ABSTRACT
BARTON, RYAN RICHARD. Depolymerization of Lignin in an Aqueous Environment via
Zeolite Supported Nickel Catalysis. (Under the direction of Dr. Steven Peretti, Dr. Sunkyu
Park, and Dr. Richard Venditti).

Lignin is an underutilized byproduct of various biomass industries. Lignin has the
potential to be a valuable product due to the presence of various phenolic subunits. The goal
of this project is to demonstrate that lignin can be depolymerized into high value aromatics
via a Ni/HZSM-5 catalyst; using a low temperature (250 °C) aqueous environment. To
achieve this, first the Ni/HZSM-5 was developed; second, the catalyst was evaluated against
model compounds in various solvents; and third, the catalyst was applied to lignin
feedstocks. During the development process, first the HZSM-5 solid acid support was
evaluated in water at 250 °C using 2-phenoxy-1-phenylethanol (PPE), which is a lignin
model compound with a B-O-4 linkage. HZSM-5 showed activity for C-O cleavage at this
reaction condition, converting 96% of PPE with 68% selectivity to phenol and
phenylacetaldehyde.

The catalyst development dealt with Ni/HZSM-5 catalyst synthesized via deposition-
precipitation (DP). The effects of synthesis parameters; including nickel loading, DP time
(synthesis contact time), and calcination temperature, on catalyst properties were observed.
N, and CO, adsorption techniques were used to look at textual properties and confirmed the
existence of lamellar species generated from DP. X-ray diffraction (XRD) confirmed that
nickel metal was present on the support after reduction and passivation of the catalyst.
Temperature programmed reduction (TPR) showed that all the catalyst preparations were
reducible at 460 °C after 4 h, and that the DP method formed a mixture of Ni?* species on the

support. Transmission electron microscopy (TEM), XRD, and H, chemisorption were used



to determine approximate particle size and dispersion of nickel metal. Of all the
preparations, the 15 wt% Ni/HZSM-5 catalyst with long DP time (16 h) and low calcination
temperature (400 °C), exhibited the most favorable particle size (~5 nm) and dispersion
(7%).

To evaluate these catalysts, a high throughput reaction system involving
hydrodeoxygenation (HDO) of guaiacol in dodecane was used. All Ni/HZSM-5 catalysts
were capable of guaiacol HDO into cyclohexane at 250 °C. The role of the HZSM-5 acid
sites was confirmed by comparison with Ni/SiO; (inert support) which exhibited incomplete
deoxygenation of guaiacol due to the inability to perform the cyclohexanol dehydration step.
The most favorable catalyst, Ni(15)/HZSM-5 DP16_Cal400, performed the guaiacol
conversion and HDO activity with the highest intrinsic rates; 7.6 and 1.6 molecules of
guaiacol-Ni site™-s™, respectively. Guaiacol HDO reactions in dodecane exhibited undesired
saturation of aromatics. This saturation was attributed to the use of the organic solvent,
instead of an aqueous environment.

This was confirmed with PPE model compound reactions using Ni(15)/HZSM-5
DP16_Cal400 catalyst at 250 °C in NaOH solution and water. Water was the desired solvent
while NaOH solution was used for its ability to solubilize lignin. Ni/HZSM-5 in NaOH
solution was active, but did not yield favorable products from PPE. For PPE reactions in
water, Ni/HZSM-5 exhibited the most favorable products after 30 min; ethylbenzene and
phenol (~35 and 23% of initial carbon, respectively).

The last step involved reactions applying the developed Ni/HZSM-5 to two types of
lignin. First was a reaction with acetosolv lignin, from pine, in NaOH solution; and second

was a reaction with soluble lignin, from autohydrolysis pretreatment of Miscanthus, in water.



The Ni/HZSM-5 reaction against acetosolv lignin in NaOH exhibited poor monomer yields
(3-6 wt% yield of aromatics). The Ni/HZSM-5 reaction in water against the soluble lignin,
exhibited the highest yield of aromatics after 6 h (~24 wt% of the starting oligomer material).
This yield is comparable to work with similar catalysts used against lignin in organic
solvents; however, the extent of aromatic monomer yield from lignin in a water solvent

achieved in this study exceeds literature values previously reported.
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CHAPTER 1

Introduction and Background



1.1 Introduction
Currently, scientists are looking for a renewable resource that can be used to create

transportation fuels and industrial chemicals.™?

The United States’ Departments of
Agriculture and Energy want 20% of our transportation fuels and 25% of our chemical
commodities to come from biomass sources by the year 2030.> As reported by the U.S.
Department of Energy (DOE), the National Academy of Science (NAS) estimates that by the
year 2020 there will be about 548 million dry tons of cellulosic biomass produced sustainably
each year (not including energy crops such as corn used for ethanol and other biodiesel
crops). The billion ton study estimates a total of about 1.4 billion dry tons of renewable
biomass available, which includes energy crops, agricultural and forest resources, and waste
residues.’

Lignocellulosic biomass is comprised of cellulose, hemicellulose and lignin, and its
use would not directly compete with food production. Research has been directed toward
cellulose, since it typically makes up approximately 50% of the biomass, while hemicellulose
makes up about 20%, and lignin is between 15 and 30% of the biomass.>* Despite lignin
having the smaller biomass percentage, it contains 40% of the energy stored within the
biomass, has a higher heating value, and contains the largest amount of aromatic structures
compared to cellulose and hemicellulose.” These properties of lignin, especially its chemical
composition, make it valuable for chemical production. Based on the billion ton study

estimate of 1.4 billion dry tons of biomass, there will be potentially between 210 and 420

million dry tons of lignin available per year by 2030 .3



Lignin is a byproduct in various industries, including paper and pulp plants and
biorefineries. Currently, lignin is not utilized to its full potential; instead it is burned as low
value fuel to power industrial processes."*®" If processed correctly, it could be used for the
production of aromatic compounds, platform chemicals, and other high value products that
are typically derived from petroleum. Producing aromatic products from lignin not only
makes converting cellulose into transportation fuel more economically feasible, it provides a
renewable resource for the production of important chemicals. As can be seen in Table 1.1,
it is theoretically possible to fulfill the U.S. demand of aromatics (2007 report) using lignin

as a renewable feedstock, and still have a large excess of lignin for other products.®

Table 1.1: Long-term conversion technologies required for aromatics market.

Aromatic Us pemand MGl -curentacmology-  Ton Sy

' (107 1b.) (10° Ib.) (20%1b.)
BTX 45.3 93 930 -
Phenol 5.09 10 80 -
Terephthalic acid 111 13 130 -

Total 61.5 116 1,112 330-840

*Theoretical lignin required is based on simple calculation of the relative molecular weights of lignin (taken
to be 188 for organosolv lignin) and the aromatic listed. Using current technology, the best that can be
achieved today is approximately ten percent of theoretical.

Needed technologies: Catalysis — selective dehydroxylations and demethoxylations; dealkylations;
hydrogenolysis. Application of catalytic reforming chemistry from petrochemical industry.

Currently, the state of lignin conversion technology is not efficient enough to produce the
required amount of aromatics (only 10% of theoretical yield); however, this leaves much

room for improvement. With research and development of this technology, the amount of



lignin required to fulfill demand will be within the range of available lignin (based on only
15-35% vyield of aromatics from lignin). With yields above 35%, the required lignin would be
well below the lower limit of available lignin. Overall, even with a marginal improvement in
aromatic yield from lignin, the aromatics market could be satisfied by conversion of
renewable lignin feedstocks.

The main obstacle to direct lignin depolymerization into useful products is the
complex structure of lignin, which is not entirely known because it varies with biomass
species, and it varies from plant to plant based on growing conditions and the extraction
methods employed. Currently, catalytic depolymerization processes require multiple steps
and have high energy demands due to the high temperatures required for catalytic activity.
The goal of this study is to develop a catalyst system that operates at milder temperatures,
around 250 °C, instead of pyrolysis range temperatures (500 °C), and to selectively produce
aromatic products while minimizing the number of treatment steps required.

While there are multiple pathways for the processing of lignin, the two most

favorable are detailed in Figure 1.1.2



New New

Technology & o Technology
> ANGOHHO LA A
= ! 1 | A OH s AN
Oﬂﬂ AL oH| q— N ogné - — [ -+ (A + ] + Cl
PP R FNo (AL 5 (0 oy ) phencl xpene tolene benzene
ot e, Current
pcoumaryl  coniferyl sinapyl A urren
compounds  compounds ¢ s HO™ ™y
e b Technology
o w7
A Ao Lignin
I | -
o ° Yo by o OH - _OH OH oH A, COH Noop
I I S | [ L % i)
LA | < i ON NOz
g o LR 4 benzoic acid  dinitrotoluene A
Methanol nkrophanols aminophencls isophthalic acid S e
/ o LA A enol
\_on 1 ||~ S, 0on ~F co || P oycohaisiacns
N7 W 1 J OH||" " iaminotoluene  toluene diisocyanate | 5 ~0
erclotant pe: xanone | | HO: T A . L . A { NH
o ‘slyvene ca&\’alscum
terephthalic acid 4
polymers, dyes, resines, 1' ‘,i J ] i AN ,)L‘ 6
pharmaceuticals HO ~7 oM 0 S i
PtentA cumene adipic acid
i ( UNH
1.6-diaminchexane

Figure 1.1: Two potential pathways for lignin degradation.

The pathway to the right is reductive, and results in simple aromatic compounds that serve as
platform chemicals for other chemical commodities and fuels. Such reduction catalysis
could be done with a heterogeneous catalyst that can operate at a wide range of conditions,
including conditions similar those at which the lignin byproduct streams are initially
produced. The other pathway directly produces valuable chemicals and fuels from lignin in a
single step through oxidation; however, such a conversion of lignin would require a highly
selective enzyme or catalyst. These are typically homogeneous/biomimetic catalysts, which
can be more expensive, are unstable in more extreme conditions, and can be difficult to
recover. For these reasons, the reductive pathway was the focus of this work.

Before the catalyst system is addressed, the nature of lignin’s structure and
complexity is discussed. The reason that lignin depolymerization has been a problem for so
long is the fact that the structure is highly variable, with branching and high molecular

weight. This makes it recalcitrant to many thermochemical processes. Therefore, up to this



point the main methods for attacking lignin involve severe reaction conditions, such as found
with high temperature pyrolysis. However, even these methods are unsuccessful due to the
high variability of bonds and structures found within lignin, which lead to a wide range of
chemistries, many of which lead to recondensation and recombination of the broken down
lignin structures. In order to design a catalyst that can effectively attack the lignin, an
understanding of lignin and its many forms is needed. Specifically, an understanding of the
different extraction methods and sources of lignin available, along with their corresponding

structures and characteristics is important.

1.2 Background Information
1.2.1 Structure of Lignin

Lignin is a complex organic polymer typically composed of oxygenated p-
propylphenols (contains both hydroxy and methoxy groups), which are usually linked and
cross-linked by C-C bonds and C-O bonds.>®’ The composition of polymer units depends on
many factors including biomass species, growth conditions, and extraction conditions. One

hypothetical structure for lignin is presented in Figure 1.2.°
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Figure 1.2: Proposed lignin structure example.

Lignin has been found to contain three dominant monomer structures called monolignols.

The three monolignols and their corresponding aromatic residues are shown in Figure 1.3.
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Figure 1.3: Monolignols and their corresponding aromatic residues.

Lignin from biomass can be categorized by the relative amount of the H, G, and S aromatic
residues it contains. The various groups are type-G, type-G-S, type-H-G-S, and type-H-G.
Type-G for example would be a lignin composed mainly of guaiacyl residues.! The structural
monolignol units are bound together by various types of linkages. The polymerization of
lignin starts with two of the monolignols forming radicals. The radicals form dimers, and the
radicals propagate further, leading to more coupling between monomers, dimers, and other
larger oligomers.’

The linkages are typically either C-C bonds or C-O bonds. The C-C linkages are
usually more difficult to cleave than the C-O linkages. The most abundant linkage found in

most forms of lignin is the B-O-4 linkage (C-O linkage), and it can be readily cleaved under



mild treatment conditions. Other C-O linkages include 4-O-5 and a-O-4. The a-O-4 can
appear in both linear and cyclical forms such as in dibenzodioxocin. The typical C-C
linkages include 5-5, B-1, and B—B. The B-5 linkage is a combination of a C-C and a C-O

linkage. All the typical linkages are illustrated in Figure 1.4.2

Figure 1.4: Common lignin linkages.

1.2.2 Linkage Composition in Biomass

There are three main categories of biomass, including softwood, hardwood and
herbaceous biomass (grasses). Softwoods contain the largest amount of lignin at around
30% of the biomass, while hardwood contains the next highest percentage of lignin at about

20-25%.> Softwood consists mostly of guaiacyl units (G) (90%), while hardwoods contain



approximately equal amounts of guaiacyl, and syringyl units (G and S). The approximate

linkage compositions for softwood and hardwood are listed in Table 1.2.%7

Table 1.2: Typical linkage compositions for softwood and hardwood.

Linkage Softwood Hardwood
B-0-4 45-50% 60%
5-5 9-25% 0-9%
B -5 9-12% 3-10%
B-1 1-9% 1-7%
a-0-4 6-8% 6-8%
(dibenzodioxocin) (5-7%) (0-2%)
4-0-5 0-7% 0-9%
B-B 2-6% 3%

The major difference between the softwoods and the hardwoods is the amount of 5-5
linkages present. Hardwood has very few 5-5 linkages due to the presence of syringyl units,
which have two methoxy groups surrounding the 4 position on the aromatic ring. Guaiacyl
units only have one methoxy group, leaving the other position next to the 4 position open to
possible 5-5 linkages. As a result of the syringyl units, the hardwood lignin typically has a
more linear structure, while softwood is more branched. Overall, lignin in hardwood is less
abundant, but more easily degraded, while softwood has a higher composition of lignin, but it

is more difficult to degrade due to the additional branching and cross-linking.
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1.2.3 Extraction of Lignin

The structure of the lignin is greatly affected by treatment conditions such as
temperature, pressure, solvent type, and pH range. Since the pulp and paper industry has
been focused solely on the quality of the cellulose extracted until recently, little attention was
paid to the effects of pretreatment and extraction methods on lignin quality. In order to
integrate lignin depolymerization into commercial pulp mills and biorefineries, the lignin
extraction methods must produce a lignin that has high purity and minimal condensation in a
reproducible manner.? During extraction, linkages and methoxy groups can be cleaved, or
condensation reactions can occur which lead to the creation of more C-C bonds.” In general,
it is easier to extract lignin when it is ground up in the form of milled wood lignin, typically
denoted as MWL.? Common types of extracted lignin are Kraft lignin, lignosulfonates, and
organosolv lignin.»#°1°

The Kraft process introduces the initial biomass to a mixture of sodium hydroxide
and sodium sulfide solutions, called white liquor, at a temperature ranging from 150-180 °C
for approximately 2 h. During this process, the biomass is delignified and the lignin
undergoes both degradation reactions and condensation reactions. The degradation reactions
fragment the lignin into material that is soluble in alkaline solution. Some examples of
cleavage reactions are presented in Figure 1.5, including an alkaline a-aryl ether cleavage,

an alkaline B-aryl ether cleavage, and a sulfidolytic B-aryl ether cleavage.'
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Figure 1.5: Example degradation reactions in the Kraft process: a) alkaline cleavage of a-aryl ether bonds, b)
alkaline cleavage of B-aryl ether bonds, c) sulfidolytic cleavage of B-aryl ether bonds.
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Condensation reactions, which are in competition with the degradation reactions,
repolymerize lignin fragments and create more stable lignin oligomers which are harder to

break down. Examples of condensation reactions are presented in Figure 1.6.*
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Figure 1.6: Example condensation reactions in the Kraft process: a) competing reactions involving quinone
methide intermediates, b) alkali-promoted condensation reaction.
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The fragments formed are soluble in alkaline solution, and this alkaline solution containing
the soluble lignin fragments is called black liquor. To recover the Kraft lignin from the black
liquor, the lignin is precipitated out of solution through acidification. A model Kraft lignin

from pine is presented in Figure 1.7.2

Figure 1.7: Model structure of Kraft lignin from pine.

The sulfite pulping process which produces lignosulfonates is similar to the Kraft
process; minus the chemical recovery of the Kraft process. It also has the ability to use a
large range of pH (2-12) depending on the cation chosen for the pulping. For the more
common acidic sulfite pulping, calcium or magnesium sulfites (or bisulfite) are used, while
alkaline sulfite pulping is done with sodium and ammonium sulfites (or bisulfite). An
example reaction found in sulfite pulping is presented in Figure 1.8, and the resulting

lignosulfonate has structure similar to what is shown in Figure 1.9.8*2
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Figure 1.8: Example sulfite pulping reaction.

Figure 1.9: Model structure of lignosulfonate.

Sulfite pulping does not degrade the lignin as extensively as the Kraft process, so the lignin
has larger molecular weight. However, as a result of the sulfonating of lignin, the lignin
fragments become water soluble.

Organosolv lignin is obtained from various organic solvent extractions of biomass at
elevated temperatures. Typical solvents include 1,4-dioxane, ethanol or ethanol/water

8,13

(known as the Alcell process), or acetic acid (Acetosolv process) The structure of

organosolv lignins are considered to be close to the native structure of lignin, as shown in
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Figure 1.2, retaining the p-O-4 linkages found in lignin.® Organosolv processes are known
for generating easy to separate streams of cellulose, hemicellulose, and lignin. An acetosolv
lignin is used in this work, and the process involves the use of 87 wt% at 185 °C for 2 h."3
This lignin is not soluble in water at a pH 2-7, and requires an alkaline environment to be
solubilized.

Another pretreatment method for removing sugars from biomass is autohydrolysis,
which is becoming more common for biofuel applications, such as those using switchgrass to
produce bioethanol. Autohydrolysis pretreatment uses water (or dilute acid) at around 150-
200 °C to mildly break down the cellulose (insoluble solid) for subsequent enzymatic
hydrolysis. ~ While the solid goes downstream for further degradation followed by
fermentation, the resulting liquor contains some hemicellulose (xylo-oligomers) and lignin,
which is soluble in the aqueous phase. This soluble lignin is a promising source of lignin,
since it has lower molecular weight and is soluble in the aqueous phase. The drawbacks of
this lignin are that it is very dilute (low yield of lignin), and it is mixed with the soluble xylo-
oligomers, and therefore needs to be purified prior to depolymerization.

An ideal lignin stream for this study is one that has a low molecular weight, no sulfur
content, and is soluble in water at neutral pH. Low molecular weight is important for
allowing the lignin to access the catalytic sites, since large, bulky lignin has much less
mobility. Similar to having low molecular weight, high solubility of the lignin in the reaction
solvent (the desired solvent being water solvent) facilitates better contact between the lignin
and the catalyst sites. The absence of sulfur is important for this work, since metal catalysts

such as nickel are poisoned by sulfur. From the extraction methods above, Kraft lignin and
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organosolv lignin have lower molecular weights, while lignosulfonates have a relatively
higher molecular weight.® Soluble lignin from autohydrolysis represents only a small
fraction of the total lignin in the biomass, but the lignin present in the soluble form has low
molecular weight. With regards to sulfur content, organosolv lignin and the soluble lignin
from autohydrolysis have little to no sulfur content, Kraft lignin has a sulfur content around
1-2%, and lignosulfonates have a high sulfur content.® Unlike Kraft and organosolv lignins,
lignosulfonates are soluble in water for a wide range of pH, while Kraft lignin is only soluble
at alkali conditions (pH > 9), and organosolv lignin is insoluble in water from a pH of 2 to 7.2

Overall, neither of the sources of lignin is ideal. Autohydrolysis soluble lignin and
lignosulfonates are both soluble in neutral water; however, they are not as commonly utilized
commercially as Kraft pulping. Another disadvantage of lignosulfonates is the unacceptable
amount of sulfur (catalyst poison) introduced into the lignin structure. Kraft lignin is
available in large amounts, and it is commercially available, especially from the pulping
industry. It might be an acceptable lignin source since it has a relatively low molecular
weight and low sulfur content. Unfortunately even the low sulfur content can severely
inhibit a nickel catalyst system. In addition, the Kraft process incorporates the lignin waste
stream into the process by burning it for energy to run the chemical recovery boilers needed
for the Kraft process. Since the need to fuel the process will take precedence over processing
the lignin for additional revenue, there would have to be large amounts of excess lignin
available from the process for it to be used. Therefore, organosolv and soluble lignin from
autohydrolysis are the best sources of lignin. Organosolv is desirable due to the lower

molecular weights, the presence of mostly sugar free lignin, and its solubility in slightly less
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alkaline conditions than Kraft lignin. Soluble lignin from autohydrolysis is desirable due to
its even lower molecular weight and solubility in water. Both are also soluble in THF, which
is beneficial for GPC analysis since Kraft lignin requires acetylation to be soluble in THF.
While there are no significant commercial sources of organosolv lignin and soluble lignin
from autohydrolysis, as lignin conversion technologies are developed and improved, such an
extraction method may become dominant for biorefineries, which would depend on the
ability to utilize the lignin byproduct for economic viability. For this work, lignins in the
form of Kraft, organosolv (acetosolv), and soluble lignin from autohydrolysis pretreatment

were utilized.

1.2.4 Depolymerization of Lignin

When lignin is degraded, it forms a combination of alcohols, aldehydes, ethers, acids,
aromatics, and linear hydrocarbons. Selective cleavage is needed to produce the desired
aromatic products. Typically, lignin is degraded through thermal decomposition either in the
form of pyrolysis or hydrothermal oxidation in the presence of hydrogen peroxide.'**
Pyrolysis, including catalytic pyrolysis, requires high temperatures (typically 500 °C and
higher) to degrade dry biomass or lignin. The disadvantages of such a method include high
energy costs and the production of char and coke, which deactivates cracking catalysts such
as zeolites and complicates downstream processing. In this study, a heterogeneous catalytic,
thermochemical process was used at lower reaction temperatures and in an agueous

environment. The advantages of the aqueous environment include: removing the need for dry

biomass, reducing the extent of char and coke production, allowing easy catalyst separation
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(easy to recover solid catalyst from liquid and gaseous products), and easy product recovery
from the solvent, either by the liquid organic products phase separating from the aqueous
solvent or through extraction from the aqueous solvent using an organic solvent.

To effectively depolymerize lignin into monomeric aromatics, a wide range of
reactions needs to take place, including hydrogenolysis and hydrodeoxygenation (HDO).?

Examples of hydrogenolysis and HDO are presented in Figure 1.10.

Hydrogenalysis
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i o e Ry i HO
= / e /,f / e
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Hydrodeoxygenation
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i H / =
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Figure 1.10: Examples of hydrogenolysis and hydrodeoxygenation reactions.

The catalyst of interest, Ni/HZSM-5, is a multifunctional catalyst that employs catalytic
activity from the solid acid zeolite support and the nickel metal catalyst, and is capable of
catalyzing both of these critical reactions.

Many methods have been employed to depolymerize and valorize lignin, as detailed

in the review by Zakzeski et al? Recently, research has focused on supported nickel and
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bimetallic nickel systems for the production of aromatic monomers from lignin; a summary

of these recent studies is listed in Table 1.

2,16-21
3.

