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ABSTRACT

The addition of phosphate, even in small amounts, has a significant
effect on the properties of the support material of heterogeneous catalysts.
The surface area passes through a maximum at a P/A1 ratio of 0.1 before
decreasing continuously with an increase in the P/A1 ratio. The supports
have unimodal pore distributions with the median pore size increasing with
increasing P/A1 ratio. An increase in the P/A1 ratio results in material
with a decreasing order of crystallinity, as evidenced by x-ray diffraction.
The absence of alumina or aluminum phosphate crystals indicates that the

supports are randomly arranged composite material rather than intimately
mixed domains of alumina and aluminum phosphate.

The addition of phosphate to catalysts prepared by this method has a
marked affect on the catalyst activity and selectivity. The catalyst
screening with 4-propylquaiacol (4PG), a lignin model compound, has shown
that the formation of phenolic compounds suitable for conversion to methy]l
aryl ethers for fuels is possible. A Ni-Mo catalyst having a phosphated
alumina support (P:Al = 0.5) gave the highest yields of these compounds with
hydrocarbons as the major side products. Initial tests with Mo catalysts
suggest that the side product hydrocarbons can be biased in favor of
aromatic hydrocarbons, which are more desirable as high-octane-fuel
components and because they will consume less hydrogen *in a lignin-to-liquid
fuels process than the formation of cycloparaffins would. The Mo catalysts
with phosphated alumina supports P:Al = 0.5 and 0.8 will be tested next to
determine if higher selectivities to phenols, cresols, ethylphenols, etc.,
are possible while suppressing aromatic ring saturation as the results at
P:A1 = 0.2 suggest. The best catalysts will then be synthesized in larger
quantities and tested with pretreated lignins in our parallel reactor
engineering task.




CATALYST DEVELOPMENT FOR HYDRODEOXYGENATION
- AND DEALKYLATION OF LIGNINS FOR FUELS

INTRODUCTION

The conversion of lignin into liquid fuels has been the goal of our
research for the past two years. Depolymerization of lignin, followed by
deoxygenation and dealkylation of the phenolic monomers, by heterogeneous
catalysts, produces a mixture of phenols and aromatic hydrocarbons.
Singerman (1980) demonstrated that a mixture of phenols obtained from coal
liquids could be converted to methyl-aryl ethers (MAE) and blended with
commercial gasolines. The resultant fuel was tested in several automobiles
and found to be completely compatible with the engines and fuel systems of
those vehicles. The MAE could be used to either replace or supplement the
aromatic fraction of gasoiine wniie simuitaneously adding oxygen to the
fuel, which has the added benefit of reducing carbon monoxide emissions

from internal combustion engines and reducing vapor emissions of the
gasoline. '

The research began in 1985 with a thorough review of the literature,
including that from Eastern European countries, A report, "tignin
Hydrotreatment to Low-Molecular-Weight Compounds”™ (Chum et. al.)
encompassing that review is in press. On the basis of that review and
discussions with researchers at the Colorado School of Mines (CSM), it was
decided to pursue our goal by borrowing from the petrochemical
hydrotreating and coal liquefaction technologies hydrodesulfurization (HDS)
and hydrodenitrogenation (HDN) and - early work in the "field of
hydrodeoxygenation (HDO). The processes are similar in practice and
sometimes occur concurrently in hydrotreating. More specifically, we
wanted to develop catalysts that would simultaneously deoxygenate and
dealkylate monomeric and oligomeric lignins.

