were consistent with the intensity ra-
tios predicted for monolayer Co coverage.
The CyB3 catalysts having higher Co load-
ings exhibited intensity ratios below the
values predicted by the monolayer model.

ISS. The 3He* ISS Co/Al intensity ratios
plotted as a function of Co content for
CyB0 and CyB3 catalysts are shown in Fig.
8. In the absence of boron, the Co/Al inten-
sity ratios remain essentially constant for
all Co loadings. The presence of boron had
little effect on the Co/Al intensity ratio of
the sample having a Co/Al atomic ratio of
0.007 (0.7 wt% Co); however, at higher Co
loadings samples containing boron exhib-
ited significantly higher Co/Al intensity ra-
tios.
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SURFACE CHARACTERIZATION: REDUCED
AND SULFIDED CATALYSTS

C3Bx Series

ESCA. Table 3 presents the percentage
reduction and suifidation of C3Bx catalysts
determined by ESCA, employing the parti-
cle size correction described elsewhere
(26). The percentage of Co reduction for
C3Bx catalysts decreased dramatically with
increasing boron loading. Samples contain-
ing 0 to 1.5 wt% boron exhibited a decrease
in percentage reduction from 59 to 39%,
while at higher boron contents no Co reduc-
tion was observed. The percentage reduc-
tion calculated from ESCA data and em-
ploying the correction for particle size
effects is consistent with gravimetric reduc-
tion data. The percentage of Co sulfidation
also decreased with increasing boron con-
tent from 73% for the boron free sample to
58% for the sample containing 3 wt% bo-
ron. The decrease in the percentage sulfida-
tion was much smaller than that observed
for reduction; some sulfidation was ob-
served for all C3Bx catalysts.

CyB0 and CyB3 Series

ESCA. Table 4 presents the percentage
reduction and sulfidation of CyB0 and
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CyB3 catalysts determined by ESCA, em-
ploying the particle size correction (26).
Catalysts from both series containing 0.7
wt% Co exhibited no reduction. The per-
centage reduction of CyB0 catalysts con-
taining 1.5 to 6 wt% Co increased from 22
to 83% with increasing Co loading, while
catalysts from the CyB3 series containing
1.5 to 6 wt% Co exhibited no reduction.
This indicates that boron suppresses the
formation of reducible Co phases for cata-
lysts containing 1.5 to 6 wt% Co. Reduction
was observed for catalysts from both series
containing 8 and 10 wt% Co; however, the
percentage reduction of boron-modified
catalysts was less than that for boron-free
catalysts. The extent of reduction deter-
mined by ESCA was consistent with gravi-
metric reduction data.

Sulfidation of CyB0 catalysts increased
with increasing Co content from 25% for
the 0.7 wt% Co sample to 94% for the 10
wt% Co sample. The extent of sulfidation of
the boron-modified samples also increased
with increasing Co content from 50% for
the 0.7 wt% Co catalyst to 89% for the 10
wt% Co catalyst. Below 6 wt% Co the bo-
ron-modified samples exhibited a signifi-
cantly higher degree of sulfidation than the
boron-free catalysts. Co loadings of 6 wt%
and greater resulted in comparatively lower
extents of sulfidation for boron-containing
samples. Significant sulfidation was ob-
served for all CyB0 and CyB3 catalysts.

DISCUSSION

BORON-MODIFIED ALUMINA

The bulk characterization of boron-modi-
fied alumina presented in this work is con-
sistent with results reported by others (15).
X-ray diffraction revealed no lines other
than those from alumina, indicating the
presence of a well-dispersed alumina-boria
phase. ESCA data also indicate a high de-
gree of boron dispersion as the measured B/
Al intensity ratios are in good agreement
with those predicted for monolayer boron
coverage. ESCA binding energy data are
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inconsistent with the presence of B,O; or
H;3BO; on the carrier surface. The ESCA B
1s binding energies of the modified carriers
are consistent with that of aluminum bo-
rate, 9ALO; - 2B,0s, however. The ab-
sence of appropriate bands in the Raman
spectra also indicate that B,O; and H;BO;
are not present on the carrier surfaces. It
has been suggested from infrared measure-
ments of alumina-boria catalysts that an
Al-O-B bonding arrangement may exist on
the catalyst surface (75). Reduction in the
intensity of the y-ALO; X-ray diffraction
lines for carriers with high boron loadings
indicates disruption of the alumina crystal
structure and is consistent with the forma-
tion of Al-O-B bonds.