Table 1.3: Literature summary of lignin depolymerization and conversion to monomer products catalyzed by

nickel metal.
Author Catalyst/Conditions Feedstock Products/Result
Ni/HZSM-5 .
T =250°C Pyrolysis OLTIOM | ¢ HDO of C-0 and C=0
Zhao et al*® P=5MPaH, (Fa)xtracted with n- bonds in furans, alcohols,
Time=4h hexane ketones, phenols
Solvent = Water
. i 1 Yield: 15.4 wt% alkyl
_’Fl'igzzg'\f: phenols (present in water
_ soluble portion)
Singh et a1’ _IT_i-mg.i071hMPa Al Kraft Lignin from |  96.8-98.5% lignin
Solvent = Water/Methanol black liquor S%g\ézréﬁnéoﬁ;ﬁ)ecrﬂré%
+ NaOH '
glolgl?ﬁ:/s\glvengo water soluble, ~42% gas
products;
Ni/AC 1  Yield:48.5 wt%
(Activated Carbon) monomeric phenols
Song etal.® T =200°C Organosolv lignin | §  50% conversion, 97%
' P =0.101 MPa Ar from birch wood selectivity to monomeric
Time=6h phenols (propylguaiacol
Solvent = Alcohols and propylsyringol)
_II\_IZ/?;JS E((::ollmdal catalyst) 1 Yield: 14 wi%
Zhang etal.*® P =1 MPaH, Organosolv lignin MONOMers .
Time = 12 h (guaiacyl and syringyl
Solvent = Water propanols)
Ni;/Aus (colloidal catalyst)
Tf 160 °C Organosolv lignin | ¢  Yield: 10.9 wt%
20 P=1MPaH, . N
Konnerth et al: Time = 4 h from birch monomers (guaiacyl and
Solvent = Water + NaOH sawdust syringyl propanols)
(alkaline solvent)
1 Yield: 25 wt%
. . monocyclic alkanes
Ni supported on SiO,, : o
HZSI\F/)IF-)S and LIBEL (Ni/HZSM-5, 250 °C)
1 H . 0,
Kasakov et al%* =250 °C/320 °C Organosolv lignin ! ;Ic?r:gézgl i\?:,ta/;)kanes
) P=2MPaH, from beech wood . y o
Time=6h (N]/II;B’ 250 °C)
Yield: 70 wt%
Solvent = n-hexad T
Olvent = n-hexadecane hydrocarbons (Ni/Hp,
320 °C)
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The study by Zhao et al. was not a lignin depolymerization, but a pyrolysis oil upgrading
experiment using Ni/HZSM-5 in an aqueous environment, and it showed that Ni/HZSM-5 is
not only stable in the aqueous environment, but it was able to completely deoxygenate the
pyrolysis oil compounds. However, this particular catalyst preparation performed a large
extent of aromatic ring saturation.’® The remaining studies in Table 1.3 involved lignin,
mainly organosolv lignin, except for one study with Kraft lignin.

The highest yield of monomeric phenols (propylguaiacol and propylsyringol)
involved the use of organic solvent instead of water; specifically, various alcohols including
methanol, ethanol, and ethylene glycol.® Using organosolv lignin in an alcohol solvent at
200 °C, 50% lignin conversion was achieved, yielding 48.5 wt% monomeric phenols.*® Other
researchers using organic solvent in the form of a mixture of water and methanol, only
achieved a yield of 15.4 wt% alkylphenols.’” For these two studies, alcohol served not only
as a solvent, but as a source of hydrogen for the nickel catalysis.

Another example of excellent performance of nickel supported on zeolites was
reported by Kasakov et al. where 25-30 wt% yield of monocyclic alkanes was obtained from
organosolv hardwood lignin in n-hexadecane solvent at 250 °C, and an even higher yield of
around 70 wt% hydrocarbons was obtained at 320 °C.?! These yields are very good, but all
monomers were completely saturated hydrocarbons (instead of preserving the desired
aromaticity), and a non-polar organic solvent was used.

As mentioned previously, the goal of this thesis work is to utilize an aqueous solvent
for the depolymerization of lignin and production of monomers, due to the presence of

moisture in the lignin feedstocks, the production of water during cleavage reactions, and for
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easy catalyst and product separation. Therefore, the reactions performed in aqueous
environment are of more interest; however as can be seen in Table 1.3, all the reactions in
water solvent produced only about 10-15 wt% monomers (guaiacyl and syringyl propanols),
based on starting lignin mass, which is on the low end of the desired yield mentioned
previously.!71%%

There was mild improvement in the rate of monomer production for the catalyst
system that utilized NaOH to make the reaction solution alkaline.?’ The use of an alkaline,
aqueous environment also showed improvements in the study by Singh et al, which
observed little to no char production when an alkaline environment was used. The alkaline
aqueous environment ensures that the starting lignin is solubilized in the starting reaction
mixture. However, as mentioned before, only 15.4 wt% of alkyl phenols was obtained.’” As
shown from the literature in Table 1.3, aromatic monomer production from lignin
depolymerization has been relatively successful in non-aqueous solvents, but much work is

needed to improve the yield of aromatics from lignin depolymerization in an aqueous

environment.

1.2.5 Properties of HZSM5
ZSM-5 is an aluminosilicate-based zeolite. It has a highly porous, 10 membered ring
pore structure, with a pore diameter between 5-6 A, and a high surface area around 400 m*.g°

12223 The pore structure of ZSM-5 can be seen in Figure 1.11.%

22



ZSM-5 Lattice

Figure 1.11: ZSM-5 structure; red circles indicate pores.

ZSM-5 is most commonly used as a cracking catalyst in the petroleum industry, or as a
molecular sieve for separation processes. The pore size of the ZSM-5 facilitates shape
selectivity, allowing only certain size particles in and out of the pore structure, and controls
the shape and size of the products made within the pore structure. The presence of aluminum
in the structure results in a net negative charge in the framework, which is balanced by a
cation, typically a metal ion (such as sodium), and is the potential active catalyst site. The
two types of actives sites that can be found in ZSM-5 are depicted in Figure 1.12; one being

a strong acid site and the other being a weak acid site.?
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Bronsted acid site Lewis acid site

Figure 1.12: Active sites found in ZSM-5.

HZSM-5 is a protonated form of ZSM-5 where hydrogen protons are bound to oxygen-

aluminum sites, as shown in Figure 1.13.%

Bronsted Acidity
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Figure 1.13: Protonated acid sites in HZSM-5.
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HZSM-5 is a solid acid catalyst where the protonated oxygen-aluminum sites are the active
acid sites in the HZSM-5 structure, and therefore the acidity of the catalyst is related to the
SiO,/Al,O3 ratio, which can vary based on the synthesis method. Another feature of the
zeolite structure is that it is stable under high temperatures and can serve as a support for
other metal catalysts depending on the desired functionality.”® This ability to incorporate
metal ions into the zeolite structure allows for multifunctional catalysts. Acidic zeolites have
been found to be favorable for supporting hydrogenation catalysts (Pt, Ni, etc.), since the
presence of the acidic support reduces sensitivity of the hydrogenation catalyst to trace

amounts of sulfur (which may be present in industrial lignin streams).®

1.2.6 Acid Catalysis

Acid catalysts are capable of many organic reactions, including dehydration,
hydrolysis, condensation, alkylation, acylation, and isomerization. Homogeneous acid
catalysts have a much higher concentration of acidic proton sites, but are hard to recover and
recycle, unlike heterogeneous catalysts.” The pore structure of the solid acid catalyst allows
for high selectivity towards specific products, but as a result, conversion can be limited by
diffusion of the reactant molecules into the pores. Among oxide supports, HZSM-5 and other
highly ordered zeolites, have a higher acid site concentration since the active acid sites are
located along the entire pore surface area.?> This allows HZSM-5 to be more active compared
to other oxide supports (alumina). Another advantage of these heterogeneous catalyst sites is

that their acidity and active sites can be modified through ion exchange and other
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functionalization of the framework. This allows the acidity to be tunable, and also allows for
a multifunctional catalyst system, as mentioned previously.

HZSM-5 (and other zeolites) can only have a limited number of acid sites. In the
aluminosilicate structure, the Al sites cannot be neighbors (Al-O-Al) because it is not a stable
structure, therefore only Si-O-Al can exist in the framework.?” For ZSM-5 type zeolites, the
SiO,/Al, O3 ratio is typically 20 or greater. Furthermore, it has been found that acid sites are
stronger when they are isolated; meaning that the next nearest neighbors of the Al in the Al-
OH-Si structure (Bransted acid site) are also not Al atoms.?*?* Therefore, there is an optimal
acid site density. In addition, besides the strong Brensted acid sites, there are Lewis acid
sites which are not directly attributed to the acid activity of the catalyst. Besides exchanging
a H* proton with a metal cation as shown in Figure 1.12, a Lewis acid site can be formed
when Al is only bonded to three oxygen atoms and the neighboring Si atom has a positive
charge.?® The Lewis acid site (loss of oxygen from AlO, to AlO;) can be a result of
dehydroxylation due to subjecting the zeolite to steaming conditions as shown in Figure

1.14.%
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Figure 1.14: Formation of a Lewis acid site in a zeolite by steam conditioning.

The presence of Lewis acid sites has shown an indirect effect on the strength of the Bransted
acid site. For example, after mild steaming, the HZSM-5 showed increased catalytic activity.
This has been attributed to the creation of electron withdrawing centers (hydrolyzed Al site)
around the Bransted acid site.”®

The role of the active acid sites in HZSM-5 for the reaction system at the focus of this
study is the dehydration and hydrolysis of the reactant molecules.’® Specifically, the acid
proton of the Brgnsted site protonates the oxygen atoms leading to the creation of
carbocations and cleavage, or deoxygenation due to dehydration. Typically, n-alkane
cracking or m-xylene isomerization are used to characterize the performance of HZSM-5
catalyst. These reactions operate at temperatures around 500 °C, which is more typical for
pyrolysis reactions. The reactions for this project are being performed in a Parr reactor at

around 250 °C, so additional equipment would be required to perform these typical HZSM-5
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reactions; therefore another simplified experiment was used to evaluate the performance of
HZSM-5. Instead, a lignin model compound dimer, 2-phenoxy-1-phenylethanol, was used
which contains a B-O-4 linkage, as well as a hydroxyl group. In this model reaction, the
HZSM-5 can either perform linkage cleavage via hydrolysis or perform dehydration on the

hydroxyl group.

1.2.7 Preparation and Modification of HZSM5

When ZSM-5 is synthesized, it typically comes in a Na-ZSM-5 form (or other cation
in the place of sodium, depending on the initial synthesis method). To convert the Na-ZSM-
5 into HZSM-5, the catalyst is first converted to the ammonium form, which is accomplished
through ion exchange with a solution such as NH4ClI, which replaces the sodium cations with
ammonium cations. The resulting NH4-ZSM-5 needs to be calcined, which will thermally
degrade the ammonium and expel ammonium gas from the catalyst, leaving the hydrogen
cation on the aluminosilicate structure. The resulting catalyst solid is HZSM-5, which was
the starting catalyst for this study.

After the HZSM-5 is tested in the reaction system and characterized (selectivity,
conversion, surface area, pore volume, etc.) the catalyst is modified with a nickel metal
catalyst. Nickel metal is typically incorporated into the zeolite structure through an incipient
wetness impregnation method. The nickel metal is a hydrogenation catalyst which is capable
of performing hydrogenolysis, (breaking of bonds in the presence of hydrogen (in this
system, hydrogen is in the form of H, gas)). The provided hydrogen is able to cleave the C-

O ether linkages in the presence of the nickel catalyst, but it is also able to further reduce the
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products through HDO, which is desired.*®*" However, an undesired reaction that can also
occur with the nickel catalyst is aromatic ring saturation; therefore, the use of mild conditions
(low temperature, low H, gas pressure, short reaction times, and low Ni wt.% in the catalyst)
may be needed to prevent the undesired oversaturation of the aromatic ring. Demonstrated
by the experimental results illustrated in Figure 1.15, the Ni/HZSM-5 catalyst is capable of
complete deoxygenation and C-O cleavage reactions; however, the current catalyst and
reaction conditions perform an undesirable amount of aromatic ring saturation.’® This study
will explore another nickel incorporation method called deposition-precipitation (DP), in an

attempt to produce nickel sites on the HZSM-5 support that exhibit lower saturation activity.
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Figure 1.15: Ni/HZSM-5 catalysis applied to various lignin model compounds
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1.2.8 Hydrogenation Metal Catalysts

Nickel metal catalyst is only one of many metal hydrogenation catalysts; these
include platinum, palladium, ruthenium, rhodium, osmium (all of which are expensive
precious metals), gallium, and copper. Catalysts such as palladium and platinum are active
hydrogenation catalysts and are commonly used for hydrogenolysis reactions; however they
tend to oversaturate the aromatics, and therefore lack selectivity toward the desired products.
Nickel metal is a common and inexpensive hydrogenation and hydrogenolysis catalyst, used
by the Lercher group, and in many other hydrogenolysis studies.’®?”** Nickel metal is also
been found to be more selective toward hydrogenolysis than palladium and platinum which,
as mentioned, tend to oversaturate the reactants.?® Copper was another candidate for its
ability to perform hydrogenolysis. Unlike the other metal catalysts, it favors C-O
hydrogenolysis and is less active for C-C hydrogenolysis and aromatic hydrogenation.*
Gallium was another candidate because it is capable of hydrogenolysis as well as
decarbonylation without saturation of the hydrogenation of the aromatic ring; however, the
Ga/HZSM-5 reactions were performed at significantly higher temperatures, so it may not be
active at the lower temperature.®

An important issue to consider for selecting a metal catalyst is that the binding of
solvent (water) to the catalyst must be competitive with binding of hydrogen and the reactant
to the catalyst surface. If the solvent interaction is too strong, no reaction will occur on the
metal catalyst. For example, water, even at low temperatures, has been found to inhibit
supported metal catalysts such as platinum on alumina support.® Solvent coordination

strength with the catalyst can be reduced by increasing temperature, which reduces the
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inhibiting effect of the solvent. However, by having a solvent with slightly competitive
binding to the catalyst, the activity of a catalyst system can be increased, since the solvent
would be able to displace product species that bind strongly to the catalyst.?® Overall, solvent
selection is important for the specific metal/support catalyst system.

Water is being used for the reaction system of interest because it is has been utilized
with HZSM-5 supported nickel systems in the literature, including by the Lercher group, who
have shown such a catalyst system is stable in an aqueous environment. *0%73334 He et al.
studied both Ni/HZSM-5 and Ni/SiO, with water or undecane to evaluate solvent effects
(250 °C, 40 bar H,, 0-2 h reaction time).3* The study focused on a-O-4 cleavage of an
aromatic ether compound. Without catalyst, radical reactions (pyrolysis) were dominant in
the non-polar solvent, while hydrolysis reactions followed by alkylation reactions were
dominant in the aqueous environment. The hydrolysis pathway was found to be kinetically
faster than the pyrolysis pathway.

When nickel metal catalyst (Ni/SiO, and Ni/HZSM-5) was added to either solvent,
hydrogenolysis served as the main pathway for C-O cleavage of the a-O-4 dimer compound.
For the Ni/SiO, catalyst, the solvent had little influence, but the turnover frequency (TOF)
was slightly higher in undecane, which was attributed to weaker adsorption of the reactants
onto nickel in the presence of water. However, using Ni/HZSM-5, the TOF was much greater
in the aqueous environment compared to the non-polar solvent, and was greater compared to
the Ni/SiO; in both solvent environments.

The greater performance of Ni/HZSM-5 in the aqueous environment was attributed to

the combination of nickel hydrogenolysis activity, the dominant pathway for all reactions
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regardless of the nickel support, and the protonation of the reactant by the aqueous
environment, which facilitated C-O cleavage as opposed to direct cleavage in the undecane
solvent. The hydrolysis contribution is minor compared to the hydrogenolysis contribution,
but the combination of the two pathways allows the Ni/HZSM-5 to perform the cleavage
reaction with a greater TOF.**

Not thoroughly discussed in the study was why the Ni/SiO, apparently had weak
adsorption of reactants due to the presence of water, while the Ni/HZSM-5 did not exhibit
this weak adsorption and had a greater TOF. This may be explained by a recent study by
Song et al. (2015) which showed that having solid acid sites adjacent to nickel sites
facilitated adsorption and reaction of substituted aromatics.*® This may allow adsorption of
the reactants to be more favorable even in the presence of water. The acidity of the HZSM-5
support, allowing additional reactant protonation and subsequent hydrolysis, may contribute
to the greater performance of the Ni/HZSM-5 over Ni/SiO,. With regards to the hydrolysis,
the study showed that the hydrolysis performed by the aqueous solvent was much faster than
the HZSM-5 hydrolysis alone due to the higher abundance of accessible acid sites in the
liquid solvent. Therefore, the presence of the agueous environment was more important for
increasing TOF than the HZSM-5 support.

In addition to the positive effect of water on the reaction chemistry, the presence of
water in industrial lignin streams provides further motivation to use a system which can
perform in a water solvent. For this study, the selection of a metal catalyst that is compatible
with a water solvent is an important consideration. Supported nickel and gallium have both

been shown to be active even in aqueous environments, so they are good candidates. Nickel
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is the better of the two because it has been more extensively studied and there is much more
literature regarding nickel particles and characterization, as well as its use as hydrogenation
and hydrogenolysis catalyst in other related systems.*®%-34

Potential reaction mechanisms for the nickel catalyst are discussed below. Figure
1.16a shows a mechanism for C-O cleavage determined using a nickel complex catalyst
instead of supported nickel metal.** This study shows an attack between the aryl group and
the oxygen, which does not agree with the results of the Lercher study (He et al. (2012))
where the cleavage occurs between oxygen and the alkyl carbon, except in the case of the

diphenyl ether where the only bond choices are between the aryl group and oxygen.?”! The

potential mechanism for the latter cleavage is shown in Figure 1.16b.
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Figure 1.16: Nickel catalyzed C-O cleavage: a) from Kelly*!, b) from He?".

34



Figure 1.17 shows a rough mechanism presented by Maia et al. describing the joint effort of
ZSM-5 and nickel metal in C-C cleavage of long chain alkanes into ethylene and a proposed

mechanism for C-C cleavage of a 5-5 linkage.*
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Figure 1.17: Maia et al. mechanism for nickel and ZSM-5activity for C-C cleavage.

There are many more examples of hydrogenolysis, hydrogenation, and HDO by supported
nickel metal in various solvents (including aqueous environments) on many reactants
including monomers and some dimer compounds.'®?"**3* Qverall, nickel metal is a
promising metal catalyst to be used in combination with HZSM-5 due to its activity for
hydrogenolysis and deoxygenation reactions, which are desirable for the depolymerization of

lignin and production of monomer aromatics.
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1.2.9 Ni/HZSM-5 Preparation

Nickel metal is introduced into the HZSM-5 support in its Ni?* state typically in the
form of nickel nitrate. As mentioned previously, incipient wetness impregnation is a
common incorporation method, but there are many other methods including: ion exchange
and DP, all of which have their own advantages and disadvantages as will be discussed.
After impregnation, solvent is removed through drying, and then the nickel nitrate is
decomposed at an elevated temperature (typically 400 °C or higher) in an inert atmosphere or
air (calcination). After calcination, the nickel metal is typically in a nickel oxide form
supported on the HZSM-5 (NiO/HZSM-5).%" The catalyst is then reduced at high temperature
(400-600 °C), with H, gas flow, to form the reduced Ni° state supported on HZSM-5
(Ni/HZSM-5).%” An example of a SEM and a TEM image of nickel supported on HZSM-5 is

shown in Figure 1.18.*°

30nm
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T

Figure 1.18: Nickel supported on HZSM-5: a) SEM image, b) TEM image.
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In the case of a flow system, the catalyst can be reduced in-situ and then introduced to the
reactants and the reaction conditions without loss of the reduced nickel. However, for this
work a batch system is being employed, which means the supported nickel catalyst will be
exposed to air leading to re-oxidation of the nickel metal. To avoid a large extent of
oxidation, a passivation method is utilized to slowly introduce the catalyst to oxygen in the
atmosphere allowing for only a thin oxide layer to be formed on the nickel metal surface. By
doing this controlled oxidation, most of the nickel metal is preserved and the surface nickel
can be re-reduced in-situ using the reaction conditions. The re-reduction conditions don’t
need to be as severe as the initial reduction conditions because once some of the nickel metal
that is already present is exposed to the H, environment, it is able to dissociate the hydrogen
molecules at lower temperatures and re-reduce any remaining nickel oxide.  This
phenomenon is refered to as the spillover effect.®®

The method of incorporation can have a significant impact on resulting activity.
Typically, an ion exchange method will result in a higher dispersion of nickel than an
impregnation method, leading to a more active catalyst on per mass of catalyst basis since
more nickel metal surface area is available for reaction; however, ion exchange is only able
to achieve relatively low nickel loadings.*® Other methods such as impregnation and DP can
achieve much higher metal loadings, but with higher loadings, larger particles are expected to
be formed. If executed correctly, impregnation and DP may result in smaller nickel metal
particles with high dispersions.

Impregnation methods can be employed carefully to produce particles small enough

to be incorporated into the pore structure of the support, instead of larger particles only on
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the external surface. Large external nickel species are easily reducible to the Ni° state,
however they may block access to the nickel species in the pores causing the catalyst system
to solely hydrogenate the reactant and prevent hydrogenolysis activity.®” Hydrogenolysis is a
structure sensitive reaction, while hydrogenation is not, therefore large Ni° species stuck on
the external surface may contribute to hydrogenation and not hydrogenolysis. A drawback to
having nickel species in the pores is that they are harder to reduce, and some are unable to be
reduced such as nickel aluminate species, which stay as Ni’* species. It is typical for smaller
metal nanoparticle sizes to result in higher catalyst activity; however, having the most active
nickel catalyst possible is not necessarily the best for selectivity toward the desired aromatic
products.?® Therefore an advantageous particle size and metal dispersion, and the
corresponding technique to achieve those properties, were explored in this study.

The idea of having small nickel particles along with the physical constraint of the
narrow pore size is a good way to perform structure sensitive reactions, such as
hydrogenolysis, especially for small reactant molecules that are able to easily diffuse into the
narrow pore structure of HZSM-5. However, such a strategy most likely will not help in the
area of lignin depolymerization and conversion. The starting lignin, especially if it is highly
branched, will not be able to access the narrow pores of the HZSM-5.

Another way to achieve the desired type of hydrogenolysis activity was observed by
Song et al. (2015), where bulky substituted aromatics such as guaiacol or catechol exhibited
favorable adsorption (non-planar adsorption) for hydrogenolysis on a catalyst with nickel
sites adjacent to acid sites. The favorable adsorption was attributed to the combination of the

two catalytic sites and the steric hindrance of the substrate due to the bulky substituents.*®
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Based on this, nickel metal with high dispersion on the external support surface is able to
perform hydrogenolysis on bulky substrates since the ortho positioned substituents prevent
the aromatic ring from adsorbing in a co-planar orientation. With external nickel particles,
large molecules, such as lignin, should not be subject to aromatic ring saturation (initially)
since they are bulky chains. As the lignin is depolymerized, the smaller chains should be
able to diffuse into the narrow pore structure for the desired acid site reactions within the
constrained pores (which have high selectivity to aromatics and lower coke yields).

A method where nickel metal can be placed on the zeolite surface is ideal since the
lignin will have access to the external nickel particles, while internal nickel particles would
not have access to lignin since the starting lignin can’t access the pore structure. After
cleavage by the external nickel sites (with adjacent acid sites) the smaller linear chains can
diffuse into the HZSM-5 for additional cleavage and conversion into aromatics. To make the
external nickel stable with high dispersion, a nickel incorporation method that can form
nickel with strong support interaction is desirable. To achieve this, a DP method is utilized.