Since it was our goal to not only deoxygenate (partially) the
phenolics  but to partially dealkylate them as well (dealkylation is
necessary to bring the MAE into the gasoline boiling range and to increase
the octane number) it seemed unlikely that commercially available catalysts
would be suitable. In commercial hydrotreating, dealkylation is generally
done in a separate operation with different catalysts. We envisioned
performing the HDO and dealkylation simultaneously on the same catalyst.
Researchers at CSM were already investigating such catalysts for the HDO of
coal liquids so a collaborative effort was initiated. Two parallel serijes
of catalysts were prepared at CSM for screening with the model compounds:
Mo and Ni-Mo impregnated on vy-alumina supports whose acidity was varied
during synthesis by coprecipitation with phosphoric acid. The catalysts
were then tested at SERI for their HDO and dealkylation abilities using the
model compound 4-propylguaiacol (2-methoxy,4-propylphenol) which is

representative of the types of compounds expected from Tignin
depolymerization. '




EXPERIMENTAL METHODOLOGY

Catalyst Preparation

A1l catalysts were synthesized in the laboratory at CSM with the
exception of the commercial reference catalysts (American Cyanamid Aerg
HDN-30 and Strem Chemicals Mo/y—alumina). Unless otherwise specified, the
chemicals were used as recejved without further Purification., The method
used to incorporate phosphate into the catalyst support was primarily by
the a]umina-aluminUm phosphate coprecipitation method. Fop example, ijn
order to Prepare a support with a p/A] atomic ratigo of 0.5 the following
Procedure was yseq. First, an acidic solution was prepared by adding 200
grams of aluminum nitrate to 2 liters of 18 M ohm deionized-water, followed
by 31 grams of an 85% (w/w) solution of ortho-phosphoric acid. Second,
basic solution was prepared by diluting 250 mL of concentrated (28 wt.%)
ammonium hydroxide with 250 mL of deionized water, The acidic and basic
solutions were added simultaneous]y to a 4-1iter stirred reactijon vessel
which contained 1000 mL of deionized water. The acidic solution was added
at a rate of 100 mL per minute, while the basic solution was added at a
rate sufficient to maintain a pH of 9.¢ in the reaction vessel. After the
addition| was complete, the reaction mixture was stirred for 3p minutes.
The resulting derogel was filtered, washed, dried at 1209C for 24 hours,
calcined ‘at 5000¢ for 16 hours, crusheqd and sieved tg 14/20 mesh Particles,
and stored in ap airtight desiccator containing no desiccant.

The support was then impregnated with salt solutions of Para ammoniym
molybdate‘ i i i i i

(Maho]]and 1987).  The impregnated catalyst was dried at 1200¢ for 12
hours, caPcined at 500°C for 1g hours, and stored in a desiccator.

Initial Catalyst Testing

using benzofuran in heptane as a model feedstock. The tests were conducteq

at 3500C and s5p PSi.  The reaction products were analyzed by a 5840

Hew]ett-Packard as chromatograph using a 10-ft glass column Packed with

80/100 mesh 10% SP-1000. Details of the catalyst Pretreatment ang testing
i ‘ 80).

The surface area of all catalysts ang supports were measured on 3
. Micromeritics Accusorb 2100f surface area analyzer, Nitrogen was ysed as
the adsorbate. Multipoint measurements were made and sample surface areas
were rep]ichted 2 to 4 times ang the results averaged,
\

The pore-size distribution, pore volume, tota) surface area, median
Pore diameter, and bulk and skeletal densities were determined using a
micromeritics Auto-Pore 9200 Mercury porosimeter. An interfacia] contact
angle of 130% was assumed and the surface tension of mercury was taken as
473 dynes/cm.
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The x-ray diffraction patterns of selected cafaiysts and supports were
‘obtained on a Rigaku powder diffractometer. A copper target with a current
of 100 mA and an accelerating potential of 40 KV was used.

The apparatus for the ammonia temperature programmed desorption (TPD)
experiments has been described elsewhere (Maholland 1987). Approximately
0.33 grams of catalyst were placed into the quartz sample tube. The
catalyst was dried for 3 hours in an oxygen-free helium flow at 500°C.
Ammonia was adsorbed onto the catalyst at 1759C for 30 minutes. The
temperature of the sample tube was increased at a rate of 209C/min in a
helium flow until a final temperature of 500°C was reached. The amount of
ammonia desorption profile was obtained by a thermal conductivity detector.
Acid scrubbers were used to collect the desorbed ammonia. The amount of

ammonia desorbed was determined by titrating the acid in the scrubbers with
a standard sodium hydroxide solution.