Thus, the data indicate that a strong in-
teraction between alumina and boron exists
on the surface of alumina-boria catalysts.
X-ray diffraction evidence of a discrete alu-
minum borate phase such as 9AL,0; - 2B,04
was not observed in this work or in other
published studies of alumina-boria cata-
lysts (15). The formation of a highly dis-
persed, microcrystalline aluminum borate
phase or a surface aluminum borate phase
could account for the X-ray diffraction and
spectroscopic results. A surface aluminum
borate phase would not have the long range
order necessary for detection by X-ray dif-
fraction but would disrupt the y-ALOs crys-
tal structure and decrease the intensity of
the alumina diffraction lines. A surface alu-
minum borate would also exhibit ESCA B
1s binding energies similar to those of bulk
aluminum borate. In addition, the surface
aluminum borate may have a different sur-
face crystal structure than the alumina,
since bulk aluminum borate, 9AlL0; -
2B,0;, is orthorhombic (39). The defect na-
ture of the support surface must be main-
tained, however, to allow the accom-
modation of metal cations.

Effect of Boron on Co Dispersion

C3Bx Series. X-ray diffraction analysis of
C3Bx samples revealed a decrease in the
intensity of the Cos0y lines with increasing
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boron loading, suggesting that boron sup-
port modification improves Co dispersion.
Enhancement of Co dispersion also is indi-
cated by ESCA and ISS Co/Al peak inten-
sity ratios which increase with increasing
boron loading for calcined samples. The
greater difference in Co/Al intensity ratios
from low to high boron loadings in the case
of ISS is consistent with the higher surface
sensitivity of ISS compared to that of
ESCA.

ESCA data published previously showed
an increase in the Co/Al intensity ratio with
increasing boron loading (19). The Co/Al
intensity ratios increased to a lesser extent
in this work compared to the previously re-
ported data. One explanation for this dis-
crepancy could be that a higher surface
area alumina was used in the present study.
Another possible reason may lie in slightly
different sample preparation conditions. In
the present work, Co may be in a more
highly dispersed state initially, and thus the
effect of boron is less pronounced.

The dispersion of an active phase is often
determined by the extent of the interaction
between the active phase and the carrier
prior to calcination. ESCA Co/Al intensity
ratio measurements of dried C3Bx catalysts
suggest that Co dispersion decreases with
increasing boron loading prior to calcina-
tion. This trend in Co/Al intensity ratio was
not affected by sample grinding which indi-
cates that changes in catalyst repartition
were not significant. At equivalent boron
loadings, the Co/Al intensity ratios of
calcined C3Bx samples are lower than
those for the dried samples, indicating that
some decrease in Co dispersion occurs as a
result of calcination. At low boron loadings
the change in the Co/Al intensity ratio re-
sulting from calcination is greater than the
change observed at higher boron loadings,
indicating that agglomeration of Co occurs
to a lesser extent on boron-modified sam-
ples compared to the unmodified carrier.

CyB0 and CyB3 Series. Comparison of
the ESCA Co/Al intensity ratios at equiva-
lent Co loadings for the CyB0 and CyB3
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series reveals that below 1.5 wt%, Co is
well-dispersed on both the modified and un-
modified supports. At higher Co loadings,
the Co/Al intensity ratios of the boron-con-
taining samples increase with increasing Co
loading and are greater than those of the
boron-free samples, indicating that boron
improves Co dispersion. ISS Co/Al inten-
sity ratio trends for CyB0 and CyB3 cata-
lysts are consistent with those observed by
ESCA, further supporting the improvement
in Co dispersion by addition of boron. X-
ray diffraction results from CyB0 and CyB3
catalysts are also consistent with the ESCA
and ISS results. In addition, the effect of
boron on Co dispersion depends on Co
loading. Boron improves Co dispersion to
the greatest extent at high Co loadings
where Co dispersion on the unmodified
support is poor. Thus, the effect of an addi-
tive on the dispersion of a given active
phase can be a function of both the active
phase and additive loadings.