The DP method is typically applied to Ni/SiO,, where a slurry of nickel salt solution
and support is made, and urea is added to the solution (along with nitric acid to better control
the pH) followed by a temperature increase to 90 °C. At the elevated temperature, urea
begins to decompose, releasing OH" ions and increasing the pH in a slow and controlled
manner. The increase in pH leads to the precipitation of Ni?* species on the support. By
having a controlled increase in pH, the Ni?* is precipitated slowly on the support, leading to
particles with high dispersion which have stronger interaction with the support than typical

incipient wetness impregnation methods. After DP, the catalyst is dried, and then calcined,
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and reduced to the active nickel form as mentioned previously. DP has not been studied as
in-depth with zeolite supports such as HZSM-5. An in-depth study of Ni/SiO, has been
performed by Burattin et al. which looked at the effect of various parameters on nickel yield
and on Ni®* species that were formed on the support, as well as the effects on nickel particle
stability and dispersion.**4°

In Burattin et al. (1998), standard silica concentration, urea concentration, and nickel
nitrate concentration were used for the study of the effect of DP time on nickel loading/nickel
yield on the silica support.* Burattin et al. (2000) looked further into the preparation of
Ni/SiO, via the DP method (DP time = 4 h), by studying the effect of reduction conditions
including heating rate and hydrogen flow rate on the extent of reduction and metal particle
size. The study observed only moderate sintering of nickel (7 nm particles) compared to
silica supported nickel catalysts prepared by IWI (10-20 nm particles).*

Nares et al, using the same procedure from Burattin et al, applied DP to the zeolite
HPB and observed similar trends as well as the formation of similar nickel species.** Recently,
Chen et al. performed in-depth analysis of Ni** species formed on HZSM-5 by DP.** From
these studies, it has been shown that from the initial precipitation, nickel hydroxide
(Ni(OH),) (lamellar structure) and 1:1 nickel phyllosilicate (lamellar structure) are formed on
the support, after calcination nickel hydroxide is decomposed into NiO (non-lamellar
structure) and the 1:1 nickel phyllosilicate will become 2:1 nickel phyllosilicate (lamellar
structure). After reduction, both species present after calcination will reduce, but due to
different strength support interactions, the NiO will reduce more easily than the 2:1 nickel

phyllosilicate. The mechanism for DP of nickel on HZSM-5 is displayed in Figure 1.19.%
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Once the Ni/HZSM-5 is prepared by DP,

techniques listed in Table 1.4.7%

Table 1.4: Catalyst characterization techniques.

the prepared catalyst will be characterized with the

Property

Technique

BET Surface Area (area/mass)
Pore Volume (volume/mass)
SiO,/Al,O5 ratio
Nickel wt.%
Dispersion (%)
Particle size (diameter)
Nickel species present

Nickel surface species

Nickel reducibility

N, adsorption/desorption (BET analyzer)
N,/CO, adsorption/desorption (BET analyzer)
Elemental Analysis (ICP-OES)
Elemental Analysis (ICP-OES)
H,-Chemisorption
Electron Microscopy (TEM)

X-ray Diffraction (XRD)

X-ray Photoelectron Spectroscopy (XPS)

Temperature Programed Reduction (TPR)

In all of the mentioned DP method studies, an excess nickel nitrate concentration was

used for DP method, and the nickel loading was controlled using the DP time. In this thesis

work, the DP time will be held constant while the nickel nitrate concentration of the DP

solution is varied so that amount of nickel present is equal to the desired nickel loading.

Following this procedure not only reduces the high extent of nickel nitrate waste, but also

ensures no more than the desired amount of nickel is incorporated while being able to use

longer DP incorporation times. Longer DP times allow the formation of stronger nickel-

support interacting species with high dispersion and resistance to sintering. This is favorable

compared to a mixture of weak and strong support interacting nickel species which may
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allow a wide deviation in particle size leading to particle aggregation and deactivation
through Ostwald ripening, and therefore, less stable nickel particles.

Overall, there is extensive literature regarding lignin structure, extraction, and
depolymerization. More recently, work utilizing nickel metal supported on zeolites for the
depolymerization of lignin into monomers has been conducted with mixed results.
Regarding the catalytic degradation of lignin to yield aromatics, the most important
information to note is the solvent used (organic solvents vs. aqueous solvents) and the yield
of monomer aromatics, as opposed to saturated alkanes or other products. Other important
information to consider is the source of lignin and the reaction conditions utilized (time,
temperature, gas environment, and pressure). Based on the current state of art, using organic
solvents, yields as high as 48.5 wt% monomeric phenols, were achieved in alcohols at 200
°C, while as high as 70 wt% yield of saturated hydrocarbons was achieved in n-hexadecane at
320 °C."®% However, in an aqueous environment, the greatest yield was 14wt% of guaiacy!
and syringyl propanol monomers.*® Using the aqueous solvent, aromaticity was preserved,
though the yields are much lower and need improvement. This improvement involves
looking at the development of the Ni/HZSM-5 catalyst as well as finding a good match
between aqueous solvent and type of lignin.

In this thesis, the goal was to depolymerize lignin into aromatics utilizing a
Ni/HZSM-5 catalyst, in a low temperature (250 °C) aqueous environment. The first step was
to evaluate the HZSM-5 support for acid activity under these conditions. The HZSM-5 was
tested against a model lignin compound, 2-phenoxy-1-phenylethanol (PPE), and a Kraft

lignin from softwood.

43



The next step involved the incorporation of nickel metal into the HZSM-5 support.
Nickel particles were deposited on the surface of HZSM-5 utilizing a modified deposition-
precipitation (DP) procedure. The effects of nickel loading, DP time, and calcination
temperature on the resulting Ni/HZSM-5 catalyst characteristics and properties were
observed. These synthesized catalysts were then evaluated using a high throughput reaction
assay involving a guaiacol hydrodeoxygenation (HDO) reaction. Using this HDO assay, the
activity of the Ni/HZSM-5 was correlated to observed properties including: dispersion and
particle size, reducibility, and the presence of different nickel species on the support. These
studies resulted in the development of a Ni/HZSM-5 catalyst with favorable properties for
the desired HDO activity.

This developed catalyst was then used against PPE and two types of lignin; an
acetosolv lignin and a soluble lignin resulting from autohydrolysis. This catalyst was
evaluated for hydrogenolysis activity, in the form of B-O-4 cleavage in PPE, using two
different aqueous environments; NaOH solution and water. The effectiveness of Ni/HZSM-5
on lignin depolymerization in low temperature aqueous environments was evaluated with
acetosolv lignin in NaOH solution, and soluble lignin in water.

From this thesis work, the catalyst development and the subsequent studies on its
attack of various lignins in a range of reaction environments serve as a stepping stone for
further work involving the use of an inexpensive nickel catalyst system at mild reaction
conditions for the depolymerization of lignin into aromatics. The results of this work were
encouraging since there was a relatively high yield of aromatics under these conditions.

However, it is far from implementation since there is the need for improvement and better
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understanding of the reaction system. The purpose for such work is the eventual

implementation of such a reaction system into an industrial process, such as a biofuel

production plant, so that the waste lignin stream can be utilized as an additional revenue

source and serve as a source of biorenewable aromatic chemicals.
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CHAPTER 2

Lignin Depolymerization and C-O Linkage Cleavage via HZSM-5
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2.1 Introduction

Lignin residues are generated as a byproduct in various industries including paper and
pulp plants and biorefineries. Currently, the lignin is not utilized to its full economic
potential; instead it is burned as low value fuel to power industrial processes.™? Lignin, if
processed correctly, could be used for the production of aromatic compounds, platform
chemicals, and other high value products, which are also typically derived from petroleum.
Therefore, converting lignin into aromatic products not only makes cellulose-based industries
more economically feasible, it provides a renewable resource for the production of important
chemicals.

Pyrolysis is commonly considered as a method for lignin processing. Energy
requirements are high due to the operating temperatures involved (500 °C) and the need to
perform initial drying of the lignin or biomass feedstock prior to pyrolysis. In addition,
pyrolysis reactions typically result in elevated char and coke formation, which reduces
desired product yield and complicates processing. Therefore, the strategy taken in this work
is the depolymerization of lignin into simple aromatics through the use of a multifunctional
catalyst, a hydrogenation metal catalyst supported on zeolite, specifically Ni/HZSM-5, for
the hydrogenolysis of C-O and C-C linkages in lignin, using milder reaction conditions, and
an aqueous environment. Such a system would reduce the energy cost of a high temperature
reaction system as well as remove the need to remove moisture from the starting lignin
feedstock.

HZSM-5 is a synthetic zeolite catalyst that has a 10-membered ring molecular sieve

structure with a pore size between 0.51-0.56 nm. It was chosen as a support due to its acid
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activity, its selectivity for deoxygenated aromatics, and reduced coke/char yield as indicated

by the graphs in Figure 2.1.3
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Figure 2.1: Product selectivity using various zeolites.
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The two graphs in Figure 2.1 show that the ZSM-5 type zeolites have the greatest yield of
aromatics and smallest production of coke, and the highest selectivity toward deoxygenated
aromatics. As a preliminary study, the HZSM-5 zeolite was used without the presence of
nickel, to observe its catalytic activity against a lignin model compound and lignin in an
aqueous environment.

N, adsorption and desorption isotherms were used to observe the textural properties
of the HZSM-5, and ICP was used to determine the silica to alumina ratio. The HZSM-5

properties are listed in Table 2.1.

Table 2.1: Properties of the HZSM-5 catalyst.

. . SgeT Pore Volume
Zeolite SiO,/Al,O g _
2 23 (m2g 1) (Cm3_g 1)
Mobil HZSM-5 22 382 0.18

To evaluate the activity and selectivity of the catalyst system, an aromatic dimer
compound in water was used as a model reaction system. The compound is 2-phenoxy-1-
phenylethanol (PPE), and it serves as a simple model compound for lignin due to the
presence of the aromatic rings and a 3-O-4 linkage, which is the most common linkage in the
lignin structure. After observing the performance of the HZSM-5 on the model compound
cleavage in water, a reaction using Kraft lignin from softwood as a feedstock was observed.

In this study, the commercial HZSM-5 used at mild temperature (250 °C) in an

aqueous environment cleaved the B-O-4 linkage in PPE with an approximate yield of 65 wt%
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(initial PPE mass basis) to desired cleavage products. The HZSM-5 was then used with a
lignin feedstock in water; the HZSM-5 catalyst alone appeared to be unable to attack the

lignin.

2.2 Materials

The following materials were used for the reaction experiments, PPE synthesis,
product analysis, and catalyst characterization: deionized water, HZSM-5 (Mobil, BET
Surface Area = 400 m?.g™, SiO,/Al,05=26), BioChoice™ Lignin (Domtar, softwood Kraft
lignin),  2-phenoxy-1-phenylethanol  (Aldrich),  acetophenone  (Aldrich,  99%),
phenylacetaldehyde (Acros Organics, 98%), phenol (Aldrich, 99.99%) , guaiacol (Acros
Organics, 99+%), potassium carbonate anhydrous (Acros Organics, ACS grade), 2-
bromoacetophenone (Acros Organics, 98%), acetone (EMD Millipore, HPLC grade), ethanol
(Acros Organics, 99.5%), tetrahydrofuran (Acros Organics, stabilized 99+%), sodium
borohydride (Acros Organics, 98%), ammonium chloride (Acros Organics, Analysis grade),
ethyl ether (Fisher Chemical, Laboratory grade), sodium chloride (Fisher Chemical,
USP/FCC grade), Celite® 545 (Acros Organics), magnesium sulfate anhydrous (Fisher
Chemical, Powder Certified), hexanes (Fisher Chemical, ACS grade), tetrahydrofuran (Fisher
Chemical, Optima grade), methanol (Fisher Chemical, HPLC grade), ethyl acetate (Fisher
Chemical, HPLC grade), 1,4-dioxane (Sigma-Aldrich, anhydrous, 99.8%), pyridine (Sigma-
Aldrich, Chromasolv® Plus, >99.9%), acetic anhydride (Sigma-Aldrich, Fluka, ACS grade,

> 99.0%), hydrogen (Airgas, Research grade), helium (Airgas, Ultra High Purity grade), Air
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(Airgas, Zero grade) , hydrogen (Airgas, Ultra High Purity grade), nitrogen (Airgas, Ultra

High Purity grade).

2.3 Experimental Methods
2.3.1 Synthesis of PPE

The synthesis method consists of two main steps. The first step is a combination
reaction with 2-bromoacetophenone and phenol to form 2-phenoxyacetophenone. The
second step reduces the 2-phenoxyacetophenone to form PPE. The complete synthesis
procedure is described in Appendix A.* This procedure produced a white solid, with an
overall yield of 70% of theoretical yield (1:1 stoichiometry between moles of initial limiting
reagent, 2-bromoacetophenone, and PPE). The identity was confirmed by GC-MS and by
comparison with a commercially purchased PPE using a GC-FID. The GC-MS results for
the synthesized PPE can be seen in Figure 2.2, and the GC-FID results can be seen in Figure

2.3. The synthesized material was confirmed to be PPE.
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Figure 2.2: GC-MS results and identification of synthesized PPE: a) chromatogram of synthesized PPE, b)
mass spectrum of synthesized PPE, ¢) mass spectrum library match for PPE.
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2.3.2 Catalyst Characterization
2.3.2.1 Adsorption and Desorption Isotherms

Textural properties of the catalyst samples were characterized with a Micromeritics
ASAP 2020 BET surface analyzer. The BET surface area and pore volume were determined
using N, adsorption-desorption isotherms at -196 °C. Zeolite samples were already in the

active protonated form (HZSM-5) for characterization.

2.3.2.2 Inductively Coupled Plasm@ptical Emission Spectrometer (ISPES)

ICP-OES analysis was performed with a Perkin EImer 8000 ICP-OES to determine
the Si/Al of the HZSM-5 support in the active protonated form. Prior to ICP analysis,
samples were digested using a CEM Mars 5 Microwave Digest with XP1500plus digest
vessels coupled with micro vials. For the digestion, the samples were oven dried overnight
to remove moisture, then 0.050 g of sample was weighed into a 7 mL Teflon digest vial
where 2.5 mL of fresh aqua regia (mixture of nitric acid and hydrochloric acid in a 1:3 molar
ratio) was added for pre-digestion overnight. 1 mL of 29 M HF was added to each vial and
then sealed and microwave digested at 600 W (100% for 30 min then 50% for 30 min). 1 mL
of concentrated hydrochloric acid was added to each vial and then transferred to a graduated
vial using 20 mL of deionized water. For the ICP-OES analysis, the digested samples were
diluted 20x with deionized water and ran against a multicalibration curve for Si, Al and Ni.
The analysis utilized a Scotts Spray chamber and PFA cross-flow nebulizer. The following

conditions were used: Argon plasma flow of 12 L-min™, auxiliary gas flow of 0.2 L-min™,
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nebulizer gas flow of 0.55 L-min™, 1500 W power, and a peristaltic pump rate of 1.40

mL-min™.

2.3.3 PPE and Lignin Reactions

The capability of unmodified HZSM-5 to cleave the B-O-4 linkage in PPE was
evaluated using a batch reactor system with water as the solvent. The reactions were
performed in a 50 mL Parr reactor equipped with an impeller, thermocouple, heating jacket,
inlet gas valve, outlet gas valve, and safety rupture disc. Each reaction used 20 mL of water,
0.535 g of PPE (0.125 M) or lignin, and 0.0535 g of HZSM-5 catalyst (10:1 w/w, feed to
catalyst). The reactions were performed at 250 °C under 5 MPa of H, gas for 0-2 h (lignin
reactions only for 1 h). The H; gas is introduced prior to the temperature ramp to 250 °C, and
the start time is the moment the reactor reaches the reaction temperature (autogenous
pressure is about 8.3 MPa). The PPE reactions were performed for 5 min, 15 min, 0.5 h, 1 h,
and 2 h. After each reaction, the reaction products were diluted and collected with 20 mL of
methanol. For the lignin reactions, (after 1h of reaction) the products were collected with

about 25 mL of solvent (1:1 v/v methanol and 1,4-dioxane).

2.3.4 Product Analysis

The PPE synthesis and reaction products were quantified using GC-FID. The
collected PPE reaction samples were diluted again using a 1:1 v/v ratio of sample to
methanol, while the lignin products were not further diluted. The solids and catalyst were

removed via centrifugation. The resulting sample was injected into the GC for analysis.
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Product identification was determined using a combination of GC-MS results and standards
in the GC-FID to confirm compound residence times. The GC-FID used was a Shimadzu
GC-2010, with a ZB-5MS Zebron column (30 m x 0.25 mm x 0.25 pum), which is a G27 USP
phase column (5% phenyl, 95% dimethylpolysiloxane). The GC-MS used was a Shimadzu
GC-2010 paired with a GCMS-QP2010S, also with a ZB-5MS Zebron column (30 m x 0.25
mm X 0.25 um). Lignin and lignin degradation products were also analyzed utilizing GPC to
determine average molecular weights. The GPC consists of Styragel HR1THF and HR5E
THF columns (300 mm x 7.8 mm X 5 um) in series, and they cover a molecular weight range
of 100 to 4 million g-mol™.  Prior to analysis the starting lignin material was acetylated in
order to solubilize the lignin in THF. For acetylation, 0.5 mL of both pyridine and acetic
anhydride were added to 2 mg of sample and stored at room temperature for at least 72 h.
The acetylated samples were then washed with 5 times with 10 mL of ethanol. Between each
wash, the solvent was removed using a rotary evaporator. The final acetylated lignin and the
reaction products were dried via rotary evaporation, solubilized in THF, and filtered (0.2 um
nylon syringe filter) prior to injection into the GPC. The GPC uses polystyrene for its
molecular weight calibration. Polystyrene is a polymer of aromatic units; however, it is
linear and not very representative of lignin, therefore the average molecular weight values are
only approximate, and the values should be used as a relative comparison to the starting
lignin molecular weight value. GC-FID, GC-MS, and GPC method parameters are listed in

Appendices B-D.

59



2.4 Results and Discussion
2.4.1 PPE Reactions

GC analyses of the PPE reaction products identified 2 main 3-O-4 cleavage products
along with some dehydration and condensation products. Char was not observed in the
reaction products; only solid catalyst was found. GC-MS analysis was unable to identify the
dehydration products (MW=196 g-mol™) and the recombination products (MW=222 g-mol
1, but the two main products were identified as phenol and phenylacetaldehyde. These main
products were also confirmed with GC-FID standards. The 2 main products are desired
products since their presence indicates B-O-4 cleavage. The dehydration and condensation
products (along with char) are undesirable products. Table 2.2 shows a mass balance that
details the conversion of PPE, yields (wt%) to products (including the combined yield of

desired products), and the selectivity to desired products.
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Table 2.2: Mass balance for PPE reaction at 250 °C and 5 MPa H,, in water with HZSM-5.

_ _ Phenyl- . i Yield" Selecti\_/ity”'
Dure_ltlon Catalyst Conversion Phenol acetaldehyde Undesired Lost of Desired to Desired
(min) (Wt%o) (Wt%o) (Wi%%) (Wt%0o) (Wt%o) Products Products
(wt%o) (Wt%o)
5 HZSM-5 64 19 13 21 11 32 50
15 HZSM-5 84 32 21 20 11 53 63
30 HZSM-5 96 36 29 21 10 65 68
30 None 46 2 1 32 11 3 7
60 HZSM-5 98 37 22 29 10 59 60
120 HZSM-5 97 32 16 39 10 48 49
a Undesired products include dehydration compounds (196 g-mol™), 222 g-mol™ products, and other large MW compounds.
b Lost mass was measured directly, while the undesired mass was calculated from the difference between the initial PPE mass and the sum of
the phenol, phenylacetaldehyde, converted PPE, and lost masses.
c Yield is based on the total amount of phenol and phenylacetaldehyde formed and the initial PPE mass.
d Selectivity is based on the total amount of phenol and phenylacetaldehyde formed and the amount of PPE mass converted
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The undesired products are dehydration and recombination products mentioned above. In
addition to the observed products, there was a systematic loss of approximately 10 wt%
(~0.05 g) material that occurred. This loss most likely occurred during collection, including
any gaseous products, along with some mass loss due to the dehydration and condensation
reactions, which remove oxygen from PPE and other compounds in the reaction mixture to
form water.

As can be seen by the comparison of reactions with and without catalyst at 30 min,
the presence of catalyst is very important for 3-O-4 cleavage. The conversion and selectivity
toward the monomer products is greatest at 30 min, and PPE conversion is near 100 wt%;
however, without catalyst there is only 46 wt% conversion with low yield and selectivity
toward the desired cleavage products (3 and 7 wt% respectively). Figure 2.4 is a plot of the
reaction progress over time, showing how PPE is converted to phenol, phenylacetaldehyde,

and undesired products.
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Figure 2.4: Reaction progress for PPE reaction at 250 °C and 5 MPa Hj, in water with HZSM-5.

Figure 2.4 shows that as the reaction begins, phenol, phenylacetaldehyde, and
undesired products are formed until the PPE conversion reaches about 100 wt% at around 30
min. After the PPE is completely consumed, between 30 min and 1 h the phenylacetaldehyde
concentration starts to decrease while the undesired product concentration increases. This
indicates that there may be a secondary reaction occurring. To test this, reactions with just
phenol, phenylacetaldehyde, and the combination of the two were performed. While phenol
did not react after 1 h in the reaction system, phenylacetaldehyde did form additional

products. The combination of the two formed similar products as in the pure
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phenylacetaldehyde case, and phenol appeared to be mostly inactive since 95 wt% of the
phenol was recovered in the product mixture.

Based on the products present in the PPE reaction mixture and the side reaction
experiments, the reaction mechanisms in Figure 2.5 were proposed. Figure 2.5a shows the
main reaction mechanism where HZSM-5 catalyzes the p-O-4 cleavage of PPE, while Figure

2.5b shows the mechanism for undesired products.

64



H comes from the acid

OH
site on HZSMb
OH H Final Product:
0 Phenol
? AT
Ring Instability: H H
Ring can oper of 2 ways C'fq/ §C|]+ o
©/F$I/Product:
Phenylacetaldehyde

\ 0 \ CH;/@O‘ /
CH, @

Kinetically favored

Thermodynamically stable

Acetophenone

o S

b) H* S  HO X
O 2 0 0
' O T
>
= MW=196 =

Dehydration

Unknown
% Mechanisms

Y

MW 222 ¢€ondensation) ancbther large
compounds

Phenvlacetaldehvde
Figure 2.5: PPE B-O-4 cleavage reaction mechanisms a) desired product mechanisms, b) undesired product mechanisms.

65



The presence of phenylacetaldehyde and phenol indicates that the acid site does not simply
cleave the ether linkage and form two products in a single step, because then you would see
only phenol and acetophenone or 1-phenylethanol as cleavage products. The exclusive
presence of phenylacetaldehyde relative to acetophenone suggests that the acid site attacks
the ether linkage and cleaves off phenol, but instead of a one-step reaction, there is the
formation of an unstable epoxide type ring due to electron propagation from the hydroxide
species on the PPE. This oxirane intermediate has the possibility to open up in 2 ways to
form a stable product. The first pathway, the formation of acetophenone, is the expected one
because resonance stability is preserved and the product is more thermodynamically stable
than the other possible product of ring opening, phenylacetaldehyde.  However,
acetophenone is not formed; instead the ring opens the second way to form the less
thermodynamically stable product, phenylacetaldehyde. This suggests that this pathway is
kinetically favored, an outcome possibly influenced by the narrow pore size of the catalyst.
The undesired reaction products include a putative result of PPE dehydration (196
g-mol™ vs. 214 g-mol™), and a higher molecular weight compound (222 g-mol™).
Dehydration can be the result of the acid site attacking the hydroxyl group of PPE instead of
the ether linkage. The reaction mechanism for the formation of the 222 g-mol™ product is
unknown. This uncertainty is mostly due to the inability to identify the product using GC-
MS. Despite the unknown product structure and mechanism, from the side reactions
discussed above, it is known that the phenylacetaldehyde appears to participate in the

reaction to form the 222 g-mol™ product.

66



From the model reaction with PPE, it has been shown that the HZSM-5 zeolite
performs acid catalysis, and with the single catalyst functionality, it is able to cleave the -O-
4 linkage with a selectivity of 68 wt% and yield 65 wt% to desirable cleavage products (96
wt% conversion of PPE). It was also shown that the HZSM-5 is able to perform the catalysis
in an aqueous environment and at a relatively low temperature (250 °C), which is quite
different from its typical application which is high temperature pyrolysis in the gas phase.
Before adding bifunctionality in the form of nickel metal particles on the HZSM-5 support,
the zeolite performance was observed using lignin as a feed instead of the model compound,

PPE.

2.4.2 Lignin Reactions

The extent of depolymerization of lignin in various reaction systems were compared
to unreacted lignin using GPC. The molecular weight distribution of the starting lignin, a
control reaction without catalyst, and a reaction with catalyst is shown in Figure 2.6, while
the average molecular weight (number average and weight average), and the polydispersity

are listed in Table 2.3.
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Figure 2.6: Molecular distribution from GPC analysis for starting lignin (acetylated), a control reaction without
catalyst, and a reaction with HZSM-5 catalyst.

Table 2.3: GPC results for Kraft lignin and lignin reactions (UV channel 280 nm).

sample Average Mw Average Mn Polydispersity
P (g-mol™) (g-mol™) (Mw/Mn)
Acetylated Lignin ~6200 ~2300 2.7
No Catalyst, 1 h ~1200 ~800 1.6
Mobil HZSM-5, 1 h ~1200 ~800 1.6

As shown from the data in Table 2.3, there is a significant drop in average molecular
weight and a decrease in polydispersity, which indicates more uniform size molecules. Since
this occurred regardless of the presence of the catalyst, this depolymerization is most likely

occurring due to hydrolysis by the water solvent. This reduction in molecular weight
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between reacted and unreacted lignin is also supported by the shift in the molecular weight
distribution in Figure 2.6 between the lignin reactions and the initial lignin. While the peaks
present for both reactions represent the same molecular weights and the average is similar,
the distribution of the molecular weights is slightly different between the reactions with and
without catalyst. Without catalyst, significant amounts of the lignin have a molecular weight
in the 1000-2000 g-mol™ range, while with the catalyst there is a slight decrease in this
molecular weight range and more material in the 450 g-mol™ range (but slightly less in the
250-300 g-mol™ range, causing the averages to be basically the same between the reactions
with and without catalyst). The effect of the catalyst appears to be negligible in the current
reaction system. The lack of catalyst effect may be attributed to the lignin not having access
to the pores of the catalyst where a majority of its active sites are located.