Catalyst Screening with 4-Propylauaiacol

The catalysts were tested in a trickle-bed reactor constructed from
316 stainless steel suspended in a tube furnace described in the 1986
Contractors Report. The catalyst bed was built up as follows: (1) a
stainless steel frit served as the bed support on top of which was placed a
plug of glass wool, (2) 1.0 g of a-alumina was poured over the glass wool
to serve as a particle guard bed, (3) 1.0 g of catalyst was mixed with 1.0
g of a-alumina and poured over the guard bed, (4) 12.0 g of a-alumina was
poured on top of the catalyst to serve as a liquid distribution bed. At
the temperatures and pressures employed the 4-propylguaiacol remains in the
liquid state, making this a true trickle-bed reactor not a vapor phase
reactor. The catalysts were presulfided using 10% HpS/H, by first heating
the reactor to 1759C under a Ho atmosphere and holding at that temperature
for one hour. The atmosphere was then changed over to 10% HpS/Hp (125
psig) and the temperature raised to 200°C and held there for one hour. The
temperature was then raised to 4009C over a period of one hour and held at

400°C for two hours. The reactor was cooled under the sulfiding atmosphere
and stored under 100 psig HpS/Hj.

The activity of a catalyst was stabilized by performing a
hydrodeoxygenation experiment at 500 psig Hp, 350°C and WHSV = lh'l, using
a feed solution of 10 vol. % benzofuran and 2 vol. % methylsulfide in
heptane for a period of a least 12 hours. During this time, 1iquid samples

were collected periodically and analyzed by gas chromatography to determine
that the conversion had become constant.

After the benzofuran test, the catalysts were tested using 4-
propylguaiacol in a 70.0 vol % solution with 2 vol. % dimethylsulfide,
dissolved in hexane. All exPeriments were performed at 500 psig Ho, using
WHSV = 1.16 h™! and 2.80 h~! and temperatures of 3500C and 4009C. Liquid

samples were collected and diluted to 50 mL in acetonitrile before being
analyzed by either a Varian 3700 GC equipped with a SPBS5 wide bore
capiliary column (30 m x 0.75 mm ID, 1 pgm film), or more recently a
Hewlett-Packard GC/MSD equipped with an Ultra 1 capillary column (25 m x
0.2 mm ID, methyl silicone gum, 100% dimethyl polysiloxane).




RESULTS

Cata]yst Characterization

The effect of phosphate on the total surface are; of the support was
measured using the Brunauer, Emmett, and Teller (BET) method. The

in_ agreement with that found by other researchers using a slightly
different washing procedure from that used in this work (Vogel and Marcelin
s83).

Toop is classified as Type A. In this Case, condensation of nitrogen does
not occur inside the pore until the das pressuyre approaches its vapor
pressureﬂ The desorption isotherm closely mirrors the adsorption isotherm

with only a slight offset, These resuits indicate that this has large
diameter tylindrica] pores, again with a narrow size distribution, '

observed to increase smoothly as the P/A1 rafio increased. High P/A1
ratios yié]ded Supports of large porosity, with pore size distributions
consistingjof Pores with median diameters greater than 200 A.

X—ray}diffraction (XRD) patterns of the supports are shown in Figure
3. The XRD patterns are similar to those reported by previous workers
using other Preparation methods (Keh1 1980; Vogel and Marcelin 1983;
Cheung, et al. 1986). 1Ip the absence of phosphate (P/A1 = 0.0), a v-

At P/Al = 1.0, the peak at 240 29 ;. greater in magnitude byt stq1] very
broad in its shape. This suggests that the support s mostly in an
amorphous state rather than the crystalline tridymite form of A1POq.
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Figure 1. Support Total Surface Area vs. Atomic P/A1 Ratio
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Figure 3. X-ray Diffraction Patterns of
Aluminophosphate Supports

D-23




| a_ standarg solution of sodium hydroxide,
The titration results are in excellent agreement with desorption profiles
shown in Figure 4. The P/Al1 = 0.0, 0.5, and 1.0 desorbed 6.8, 10.4, and

scc of ammonia/g-cata]yst respectively, These results show the
acidity of the catalyst increases as the P/A1 ratig increases.