THE EFFeCcT OF BORON ON THE
CHEMICAL STATE oF Co

Previous work illustrated the use of
ESCA for quantitatively determining the
species formed on Co/AlO; catalysts (26).
It was shown that Co;0, and the Co surface
phases (Co?* in octahedral and tetrahedral
coordination or cobalt aluminate-like
phase) present on oxidic catalysts can be
quantified using the ESCA spectra of re-
duced catalysts, taking into account parti-
cle size effects (26). The octahedral and tet-
rahedral components of the surface phase
can be determined quantitatively by com-
bining ESCA data from reduced and
sulfided catalysts. It has been shown for
Co/ALO; catalysts that octahedrally
coordinated Co**, Co(o), is sulfidable but
nonreducible, while tetrahedral Co?*,
Co(t), is neither sulfidable nor reducible
(40). Thus, in the special case where C030,
is absent, the fractions of Co(o) and Co(t)
can be determined directly from the ESCA
spectra of sulfided catalysts. Assuming no
changes in Co dispersion on sulfidation, the
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percentage of Co(o) is equivalent to the per-
centage of sulfided Co, while the percent-
age of Col(t) is equal to the percentage
of unsulfided Co. Using this approach,
changes in the speciation of Co resulting
from boron support modification can be
quantified.

C3Bx Series

Laser Raman and diffuse reflectance
spectroscopy indicate that the chemical
state of Co supported on the carrier surface
changes as a function of boron loading. The
disappearance of Co;04 bands in the Raman
and DRS spectra of C3Bx catalysts having
the highest boron loadings indicates that
boron in the support suppresses C0;0, for-
mation. The DRS data also reveal that, as
the amount of Co;0,4 decreases, an increase
in the intensities of the tetrahedral and oc-
tahedral Co?* bands occurs. An increase in
the tetrahedral and octahedral Co** bands
is consistent with an increase in formation
of a Co surface phase.

Figure 9 summarizes the percentage dis-
tribution of Co species as a function of bo-
ron loading calculated using ESCA data
from reduced and sulfided catalysts, em-
ploying the correction for particle size ef-
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fects (26). It is evident from Fig. 9 that as
the boron loading is increased the amount
of Co030,4 decreases dramatically with a
commensurate increase in the fraction of
Co(0). The percentage of Co;0, determined
by ESCA for C3Bx catalysts is consistent
with that determined gravimetrically, as in-
dicated by the data in Table 3. The percent-
age of Co(t) increases slightly with increas-
ing boron loading.

In the absence of Co;04, DRS can also be
used to quantify the octahedral and tetrahe-
dral components of the surface phase. DRS
data (Table 2) are consistent with the ESCA
estimation of Co(t) (e.g., the fraction of un-
sulfided Co, determined from Table 3) for
the C3B2 catalyst; 38 and 42% were deter-
mined, respectively. DRS and ESCA were
not in agreement for the C3B3 catalyst as
the Co(t) content from DRS was estimated
as 22%, while ESCA indicated 42%. The
ESCA determination of Co(t) is an indirect
method (i.e., it is assumed that nonreduc-
ible, nonsulfidable Co?* is tetrahedrally co-
ordinated), while DRS measures Co(t) di-
rectly. Thus, the DRS determination of
Co(t) is, in principle, more reliable than by
ESCA. The greater Co(t) content deter-
mined by ESCA in comparison to DRS for
the 3% boron catalyst can be accounted for
by the presence of an additional nonreduc-
ible, nonsulfidable Co?* species on the cata-
lyst surface. The fact that the discrepancy
between ESCA and DRS occurs only at the
highest boron loading suggests that this ad-
ditional Co?* species may be a Co borate
phase. The existence of octahedral Co?*
borate compounds have been reported in
the literature (41). The increase in the in-
tensity of the octahedral Co?* band in the
DRS spectrum of the 3% boron catalyst
may, in part, be due to an octahedral Co?*
borate phase. It should be stressed that oc-
tahedral Co?* borate is a phase distinct
from the octahedral Co?*, Co(o), incorpo-
rated into the alumina.