Despite the approximate average molecular weight of around 1200 g-mol™, there are
still small amounts of monomeric products present in the reaction mixtures. A combination
of GC-MS and GC-FID was used to identify and quantify the monomer products. Figure 2.7
compares the yields of aromatic monomer components for the reactions with and without

HZSM-5 catalyst based on the starting lignin mass.
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Figure 2.7: GC-FID results for control and catalytic reactions at 250 °C and 5 MPa H,, in water.

Based on the chromatogram peak areas observed, the concentration of even the most
abundant compounds would be around 0.8 mM (based on a guaiacol calibration on the GC-
FID). This concentration corresponds to a mass of 2-3 mg, which is about 0.4-0.6 wt% of the
initial lignin mass charged into the reactor. This is only a trace amount of material, and

supports the supposition that the lignin is not able to access the HZSM-5 acid sites.
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2.5 Conclusions

This study characterized the catalytic activity of HZSM-5 when used at a relatively
low temperature (250 °C) and in an aqueous environment. The purpose of these experiments
was to determine whether HZSM-5 would serve as a suitable support for a bifunctional
catalyst system which includes the solid acid support and a hydrogenation metal catalyst.
The catalyst needs to be able to perform lignin depolymerization and produce aromatics in an
aqueous environment at low temperature. Therefore, the zeolite support needs to show
activity in these reaction conditions, which are different from the usual gas phase pyrolysis
conditions. As mentioned, HZSM-5 was selected for its acid activity and its selectivity
toward aromatics; specifically, deoxygenated aromatics.

The PPE model reactions showed that the HZSM-5 was catalytically active at 250 °C
in an aqueous environment, being able to perform acid catalyzed cleavage of the B-O-4 ether
linkage. The primary products identified were phenol and phenylacetaldehyde. Unlike in
pyrolysis reactions, the PPE reaction products remained oxygenated; a result which may be
attributed to the use of an aqueous environment instead of an inert N, gas environment.
Besides the two oxygenated aromatics formed, there were also some undesired reaction
products formed; including the dehydration (without cleavage) and the secondary reaction of
phenylacetaldehyde which formed a higher molecular weight product. These undesirable
products may be reduced or abolished by adding the metal catalyst to the HZSM-5 support.

This is expected because the nickel metal performs hydrodeoxygenation and
hydrogenolysis reactions, which would attack the B-O-4 linkage via mechanisms different

from that presented in Figure 2.5, but more similar to those presented in the previous
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chapter. The HZSM-5 alone is not completely selective toward the ether linkage versus the
hydroxyl on PPE, so when the hydroxyl is attacked, the dimer remains intact. With the metal
catalyst, the vyield of dehydration products would be reduced because the
hydrogenolysis/hydrodeoxygenation reactions do not depend on the presence of an adjacent
hydroxyl to cleave the ether linkage like the acid catalyzed reaction in Figure 2.5; instead,
the nickel metal can directly attack the ether linkage. In addition, by performing direct
cleavage of the ether linkage and avoiding the formation of the oxirane structure associated
with the HZSM-5 reaction mechanism, the phenylacetaldehyde structure will not be formed
which would also prevent the secondary reaction to the large molecular weight
recombination product. With the incorporation of nickel metal, the selectivity toward
monomer products is expected to increase due to the availability of alternate reaction
pathways, avoiding those in Figure 2.5 that are capable of forming large desirable
compounds.

Despite the high conversion and selectivity of the HZSM-5 toward monomer
aromatics through B-O-4 cleavage, it was unable to effectively attack the lignin feedstock.
The reactions in aqueous solvent appeared to do a significant amount of the depolymerization
of the lignin regardless of the presence of catalyst. This suggests that the water solvent is
performing most of the depolymerization in the form of hydrolysis. Even with the reduction
in molecular weight after reaction, only a trace amount of monomer aromatics were formed.
Both the lack of monomer production and the little difference between reactions with and

without catalyst suggest that the lignin is unable to access the acid sites of HZSM-5.
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This issue may be addressed by introducing metal catalyst onto the HZSM-5 support,
since no diffusion into the pores would be required for the lignin to access the metal catalyst
sites located on the exterior surface (as opposed to the surface area within the pores). The
catalyst should be able to perform hydrogenolysis and hydrogenation on the lignin molecules
until the molecules are small enough to access the acid sites inside the HZSM-5 pores. The
long lignin chains should be able to access the pores as long as the metal catalyst is able to
cleave branched chains and substituent groups from the aromatic lignin chains.

Overall, HZSM-5 was shown to be active against the B-O-4 linkage in a low
temperature, aqueous environment. After 30 min of reaction, HZSM-5 converted 96 wt% of
the PPE model compound, with 68 wt% selectivity to monomer aromatics, phenol and
phenylacetaldehyde. This work proved that the HZSM-5 support is catalytically active in an
aqueous environment at 250 °C; however, it is unable to attack large lignin molecules, as
shown by the minimal monomer production and the similar results achieved with water and
no catalyst. This lignin accessibility issue will be addressed with the incorporation of nickel

metal into the catalyst.
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CHAPTER 3
Ni/HZSM-5 Catalyst Preparation by Deposition-Precipitation:

Effect of Nickel Loading and Preparation Conditions on Catalyst Properties
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3.1 Introduction

Lignin residues are generated as a byproduct in various industries including paper and
pulp plants and biorefineries. Currently, the lignin is not utilized to its full economic
potential; instead it is burned as low value fuel to power industrial processes.™? Lignin, if
processed correctly, could be used for the production of aromatic compounds, platform
chemicals, and other high value products, which are also typically derived from petroleum.
Therefore, converting lignin into aromatic products not only makes cellulose-based industries
more economically feasible, it provides a renewable resource for the production of important
chemicals. The strategy of interest is the depolymerization of lignin into simple aromatics
through the use of a multifunctional catalyst, one capable of hydrogenolysis of both C-O and
C-C linkages in lignin, under mild reaction conditions in an aqueous environment. In this
chapter, a Ni/HZSM-5 catalyst synthesized via deposition-precipitation (DP) is developed for
this purpose.

Most literature about the DP synthesis involves silica supports instead of zeolite
supports.  Therefore, before evaluating Ni/HZSM-5 catalytic activity against lignin and
model compounds, an in-depth study of the DP method was conducted. Burattin et al. (1998)
studied the effect of DP time and reactant concentrations (silica, nickel nitrate, and urea) on
the yield of nickel and the nickel species formed on the support, and proposed a molecular
mechanism for the incorporation of nickel onto the silica support. The study observed the
formation of nickel hydroxide and 1:1 nickel phyllosilicate species (prior to calcination),
where a mixture of the 2 species was observed for low DP times (less than 4 h), and solely

1:1 nickel phyllosilicate was observed for long DP times (4-16 h).>* The standard DP
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procedure utilized in the Burattin studies were also used to prepare the supported nickel
catalysts for the HDO reaction studies mentioned above.>®”® In those studies, they used
different DP times to obtain different nickel loadings, but did not look into the effect of
having the presence of different nickel species on a zeolite support, as can be formed with the
DP method.

Nares et al. (2002) observed the effect of varying DP time from 1-4 h using the
standard procedure from Burattin et al. (1998) on the catalyst properties including textural
properties, nickel particle size, and the nickel species present for Ni supported on HP zeolite.
The relationship of DP time to nickel loading/nickel yield was similar to the relationship
observed in Burattin et d. (1998) using the same standard procedure, despite the use of an
HP zeolite support instead of a silica support (both with large surface areas, 580 m?-g™ and
400 m?-g™* respectively). In the Ni/HB study, 3-5 nm nickel particles were formed, a mixture
of nickel species was also observed (as was observed in the Ni/SiO, study by Burattin et al.
(1998)), and for both low and high surface area supports, deposition occurred mainly on the
external surface.’ More recent studies have characterized the nickel phyllosilicate
species.’®™ In a recent work by Chen et al. (2016), they have confirmed the existence of and
characterized nickel hydroxide, nickel oxide, and 1:1 and 2:1 nickel phyllosilicate species
present in Ni/HZSM-5 prepared by deposition-precipitation.*?

The DP method studies indicate that there are many interesting and favorable catalyst
properties that can be obtained from using the DP method versus the IWI technique. Of
specific interest is the formation of nickel species with strong nickel-support interaction.

This strong interaction allows for the formation of smaller, high dispersion nickel particles,
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which is important for selective hydrogenolysis/HDO activity, and promotes higher stability
due to resistance to sintering.**

Another result of using the DP method to synthesize Ni/HZSM-5 is the formation of
nickel metal particles on the exterior surface of the support, while leaving the acid sites
within the pore structure intact. This leads to a multifunctional catalyst system where large
lignin molecules can be attacked by the nickel catalyst on the surface of the zeolite, and then
the smaller fragments can diffuse into the zeolite pore structure where they are subjected to
acid catalysis and the physical constraints of the HZSM-5 pore.

In this study, the effect of increasing the nickel loading in Ni/HZSM-5 on catalyst
properties was observed. An optimal nickel loading for the DP method which would have the
highest nickel loading while maintaining high dispersion and small particle size was
determined. The change in the nickel loading was achieved through varying the
concentration of nickel nitrate in the DP method, instead of varying the DP time. By keeping
the DP method parameters constant except for nickel concentration, changes in the
incorporation of nickel onto the zeolite support were observed.

349 there has not

Although these observations are related to those in the literature,
been in depth discussion about the effect of varying nickel precursor concentration using a
non-excess amount of nickel precursor and relatively long DP time. The changes in catalyst
properties and characteristics and nickel site that result can affect the activity of the catalyst.
Determining a highly effective nickel loading for the DP method was important for future

work involving Ni/HZSM-5. Using this loading, the effects of additional preparation

parameters including DP time and calcination temperature were evaluated. All catalysts will
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be referred to by their nominal loading (based on the initial mass of nickel introduced during

synthesis).

3.2 Materials

The following materials were used for the catalyst synthesis, reaction experiments,
and catalyst characterization: NH4-ZSM-5 (Zeolyst International, CBV 2314 -
Si0,/Al,03=23), nickel(Il) nitrate hexahydrate (ACROS Organics, 99%), urea (Merck
Millipore, >99.0%), nitric acid (Merck Millipore, 65%), acetonitrile (Merck Millipore,
>99.9%), n-butylamine (Merck Millipore, >99%), deionized water, 5% H,/Ar gas (Linde,
5.00% H,, balance Ar), H, gas (Linde, 99.995%), N, gas (Linde, 99.995%), 5% O,/N, gas

(Linde, 5.00% O,, balance N), CO, gas (Linde, 99.8%), CO gas (Linde, 99.995%).

3.3 Experimental Methods
3.3.1 Synthesis and Activation of Catalyst

The Ni/HZSM-5 was synthesized using a DP method similar to that of Burattin et
al.®* For each catalyst preparation, 5 g of catalyst was synthesized with varying nickel
loading, 5, 10, 12.5, 15, and 20 wt% nickel. DP method parameters, including concentration
of NH4-ZSM-5 support, urea, nitric acid, temperature, stirring, and DP time, were kept
constant. Unlike the standard method, which uses excess amounts of nickel nitrate and varies
the DP time to control the nickel loading, the nickel loading was controlled by using an
initial concentration of nickel nitrate corresponding to the total amount of nickel desired for

each catalyst, and then using a constant, but excess DP time to incorporate the nickel. The
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following concentrations were used to synthesize the catalyst samples: 7.9 g NH4-ZSM-5-L*
water, 0.42 M urea, 0.02 M nitric acid, and 0.01-0.03 M Ni(NO3),-6H,0. All concentrations
are based on the total amount of water, which depends on the required amount of support to
make 5 g of catalyst of a specific nickel loading.

First, the nickel nitrate solution of the desired concentration is prepared. The nickel
nitrate solution is then split into 4/5 and 1/5 portions. NH4-ZSM-5 is added to the 4/5 portion
and the resulting slurry is heated to 70 °C with stirring. Urea and nitric acid are added to the
1/5 portion of nickel nitrate solution and this new solution is slowly added (drop-wise) to the
70 °C slurry. Once all the material is combined, the slurry is heated to 90 °C and held at
temperature for 5 or 16 h (DP time =5 or 16 h) with 300 rpm stirring. After the desired DP
time, the slurry is removed from heat and quenched in an ice bath. The slurry is vacuum
filtered and the remaining solid is washed with deionized water. The solids were transferred
to a watch glass and dried overnight in an oven at 110 °C. The dried precursor was ground
into a powder with a mortar and pestle, and stored.

The DP method is capable of forming a combination of nickel hydroxide and 1:1

nickel phyllosilicate species on the support.®**

During calcination, the nickel hydroxide
decomposes into NiO, and the 1:1 nickel phyllosilicate forms 2:1 nickel phyllosilicate. He et
al. (2012) related TOF by Ni/SiO; to calcination temperature and particle size; while the
particle size increased with calcination temperature (400-800 °C), the TOF reached a
maximum with a calcination temperature around 700 °C. While the drop off in TOF from

700-800 °C calcination temperature may be due to the sintering of nickel (much larger

particle observed at calcination temperature of 800 °C), the increase in TOF from 400-700 °C
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calcination temperature may be attributed to a more complete transformation of a nickel-
support species during calcination, followed by a greater extent of reduction to nickel metal
prior to the reaction. For this reason, all catalyst precursors in this study were calcined
either at 400 or 600 °C. For the calcination, 2 g of catalyst precursor was calcined in a
furnace in open air. The precursors were calcined for 4 h with a 10 °C-min™ ramp rate.
After calcination, the sample was cooled and then stored for activation.

Calcined catalyst samples were then reduced in H; gas environment. Approximately
0.45 g of calcined catalyst was placed in a quartz reactor tube connected to a flow system.
The tube was first purged with N at 50 mL-min™ for 10 min. H, gas was then flown into the
reactor at 50 mL-min™ for 5 min, and then the reduction oven program was initiated. The
catalyst was reduced at 460 °C for 4 h with a 10 °C-min™ ramp. After reduction, the reactor
tube was purged with N gas flow at 50 mL-min™ and allowed to cool to room temperature.

Due to the nature of a batch reaction system, the Ni/HZSM-5 catalyst would have to
be exposed to air during loading of the reaction vessel, which would cause re-oxidation of the
nickel metal. To prevent extensive oxidation and allow for a systematic and consistent
oxygen exposure for all catalyst samples, a passivation procedure was used to form an
oxidized surface layer on the nickel metal, which could then be reduced again in the reactor
vessel in-situ under the reaction conditions.

After the reduced catalyst in the reactor was cooled to room temperature in a N,
environment, the reactor tube was placed in an isopropanol and liquid N, bath, and then a 5%
0,/N, gas mixture was flown over the catalyst at 10 mL-min™ for 1 h. The reactor tube was

then removed from the cold bath, returned to room temperature, and the 5% O,/N, gas
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mixture was flown over the catalyst at 10 mL-min™ for an additional 1 h. After passivation,
the catalyst was removed from the apparatus and stored in a desiccator at room temperature

for future reactions and catalyst characterization.

3.3.2 Catalyst Characterization
3.3.2.1 Adsorption and Desorption Isotherms

Textural properties of the catalyst samples were characterized with a Micromeritics-
TriStar 1l 3020 BET surface analyzer. BET surface area, total pore volume, and BJH
desorption pore distribution (mesopore size distribution) were determined using N
adsorption-desorption isotherms at -196 °C. DFT porosity distribution (micropore size
distribution) was obtained using CO, adsorption isotherms at 0 °C. Catalyst samples were
either only calcined or calcined, reduced, and passivated, followed by degassing at 200 °C

for 2 h prior to characterization.

3.3.2.2 Inductively Coupled Plasm@ptical Emission Spectrometer (ISPES)

ICP-OES analysis was performed with a Perkin Elmer Optima 7000DV to determine
the Si/Al of the HZSM-5 support in the active protonated form. Prior to ICP analysis,
samples were digested using a CEM Mars 240/50 Microwave with “EasyPrep” vessels. For
the digestion, 0.050 g of sample was weighed and 2 mL of 30% H,0,, 3 mL of 65% HNOs,
and 1 mL of 40% HF was added to each sample and then sealed and microwave digested at
800 W (100%, ramp for 25 min to 190 °C, and held for 20 min at 800 psi). To neutralize the

sample, 10 mL of 4% B(OH); was added and then placed in the microwave again at 800 W
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(100%, ramp for 25 min to 150 °C, and held for 15 min at 150 psi). Each sample was
transferred using 50 mL of deionized water. For the ICP-OES analysis, the digested samples
were diluted 10x with deionized water and ran against a multicalibration curve for Si, Al and
Ni. The analysis utilized a Camara Spray chamber and Cross-flow Gem Tip Nebulizer. The
following conditions were used: Argon plasma flow of 15 L-min™, auxiliary gas flow of 0.2
L-min™*, nebulizer gas flow of 0.8 L-min™, 1300 W power, and a peristaltic pump rate of 1.5

mL-min™.

3.3.2.3 Temperature Programmed Reduction (TPR)

The H,/Ni uptake over increasing temperature was determined using a quartz cell
equipped with a thermal conductivity detector (TCD). A 5% H,/Ar gas mixture was flown
over the catalyst sample at 50 cm*-min™, and the temperature was ramped at 10 °C-min™
from room temperature to 1000 °C. All catalysts were calcined and further dried overnight at
110 °C prior to TPR analysis. Enough catalyst to contain approximately 1.5 mg of nickel

was used for each TPR experiment.

3.3.2.4 X-ray Diffraction (XRD)

Nickel species present in the Ni/HZSM-5 were determined using XRD. All
diffractograms were obtained with a Rigaku diffractometer using nickel-filtered CuKa
radiation (A = 1.5418 A). Catalysts after only calcination and after calcination, reduction,

and passivation were characterized with XRD.
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3.3.2.5 Transmission Electron Microscopy (TEM)

All TEM images were obtained using a JEOL Model JEM-1200 EXII System. Only
catalysts that were calcined, reduced and passivated were observed. Samples were prepared
using a methanol dispersion method and placed on a copper grid. Particle sizes were
determined from micrographs using Image Tool 3.0 software. The mean particle sizes and

distributions were determined from the measurement of over 300 particles for each catalyst.

3.3.2.6 H,-Chemisorption
Available nickel sites, dispersion, and approximate nickel particle size were
determined using a Micromeritics ASAP 2020 with a H,-chemisorption unit. All catalyst
samples were calcined prior to analysis. An in-situ reduction was performed with H, gas at
460 °C for 4 h using a 10 °C-min™! ramp. The samples were then outgassed 1 h at 460 °C
and 3 h at 35 °C. The H,-chemisorption was carried out at 35 °C. H/Ni uptake was based on
a 1:1 stoichiometry. The estimate particle size was calculated using the following
approximation®®:
Q pmpO 1)
In this approximation dp is particle diameter and %D is percent dispersion. This
analysis is based on the assumption that a spherical particle that is less than 1nm in diameter

exhibits 100% dispersion.*®
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3.3.2.7 Potentiometric Ttration

The acid strength of the support with and without nickel metal was measured using a
potentiometric titration method.** A catalyst sample and acetonitrile suspension was titrated
with n-butylamine, and the potential was measured with a Ag/AgCl electrode. The method
can determine the number of acid sites and allows for the calculation of acid site density
(mmol-m®), as well as approximate the acid strength based on the potential (mV). The
potential relates to the acid strength using the scale that a strong acid has a potential greater

than 100 mV, and a weak acid is less than -100 mV.

3.3.2.8 X-ray Photoelectron Spectroscopy (XPS)

XPS spectra of supported nickel catalysts were obtained on a VG Escalab 200R
electron spectrometer, equipped with a hemispherical electron analyzer and MgKa (hv =
1253.6 eV) photon source. Prior to the analysis, the catalysts samples, which have been
calcined , reduced, and passivated, using the procedure mentioned above, were re-reduced in-
situ with H; gas at 460 °C for 1 h. The binding energies (BE) were referenced to the Si 2p
level of the HZSM-5 support at 103.2 eV. Intensities of the peaks were calculated from the
respective peak areas after background subtraction and spectrum fitting by a combination of
Gaussian/Lorentzian functions. The relative surface atomic ratios were determined from the
corresponding peak intensities, corrected with tabulated sensitivity factors, with a precision

of £7%.
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3.4 Results and Discussion

3.4.1 Catalyst with Varying Nickel Loading

3.4.1.1 Textural Properties

The textural properties obtained for catalysts with varying nickel loading from 5-20

wt% after only calcination, and after calcination, reduction, and passivation are presented in

Table 3.1.

Table 3.1: Nickel loading and textural properties of the catalysts which were calcined at 600 °C and nickel

catalysts were reduced at 460 °C.

Ni

S V,° Vimicroe: Vineso”
Catalyst Content® PET . microc meso
Y o) (Mg emtgh)  Emgh)  emg)

HZSM-5 (SiO,/Al,03;=20) -- 420 0.22 0.18 0.04
(calcined)
Ni(5)/HZSM-5 5.0 312 0.16 0.15 0.01
Ni(10)/HZSM-5 10.6 309 0.19 0.15 0.04
Ni(12.5)/HZSM-5 12.2 307 0.20 0.15 0.05
Ni(15)/HZSM-5 13.3 303 0.20 0.14 0.06
Ni(20)/HZSM-5 16.2 255 0.18 0.12 0.06
(reduced and passivated)
Ni(5)/HZSM-5 5.0 247 0.13 0.12 0.01
Ni(10)/HZSM-5 10.6 254 0.14 0.12 0.02
Ni(12.5)/HZSM-5 12.2 325 0.20 0.15 0.05
Ni(15)/HZSM-5 13.3 298 0.18 0.15 0.03
Ni(20)/HZSM-5 16.2 242 0.13 0.11 0.02

Content determined by ICP
V, = total pore volume

V micro = Micropore volume
Vmeso = Mesopore volume

[o RN eI o gl «}]

As expected, the BET surface area decreases significantly from the HZSM-5 support without

nickel. For the calcined samples, the surface area is similar for all samples except for the 20
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wt% sample, which is approximately 50 m?.g™ lower due to the large amount of nickel
present. For the calcined, reduced, and passivated catalysts, some surface areas are reduced,
and a maximum appears at moderate nickel loading. This is possibly due to the formation of
slightly larger nickel particles caused by sintering, but generally the surface areas remained
in the 250-320 m?-g™* range.

For HZSM-5 support, a majority of the pore volume is micropore volume. There is a
decrease in the pore volume of HZSM-5 when nickel metal is loaded on the support. For
calcined samples the micropore volume slightly decreases with nickel loading, while
mesopore volume increases, which indicates that micropores are being blocked by the nickel
particles, and that the nickel species present after calcination provide additional mesopores.
After reduction, Ni** species are reduced to Ni metal and the trends are no longer evident.
While the change in pore/micropore volume is not very large between catalyst samples, it is
important to recognize that there is a decrease in micropore volume after incorporation of
nickel to the support.