Initialeatalzst Testing

The active form of the catalyst was Produced by impregnating the

hydrodeoxygenation and dealkylation activity of the prepared catalysts.
The hydrodeoxygenation kinetics of benzofuran over a commercial catalyst
(American Cyanamid HDN-30) were found to bpe Pseudo-first order ip
benzofuﬁan concentration (Edelman et al. in Press). The testing resylts of
the prepared catalysts were compared to those for the commercia] catalyst
and the results for all these SCreening tests are given in Table ], One

and Ni-Mo impregnated a]uminophosphate catalysts s the decrease in
conversion with increasing P/A1 ratio, An increase in the P/A] ratio also
results in the gradual loss of the Promoting activity of nickel, until the .
catalyst\behaves exactly like those catalysts without any promoter present,
Conversions of both the Mo and Ni-Mo catalysts decrease to a level of
roughly 31% and remain constant with further increase ip P/A1. Product
se]ectivﬂty also changes significantly as the P/A1 ration is varijed.
HydrocarQons, present at low phosphate loadings, are absent at P/AT ratios
- greater than 0.5. The extent to which changes in conversion and product
distributﬁon can be solely attributed to the changing P/AT ratio is,
however, Pnc]ear.

4-Propylauaiaco] Results

The total conversion of 4-propylguaiaco] (4PG) to products ranged from
90%-100% with all the Catalysts tested under all reaction conditions
explored. | Blank experiments with an empty reactor or filled with a-
alumina gave conversions of <6%. The total high 4pg conversion can be
misleading, however, because there are dramatic effects on the types of

the methyl carbon-oxygen bong to produce Propylcatechol, methane ang
methyl-propylcatechols even at 3009C-aqd weight hourly Space velocity (WHSV
in g of 4PG/g catalysts x h) = 4.2 h-1 the presence of a catalyst. {n
general, Tow temperatures (<3009C) ang high space velocities (>2.8h-1)
yield primarily Satecho]s; high temperatures (>400°C) ang Tow space

ve]ocities} (<1 h~%) yield pPrimarily hydrocarbons . Similar trends were

observed by Vuori and Bredenberg (1984) in the temperature range of 2500.
3500¢ with\Co/Mo on r-alumina (Ketjenfine 124-3€). 1t s interesting to
note that with all the catalysts tested, the optimal operating condition
for the formation of phenols (dealkylated or not) has always been 400°C and
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Product Distribution Comparison of Laborator
CatalysiLs 1o Commercial HON-30 Cac

Run Number:
Metals Loaded;
P/AY Ratio:
Surface Area:

Compound
(Mole X)

Cyclohexane
Cyclohexene
Ethylcyclohexane
Benzene
Ethylcyclohexene
l1-Ethylcyclohexene
Toluene
Diethylcyclohexane
Ethylbenzene
Diethylbenzene
Benzofuran
Dihydrobenzofuran
2,6-Diethylphenol
Phenol
2-Ethylphenol
Ethylphenol
Diethylphenol

X Conversion
X Deoxygenation

Table 1

ICI12
Ni-Mo
0.0
208,2

13,65

0.63.

21.91
1.81
1.40
2.54
0.00
3.81
4.14
0.93

25.26
0.40
3.47
3.49

13.9}
0.66
2,01

74,74
50,82

IC22
Ni1-Mo
0.1
169.7

3.65
0.47

‘10,88

0.00
0.89
3.19
0.00
0.52
4.08
0.44
28,58
1.00
2.48
5.09
36.29
0.54
1.91

TH.42
24 .12

ICS
Ni-Mo
0,2
111.4

2.13
0.68
3.76
0.00
0.81
2,66
0.42
0.00
2,17
0.06

42 .41 .