CyB0 and CyB3 Series
It has been shown for CyB0 catalysts that
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the fraction of Co present as Co;0, in-
creases with increasing Co loading (26).
The fractions of Co(t) and Co(o) decrease
as Co loading increases for CyB0 catalysts
(26). The major phase present on the sur-
faces of Co/ALOs catalysts is Co;04 for
CyBO0 catalysts having Co loadings in ex-
cess of 1.5 wt%. Quantification of Co(t) by
DRS for the 0.7 wt% Co catalyst is consis-
tent with that obtained from ESCA analysis
of the sulfided catalyst. Both techniques in-
dicate approximately 75% Co(t) on the cat-
alyst surface. The agreement between DRS
and ESCA in the determination Co(t) for
the 0.7 wt% Co catalyst further confirms
that Co(t) is both nonreducible and nonsulfi-
dable.

Laser Raman and diffuse reflectance
spectroscopy indicate that formation of
Co0,0y is suppressed in favor of Co surface
phases for CyB3 catalysts containing less
than 8 wt% Co. The formation of Co;0,
occurs for CyB3 catalysts at loadings of 8
wt% and greater. As in the case of the C3B3
catalyst, DRS and ESCA were not consis-
tent in the determination of Co(t) for Co;04-
free CyB3 catalysts. The discrepancy be-
tween DRS and ESCA in the determination
of Co(t) for Coi;04-free CyB3 catalysts is
illustrated in Fig. 10. ESCA results indi-
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Co/Al atomic ratio for Co;O.free catalysts deter-
mined by DRS and ESCA.
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cated a greater fraction of the surface was
comprised of Co(t) compared to the DRS
data. The discrepancy between DRS and
ESCA can again be accounted for by the
presence of a nonreducible, nonsulfidable
Co borate phase on the CyB3 catalyst sur-
faces.

By combining ESCA and DRS, the
amounts of Co(t) and Co borate can be
quantified for the Co;04free CyB3 cata-
lysts. The percentage of Co borate can be
determined by the difference between the
percentages of unsulfided Co from ESCA
and Co(t) determined by DRS:

[Co borate] = [Co unsulf]gsca — [Co(D]prs.

The percentages of Co(t) and Co borate de-
termined by the combined use of DRS and
ESCA are shown in Fig. 11 for Co;O4-free
CyB3 catalysts. Also shown are the per-
centages of Co(o) and Co;04, determined
from ESCA as described previously (26),
for all Co loadings studied. The percentage
of Co(t) reaches a maximum value of 30%
at a Co/Al atomic ratio of 0.013 (1.5 wt%
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Co), while the percentage of Co borate de-
creases with increasing Co loading from 36
to 18%. It should be stressed that combin-
ing ESCA and DRS to determine Co borate
content is only valid if the Co borate phase
is assumed to be atomically dispersed. The
percentage of Co(o) initially increases with
increasing Co loading, attaining a maximum
value of 72% at the Co/Al atomic ratio of
0.052 (6 wt% Co). The percentage of Co(0)
decreases dramatically at higher Co load-
ings. Co,0, is absent on the catalyst for Co/
Al atomic ratios of 0.052 (6 wt% Co) and
lower, with the percentage of Co;04 in-
creasing sharply at higher Co loadings.
The effect of boron on the amount of
Co0,04 present on Co/Al,O; catalysts deter-
mined from ESCA data is illustrated in Fig.
12. In the absence of boron, Co;04 forma-
tion occurs at a Co/Al atomic ratio of 0.007
(0.7 wt% Co), with the amount of Co040,
increasing with increasing Co loading. The
presence of boron in the support sup-
presses the formation of Co;0, for catalysts
containing less than a Co/Al atomic ratio of
0.069 (8 wt% Co). Formation of Co;0; is
observed at Co/Al atomic ratios of 0.069
and 0.087 (8 and 10 wt% Co) for boron-
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containing catalyst, although the amount of
Co;0, formed is less than that for the bo-
ron-free catalysts by 25 and 10%, respec-
tively.