The shift from microporous to mesoporous volume is consistent with the BET
isotherms, BJH desorption pore distribution, and CO, DFT porosity distributions. Figure 3.1
shows the BET isotherms for both calcined catalyst samples and calcined, reduced, and

passivated catalyst samples.
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Figure 3.1: N, adsorption-desorption isotherms with increasing Ni loading for a) calcined Ni(x)/HZSM-5
catalysts and b) calcined, reduced, and passivated Ni(x)/HZSM-5 catalysts.
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The isotherms show increasing nickel loading from bottom to top, where the bottom is only
HZSM-5 support, and on top is Ni(20)/HZSM-5. All the samples exhibit a type I isotherm,
which is characteristic of microporous solids, however, the shape of the hysteresis loop
changes with the nickel loading."> The HZSM-5 isotherm exhibits an H4 hysteresis loop,
which is characteristic of a microporous structure with some mesoporosity between the
zeolite particles. As the nickel loading increases, the hysteresis loop becomes narrower, and
the shape shifts toward a H3 type hysteresis loop. This suggests the presence of aggregates
that have plate-like structures with slit pores in the mesopore range.”® This shift to H3
hysteresis was observed in Nares et al. (2002). It was attributed to the formation of nickel
species with a lamellar structure, possibly 1:1 nickel phyllosilicate and nickel hydroxide
species.’ All the samples have been calcined at 600 °C, so all the nickel hydroxide should be
decomposed into NiO. The presence of the H3 hysteresis loop indicates that lamellar nickel-
support species (such as 2:1 nickel phyllosilicate) are present after calcination. As can be
seen between the calcined only samples and the reduced samples, the H3 hysteresis loop
becomes narrower after reduction, indicating the loss of mesoporosity, which is reported in
Table 3.1. This can be attributed to the lamellar structure from the nickel-support species
being lost when the Ni®* is reduced to nickel metal.

The BJH pore distribution shown in Figure 3.2 exhibits a shift from mesopores with
a specific diameter of 4 nm to a larger sized mesopore with a wider distribution of sizes with

increasing nickel loading.
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Figure 3.2: N, BJH desorption mesopore size distribution for a) calcined Ni(x)/HZSM-5 catalysts and b)

calcined, reduced, and passivated Ni(xX)/HZSM-5 catalysts.
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From the Figure 3.2a (calcined samples) and Figure 3.2b (reduced samples), again the shift
from high to low mesoporosity is observed (loss of the large broad peak present in Figure
3.2a) which indicates a change from nickel-support lamellar species to nickel metal particles
after reduction.

The DFT pore distribution in Figure 3.3 shows that the catalysts have two main
micropore sizes, one being 0.58 nm, and the other being 0.49 nm. This is consistent with
HZSM-5 average pore size around 0.55 nm, where the 0.58 nm pores represent the main
channels while the 0.49 nm pores represent the narrower side channels of the zeolite. Figure
3.3 also shows a decrease in the number of micropores with increasing nickel loading. The
fact that there is a decrease in the peak height and not a shift in the distribution indicates that
the nickel particles are fully blocking micropores instead of partial blocking on the mouth of
the pores. In addition, only the peak at 0.58 nm appears to decrease with low nickel
loadings, while at higher nickel loadings both micropores start to decrease; this suggests that
the larger main pore is preferred for nickel deposition, and not until a high enough nickel
concentration will the nickel deposit on the side channels. As demonstrated by Figures 3.1,
3.2, and 3.3, as the nickel loading increases, more of the microporous structure is blocked by
nickel particles. The presence of mesopores increases with the introduction of lamellar NiO
species; however, after reduction the extent of mesoporosity decreases as Ni?* lamellar

species are replaced by nickel particles.
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Figure 3.3: CO, DFT micropore size distribution for a) calcined Ni(x)/HZSM-5 catalysts and b) calcined,

reduced, and passivated Ni(xX)/HZSM-5 catalysts.
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3.4.1.2 Active Site Properties

The presence of nickel species on the support was confirmed with x-ray diffraction
(XRD). As shown in Figure 3.4a, NiO was present on the support after calcination. At low
nickel loading, the NiO peaks are very small and are mostly indistinguishable from the
HZSM-5 peaks. However for the higher nickel loading, the NiO peaks are more intense. As
shown in Figure 3.4b, after reduction and passivation, nickel species were present on the
support. The presence of the nickel indicates that the passivation technique prevented
extensive re-oxidation of the nickel particles. Similar to the calcined samples, the peak
intensity of the nickel increased with nickel loading. For calcined, and calcined, reduced,
and passivated catalysts, the increase in peak intensity with nickel loading indicates that the
amount of nickel present on the support was increasing. From the XRD results, the catalysts
were confirmed to have nickel metal after calcination, reduction, and passivation of the

catalysts, and will therefore have active nickel present for future reactions.
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Figure 3.4: X-ray diffraction (XRD) for a) calcined Ni(x)/HZSM-5 catalysts and b) calcined, reduced, and
passivated Ni(x)/HZSM-5 catalysts.
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The Scherrer equation, shown in equation (2), where Dy is particle diameter, A is
CuKa radiation wavelength (A), B1/2 1s the full width at half maximum (radians), and 0 is the
position (1/2 value of 20 position) (radians), was used to approximate the particle size of the
nickel. Such an approximation has be used with Ni/HZSM-5; however, this may not be the
most accurate approximation of nickel particle size due to the presence of HZSM-5 peaks
which need to be decoupled from the nickel peak.® This approximation is more easily
calculated using a more amorphous support such as silica, where the amorphous silica peak

does not interfere with the prominent nickel peak.

o0 L gei — @

TPR temperature profiles for all the catalyst samples are shown with increasing nickel
loading in Figure 3.5. Nickel typically reduces from Ni** to Ni° in one step; therefore the
presence of three different peaks suggests that there are Ni?* species with different local

environments, whether it is NiO or nickel-support species.
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Figure 3.5: Temperature programmed reduction (TPR) for Ni(x)/HZSM-5 catalysts.

The first and lowest temperature peak around 375 °C is the main peak, and is observed for all
catalyst samples. This lower temperature peak is indicative of NiO, and the H, uptake at this
temperature increases with nickel loading, suggesting that an increasing amount of the nickel
present is taking the form of NiO after calcination, and is more easily reduced during the
TPR experiment. The slight shift in the peak to a lower temperature also suggests that there

are larger NiO particles present, because with larger particles, more of the NiO is interacting
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with neighboring NiO instead of interacting with the support, making it easier to reduce these
particles. This shift is most evident with the 20 wt% nickel catalyst.

The two broader peaks located at higher temperatures (around 500 and 600 °C) are
attributed to 2:1 nickel phyllosilicate species, which are Ni?* species that have formed strong
nickel-support interactions with the aluminosilicate structure, and are unable to be
decomposed into NiO during calcination.>*® As a result, a higher temperature is required to
reduce these nickel-support species. As shown in Figure 3.5, as the nickel loading increases,
the amount of nickel in the 2:1 nickel phyllosilicate form decreases, and the amount of the
NiO species is more prevalent after calcination. As mentioned in section 3.3.1, this mixture
of nickel species is expected from the DP method. Overall, we observed the one NiO peak
along with the 2:1 Ni phyllosilicate peaks/shoulder at the higher temperature. From the TPR
results, the Ni/HZSM-5 samples are shown to have a mixture of nickel species present after
calcination, reduction, and passivation, and in addition, all catalysts exhibited an H/Ni uptake
of approximately 2, suggesting complete reduction of the nickel catalyst.

When compared to the results of Burattin et al, for a DP time of 5 h for 20 wt%
nickel, there is most likely the formation of both nickel hydroxide and 1:1 nickel
phyllosilicate species, since there is not much excess DP time for this concentration of nickel
nitrate, resulting in easier to reduce nickel species along with H; spillover effects. However,
as the nickel nitrate concentration decreases, the DP time of 5 h becomes increasingly
excessive, resulting in the formation of increasingly more 1:1 nickel phyllosilicate. This
trend agrees with the observation from Burattin et al. (1998), of a shift from a mixture of

nickel hydroxide and 1:1 nickel phyllosilicate to solely phyllosilicate species as the DP time
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increased.® Therefore for the 5 wt% sample, the shoulder peaks are large compared with the
NiO peak.

An important point to be made from this TPR data, is that all the TPR peaks have
relatively low temperatures, which is indicative of nickel species being present on the
exterior surface of the HZSM-5, and not located within the pore structure.*® This is consistent
with the TEM, XRD, and H,-chemisorption data, which show that the nickel particles are
much larger than the narrow pore size of the zeolite, and therefore must be located on the
exterior surface.

TEM and H,-chemisorption have been utilized to characterize the size and dispersion
of the nickel particles that were confirmed to be present by XRD. The particle size and
dispersion results are summarized in Table 3.2, and the TEM mean particle sizes and
distributions along with the TEM images for the catalysts with varying nickel loading can be

seen in Figure 3.6.

Table 3.2: Average particle size from TEM and H,-chemisorption, and nickel dispersions obtained from H-
chemisorption. Catalysts were calcined, reduced, and passivated for the TEM.

Nickel particle size (nm)

Catalvst e Ni Dispersion
’ TEM XRD Chemisérption (%)
Ni(5)/HZSM-5 14+6 22 29 3.4
Ni(10)/HZSM-5 843 10 28 3.7
Ni(12.5)/HZSM-5 9+2 10 31 3.3
Ni(15)/HZSM-5 843 8 31 3.3
Ni(20)/HZSM-5 10+4 13 45 2.3
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Figure 3.6: TEM images and particle size distributions for a) Ni(5)/HZSM-5, b) Ni(10)/HZSM-5, c)
Ni(12.5)/HZSM-5, d) Ni(15)/HZSM-5, and e) Ni(20)/HZSM-5. All catalysts are calcined, reduced, and
passivated.
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As mentioned previously, the nickel particle size approximation from H,-chemisorption was
based on the dispersion. As can be seen from the H,-chemisorption data, the dispersion and
therefore the particle size of the nickel were similar for catalysts with nickel loading of 5-15
wt%, and not until 20 wt% nickel was there a large drop in dispersion and increase in particle
size (presumably due to sintering). This decrease in dispersion for 20 wt% nickel is in
agreement with the slight shift observed for the 20 wt% TPR peaks. The particle sizes
determined from TEM and XRD all tend to be smaller than the sizes approximated from H,-
chemisorption. This difference between measurements was also observed in the particle
sizes reported by Song et al. where nickel metal was supported on HZSM-5 with a similar
SiO,/AlO; ratio to the HZSM-5 used in this study.® In that study, TEM and XRD
measurements were also similar (11 and 14nm respectively), but the dispersion was only
3.6% which would give an approximate particle size of about 28 nm, using equation (1).2

TEM measurements are generally representative of particles that can be viewed on
the edges of the catalyst support. Since the support centers are very dark regions preventing
all the particles from being measured, TEM measurements alone may be misleading. The
XRD approximation and the chemisorption approximation are more general measurements
averaging the sample instead of observing specific particles. Since the TEM and XRD are in
close agreement, (a specific and an average measuring technique) the catalyst particles
should be taken to be the actual particle size of the nickel particles (in the 10 nm range).

Two discrepancies that need to be addressed are the much larger XRD particle size
approximation for the 5 wt% catalyst, and the lack of agreement between the dispersion,

TEM, and XRD measurements for the 20 wt% sample. As shown by the chemisorption
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dispersion measurements and TEM, the 5-15 wt% catalyst nickel particles appear to be the
same size; however, the XRD for the 5 wt% deviates from this trend. The TEM particle
measurements for the 5 wt% sample were slightly larger, but not to the extent determined by
the Scherrer equation and XRD. The XRD peak for the nickel in the 5 wt% catalyst is hard
to separate from the support peaks. As a result, the peak fit is much narrower than the actual
nickel peak. This would cause the Scherrer equation approximation to overestimate the
particle size (D, increases with decrease in B1s).

This inability to obtain an accurate peak fit also occurred for the 20 wt% catalyst. In
this case the nickel peak was so intense that the support peaks are obscured and the peak fit
for nickel is much broader than the actual nickel peak. This causes the size approximation to
be smaller than expected. The TEM measurement for the 20 wt% sample is also smaller than
expected due to the fact that larger nickel loadings on the support lead to darker regions
covering more of the catalyst samples. This allows only counting of particles on the edges of
the catalyst support. Overall, the general trend of the dispersion and resulting size
approximations are in agreement, in that the dispersions and approximate particle sizes are
similar for catalysts with 5-15 wt%. The particle sizes from the TEM and XRD
measurements (~10 nm) should be reported as the actual particle sizes. These dispersion
values, which estimate particle sizes much larger than the actual particle sizes, are consistent
with what is reported in the literature.®

Characterization of the acid sites on the HZSM-5 support is presented in Table 3.3.
The acid strength and site density of the nickel catalysts are compared to the support without

nickel. As seen from the potentiometric titration data, the support without nickel has high
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acid strength (represented by a potential greater than 100 mV)' as is expected for HZSM-5
due to the presence of Brgnsted acid sites. However, after incorporation of nickel and
calcination, the strong acidity is lost (less than 100 mV). This suggests that the protonated
Bransted acid sites are lost due to the H* counter-ions being replaced by Ni** counter-ions,
forming weak Lewis acid sites, as well as loss of Brgnsted acid sites on the surface due to
blockage by the formation of lamellar Ni** species. After reduction and passivation, some of
the acidity returns and the catalysts have an overall moderate to strong acidity. These results
suggest that as Ni®* species are reduced and form small particles, some Brgnsted acid sites

are unblocked, thereby increasing acid strength.

Table 3.3: Acid strength and density obtained from potentiometric titration method.

Acid Strength, E, (mV) Acid Density (mmol-m?)
Catalyst . . . .
Calcined Reduced/Passivated Calcined Reduced/Passivated

HZSM-5 374 -- 0.0034 --
Ni(5)/HZSM-5 -64 36 0.0046 0.0057
Ni(10)/HZSM-5 11 129 0.0047 0.0055
Ni(12.5)/HZSM-5 36 173 0.0048 0.0044
Ni(15)/HZSM-5 37 289 0.0050 0.0048
Ni(20)/HZSM-5 40 291 0.0064 0.0059

E,> 100 mV = strong acid, Eq < -100 mV = weak acid

Another trend indicated in Table 3.3 is increasing acid strength as nickel loading
increases. Increasing nickel loading introduces more Lewis acid sites to the support. The
reduction of Ni®* generates small nickel particles, giving the titrating probe molecule access
to the once blocked acid sites. However, due to the need to passivate, the nickel surface sites

become Ni** again. Between having the small particles giving more access to the surface
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acid sites and the existence of Ni?* on all the nickel surfaces, the acidity of the reduced and
passivated catalyst is higher than the calcined catalyst, but still lower than HZSM-5 alone.
The acid site density remains similar for all catalyst samples (within 0.003 mmol-m).

XPS analysis was performed on the Ni/HZSM-5 catalysts after calcination, reduction,
passivation, and re-reduction in-situ (1 h). The nickel regions of the XPS spectra are
presented in Figure 3.7. XPS analysis was used to observe the percentage of reduced and
unreduced nickel surface species as well as the Ni/Si surface atomic ratio, which are
presented in Table 3.4. There was no significant trend noted for the percentage of reduced
nickel on the surface with nickel loading. It is important to note that the surface nickel is not
fully reduced, and that the average extent of reduction is around 66£7%. This incomplete
reduction supports the results obtained from the TPR analysis, which shows that there are
nickel species present with strong interaction with the support. To clarify the catalysts are
fully reduced after 4 h of the first reduction as determined by TPR, but after passivation and
then in-situ reduction for 1 h, the 1 h time (typical reaction time used in future studies) is not

long enough to fully reduce the catalyst.
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Figure 3.7: XPS spectra for a) Ni(5)/HZSM-5, b) Ni(10)/HZSM-5, c) Ni(12.5)/HZSM-5, d) Ni(15)/HZSM-5,
and e) Ni(20)/HZSM-5. All catalysts are calcined, reduced, passivated, and re-reduction at 460 °C for 1 h

Table 3.4: XPS binding energies (eV) and surface atomic ratios for reduced Ni(x)/HZSM-5 catalysts.

Ni 2py,
Catalyst Si2p Ni/Si
Ni (eV) % Reduced NiO (eV) % Unreduced
Ni(5)/HZSM-5 103.3 852.4 65 854.7 35 0.306
Ni(10)/HZSM-5 103.2 852.2 74 854.6 26 1.115
Ni(12.5)/HZSM-5 103.2 852.0 58 854.2 42 1.178
Ni(15)/HZSM-5 103.3 852.2 61 854.4 39 1.425
Ni(20)/HZSM-5 103.3 852.2 70 855.3 30 2.169
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Regarding the Ni/Si atomic ratio, as expected with increasing nickel loading, the

Ni/Si ratio increased, and the increase follows an almost linear trend (Figure 3.8).

2.5

2.0+

1.54
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Ni/Si Atomic Ratio
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0.0+ . . . .
0 5 10 15 20

Nickel Loading (%)

Figure 3.8: Ni/Si ratio correlation to nickel loading.

The 10-15 wt% samples are close to this linear relationship, which agrees with the fact that
these three catalysts have similar particle sizes and dispersions, as shown by TEM, XRD, and
H,-chemisorption, and that the increase in Ni/Si ratio is solely due to an increase in nickel
loading. This comparison can be made since the percentage of reduced nickel on the surface
for all these catalysts is similar. However, the 5 wt% and 20 wt% samples deviate slightly
more from this linear relationship, which has some implications. The 5 wt% sample is below

this linear trend, indicating that the Ni/Si ratio on the surface is smaller than expected. This
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indicates that the nickel has slightly lower dispersion with larger particles. This is in
agreement with the TEM particle sizes observed, but again this difference in size is slight.
The 20 wt% sample is above this linear trend, which would indicate that the
dispersion of this catalyst is higher than the others. However, as seen from the chemisorption
results, the dispersion is much lower than the other catalysts indicating that the particle size is
larger. This deviation from the linear trend towards higher metal/support atomic ratio despite
lower dispersions and larger particle sizes has been observed in various studies from the
Escalona group using different supported metal catalysts with high metal loadings.'”*® This
discrepancy has been observed when there is high metal loading and high metal surface
coverage, because at this point the metal particles start to form larger aggregates covering up
the smaller particles on the support. Typically for the small particles, the x-ray source is able
to contact the support surface in between the particles, but when these larger aggregates in
close proximity start to form over the support surface, the x-ray can no longer penetrate to
the available support surface (reducing the Si in the Ni/Si ratio). This inability to observe the
support surface causes the Ni/Si ratio or dispersion observed in XPS to increase even though

the nickel metal in fact has lower dispersion and larger particle size.

3.4.1.3 Optimal Nickel Loading

The 15 wt% catalyst had the highest loading without a drop off in dispersion or
increase in particle size. These characteristics made it the optimal candidate for further
study, looking into effect of additional preparation conditions including the short and long

DP time (5 and 16 h) and the calcination temperature (400 vs. 600 °C). The four different
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preparations will be referred according to the following abbreviation: DPX_CalY, where X is
the number of hours: 5 or 16, and Y is the calcination temperature: 400 or 600 °C (i.e.

DP5_Cal600 is the preparation with a DP time of 5 h and calcined at 600 °C).

3.4.2 Catalysts with Varying Preparation Conditions
3.4.2.1 Textural Properties

The textural properties obtained for Ni(15)/HZSM-5 are presented in Table 3.5. As
seen in section 3.4.1.1, the BET surface area again decreases significantly from the HZSM-5
support without nickel, which is to be expected. The surface area between calcined samples
does not vary significantly between the various preparations. After reduction and
passivation, the surface areas are also all similar except for the preparation with long DP time
and calcined at 400 °C, which has a much lower surface area. The reason for this will be

discussed after discussion of the pore volumes.
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Table 3.5: Nickel loading and textural properties of the catalysts.

DP Calcination Ni S Vb Vo © v d
Catalyst Time Temperature Content? PET) 1 M0y "0y
(h) (oC) (%) (m ‘g ) (Cm ‘g ) (Cm ‘g ) (Cm g )
HZSM-5_Cal400 - 400 - 407 0.21 0.18 0.03
HZSM-5_Cal600 - 600 - 420 0.22 0.18 0.04
Ni(15)/HZSM-5
(calcined)
DP5_Cal400 5 400 13.3 304 0.20 0.14 0.06
DP5_Cal600 5 400 13.3 303 0.20 0.14 0.06
DP16_Cal400 16 600 14.4 312 0.22 0.14 0.08
DP16_Cal600 16 600 14.4 332 0.25 0.14 0.11
Ni(15)/HZSM-5
(reduced and
passivated)
DP5_Cal400 5 400 13.3 338 0.19 0.16 0.03
DP5_Cal600 5 400 13.3 298 0.18 0.15 0.03
DP16_Cal400 16 600 14.4 253 0.18 0.11 0.07
DP16_Cal600 16 600 14.4 304 0.21 0.15 0.06

Content determined by ICP
Vp = total pore volume
Vmicro = Micropore volume
V meso = Mesopore volume

[o RN eI o gl «}]

As discussed earlier, the micropore volume decreases when nickel metal is loaded on
the support. This is consistent with the mechanism that micropores are being blocked by the
nickel particles, and the mesopores are formed by the nickel species present, specifically
lamellar NiO species. Varying DP time and calcination temperature does not noticeably
change micropore volume, while the mesopore volume does appear to change. For the final
reduced and passivated catalyst, the mesopore volume does not vary between samples with
different calcination temperatures; however, when the DP time is varied, there is a difference

in mesopore volume. The fact that the longer DP time catalysts formed more mesopore
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volume is consistent with previous evidence that suggests that the mesopore volume is
attributable to the formation of lamellar nickel-support species. With an increase in DP time,
there is an expected increase in the amount of strong nickel-support species (lamellar nickel
phyllosilicate species) formed on the support, and thereby more mesopore volume.
Furthermore, after reduction, while all the catalysts exhibited a decrease in mesopore
volume, indicating the removal of lamellar species and forming of nickel metal particles, the
longer DP time catalysts still had greater mesopore volumes than the plain support. The
short DP time catalysts lost all the additional mesopore volume. This suggests that the
lamellar nickel species were mostly changed to nickel particles for the short DP time, which
was expected to have a mixture of nickel hydroxide and 1:1 nickel phyllosilicate species.
However, with the longer DP time, which was expected to have more 1:1 nickel
phyllosilicate species, the lamellar species were not completely transformed even after
calcination and reduction.

The trends observed in Table 3.5 are consistent with the BET isotherms, BJH
desorption pore distribution, and CO, DFT porosity distributions shown in Figures 3.9, 3.10,
and 3.11. Figure 3.9 shows the BET isotherms for (a) calcined catalyst samples, and (b)
calcined, reduced, and passivated catalyst samples. The isotherms are grouped by calcination
temperature; catalysts calcined at 400 °C are on the bottom and those calcined at 600 °C are
on top. Not surprising, the samples exhibit a type | isotherm, which is characteristic of
microporous solids. Uncharacteristically, the shape of the hysteresis loop changes with the
DP time, while remaining similar between different calcination temperatures. These HZSM-

5 isotherms exhibit a H4 hysteresis loop characteristic of a microporous structure with
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mesoporosity between the zeolite particles. However, as the DP time increases, the
hysteresis loop shape shifts toward a H3 type loop, which again suggests the presence of
plate-like aggregate structures with slit pores in the mesopore range.®*> For the calcined only
samples, the H3 loop becomes broader with DP time, which is in agreement with the fact that
more 1:1 nickel phyllosilicate species are being formed with longer DP time. For samples
calcined at 400 or 600 °C, all the nickel hydroxide should be decomposed into NiO. The
lamellar nickel species are still present after calcination (even at the higher temperature)
especially for the long DP time catalysts, since more nickel-support species are formed.
Samples with a calcination temperature of 400 °C all had slightly wider hysteresis loops than
the corresponding 600 °C samples, and this agrees with the fact that less of the lamellar
nickel species were transformed at the lower calcination temperature. When the samples are
reduced, the H3 hysteresis loop becomes narrower, indicating the loss of mesoporosity. As
mentioned previously, this can be attributed to the lamellar structure of the nickel species

being lost when the Ni®* is reduced to nickel metal.
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Figure 3.9: N, adsorption-desorption isotherms with increasing DP time and calcination temperature for a)
calcined Ni(15)/HZSM-5 catalysts and b) calcined, reduced, and passivated Ni(15)/HZSM-5 catalysts.
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The BJH pore distribution presented in Figure 3.10 shows the presence of a
mesopore with a specific diameter of 4 nm, along with a broad distribution of larger
mesopores. The long DP time catalysts have the largest peaks at 4 nm and also have a
smaller shoulder peak. From Figure 3.10a (calcined) it can be seen that calcination
temperature did not have a strong effect on the pore volume distribution for short DP time
preparations. However, for the two 16 h DP time catalysts, the catalyst calcined at 600 °C
had a smaller 4 nm peak than the catalyst calcined at 400 °C. This may be attributed to
further transformation of the lamellar nickel species at the higher calcination temperature.
From Figure 3.10a (calcined samples) and Figure 3.10b (reduced samples), the shift from
high to low mesoporosity can be observed through the decrease in the large 4 nm peak and
the loss of the broad peaks for short DP time in Figure 3.10a. This indicates a change from

lamellar Ni** species to nickel metal particles after reduction.
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Figure 3.10: N, BJH desorption mesopore size distribution for a) calcined Ni(15)/HZSM-5 catalysts and b)
calcined, reduced, and passivated Ni(15)/HZSM-5 catalysts.
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The DFT pore distribution in Figure 3.11 also shows that the catalysts have two main
micropore sizes (0.58 and 0.49 nm), which is consistent with the HZSM-5 average pore size
of 0.55 nm. As discussed in section 3.4.1.1, the decrease in the peak height instead of a shift
in the distribution indicates full blocking of micropores instead of partial blocking on the
mouth of the pores. Figure 3.11 also shows a decrease in the number of micropores with
increasing calcination temperature. Specifically, the peak at 0.49 nm appears to decrease
more significantly than the 0.58 nm pore with increase in calcination temperature. The 0.58
nm pore only decreases with the incorporation of nickel, while the varying preparation
conditions had little effect; however, for the 0.49 nm pore, calcination had a significant effect
even for the support without nickel. This suggests that even though some of the smaller side
pores are blocked with the incorporation of nickel, the loss of this size pore is mostly
attributable to using higher calcination temperatures, suggesting possible destruction or
collapse of the mouth of these side channels. The pore structure is assumed to be largely
unchanged since the XRD pattern does not indicate a significant change in the support

structure; this will be discussed in greater detail in section 3.4.2.2.
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Figure 3.11: CO, DFT micropore size distribution for a) calcined Ni(15)/HZSM-5 catalysts and b) calcined,

reduced, and passivated Ni(15)/HZSM-5 catalysts.