2,04
1.11
6.35
31.73
0.84
2,82

57.59
12,69

IC) -1
Ni-Mo

0.5
88.2

0.00
0.00
0.24
0.00
0.00
0.00
0.00
G.00
0.34
0.00
63.93
2,64
0.00
14,16
12,64
0.57
5.50

36.07 -

0.57

y-Prepared Ni-Mg

alysg

IC13
Ni-Mo
0.8
69.1

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
69,34
2.82
0.00
12,50
9.71
0.47
5.12

30, 62
0.00

IC10
Hi-Mo
1.0
64,26

0.00
0.00
0.00
0.00
a.00
0.00
0.00
0.00
0.00
0.00
68.82
2.45
0.00
13.22
Y.52
0.47
5.52

3l.19

HIH-310)
Ni -Mo
0.1
140, 45

2.11
0.64
3.11
0.00

0.51.

1.57
0.00
0.13
2.04
0.22
48,61
2,18
0,73
7.35
25,69
0. 85
4.12

51.97




WHSV = 2.8 h-l (see Table 2). The preferred phenols show the Jeast
sensitivity to space velocity changes at 4009C (Figures 5-7). The
remainder of the products were mostly other phenols ind some hydrocarbons.
Few catechols survive at 4009C, even at WHSV = 4.4 h™1,

Table 2. Major Phenolic Product Selectivities (%) at 400°C and
Weight Hourly Space Velocity of 2.8 g of 4PG/g
Catalysts x Hour as a Function of the Type of Catalyst

Catalysts

Products Mo/ Al 08 Mo/P:A150 NiMo/P:A1;03 NiWo7P:ATo03 Nifio/P:ATZ03
p/Al = .32 P/Al = 5.3 P/AT = 0.2 ~ p/a1 = 0.5 p/al =0
Selectivityl %

.

Phenol 0.0 3.6 3.2 7.5 6.0
Cresols 0.0 4.6 4.4 15.7 12.4
Ethyl- . 0.8 0.5 0.9 8.6 1.4
phenols

Propyl- 36.9 11.2 13.3 7.0 9.0
phenols ‘

Sum of 37.7 19.9 21.8 38.8 28.8
above

products

dWeight hourly space velocity of 1.0 h-1.

bSe]ectivity % = [mmole product/(mmole 4PG injected - mmole 4PG
unreacted)] x 100.

The effect of nickel is that of a promoter towards hydrogenation.
While this effect has not been thoroughly investigated with 4PG, the
results from catalysts with P/A1 = 0.2 phosphated-alumina supports confirm
this role. Figure 8 compares the selectivities of phenolic, aromatic,
and cycloparaffin-type compounds as a function of Picke] promotion. The
operating conditions were 400°C and WHSV = 2.8 h™'. The selectivity to
propylphenol and cresols was not very sensitive to the presence of nickel
with this support, however the effect on aromatic and cycloparaffin
selectivities was more dramatic. The selectivity ratios of toluene:
methylcyclohexane were 0.64 and 2.80 for the Ni-Mo and Mo catalysts,
respectively. The selectivity ratios of propylbenzene:propylcyclohexane
were 0.64 and 6.5 for the Ni-Mo and Mo catalysts, respectively. The loss
of the promoting activity of nickel observed in the benzofuran tests needs
to be confirmed with the 0.5 and 0.8 P/A1 catalysts.

The amount of phosphorous in the support has a marked influence on the
ability to dealkylate 4PG as was previously demonstrated with benzofuran
(see phenol in Table 1). Figure 9 compares the selectivities of the major
phenolic products as a function of support acidity using Ni-Mo catalysts at
4009C and WHSV = 2.8 h-l. The formation of phenol, cresols, and
ethylphenols increases to a maximum of 31.8% combined selectivity with a
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— Figure 5. Phenoljcs Selectivity
aoi ’

as a Function of 4pg Space Velocity
777

with Ni-Mo Aluminophosphate o
Catalyst (P:A7 = 0.8) at 400%

3 Propylphenols
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1.2

-1
WHSV, h 3 Cresols

&2 Pheno1

BELECT. %
eo

Figure 6. Phenolics Selectivity

as a Function of 4pG Space‘VeTocity'
with Ni-Mo Aluminophosphate

......... Catalyst (P:A1 = 0.8) at 350%

2o RS

For compounds’ definitions,.see
above. :