The effect of boron on the Co(t) content
of Co/AlLO; catalysts, determined from
DRS and ESCA measurements, is shown in
Fig. 13A. It should be noted that an accu-
rate amount of Co(t) cannot be determined
for CyB3 catalysts containing greater than 6
wt% Co, as quantification by DRS is hin-
dered by the presence of Co0;04. The
amount of Co(t) on boron-free Co/AlO4
catalysts initially increases with increasing
boron loading and reaches a maximum
value at a Co/Al atomic ratio of 0.013 (1.5
wt% Co). A small decrease in Co(t) content
is then observed. In the presence of boron,
the Co(t) content increases with increasing
Co loading and reaches a constant value at
approximately a Co/Al atomic ratio of
0.026 (3 wt% Co). The amount of Co(t) is
lower for boron-containing catalysts than
that for boron-free catalysts.

The influence of boron on the Co(o) con-
tent of Co/Al,O; catalysts determined from
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DRS and ESCA data is illustrated in Fig.
13B. Boron-free catalysts exhibit very low
Co(o) contents relative to Co(t) at low Co
loadings. The amount of Co(o) increases
with increasing Co loading for boron-free
catalysts and reaches values comparable to
those of Co(t) at high Co loadings. Boron-
containing catalysts exhibit a dramatic in-
crease in Co(o) content with increasing Co
loading below a Co/Al atomic ratio of 0.069
(8 wt% Co). The amount of Co(o) in boron-
containing catalysts increases by as much
as a factor of 10 compared to the boron-free
catalysts. This increase in Co(o) content
occurs at Co loadings where Co;0y4 is ab-
sent on the catalyst. Thus, the formation of
Co(o) is favored over Co;0, for boron-con-
taining catalysts having Co loadings below
8 wt%. The amount of Co(o) decreases
sharply for catalysts containing Co/Al
atomic ratios of 0.069 and 0.087 (8 and 10
wt% Co). This corresponds to the increase
in Co30, formation shown in Fig. 12. Thus
at high Co loadings, Co;0, formation is fa-
vored over Co(0). The amount of Co borate
formed on boron-containing catalysts in-
creases with increasing Co content. For
catalysts containing Co/Al atomic ratios of
0.026 and 0.052 (3 and 6 wt% Co), the
amount of Co borate which forms is compa-
rable to the amounts of Co(t) and is small
relative to the amounts of Co(0).

MEcHANISTIC ASPECTS OF Co/AlLO;-B
CATALYSTS

To rationalize the effect of boron on Co/
ALO; catalysts from a mechanistic stand-
point, two related phenomena must be con-
sidered: first, the effect of boron on the
Co/support interactions which occur during
impregnation and second, the effect of bo-
ron on the diffusion of Co?* ions into the
alumina surface layer during calcination.