117



Taken together, BET isotherms, BJH desorption pore distribution, and CO, DFT
porosity distributions suggest three conclusions: (1) the loading of nickel on the support
causes the microporous structure to be blocked by nickel particles, (2) the presence of
mesopores increases with the introduction of lamellar Ni?* species, and (3) after reduction,
the extent of mesoporosity decreases as nickel particles are formed.

The DP16_Cal400 catalyst had a lower surface area after reduction, but it also had a
lower micropore volume, compared to the other three catalysts. Unlike the first experiment,
where catalyst loading was varied and the 20 wt% sample had a lower surface area and
micropore volume due to the larger amount of nickel present on the support, in this second
experiment all the catalysts have the same loading. The additional pore blockage and loss of
surface area has to be attributed to something else not yet discussed. As will be discussed in
section 3.4.2.2, this deviation by the DP16_Cal400 catalyst is related to the dispersion, which
in the first experiment did not vary between the catalysts with varying loading, except after
overloading at 20 wt%. However, for this second experiment with varying preparation

conditions, the dispersion did vary between catalysts.

3.4.2.2 Active Site Properties

The presence of nickel species on the support was confirmed with XRD. As shown in
Figure 3.12a, NiO was present on the support after calcination. However, at this nickel
loading, the NiO peaks are very small and are mostly indistinguishable from the HZSM-5
peaks. As shown in Figure 3.12b, after reduction and passivation, nickel species were

present on the support.
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Figure 3.12: X-ray diffraction (XRD) for a) calcined Ni(15)/HZSM-5 catalysts and b) calcined, reduced, and

passivated Ni(15)/HZSM-5 catalysts.
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The presence of the nickel species indicates that the passivation technique used prevented
extensive re-oxidation of the nickel particles. Similar to the calcined samples, the peak
intensity of the nickel did not vary significantly with the preparation conditions. In addition,
no significant destruction/loss of crystallinity of the support was observed and the support
XRD patterns remained consistent besides the addition of nickel peaks. From the XRD
results, these catalysts were confirmed to have nickel metal after calcination, reduction, and
passivation of the catalysts.

TPR temperature profiles for all the catalyst samples are shown in Figure 3.13.
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*This data set had to be adjusted due to an error in the temperature recording. When all tests were repeated, the
locations of the peaks for the other three samples were the same, but DP16_Cal400 was shifted to where it is
currently located in the figure.

Figure 3.13: Temperature programmed reduction (TPR) for Ni(15)/HZSM-5 catalysts.
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As mentioned previously (section 3.4.1.2), the presence of multiple peaks suggests that there
are different forms of Ni** on the support. In addition, all the TPR peaks are located at
relatively low temperatures which, as mentioned before, are indicative of the nickel species
being located on the exterior surface of the zeolite support.® However, there are some
differences observed. As shown in Figure 3.13, when calcination temperature is constant
and DP time is varied, there is only a slight deviation in the shape of the TPR peaks.
However, when the calcination temperature is varied, there is a shift in the TPR peaks as well
as a change in shape. The TPR peaks for the catalysts calcined at 600 °C are quite similar to
the peaks seen in Figure 3.5 (for 10-20 wt% Ni samples), in that you still have the peak
around 375 °C (easy to reduce NiO species) and the shoulder around 500 °C (NiO-support
species), regardless of DP time. The fact that the DP16_Cal600 catalyst is a broader peak
with a larger shoulder than the DP5_Cal600 catalyst is consistent with the idea that as DP
time increases, the mixture of Ni species formed changes from predominantly nickel
hydroxide to predominantly 1:1 nickel phyllosilicate.

When a lower calcination temperature is used, the TPR peak shapes look quite
different. There are two main factors for this difference. The first involves the lower
calcination temperature not being able to transform the 1:1 nickel phyllosilicate into 2:1
nickel phyllosilicate. For this reason, the shoulder resembles a peak instead of a broad
shoulder. The second factor deals with a phenomenon observed for supported Ni, and even
specifically for Ni/HZSM-5, which entails temperature shifts that are associated with changes
in calcination temperature.®* Reports in the literature indicate that with increasing

calcination temperature, the TPR peaks shift to higher temperatures. This is attributed to not
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a change in the nickel species present, but simply to the notion that the same nickel species
develop stronger interactions with the support material.'®® Zhang et al. observed
approximately 100 °C shifts in the TPR peaks between Ni/HZSM-5 calcined at 400 °C and
600 °C.%°  For this reason, it is likely that the TPR peaks for the samples calcined at 400 °C
in Figure 3.13 in fact exhibit the same two Ni species being reduced as in all the catalyst
samples being calcined at 600 °C, but the peaks are just shifted to a slightly lower
temperature (350 and 425 °C, instead of 375 and 500 °C respectively) due to a less strong
interaction between the two nickel species and the support.

As mentioned before, the shape (and therefore the spacing between the peaks) is
different because the nickel-support species are much more dominant; much less of it is
transformed at the lower calcination temperature. This not only causes the shoulder to
become a large peak, it begins to encroach on the NiO peak, which is much less intense since
it comprises less of the total nickel present on the support. Between the two samples
calcined at 400 °C, the DP16_Cal400 sample has a much larger peak at 425 °C than the
DP5_Cal400, and this again is consistent with the fact that the sample with longer DP time
should have a greater amount of nickel phyllosilicate present in the sample. The larger nickel
phyllosilicate peak for DP16_Cal400 indicates greater presence of the strong support
interacting Ni species, and that greater amount of Ni-support species contributes to its higher
dispersion, as will be discussed next.

TEM, XRD, and H,-chemisorption were utilized to characterize the size and
dispersion of the nickel particles. The particle and size and dispersion results are

summarized in Table 3.6, while the TEM mean particle sizes and distributions and the
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corresponding TEM images for the catalysts are shown in Figure 3.14. The TEM and XRD
results again are in agreement, and demonstrate that the particle sizes of the different 15 wt%
catalysts are in the 5-12 nm range. The measured particle sizes are practically the same,
except for DP16_Cal400 which, as mentioned previously, has the highest dispersion and the
smallest particle size. As discussed before, the approximations from chemisorption,

overestimate the particle size.?

Table 3.6: Average particle size from TEM and H,-chemisorption, and nickel dispersions obtained from H,-
chemisorption. Catalysts were calcined, reduced, and passivated for the TEM.

Nickel particle size (nm)

. Ni Dispersion
RS TEM XRD Chemli:é_rption (O/po)
DP5_Cal400 943 8 24 4.2
DP16_Cal400 5+2 7 14 7.0
DP5_Cal600 843 8 31 3.3
DP16_Cal600 943 8 20 5.1
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Figure 3.14: TEM images and particle size distributions for Ni(15)/HZSM-5 catalysts a) DP5_Cal400, b)
DP5_Cal600, c) DP16_Cal400, and d) DP16_Cal600. All catalysts are calcined, reduced, and passivated.
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Of significance are the actual dispersion values and the trends for the dispersion. The
first trend is that the DP16 catalysts have higher dispersions, while the DP5 catalysts have
lower dispersions. This is consistent with the idea that the DP16 catalysts have more nickel-
support species present than the DP5 catalysts, which have greater amount of NiO species
present after calcination. The nickel-support species are supposed to have stronger
interaction with the support. As a result, during the calcination and reduction steps, the
particles have more stability and are less susceptible to mobilization due to high
temperatures, allowing the particles to have higher dispersion and not aggregate or sinter.
For this reason, the DP16 catalysts, which have more nickel phyllosilicate type species
present on the support, also have the greater nickel dispersion.

The other trend is that as calcination temperature increases, the dispersion decreases.
This occurs simply because the nickel species present tend to mobilize and aggregate more at
the higher temperatures. By having more stable nickel-support species and using a milder
calcination temperature that doesn’t cause particles to mobilize and aggregate, the
DP16_Cal400 catalyst has the greatest dispersion and the smallest particle size. As
mentioned in section 3.4.2.1, this larger dispersion causes the sample to have less available
support surface area. The reason for this is that the greater dispersion indicates that more
nickel surface area is present in the form of smaller particles. Large particles have greater
volume and that means more nickel is in the interior of the particle instead of exposed on the
surface. Since the particles are smaller, there will be more particles spread out on the surface
of the support (since the mass of nickel is approximately the same for all four catalysts).

This increased number of particles on the support surface increases the chance of pore
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blockage and loss of support surface area, since all nickel particles discussed in these
experiments are much larger than the HZSM-5 pores. Therefore, the main causes of surface
area loss are increases in the amount of nickel present (as discussed in section 3.4.1) or
increases in the number of particles on the support as a result of increased dispersion. The
higher dispersion and smaller particle size of the DP16_Cal400 catalyst is desirable, since
small particles are important for hydrogenolysis activity and also contribute to the stability in
the form of resistance to sintering during recycling as mentioned in section 3.1.%°

The acid sites on the HZSM-5 support for the four catalyst preparations are listed in
Table 3.7. The acid strength and site density of the nickel catalysts again are compared to
the support without nickel. Again, the HZSM-5 exhibits strong acidity (E, greater than 100
mV)™ due to the presence of Bransted acid sites. After nickel species are introduced to the
support, the acid strength decreases due to the replacement of the Brgnsted acid sites with
Lewis acid sites, as well as blockage of acid sites due to the formation of the Ni** species on
the support. The same increase in acid strength from the calcined to the reduced/passivated
samples was observed; again, this was attributed to Ni** species being reduced and forming
small nickel particles which returned some of the strong acid sites that were lost due to
blockage. For the calcined catalysts, the acid strength was in the moderate strength range for
all preparations, but the DP16 catalysts appeared to have a slightly stronger acid strength.
This may be attributed to the fact that with longer DP time, more of the lamellar Ni?* species
formed which provides more Lewis acid sites for the support. However, once the nickel
species are reduced, this trend no longer exists since the Ni** species are reduced to form

small nickel particles, which as mentioned unblocks some Brgnsted acid sites; recovering
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lost acidity. Then following passivation, a thin layer of NiO is formed on the exposed nickel
surface. Due to the near equal amount of nickel loading between catalysts, there is not a
significant difference in acidity. The acid site density again remained similar for all catalyst

samples (within 0.003 mmol-m™).

Table 3.7: Acid strength and density obtained from potentiometric titration method.

Catalyst Acid Strength, E; (mV) Acid Density (mmol-m?)
Calcined Reduced/Passivated Calcined Reduced/Passivated

HZSM-5_Cal400 323 -- 0.0036 --

DP5_Cal400 -16 220 0.0049 0.0044
DP16_Cal400 69 261 0.0058 0.0071
HZSM-5_Cal600 374 -- 0.0034 --

DP5_Cal600 37 289 0.0050 0.0048
DP16_Cal600 100 236 0.0048 0.0053

E,> 100 mV = strong acid, Eq < -100 mV = weak acid

XPS analysis was also performed on the four Ni/HZSM-5 catalysts after calcination,
reduction, passivation, and re-reduction in-situ. The nickel regions of the XPS spectra are
presented in Figure 3.15. Table 3.8 shows the percentage of reduced and unreduced nickel
surface species as well as the Ni/Si surface atomic ratio determined from XPS analysis. As
mentioned in section 3.4.1.2, all the catalysts are fully reduced after 4h of reduction at 460 °C
(confirmed by TPR); it is after passivation and during in-situ reduction that the catalysts are

incompletely reduced.
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Figure 3.15: XPS spectra for Ni(15)/HZSM-5 catalysts a) DP5_Cal400, b) DP16_Cal400, c) DP5_Cal600, and
d) DP16_Cal600. All catalysts are calcined, reduced, passivated, and re-reduction at 460 °C for 1 h.
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Table 3.8: XPS binding energies (eV) and surface atomic ratios for reduced Ni(15)/HZSM-5 catalysts.

Ni 2pg,
Ni(15)/HZSM-5 Si2p Ni/Si
Ni(eV) % Reduced NiO (eV) % Unreduced
DP5_Cal400 103.1 852.1 72 854.4 28 1.384
DP5_Cal600 103.3 852.2 61 854.4 39 1.425
DP16_Cal400 103.3 852.3 24 854.7 76 1.444
DP16_Cal600 103.3 852.2 32 855.0 68 1.480

As shown in Table 3.8, the catalysts with short DP time exhibited a greater extent of
reduction (60-70%) compared to the long DP time (20-30%). This difference in the amount
of reduced nickel can be attributed to the stronger nickel-support interaction of the 2:1 nickel
phyllosilicate species since the long DP time catalysts contained more of that type of nickel
compared to the short DP time catalysts. Regarding the Ni/Si atomic ratio, there was not a
significant difference in the atomic ratios. This is in agreement with the dispersion data,

which show that all these catalysts have similar dispersions.

3.4.2.3 Optimal Ni/HZSM5 Preparation Caditions

The results presented in sections 3.4.2.1 and 3.4.2.2, indicate that the varying
preparations shared similar characteristics, but the one preparation that had the most
desirable characteristics was the DP16_Cal400 catalyst. It had the highest dispersion (7%)
with a particle size around 5-7 nm, which are both important characteristics for catalytic
activity (larger amount of sites per mass of catalyst), as well as hydrogenolysis selectivity

and catalyst stability, as mentioned previously.*®> These desirable nickel particle properties

131



were obtained while maintaining relatively strong acid sites on the support surface (larger
amount of surface area located within the pores). This optimal catalyst will be further
studied using model and lignin reaction systems to evaluate the activity of this catalyst in
comparison with the other catalyst preparations, to determine if these characteristics do in

fact relate to catalyst’s performance in the lignin cleavage and hydrodeoxygenation reactions.

3.5 Conclusions

The textural properties do not significantly change with different processing
conditions, besides the reduction in surface area from the starting support. However, when
the maximum amount of nickel was used, the lowest surface area resulted, since more of the
nickel is loaded on the support. In the same way, for the catalysts with constant nickel
loading but different preparation conditions, the catalyst with the highest dispersion,
DP16_Cal400, had the greatest amount of surface area reduction. That was because there
were many more particles (of a smaller size) available to cover the support, which resulted in
slightly more blockage of micropores since even the smallest particles formed are still much
larger than the pores of the support. Loss of micropores, and creation of mesopores for
calcined samples, shows formation of plate like structures typical of the lamellar nickel
species (1:1 and 2:1 nickel phyllosilicate). When reduced to nickel metal, the mesoporosity
is lost as expected, since the Ni®* species are converted to nickel metal.

Presence of NiO and nickel metal were confirmed by XRD for all catalyst
preparations. TPR experiments were able to show that all the catalyst preparations were

reducible at the desired reduction conditions (460 °C for 4 h). The TPR also demonstrated
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that the DP method resulted in the formation of a mixture of Ni** species. An excessive DP
time was used to make more of the 1:1 nickel phyllosilicate Ni species, since they are more
stable and resistant to sintering due to the strong support interaction. As the concentration of
nickel nitrate precursor was reduced, the amount of the nickel-support species formed
increased, since the DP time of 5 h was excessive. The greatest amount of the nickel-support
species was observed with catalysts calcined at 400 °C, since the Ni®* species were not
transformed nearly to the extent that was achieved with the 600 °C calcination temperature.
Using the DP method, nickel particles formed from the stronger nickel-support species were
able to be reduced at the desired reduction temperature after 4 h.

As shown by TEM, XRD, and chemisorption results, the nickel particles formed from
the Ni**-support species were all of a similar size and dispersion for the exception of the 20
wit% catalyst, which proved to be overloaded and resulted in sintering and the formation of
larger particles with lower dispersion. While the nickel particles for all catalysts besides the
20 wt% catalyst were similar in size, the one preparation that had the smallest particles and
highest dispersion was the DP16_Cal400 catalyst.

XPS analysis confirmed that the catalysts had similar dispersions. However, one
shortcoming discovered was the inability to achieve complete reduction of the catalyst after
passivation and use of a milder in-situ reduction step of 1h. While this is a shortcoming
resulting from the use of nickel particles with a stronger support interaction, it doesn’t create
too much of a disadvantage. There are still active nickel sites available, which may in fact be
much more active than the typical nickel catalysts. Also, this enables a flow reaction system

to be employed, which could allow for a reduction step prior to reaction and then the reduced
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catalyst will be used in the reaction system without exposure to air (no in-situ re-reduction
required).

As mentioned, DP16_Cal400 had the best properties; small particles (7% dispersion,
7nm in diameter), along with the desired strong acidity. The reason that the DP16_Cal400
displayed the best properties is that the long DP time of 16 h (for a 15 wt% loading) allowed
for the formation of mostly Ni**-support species, which were then mostly preserved after
calcination due to the lower calcination temperature of 400 °C. The low calcination
temperature also allowed for more favorable initial reduction conditions since higher
calcination temperatures cause identical nickel species to form stronger interactions between
the nickel and the support, which in turn require higher temperatures to reduce. By having
the most nickel-support species present prior to reduction, during reduction the nickel
particles resisted mobilization and therefore retained a high dispersion and small particle
size.

Overall, the DP method was used to create a Ni/HZSM-5 catalyst with high Ni
loading (15 wt%), moderate dispersion (7%), and 5-7 nm Ni particles, all of which are
located on the exterior surface of the support, while preserving much of the strong acidity
and surface area of the HZSM-5 support. This optimized multifunctional catalyst will be
further evaluated using model and lignin reaction systems. The catalytic activity will be
compared with the previous preparations and loadings to confirm that the optimal properties
determined from this study in fact relate to optimal performance of the catalyst for

hydrogenolysis and hydrodeoxygenation of lignin and model lignin compounds.
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CHAPTER 4
Catalytic Hydrodeoxygenation of Guaiacol over Ni/HZSM-5 prepared by

Deposition-Precipitation
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4.1 Introduction

Lignin residues are generated as a byproduct in various industries including paper and
pulp plants and biorefineries. Currently, lignin is not utilized to its full economic potential;
instead it is burned as low value fuel to power industrial processes.* Lignin, if processed
correctly, could be used for the production of aromatic compounds, platform chemicals, and
other high value products, which are typically derived from petroleum. Therefore, converting
lignin into aromatic products not only makes cellulose-based industries more economically
feasible, it provides a renewable resource for the production of important chemicals. The
strategy of interest is the depolymerization of lignin into simple aromatics through the use of
a multifunctional catalyst, one capable of hydrogenolysis of both C-O and C-C linkages in
lignin, under mild reaction conditions in an aqueous environment. In this chapter, the
Ni/HZSM-5 catalyst synthesized via deposition-precipitation (DP) and developed in the
previous chapter is evaluated vis-a-vis guaiacol hydrodeoxygenation (HDO) reactions.

Two recent studies used Ni/HZSM-5 in an aqueous environment for the HDO of
phenol (5 MPa H,, 200 °C, 3 h reaction time, using 7-9 wt% nickel) and the upgrading of
pyrolysis oil as well as various aromatic monomers and dimers (5 MPa H,, 250 °C, 2 h (4 h
for pyrolysis oil), using 20 wt% nickel).** The Ni/HZSM-5 was prepared via incipient
wetness impregnation (IWI). For all the reactions performed in the aqueous environment, a
high extent of HDO was observed, with mainly C-O cleavage and some aromatic ring
saturation. The monomer reactions of phenol over 3h resulted in 80-100% conversion, with
90-100% selectivity to cyclohexane (200 °C, 3 h), while the other aromatic monomers were

converted 90-100%, with approximately 90% selectivity to hydrocarbons (of the 90%, 75-
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90% was cycloalkanes and 5-15% was aromatics) and 0-10% to methanol (250 °C, 2 h). For
the dimer reactions, 100% conversion was achieved, with only 18-37% of aromatics yielded
(250 °C, 2 h), and for the pyrolysis oil 100% deoxygenation was achieved, with 10%
paraffins, and 90% cycloalkanes and aromatics. As shown from the studies of nickel
catalyzed HDO reactions in aqueous environments, supported nickel catalysts, such as
Ni/HZSM-5, are promising for the selective cleavage of C-O linkages that comprise lignin.
However, the studies mentioned above only used nickel catalysts prepared with IWI
techniques and not DP, which is the focus of this work.

Song et al.(2013) compared 5wt% Ni/Hf catalysts prepared by 4 different techniques
including IWI and DP. They found that the Ni/Hp prepared by the DP method not only had
the smallest particle size and tightest particle size distribution (highest dispersion nickel
catalyst), it also had the fastest rate of stearic acid HDO and displayed high stability after
multiple reaction runs.” He et al. (2012 and 2014) produced Ni/SiO, using the DP method
for the cleavage of B-O-4, a-O-4, and 4-O-5 aromatic ether dimers in an aqueous phase (120
°C, 6 bar Hy, 40-57 wt% nickel, and 90 min reaction time). Both studies observed selective
cleavage of the ether bonds, along with some aromatic ring saturation. These studies were
only looking at Ni/SiO5, and not the multifunctional Ni/HZSM-5 system.®’

Song et al. (2015) prepared Ni/HZSM-5 by the DP method for the HDO of several
substituted phenols (200 °C, 30 bar Hz, 20 wt% nickel, and 0-2 h reaction time) in an
aqueous environment and proposed several reaction pathways. In this study, the ability of
this catalyst system to perform HDO, and more specifically C-O hydrogenolysis, was

demonstrated. The role of the acidic support in the adsorption of the reactants for
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hydrogenolysis instead of aromatic ring hydrogenation was also reported.® Each of these
studies used the DP procedure that was studied in depth by Burattin et al. (1998 and 2000) to
prepare a Ni/SiO, catalyst.>*°

In the previous chapter, a different DP procedure was utilized where the change in the
nickel loading was achieved through varying the concentration of nickel nitrate, instead of
varying the DP time. In that work, the effect of nickel concentration/loading, DP time and
calcination temperature on catalyst properties were discussed. In this study, these catalyst
preparation conditions and resulting catalyst properties are linked to HDO activity of the
catalysts.

The activity and selectivity of the catalyst system was evaluated using a guaiacol
HDO reaction in n-dodecane solvent. This model reaction system was used to evaluate the
catalyst for several reasons including: a) avoid complicated effects of a multiphase liquid
system, b) avoid effects of the aqueous phase on the support, and c) simplify the product
analysis by limiting the number of chemical species present in the reaction system. The
guaiacol serves as a simple model compound for depolymerized lignin due to the presence of
the aromatic ring and the substituent methoxy and hydroxy groups, which are common in the
lignin structure.

High performing catalysts exhibit the highest activity and selectivity for HDO
products. This should coincide with favorable nickel particle characteristics, including high
dispersion. Future studies will take the optimal catalyst from this simple model system, and

use it against other model lignin compounds and lignin in an agueous solvent.
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In this study, the nickel loadings and catalyst preparation were varied to determine
whether the optimal nickel loading found in the previous chapter correlates with the highest
intrinsic rate and selectivity toward complete deoxygenation. The optimal loading (15 wt%
Ni) was defined as the highest loading without significant reduction in dispersion and

increase in particle size.