‘ . 2.8 4.5

WHSV, h1

BELECTj. %
28 ‘

— Figure 7. Phenolics Selectivity
as a Function of 4PG Space
o ‘ Velocity with Ni-Mo Aluming-

ol ! pPhosphate Catalyst (p:A71 = 0.8)
5 at 300°C

j For compounds' definitions, see
s ; above.
oL |

1.2 2.8 4.5

WHSV, h‘1
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Figure 8. Effect of Nickel Promotion

‘on Product Selectivities from 4PG
o : v with A'Ium1'nophospha3e Supports -1
>t R (p:A1 = 0,2) at 400°C, WHSV = 2.8 h
Wk = |sssssssssssnssnd
0t
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Ni-Mo Mo
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Figure 9. Effect of Phosphorus
Loading on Dealkylation of Phengls
A0+

from 4PG at 400°C, WHSV = 2.8 h
W,

aok
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a0 TCLECT- % Figure 10. Change in Ni-Mo
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o
20} STl n
wk
0

3 Prophenol; wm Ethphenols; © Cresols;
Phenol; 3 Probenzene; &3 Propylcyclohexanes;
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catalyst Support composed of P/Al = 0.5. Recal} that conversions tg
products at these conditions were >98%, and the balance of the products
were ‘other Phenolics ang hydrocarbons. The Ni-Mo/a]uminophosphate (P/A1 =
O.8):cata]yst g9ave a Tower combined se]ectivity of 19.8% ang the 0.2 p/a
Ni-Mo| catalyst was Tower stil] at 8.5z combined selectivity to pheno1,
cresols, and ethylphenols, These results are consistent with the trends of

pheno] formation from benzofyran using these same catalysts.
The stability of the Ni-Mo/aluminophosphate (P:A1 =0.8) Catalyst was
tested over , period of 6] p of operation (see Figure 10, benzofuran was
the feed for the first 25 h). It can be seen that the overaly activity has
not changed significant]y (conversions based on the disappearance of 4pg
were 98,8% and 98.6%), however, the se]ectivity to Propylnhenals increased
from 16.5% to 22.9%. An obvioys explanation for this decrease in
dealkylation activity ig that toe catalyst support acidity ijs decreasip

ime, POssibly due tg coking. This hypothesis wWill be tested by
s.

It has been demonstrated that the amount of Phosphorys in the catalyst
support affects the surface area inversely Proportional tg the Phosphorys
oading and that the support acidity is Proportional to the Phosphorys
loading. An apparent contradition “ip the activities of the catalysts
tested with benzofuran and 4PG needs an explanation, In the benzofuran
results, Supports with P/Al  ratios higher than 0.] showed decreasing
conversion, whereas with 4PG, the conversions remained high (>90%) up tgq
Al = 0.8 in the case of Ni-Mo catalyst at 3509-4000C. The answer to this

inc]uding Ni in the Catalyst, This would decrease hydrogen consumption and

could improve the se]ectivity to phenols. Additiona]]y, any hydrocarbons
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formed would be primarily aromatic which are more suitable for fuels than
cycloparaffins. ‘

FURTHER WORK

The investigation of the series of Mo catalysts on aluminophosphates
with P:Al ratios of 0.5 and 0.8 will be completed to assess the effect of
increased support acidity on the hydrodeoxygenation and dealkylation of 4-
propylguaiacol. It appears that the hydrodeoxygenation ability depends
upon the hydrogenation activity of the catalyst.. The alkylation/
dealkylation activity and selectivity of the catalyst is a marked function
of the P/Al ratio of the support. A simpler model system, 4-propylphenol,

will be employed in the future studies to assess catalyst
alkylation/dealkylation capabilities.

The best catalyst from these studies will be prepared in larger scale

and tested in the 300 mL autoclave (see Johnson et al., this Proceedings)
with pretreated lignins.

An exploratory-level synthesis effort of new catalysts that do not
require presulfidization is underway. The new catalysts may simplify
operating conditions and lead to the desired product distribution.
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