Information related to the Co/support in-
teractions which occur during impregnation
can be obtained from studying dried cata-
lysts (Fig. 5). Assuming no significant
changes in catalyst repartition, the ESCA
results indicate that the dispersion of Co
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decreases with increasing boron loading for
dried C3Bx catalysts. This decrease in dis-
persion is not due to the formation of Co;04
particles, as evidenced by laser Raman
results for the dried catalysts. The decrease
in Co dispersion may be due to exposed
boron atoms acting as nucleation sites for
Co?™ precipitation. As the boron loading is
increased there is an increase in the number
of exposed boron atoms and hence, more
nucleation sites for Co aggregates. A de-
crease in Co dispersion resulting from the
precipitation of Co?* around exposed sur-
face boron atoms is reasonable, assuming
that the number of nucleation sites is much
less than the number of Co’* ions which
can precipitate on the support surface.
Since the B** ion is relatively small in size,
diffusion of a majority of B** ions into the
support surface layer probably occurs.
Thus, a small fraction of boron atoms are
exposed at the support surface and can act
as nucleation sites for Co’* precipitation.
The chemical state and dispersion of Co
in calcined catalysts is determined by the
strength of the interaction between Co and
the support. In the absence of boron or at
low boron loadings, the interaction between
the deposited Co and the support surface is
weak, relative to that at high boron load-
ings. Thus, diffusion of Co occurs mainly
across the support surface during calcina-
tion, resulting in the formation of poorly
dispersed Co;0,. At high boron loadings,
the interaction between the precipitated Co
and the modified support surface is stronger
than the Co/support interaction for cata-
lysts with low boron loadings. Conse-
quently, Co;0, formation is suppressed and
Co diffuses into the alumina surface layer,
resulting in the presence of Co®* in primar-
ily octahedral and tetrahedral sites of the
alumina lattice. Results from the C3Bx cat-
alyst series are consistent with this mecha-
nism. Calcination of the C3Bx catalysts re-
sulted in a greater decrease in Co
dispersion for catalysts having low boron
loadings compared to the high boron con-
tent catalysts. The increase in dispersion
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and suppression of Co;0, formation for
CyB3 catalysts relative to CyB0 catalysts,
in the 1.5 to 6 wt% Co range, further sup-
ports this mechanism. The aggregation and
stabilization of Co?* ions around surface
boron centers also accounts for the forma-
tion of small amounts of Co borate. Forma-
tion of Co;0,4 was observed for boron-modi-
fied catalysts containing 8 and 10 wt% Co.
At these higher Co loadings Co0,0, forma-
tion is favored via two processes. First, an
increase in the concentration of the cobalt
nitrate solution would lead to the nuclea-
tion and growth of Co;04 precursor at the
carly stages of impregnation. Second, an in-
sufficient number of exposed surface boron
atoms exist to stabilize the precipitated
Co?* ions, resulting in a weaker Co/support
interaction relative to the lower Co loading
catalysts. Thus Co;0, formation occurs in
preference to Co surface phase at these
loadings.

Octahedral Co?* is the primary Co spe-
cies found for catalysts having high boron
loadings and less than 8 wt% Co. The pres-
ence of Co’* in predominantly octahedral
coordination can be rationalized by consid-
ering the diffusion of boron and Co?* into
the alumina surface layer. The diffusion
pathways for Co?* ions are influenced by
the symmetry of boron ions in the alumina
surface layer. There is no direct evidence
for the symmetry of boron ions in the alu-
mina surface layer; however, based on the
chemistry of boron compounds, a tetrahe-
dral site preference is a logical choice.
Thus, if boron occupies vacant tetrahedral
sites in the alumina lattice, there is a greater
fraction of octahedral sites available to
Co?* ions, relative to the fraction of avail-
able tetrahedral sites. It is well known that
Co?* ions have a strong tetrahedral site
preference; however, diffusion into tetrahe-
dral sites is hindered by the occupation of
the tetrahedral sites by boron. This general
site-blocking model could account for the
large amounts of Co?* in octahedral coordi-
nation for boron-modified catalysts. The
site-blocking model, however, assumes
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that the crystal structure of the alumina sur-
face layer is unchanged by the presence of
boron. An alternate explanation for the pre-
dominance of octahedral Co?* may be pro-
posed if the support surface is comprised of
an orthorhombic surface aluminum borate.
A different support surface crystal struc-
ture may influence the site preference of
Co?* ions such that octahedral coordination
is favored instead of the tetrahedral coordi-
nation found for Co?* in spinellike sup-
ports.
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