4.2 Materials

The following materials were used for the catalyst synthesis, reaction experiments,
and catalyst characterization: NH4-ZSM-5 (Zeolyst International, CBV 2314 -
SiO,/Al,03=23), SiO, (Strem, 99+%), nickel(ll) nitrate hexahydrate (ACROS Organics,
99%), urea (Merck Millipore, >99.0%), nitric acid (Merck Millipore, 65%), guaiacol (Merck
Millipore, >98%), dodecane (Merck Millipore, >99.0%), n-hexadecane (Sigma Aldrich,
99%), acetonitrile (Merck Millipore, >99.9%), n-butylamine (Merck Millipore, >99%),
deionized water, 5% H,/Ar gas (Linde, 5.00% H,, balance Ar), H; gas (Linde, 99.995%), N,
gas (Linde, 99.995%), 5% O./N, gas (Linde, 5.00% O,, balance N;), CO, gas (Linde,

99.8%), CO gas (Linde, 99.995%).

4.3 Experimental Methods
4.3.1 Synthesis and Activation of Catalyst

The Ni/HZSM-5 was synthesized using a DP method similar to that of Burattin et
al.>'® For each catalyst preparation, 5 g of catalyst was synthesized with varying nickel

loading, 5, 10, 12.5, 15, and 20 wt% nickel. DP method parameters, including concentration
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of NH4-ZSM-5 support, urea, nitric acid, temperature, stirring, and DP time, were kept
constant. Unlike the standard method, which uses excess amounts of nickel nitrate and varies
the DP time to control the nickel loading, the nickel loading was controlled by using an
initial concentration of nickel nitrate corresponding to the total amount of nickel desired for
each catalyst, and then using a constant, but excess DP time to incorporate the nickel. The
following concentrations were used to synthesize the catalyst samples: 7.9 g NH4-ZSM-5-L
water, 0.42 M urea, 0.02 M nitric acid, and 0.01-0.03 M Ni(NO3),-6H,0. All concentrations
are based on the total amount of water, which depends on the required amount of support to
make 5 g of catalyst of a specific nickel loading.

First, the nickel nitrate solution of the desired concentration is prepared. The nickel
nitrate solution is then split into 4/5 and 1/5 portions. NH;-ZSM-5 is added to the 4/5 portion
and the resulting slurry is heated to 70 °C with stirring. Urea and nitric acid are added to the
1/5 portion of nickel nitrate solution and this new solution is slowly added (drop-wise) to the
70 °C slurry. Once all the material is combined, the slurry is heated to 90 °C and held at
temperature for 5 or 16 h (DP time =5 or 16 h) with 300 rpm stirring. After the desired DP
time, the slurry is removed from heat and quenched in an ice bath. The slurry is vacuum
filtered and the remaining solid is washed with deionized water. The solids were transferred
to a watch glass and dried overnight in an oven at 110 °C. The dried precursor was ground
into a powder with a mortar and pestle, and stored.

The DP method is capable of forming a combination of nickel hydroxide and 1:1
nickel phyllosilicate species on the support.®'®** During calcination, the nickel hydroxide

decomposes into NiO, and the 1:1 nickel phyllosilicate forms 2:1 nickel phyllosilicate. As
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mentioned in the previous chapter, He et al. (2012) related TOF by Ni/SiO, to calcination
temperature and particle size. The data suggests that calcination temperature may contribute
to a more complete transformation of a nickel-support species during calcination, followed
by a greater extent of reduction to nickel metal prior to the reaction. For this reason, all
catalyst precursors in this study were calcined either at 400 or 600 °C. For the calcination, 2
g of catalyst precursor was calcined in a furnace in open air. The precursors were calcined
for 4 h with a 10 °C-min™* ramp rate. After calcination, the sample was cooled and then
stored for activation.

Calcined catalyst samples were then reduced in H; gas environment. Approximately
0.45 g of calcined catalyst was placed in a quartz reactor tube connected to a flow system.
The tube was first purged with N at 50 mL-min™ for 10 min. H, gas was then flown into the
reactor at 50 mL-min™ for 5 min, and then the reduction oven program was initiated. The
catalyst was reduced at 460 °C for 4 h with a 10 °C-min™ ramp. After reduction, the reactor
tube was purged with N gas flow at 50 mL-min™ and allowed to cool to room temperature.

Due to the nature of a batch reaction system, the Ni/HZSM-5 catalyst would have to
be exposed to air during loading of the reaction vessel, which would cause re-oxidation of the
nickel metal. To prevent extensive oxidation and allow for a systematic and consistent
oxygen exposure for all catalyst samples, a passivation procedure was used to form an
oxidized surface layer on the nickel metal, which could then be reduced in the reactor vessel
in-situ under the reaction conditions.

After the reduced catalyst in the reactor was cooled to room temperature in a N;

environment, the reactor tube was placed in an isopropanol and liquid N, bath, and then a 5%
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0,/N; gas mixture was flown over the catalyst at 10 mL-min™ for 1 h. The reactor tube was
then removed from the cold bath, returned to room temperature, and the 5% O,/N, gas
mixture was flown over the catalyst at 10 mL-min™ for an additional 1h. After passivation,
the catalyst was removed from the apparatus and stored in a desiccator at room temperature
for future reactions and catalyst characterization. All catalysts are referred to by their

nominal loading, based on the initial mass of nickel introduced during synthesis.

4.3.2 Catalyst Characterization
4.3.2.1 Adsorption and Desorption Isotherms

Textural properties of the catalyst samples were characterized with a Micromeritics-
TriStar 1l 3020 BET surface analyzer. BET surface area, total pore volume, and BJH
desorption pore distribution (mesopore size distribution) were determined using N
adsorption-desorption isotherms at -196 °C. DFT porosity distribution (micropore size
distribution) was obtained using CO, adsorption isotherms at 0 °C. Catalyst samples were
either only calcined or calcined, reduced, and passivated, followed by degassing at 200 °C

for 2 h prior to characterization.

4.3.2.2 Inductively Coupled Plasm@ptical Emission Spectrometer (IG8PES)

ICP-OES analysis was performed with a Perkin Elmer Optima 7000DV to determine
the Si/Al of the HZSM-5 support in the active protonated form. Prior to ICP analysis,
samples were digested using a CEM Mars 240/50 Microwave with “EasyPrep” vessels. For

the digestion, 0.050 g of sample was weighed and 2 mL of 30% H,0,, 3 mL of 65% HNOs,
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and 1 mL of 40% HF was added to each sample and then sealed and microwave digested at
800 W (100%, ramp for 25 min to 190 °C, and held for 20 min at 800 psi). To neutralize the
sample, 10 mL of 4% B(OH); was added and then placed in the microwave again at 800 W
(100%, ramp for 25 min to 150 °C, and held for 15 min at 150 psi). Each sample was
transferred using 50 mL of deionized water. For the ICP-OES analysis, the digested samples
were diluted 10x with deionized water and ran against a multicalibration curve for Si, Al and
Ni. The analysis utilized a Camara Spray chamber and Cross-flow Gem Tip Nebulizer. The
following conditions were used: Argon plasma flow of 15 L-min™, auxiliary gas flow of 0.2
L-min’*, nebulizer gas flow of 0.8 L-min™*, 1300 W power, and a peristaltic pump rate of 1.5

mL-min*

4.3.2.3 Temperature Programmed Reduct(@®R)

The H,/Ni uptake over increasing temperature was determined using a quartz cell
equipped with a thermal conductivity detector (TCD). A 5% H,/Ar gas mixture was flown
over the catalyst sample at 50 cm®-min™, and the temperature was ramped at 10 °C-min™
from room temperature to 1000 °C. All catalysts were calcined and further dried overnight at
110 °C prior to TPR analysis. Enough catalyst to contain approximately 1.5 mg of nickel

was used for each TPR experiment.

4.3.2.4 X-ray Diffraction (XRD)
Nickel species present in the Ni/HZSM-5 were determined using XRD. All

diffractograms were obtained with a Rigaku diffractometer using nickel-filtered CuKa
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radiation (A = 1.5418 A). Catalysts after only calcination and after calcination, reduction,

and passivation were characterized with XRD.

4.3.2.5 Transmission Electron Microscopy (TEM)

All TEM images were obtained using a JEOL Model JEM-1200 EXII System. Only
catalysts that were calcined, reduced and passivated were observed. Samples were prepared
using a methanol dispersion method and placed on a copper grid. Particle sizes were
determined from micrographs using Image Tool 3.0 software. The mean particle sizes and

distributions were determined from the measurement of over 300 particles for each catalyst.

4.3.2.6 H,-Chemisorption
Available nickel sites, dispersion, and approximate nickel particle size were
determined using a Micromeritics ASAP 2020 with a Hp-chemisorption unit. All catalyst
samples were calcined prior to analysis. An in-situ reduction was performed with H, gas at
460 °C for 4 h using a 10 °C-min™* ramp. The samples were then outgassed 1 h at 460 °C
and 3 h at 35 °C. The H,-chemisorption was carried out at 35 °C. H/Ni uptake was based on
a 1:1 stoichiometry. The estimated particle size was calculated using the following
approximation'?:
Q pripO (1)
In this approximation dp is particle diameter and %D is percent dispersion. This
analysis is based on the assumption that a spherical particle that is less than 1 nm in diameter

exhibits 100% dispersion.*?
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4.3.2.7 X-ray Photoelectron Spectroscopy (XPS)

XPS spectra of supported nickel catalysts were obtained on a VG Escalab 200R
electron spectrometer, equipped with a hemispherical electron analyzer and MgKa (hv =
1253.6 eV) photon source. Prior to the analysis, the catalysts samples, which have been
calcined , reduced, and passivated, using the procedure mentioned above, were re-reduced in-
situ with H; gas at 460 °C for 1 h. The binding energies (BE) were referenced to the Si 2p
level of the HZSM-5 support at 103.2 eV. Intensities of the peaks were calculated from the
respective peak areas after background subtraction and spectrum fitting by a combination of
Gaussian/Lorentzian functions. The relative surface atomic ratios were determined from the
corresponding peak intensities, corrected with tabulated sensitivity factors, with a precision

of £7%.

4.3.2.8 Guaiacol HDO Reaction

The catalysts were evaluated with a guaiacol HDO reaction using a batch reactor
system with n-dodecane as the solvent. The reactions were performed in a 300 mL Parr
reactor equipped with a gas entrainment impeller and baffle, thermocouple, heating jacket,
inlet gas line valve, and outlet liquid sampling valve with a filter. Each reaction used 80 mL
of dodecane, 2.5 mL of guaiacol, 0.7 mL of n-hexadecane (internal standard), and 0.05 g of
Ni(x)/HZSM-5 catalyst (calcined, reduced, and passivated). The reaction was performed at
250 °C under 5 MPa of H; gas for 4 h. Samples were taken at the start of the reaction (time =
0 min is when H; gas was introduced to the reactor after reaching the reaction temperature),

10 min, 20 min, 40 min, 1 h, 1.5h, 2 h, 3 h, and 4 h.
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4.3.2.9 Product Analysis

The reaction products at each time interval were quantified using GC-FID. Product
identification was determined using a combination of GC-MS results and standards in the
GC-FID to confirm residence times. A PerkinElmer Clarus 400 GC-FID was utilized, and
equipped with a CP-SIL 5 Agilent column (30 m x 0.53 mm x 1.0 um), and the GC-MS
utilized was a PerkinElmer Clarus 680 equipped with an Elite-1 PerkinElmer column (30 m x

0.32 mm x 0.25 um).

4.3.2.10 Specific and Intrinsic Rates
Results from GC-FID and reaction time course were used to calculate specific rates
for guaiacol conversion and HDO rates. Specific rates are normalized per gram of nickel, as

determined from ICP results, which are displayed in Tables 4.1 and 4.2.

Table 4.1: Summary of catalyst properties for varying nickel loading, where supported nickel catalysts were
calcined at 600 °C and reduced at 460 °C.

Ni Nickel particle size (nm) Ni S VA V.. d
Catalyst Content? Dispersion PET P micro
TEM XRD Chem.

HZSM-5 -- -- -- -- -- 420 0.22 0.18
Ni(5)/HZSM-5 5.0 1416 22 29 3.4 247 0.13 0.12
Ni(10)/HZSM-5 10.6 8+3 10 28 3.7 254 0.14 0.12
Ni(12.5)/HZSM-5 12.2 9+2 10 31 3.3 325 0.20 0.15
Ni(15)/HZSM-5 13.3 8+3 8 31 3.3 298 0.18 0.15
Ni(20)/HZSM-5 16.2 104 13 45 2.3 242 0.13 0.11

Content determined by ICP
H,-Chemisorption

V, = total pore volume

V micro = Micropore volume

o 0O T o
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Table 4.2: Summary of catalyst properties for varying preparation conditions, where supported nickel catalysts
(15 wt%) were reduced at 460°C.

Ni Nickel particle size (nm) Ni

a H H SBET \% ¥ Vmicrod
Catalyst Content Dispersion ] P _ g
' () TEM XRD Chem” oo (M) g )
HZSM-5 -- -- -- -- -- 425 0.22 0.18
DP5_Cal400 13.3 943 8 24 4.2 338 0.19 0.16
DP5_Cal600 13.3 813 8 31 3.3 298 0.18 0.15
DP16_Cal400 144 542 7 14 7.0 253 0.18 0.11
DP16_Cal600 144 943 8 20 5.1 304 0.21 0.15
a Content determined by ICP
b H,-Chemisorption
c V,, = total pore volume
d Vmicro = Micropore volume

The turnover frequencies (TOF) for guaiacol conversion and HDO generation were made
intrinsic using the calculated specific rates and the number of active nickel sites as
determined from H,-Chemisorption dispersion results, (which gives the total number of sites
if 100% of nickel is reduced) combined with the extent of reduction for surface nickel sites,
listed in Tables 4.3 and 4.4, as determined by XPS after calcination, reduction, passivation,

and an in-situ re-reduction step.

Table 4.3: XPS binding energies (eV) and surface atomic ratios for reduced Ni(x)/HZSM-5 catalysts.

. Ni 2pg, o
Catalyst Si2p Ni/Si
Ni (eV) % Reduced NiO (eV) % Unreduced

Ni(5)/HZSM-5 103.3 852.4 65 854.7 35 0.306
Ni(10)/HZSM-5 103.2 852.2 74 854.6 26 1.115
Ni(12.5)/HZSM-5 103.2 852.0 58 854.2 42 1.178
Ni(15)/HZSM-5 103.3 852.2 61 854.4 39 1.425
Ni(20)/HZSM-5 103.3 852.2 70 855.3 30 2.169
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Table 4.4: XPS binding energies (eV) and surface atomic ratios for reduced Ni(15)/HZSM-5 catalysts.

Ni 2pg,
Catalysts Si2p Ni/Si
Ni (eV) % Reduced NiO (eV) % Unreduced
DP5_Cal400 103.1 852.1 72 854.4 28 1.384
DP5_Cal600 103.3 852.2 61 854.4 39 1.425
DP16_Cal400 103.3 852.3 24 854.7 76 1.444
DP16_Cal600 103.3 852.2 32 855.0 68 1.480

For example, the intrinsic rate of guaiacol conversion in the presence of 15wt% Ni/HZSM-5

was calculated as follows:

(2)
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The specific rate is represented by Sg, the number of nickel sites per gram of catalyst,
as determined by H,-chemisorption, is represented by Nisc, the nickel loading as determined

by ICP, is represented by Ni,, Avogadro’s Number is represented by Nay, and the fraction of
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nickel metal reduction, as determined by XPS, is represented by Rg. The first calculation,
Nisn, is the number of nickel sites per gram of nickel, the second calculation Nisa, is the
number of available nickel sites per gram of catalyst (reduced nickel sites), finally Ig, is the

calculated intrinsic rate for 15 wt% Ni/HZSM-5.

4.4 Results and Discussion
4.4.1 Guaiacol HDO Reactions Using Catalysts with Varying Nickel Loading

The three main products from the conversion of guaiacol, regardless of nickel
loading, were 2-methoxycyclohexanol, cyclohexanol, and cyclohexane, as shown by the
reaction progress plots in Figure 4.1. There were trace amounts of various HDO products
(other completely deoxygenated products) as well as partial HDO compounds with either
methoxy or hydroxy groups. Of all the catalyst loadings, only the 5 wt% nickel catalyst did
not reach 100% conversion of guaiacol after 4 h of reaction. With increasing nickel loading
from 10-20 wt% nickel the time required to reach 100% decreased. In addition to increased
conversion with increased nickel loading, the amount and rate at which cyclohexane and
other HDO products are formed also increases, accompanied by a decrease in 2-

methoxycyclohexanol.
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Figure 4.1: Conversion of guaiacol and yield of products as a function of reaction time for a) Ni(5)/HZSM-5, b)
Ni(10)/HZSM-5, ¢) Ni(12.5)/HZSM-5, d) Ni(15)/HZSM-5, and €) Ni(20)/HZSM-5.
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The specific rates for guaiacol conversion and HDO production both reach a
maximum at 15 wt% nickel loading, as shown in Figure 4.2a. The decrease in rate for the
20 wt% catalyst suggests that less of the nickel is available for reaction sites, consistent with
the hypothesis that large aggregate nickel particles form with less available surface area for
active sites under high loading. This is consistent with the results displayed in Table 4.1
from H,-chemisorption showing that the 20 wt% catalyst has lower dispersion than the
catalysts with lower nickel loading.

The intrinsic rates for all Ni(x)/HZSM-5 catalysts should be unchanging if the
structure and local environment of the active nickel sites are equivalent at all nickel loading
levels. The apparent intrinsic rates, shown in Figures 4.2b and 4.3, suggest that there are at
least two different active site configurations for HDO activity, and possibly as many as three
for guaiacol conversion. In Figure 4.3a, the intrinsic rate data for the guaiacol conversion
indicate a dramatic change in the activity between the 5 to 10 wt% region and the 12.5 to 15
wt% region. After the 12.5 to 15 wt% region, the activity of the active site noticeably
decreases for the 20 wt% nickel catalyst. This suggests that the active sites are similar for
12.5 to 15 wit% catalysts (for at least hydrogenation activity), with less active sites on the 5,

10, and 20 wt% nickel catalysts.
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In Figure 4.3b, the low and high loading level asymptotes in the HDO results suggest
two qualitatively different nickel catalytic sites, with a transition occurring between 10 and
15 wt% nickel loading. The results at 12.5 wt% Ni could be the result of a mixed population
of the two hypothesized sites. This suggests that the 5 to 10 wt% catalysts had similar HDO
activity, and the 15 to 20 wt% catalysts had similar HDO activity. The 15 wt% catalyst was
in the higher activity region for both guaiacol conversion and HDO intrinsic rates.

A proposed reaction network based on the observed products (including trace
products) and previous literature is presented in Figure 4.4.°%* The main reaction
pathways are presented in part a) and the alternate pathways in part b), and both are
comprised of nickel catalyzed and acid catalyzed reaction steps. The compounds in blue
brackets are products which are not observed in the reaction products, but are likely

intermediates.

156



Nickel Catalysis

Acid Catalysis
N

Observed Product, Final Product, [Theoretical Intermediate]

i
oH OH OH
0]
R 0]
CHs TCH, TCH,
—_— 3

— —

HYD HYD DH HYD
Guaiacaol Methoxycyclohexanone  Methoxycyclohexanol  Cyclohexanal Cyclohexene  Cyclohexane

g J—

[Cyclopentylformaldehyde]

H™/ DMO

Cyclohexanone

o o

Cyclopentylmethanol

HYD

. DDO — Direct Deoxygenation
. DH — Dehydration

. DME - Demethylation

. DMO — Demethoxylation

. HYD — Hydrogenation

0

-

Methylcylopentane

b) ©/
| ; l

B 0
enzene O/ " CH 3

Methoxycyclohexane

HYD

Cyclohexanol

DH

]

Guaiacol

Methylcyclohexane

DDO :|: i

DME HYD
OH
DDO

[Catechol]
[Hydroxycyclohexanone]

2
HyD © HYD

Phenol \é
-~ @/

Cyclohexanone

HYD 1,2 Cyclohexanediol
/ H “/DH
@ @/\o

Cyclohexanal [Cyclopentylformaldehyde]

DH L HYD

@ 7 o

Cyclopentylmethanol

LDDO

Cyclohexene

L HYD

(]

Cyclohexene

HYD

O Methylcylopentane
Cyclohexane yieylop
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The dominant pathway is highlighted in Figure 4.5. Hydrogenation/saturation of the
aromatic ring occurs first, converting guaiacol to 2-methoxycyclohexanol. The 2-
methoxycyclohexanol then undergoes demethoxylation to form cyclohexanol. The
cyclohexanol is then converted to cyclohexene via dehydration, followed by hydrogenation
to cyclohexane.  This pathway is proposed due to the large amounts of 2-
methoxycyclohexanol, cyclohexanol, and cyclohexane observed in the reaction products, as
well as the reaction progress over time, which first shows formation of 2-
methoxycyclohexanol and cyclohexanol, then formation of cyclohexane. The other reactions

in the network are not included, as most of the other products are present only in trace

amounts.
OH OH oH
o o
e s
CHy HyD CHy  pmo DH HY D
- = —_— R ‘ —_—
Guaiacal tethoxycyclohexanol Cyclohexanol Cyclohexene Cyclohexane

Figure 4.5: Main reaction pathway for guaiacol conversion.

Figure 4.6 shows the product distribution at 20% conversion. The 5 wt% nickel
catalyst is not shown because the reaction did not reach 20% conversion within the initial
rate region of the reaction progress. As the nickel loading increases, the product distribution
shifts, exhibiting a decrease in the formation of 2-methoxycyclohexanol and an increase in

the formation of cyclohexane, while the yield of cyclohexanol remains relatively similar
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between the catalysts. This suggests that increased nickel loading modifies qualitatively the

active site.
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Figure 4.6: Product distribution at 20% conversion of guaiacol for Ni(x)/HZSM-5 catalysts.

This change in active site agrees with the change observed in the intrinsic rate. For
lower nickel loading, the reaction pathway mostly follows the main reaction pathway shown
in Figure 45. However, as the nickel loading increases, the amount of 2-
methoxycyclohexanol formed is reduced. This indicates two possibilities: (1) the rate of
reaction on the active site is increased; or (2) there are other pathways that bypass the
formation of 2-methoxycyclohexanol, but still form cyclohexanol and cyclohexane. The data

would be consistent with (1) only if going from 12.5% loading to higher loadings caused all
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of the activities downstream of methoxycyclohexanol (DMO, DH and HYD) to increase in a
coordinated manner, while not affecting the initial hydrogenation activity to the same extent.
It makes sense then to consider alternate pathways.

One pathway that doesn’t form 2-methoxycyclohexanol is shown in Figure 4.7.

OH OH OH OH
OKCHs DME o oA
HYD DH
= @ - O

Guaiacol [Catechal] 1,2 Cyclohexanediol Cyclohexanol Cyclohexens Cyclohexane

Figure 4.7: Alternate acid reaction pathway for guaiacol conversion.

This reaction pathway starts with demethylation of guaiacol to catechol, followed by a
hydrogenation to 1,2-cyclohexanediol. = The cyclohexanediol then undergoes direct
deoxygenation to cyclohexanol. From cyclohexanol, the reaction follows the same reaction
pathway as the main reaction pathway going through a dehydration of cyclohexanol to form
cyclohexene followed by hydrogenation to cyclohexane. As mentioned previously, such a
pathway still produces cyclohexanol and cyclohexane without the initial formation of 2-
methoxycyclohexanol.

Another possible reaction pathway is shown in Figure 4.8.
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Figure 4.8: Alternate reaction pathway for guaiacol conversion.

In this pathway, guaiacol undergoes direct deoxygenation to form anisole; the anisole is
hydrogenated forming methoxycyclohexane, and the methoxycyclohexane forms
cyclohexane via demethoxylation. This pathway bypasses 2-methoxycyclohexanol and
cyclohexanol formation and could occur along with the main reaction mechanism in Figure
4.5. The fact that at 20% conversion the cyclohexanol yield remains constant, while there is
a decrease in 2-methoxycyclohexanol yield and an increase in cyclohexane, is consistent with
a shift from the main mechanism in Figure 4.5 to the alternate mechanism in Figure 4.7.
This shift occurs with increasing nickel loading, and as shown with TPR in Figure 4.9, as the
nickel loading increased, the nickel species present after calcination at 600 °C shifted from a
mixture of NiO and 2:1 nickel phyllosilicate type nickel support species to predominantly the

NiO species.
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Figure 4.9: Temperature programmed reduction (TPR) for Ni(x)/HZSM-5 catalysts.

Besides the qualitative differences in the local environment of the nickel site,
resulting in differing intrinsic rates and reaction pathways, the change in nickel loading had
an effect on the specific rates, which are directly related to the surface to volume ratio of the
nickel particles. The 20 wt% Ni/HZSM-5 had the fastest and highest yield of cyclohexane
per mass of catalyst. However, based on specific rates and more importantly the intrinsic
rates, 20 wt% Ni/HZSM-5 actually had lower guaiacol conversion rates than the 15 wt%
Ni/HZSM-5, while HDO rates were similar to that of 15 wt%. The decrease in guaiacol
conversion rate exhibited from 15 to 20 wt% is consistent with the idea that the 20 wt%

catalyst exhibited larger, lower dispersion nickel particles than the 15 wt% catalyst. Even
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though there is more nickel present with the higher loading, less of the nickel surface is
exposed. Therefore, much of the nickel does not participate in the catalytic reactions, since
they occur on the surface of the nickel particles. For the nickel loadings less than 20 wt%,
which all have similar dispersions, the percentage of total nickel loaded that is available to
participate in reactions is similar. When dispersions are similar, the specific rate should
increase with nickel loading, since there is more of the nickel present and available for
reaction.

With regards to the intrinsic reaction rates, the results in Figure 4.2b confirm that the
different mixtures of nickel species indicated in the TPR results in fact have an effect on the
activity of the individual nickel sites. As shown by the XPS results in Table 4.3, the extent
of reduction was similar for all DP5_Cal600 catalysts regardless of nickel loading. Overall
the Ni(15)/HZSM-5 catalyst had the greatest conversion of guaiacol and rate of HDO. This
was not only due to its high loading, high dispersion and small particle size, as was expected
from the properties determined from the Chapter 3 study, but the nickel sites themselves
were more active, making this concentration of nickel precursor for the DP method, in
combination with the specific DP method conditions used in this study, the optimal

concentration.

4.4.2 Guaiacol HDO Reactions Using Catalysts with VaryiRgeparation Conditions
Figure 4.10 shows the reaction progress over time for the four different preparations
of Ni(15)/HZSM-5. Similar to the Ni(x)/HZSM-5 experiments, the experiments for

Ni(15)/HZSM-5 catalysts with varying preparation conditions all generated the same three
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main products: cyclohexane, 2-methoxycyclohexanol and cyclohexanol. All experiments
reached ~100% conversion after 1 h, with the product distribution changing over the

remaining 3 h of reaction.
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Figure 4.10: Conversion of guaiacol and yield of products as a function of reaction time for Ni(15)/HZSM-5
catalysts a) DP5_Cal400, b) DP16_Cal400, c) DP5_Cal600, and d) DP16_Cal600.
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Catalysts DP5_Cal400, DP5_Cal600, and DP16_Cal600 had very similar results in that at
first, a larger amount of 2-methoxycyclohexanol was formed (along with a minor amount of
cyclohexanol), and then these products were gradually consumed and the cyclohexane was
gradually formed throughout the reaction. The DP16_Cal400 catalyst, on the other hand,
performed differently. The main difference was the much sharper increase and decrease in 2-
methoxycyclohexanol, accompanied with a much faster production of cyclohexane. Other
differences include the larger production of HDO products other than cyclohexane, and the
reaction being completed within 2 h as opposed to the product distribution changing over the
entire 4 h.

The difference in reaction progresses between DP16_Cal400 and the other catalysts is

reflected in Figure 4.11, which is the product distribution at 20% conversion.
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Figure 4.11: Product distribution at 20% conversion of guaiacol for Ni(15)/HZSM-5 catalysts.

165



The amount of cyclohexane is much higher, while the production of cyclohexanol is much
lower, which indicates that an alternate pathway is being favored. In general, all the
reactions appear to be following the same main pathway as indicated in Figure 4.4a.
Catalyst DP16_Cal400 however appears to perform more of the alternate pathway shown in
Figure 4.8, producing cyclohexane without producing cyclohexanol. In addition, more HDO
products other than cyclohexane are being formed towards the end of the reaction, which
suggests that the acid catalyzed step in Figure 4.4a toward methylcyclopentane is also more
favorable.

The specific rates for the four Ni(15)/HZSM-5 catalysts, shown in Figure 4.12a,
were similar as would be expected from the similar reaction progresses over time. However,
as reflected by the reaction progress of DP16_Cal400, the HDO rate for this catalyst was
slightly higher. Unexpectedly, the DP5_Cal400 had a higher specific guaiacol conversion
rate, but this can be attributed to the slightly faster production of 2-methoxycyclohexanol and
cyclohexanol during the beginning of the reaction. Despite this, the DP16_Cal400 catalyst
still had the highest HDO rate.

The stronger HDO and reaction performance of the DP16_Cal400 catalyst is most

clearly reflected in the TOF results shown in Figure 4.12b.
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Both the intrinsic guaiacol conversion and HDO rates were fastest for the DP16_Cal400
catalyst. This catalyst combines the more favorable reaction rates with high dispersion and
small particle size found in Table 4.2. One important trend to notice is that the DP16
catalysts in general had faster intrinsic guaiacol conversion rates than the DP5 catalysts. The
XPS data in Table 4.4, indicates that the DP5 had a much higher extent of reduced surface
nickel sites (~65%) compared to the DP16 catalysts (~30%). Even with less reduced surface
nickel sites, the DP16 catalysts, specifically the DP16_Cal400 catalyst, were able to perform
at a similar specific guaiacol conversion rate. This indicates that the nickel sites of the DP16
catalysts are more active than those on the DP5 catalysts. The difference in the activity and
reducibility between the DP16 and DP5 catalysts is attributable to the presence of stronger
nickel-support species which are more prevalent with the longer 16 h DP time.

The lower amount of reduced surface nickel, for the DP16 catalysts, is due to the
stronger nickel-support interaction causing the re-reduction of the passivated catalyst surface
more difficult. The stronger nickel-support interaction is a result of having a larger amount
of the 2:1 nickel phyllosilicate type species present for the DP16 catalysts, which is reflected
by the TPR results shown in Figure 4.13. The DP16_Cal400 catalyst had a large peak
instead of a shoulder, which was representative of the 2:1 nickel phyllosilicate species. Not
only did this condition lead to the highest dispersion and smallest particle size, it resulted in
the most active catalyst site, including the highest TOF for guaiacol and the highest intrinsic

rate for HDO.
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Figure 4.13: Temperature programmed reduction (TPR) for Ni(15)/HZSM-5 catalysts.

4.4.3 Guaiacol HDO Reactions Using Active HZSIE versus Inert SiO2 as a Support
To determine the contribution that HZSM-5 makes to the catalyst activity, reaction
experiments with Ni/HZSM-5 and a comparable Ni/SiO, catalyst were performed. The
Ni/HZSM-5 catalyst used was a 15 wt% DP16-Cal400 catalyst, and the Ni/SiO, was a 7 wt%
DP16_Cal400. The nickel loading was reduced for the Ni/SiO, preparation to make the ratio
of nickel mass to available BET surface area equal, since the SiO, has about half the starting

surface area, ~198 m?-.g.
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As can be seen from the reaction progresses displayed in Figure 4.14, the different
supports result in catalysts exhibiting markedly different behavior. With the Ni/HZSM-5, the
main product is cyclohexane and HDO products, along with production and consumption of
2-methoxycyclohexanol and cyclohexanol. However, with the Ni/SiO,, the main product is

2-methoxycyclohexanol along with some cyclohexanol, and so HDO is never completely

achieved.
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Figure 4.14: Conversion of guaiacol and yield of products as a function of reaction time for a) Ni/HZSM-5 (15
wt%, DP16_Cal400) and b) Ni/SiO, (7 wt%), DP16_Cal400).
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The reaction progress for both reactions is consistent with the proposed mechanism in
Figure 4.4a. Both reactions follow the nickel catalyzed step of aromatic ring saturation to 2-
methoxycyclohexanol. While the Ni/HZSM-5 is able to perform acid catalysis to form
cyclohexanol from 2-methoxycyclohexanol or methylcyclopentane, the Ni/SiO, has no acid
functionality, so it predominantly produces 2-methoxycyclohexanol. The presence of
cyclohexanol in the Ni/SiO, indicates there is an alternate reaction that forms cyclohexanol
without forming 2-methoxycyclohexanol, and that pathway was shown in Figure 4.7.

This pathway starts with 1,2-cyclohexanediol formation, followed by direct
deoxygenation to cyclohexanol. However, unlike the Ni/HZSM-5 catalysts, where
cyclohexanol undergoes dehydration due to acid catalysis, the Ni/SiO, is unable to further
convert the cyclohexanol. As mentioned previously, in addition to the main reaction
mechanism proposed in Figures 4.4a and 4.5, the Ni/HZSM-5 appears to undergo the
mechanism in Figure 4.8, which completely bypasses the formation of 2-
methoxycyclohexanol and cyclohexanol. This mechanism uses solely nickel catalysis, and
no direct acid catalysis, therefore one would expect the Ni/SiO, to also be able to perform
this catalytic step and form cyclohexane; however that is not the case as shown from the
progress of the Ni/SiO; reaction.

This difference in catalytic activity of the nickel may be attributed to the different
supports. Even though pathway in Figure 4.7 does not require acid catalysis, as mentioned in
section 4.1, the presence of acid sites in HZSM-5 adjacent to nickel sites can influence the
mechanism of adsorption.> The presence of the acid support enables guaiacol to adsorb to

the catalyst in such a way that the nickel catalyst can perform the catalytic step shown in
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Figure 4.8. Without the adjacent acid sites, the nickel sites in Ni/SiO, are not able to perform
the reaction in Figure 4.8, and instead perform the reactions in Figures 4.4a and 4.7 (without
the acid catalyzed steps). Therefore, not only does the Ni/HZSM-5 function as a
multifunctional catalyst system with both nickel and acid catalysis, the acid sites adjacent to
the nickel sites are able adsorb guaiacol molecules in a way that allows more favorable HDO

activity.

4.5 Conclusions

All the Ni(x)/HZSM-5 catalysts in this study were able to perform HDO of guaiacol
to varying extents. Furthermore, the combined functionality of Ni/HZSM-5 was shown to
perform both nickel and acid catalyzed reactions, as well as facilitate reaction pathways that
were not evident with Ni/SiOs.

The Ni(x)/HZSM-5 catalysts along with the four different Ni(15)/HZSM-5 catalysts
all appeared to convert guaiacol via the main pathway outlined in Figure 4.4a, which was in
agreement with other Ni/HZSM-5 reaction results from the literature.® However, the
catalytic reactions also showed various intermediates that would suggest several other
reaction pathways. One of the more evident alternate pathways observed was through 1,2-
cyclohexanediol, which produced cyclohexanol followed by dehydration to cyclohexane.
This pathway from guaiacol to cyclohexanol is able to produce cyclohexanol and
cyclohexane without the formation of the 2-methoxycyclohexanol. This alternate reaction
pathway appeared to occur for both Ni/HZSM-5 and Ni/SiO,, with cyclohexanol being the

final product.
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One alternate reaction pathway which seemed to be occurring primarily with the most
active catalyst (Ni(15)/HZSM-5 DP16_Cal400), was the direct deoxygenation pathway from
guaiacol to anisole, which was saturated and then demethoxylated to cyclohexane. This
pathway yields cyclohexane without 2-methoxycyclohexanol and cyclohexanol, which would
agree with the reaction time course of DP16_Cal400, which showed a rapid yield of
cyclohexane without much cyclohexanol production and some formation of 2-
methoxycyclohexanol.

Overall, the mixture of nickel species created during the DP method allows for a few
different reaction mechanisms to occur during the guaiacol HDO reaction, while the presence
of HZSM-5 allowed more complete HDO, along with a more direct and active reaction
pathway.

For the Ni(x)/ZHSM-5 experiments, the guaiacol HDO results coincided with the
findings in the previous chapter that a nickel loading of 15 wt% (associated with the nickel
concentration during the DP method) gave the best catalyst properties, including the highest
loading, before a drop off in dispersion and increase in particle size. In addition, of the four
different Ni(15)/HZSM-5 catalysts prepared, the DP16_Cal400 catalyst, which had the
optimal catalyst properties as determined from previous chapter and shown in Table 4.2, also
performed the best in the guaiacol HDO reaction tests.

While the catalysts prepared in these studies were able to completely deoxygenate the
guaiacol model compound, all the guaiacol molecules also underwent complete saturation of

the aromatic ring, which was undesirable. This ring saturation is most likely a result of using
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the simplified model compound in an organic solvent system instead of using a larger, more
complex compound in an agueous environment.

The organic solvent was used to achieve high throughput reaction data by avoiding
biphasic reaction products, allowing in-situ sampling over time, and guaiacol was used to
limit the number of pathways. However, the catalyst behavior in this particular reaction
system will not be the same as in an aqueous environment using larger compounds. Previous
work using 2-phenoxy-1-phenylethanol in an aqueous environment, along with work in the
literature, show that the dimer compounds (and presumably larger compounds) in an aqueous
environment will primarily undergo cleavage reactions in the presence of Ni/HZSM-5. The
HDO of guaiacol experiments in the organic solvent primarily served as a high throughput
method for the purpose of demonstrating that the catalysts prepared by DP method were in
fact active catalysts with HDO activity.

From the intrinsic rates, TPR, and reaction data, it can be see that there are possibly
three different active site behaviors observed with varying nickel loading for guaiacol
conversion including: 5 to 10 wt%, 12.5 to 15 wt%, and 20 wt% nickel loading. For the
HDO activity there were two main behaviors, low HDO activity from 5 to 10 wt% and high
HDO activity from 15 to 20 wt% nickel loading. From the catalyst characterization and
guaiacol HDO catalyst assay, the Ni(15)/HZSM-5 had the optimal performance and
properties. The Ni(15)/HZSM-5 DP16_Cal400 catalyst had the highest nickel dispersion and
smallest particle size, which coincided with the highest overall intrinsic rate and HDO
intrinsic rate. Ni(15)/HZSM-5 DP16_Cal400 also had higher activity and better selectivity

toward cyclohexane with less selectivity toward 2-methoxycyclohexanol, suggesting that this
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catalyst can perform hydrogenolysis on lignin type substituents (through direct

deoxygenation). For these reasons, the Ni/HZSM-5 prepared by the DP method with 15 wt%

nickel and the specific DP16_Cal400 preparation was selected for future experiments

involving further catalyst development for the depolymerization and deoxygenation of lignin.
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CHAPTER 5
Catalytic Depolymerization of Lignin over Ni/HZSM-5 prepared by

Deposition-Precipitation
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5.1 Introduction

In Chapter 2, we investigated the catalytic activity of the HZSM-5 solid acid catalyst,
and demonstrated that while such a catalyst has cleavage activity, the lignin material is
unable to access the active sites in the pores. In an attempt to address this issue, the HZSM-5
was modified by incorporation of nickel metal catalyst onto its surface. Chapters 3 and 4
describe the development, characterization, and evaluation of Ni/HZSM-5 using model
compounds. In this chapter, the results of applying the Ni/HZSM-5 catalyst to two types of
lignin (acetosolv lignin and autohydrolysis soluble lignin) in various solvent environments
are reported.

The acetosolv lignin (ASL) used for this study was provided by the Unidad de
Desarrollo Tecnoldgico (UDT), an institute affiliated with the Universidad de Concepcion,
Concepcion, Chile. ASL is a softwood lignin prepared from Pinus radiatawoodchips using
an acetic acid extraction technique called the Acetosolv process.'? In this process, the
biomass is delignified at 185 °C for 2 h with an 87 wt% acetic acid solution. The dissolved
lignin is precipitated and filtered from the spent pulping liquor through water dilution,
followed by washing with water.! The other lignin of interest was a soluble lignin extracted
from Miscanthus biomass treated by autohydrolysis. The autohydrolysis pretreatment was
performed at 185 °C for 15 min. The advantage of these two lignin feeds compared to the
Domtar BioChoice™ lignin used in Chapter 2 is that neither contains any sulfur. Since
sulfur is a known poison of nickel metal catalysts, using these two lignins eliminates the

possibility of catalyst poisoning.
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It was hypothesized that increasing the solubility of the starting lignin material would
improve the depolymerization activity in this catalyst system.  The successful
depolymerization of organosolv lignin with an approximate molecular weight (MW) of
1200g-mol™ into monomers using Ni/HZSM-5 and Ni/Hp catalysts under reaction conditions
similar to those used in these studies was recently reported by Kasakov et al with an n-
hexadecane solvent.> Operating a batch reactor at 250 °C and 2 MPa of H, gas for 6 h, it
was observed that 34 wt% hydrocarbons were formed, 16wt% was lost to water formation,
26 Wt% solid residue was formed, and 18 wt% of the lignin remained unconverted.® Of the
34 wt% hydrocarbons formed, 6 wt% were gaseous products and the remaining 28 wt% were
liquid products. Of the liquid material formed, 90% were monocyclic alkanes and 10% were
bicyclic alkanes. Therefore, from this reaction, approximately 25 wt% saturated monomer
hydrocarbons were produced; all aromatic moieties were lost.

These results are encouraging for our work for several reasons. First, the organosolv
lignin, similar to ASL (acetosolv lignin), has limited solubility in non-polar solvents. High
conversion of this lignin demonstrates that solubility is not the most important factor for
obtaining high monomer yields. Also, when non-polar solvents are used with the Ni/HZSM-
5 system, saturation of the aromatic moiety is prevalent.> A polar solvent might help to avoid
saturation of aromatic monomers.

Specifically, an aqueous environment has been observed to preserve aromaticity (at
the cost of slower reaction rates) with similar kinds of lignin and lignin model compounds.*®
Therefore, while water will not solubilize the lignin, it will be able to prevent significant

amounts of ring saturation. Using a NaOH solution as a solvent has also been shown to have
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positive effects on lignin depolymerization. It solubilizes the lignin, allowing the lignin to be
more dispersed in the reaction mixture, which reduces the formation of char through
recombination reactions, and it hydrolyzes lignin through base catalysis.>’

The second important result is that the reaction times used in that work are
significantly longer than the short 1h reaction times being used in our experiments.® The
success of the long reaction times suggests that lignin linkage cleavage, especially of larger
MW material, needs much more time to produce smaller chains, followed by monomer
products.

The third, and probably most important note, is that the organosolv lignin used in the
Kasakov study is only 1200 g-mol™, while the ASL is significantly larger, at least 5000
g-mol™.? This difference in size would presumably have a significant impact on the mobility
of the lignin and its ability to access the catalyst sites. A smaller MW lignin is expected to be
more reactive.

Given the overall objective to maximize aromatic product yield, the inhibition effect
that water has on aromatic ring saturation, and the positive effect NaOH solutions have on
lignin solubility, we decided to pursue the Ni/HZSM-5 catalyst using water and a 0.1 M
NaOH solution as solvents. To fully investigate the effect of solvent selection, it was first
necessary to establish the activity of the Ni/HZSM-5 system developed in the previous
chapters, as well as observe the effect of NaOH. 2-phenoxy-1-phenylethanol (PPE), the
lignin model compound used to establish B-O-4 cleavage activity, was again utilized to
quantify the effect of NaOH on the B-O-4 cleavage reaction, as well as the combined effect

with Ni/HZSM-5 under basic aqueous conditions (0.1 M NaOH).
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Once the effectiveness of the catalyst in water and NaOH solutions was established
against a model compound, the focus turned to using soluble lignin extracted from
autohydrolyzed biomass (much smaller MW, only ~270 g-mol™) in water using reaction

times of 6 h.

5.2 Materials

The following materials were used for the reaction experiment, product
characterization, catalyst synthesis, catalyst characterization, and model compound synthesis
and characterization: Acetosolv lignin (UDT, Unidad de Desarrollo Tecnolégico, Pinus
radiata), soluble lignin from autohydrolyzed biomass (NC State, Miscanthus), NH4-ZSM-5
(Zeolyst International, CBV 2314 — SiO,/Al,03=23), nickel(Il) nitrate hexahydrate (ACROS
Organics, 99%), urea (Merck Millipore, >99.0%), nitric acid (Merck Millipore, 65%), 2-
phenoxy-1-phenylethanol (Aldrich), acetophenone (Aldrich, 99%), phenol (Aldrich,
99.99%), guaiacol (Acros Organics, 99+%), potassium carbonate anhydrous (Acros
Organics, ACS grade), 2-bromoacetophenone (Acros Organics, 98%), acetone (EMD
Millipore, HPLC grade), ethanol (Acros Organics, 99.5%), tetrahydrofuran (Acros Organics,
stabilized 99+%), sodium borohydride (Acros Organics, 98%), ammonium chloride (Acros
Organics, Analysis grade), ethyl ether (Fisher Chemical, Laboratory grade), sodium chloride
(Fisher Chemical, USP/FCC grade), Celite® 545 (Acros Organics), magnesium sulfate
anhydrous (Fisher Chemical, Powder Certified), hexanes (Fisher Chemical, ACS grade),
tetrahydrofuran (Fisher Chemical, Optima grade), methanol (Fisher Chemical, HPLC grade),

ethyl acetate (Fisher Chemical, HPLC grade), glacial acetic acid (Acros Organics, ACS
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grade), hydrochloric acid (Fisher Chemical, Technical grade), hydrogen (Airgas, Research
grade), helium (Airgas, Ultra High Purity grade), Air (Airgas, Zero grade) , hydrogen

(Airgas, Ultra High Purity grade), nitrogen (Airgas, Ultra High Purity grade).

5.3 Experimental Methods
5.3.1 Synthesis of PPE

The synthesis method consists of two main steps. The first step is a combination
reaction with 2-bromoacetophenone and phenol to form 2-phenoxyacetophenone. The
second step reduces the 2-phenoxyacetophenone to form PPE. The complete synthesis
procedure is located in Appendix A.2 This procedure produced a white solid, with an overall
yield of 70%. The identity was confirmed by GC-MS and by comparison with a

commercially purchased PPE using a GC-FID.

5.3.2 Synthesis and Activation of Catalyst

The Ni/HZSM-5 was synthesized using a DP method similar to that in Chapters 3 and
4, which is a modification of the method used by Burattin et al®'® For each catalyst
preparation, 5 g of catalyst was synthesized with a nickel loading of 15 wt%. Prior to the DP
method, the NH4-ZSM-5 support was calcined at 400 °C for 4 h with a 5 °C -min™ ramp, to
convert the NH4-ZSM-5 to HZSM-5. The active HZSM-5 form was used for the DP method.
DP method parameters, including concentration of HZSM-5 support, urea, nitric acid,
temperature, stirring, and DP time, were kept constant. Unlike the standard method, which

uses excess amounts of nickel nitrate and varies the DP time to control the nickel loading, the
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nickel loading was controlled by using an initial concentration of nickel nitrate corresponding
to the total amount of nickel desired for each catalyst, and then using a constant, but excess
DP time to incorporate the nickel. The following concentrations were used to synthesize the
catalyst samples: 7.6 g HZSM-5-L" water, 0.42 M urea, 0.02 M nitric acid, and 0.02 M
Ni(NO3),-6H,0 in 560 mL of water.

First, the nickel nitrate solution of the desired concentration is prepared. The nickel
nitrate solution is then split into 4/5 and 1/5 portions. HZSM-5 is added to the 4/5 portion
and the resulting slurry is heated to 70 °C with stirring. Urea and nitric acid are added to the
1/5 portion of nickel nitrate solution and this new solution is slowly added (drop-wise) to the
70 °C slurry. Once all the material is combined, the slurry is heated to 90 °C and held at
temperature for 16 h (DP time = 16 h) with 300 rpm stirring. After the desired DP time, the
slurry is removed from heat and quenched in an ice bath. The slurry is vacuum filtered, and
the remaining solid is washed with deionized water. The solids were transferred to a watch
glass and dried overnight in an oven at 90 °C. The dried precursor was ground into a powder
with a mortar and pestle, and stored.

As previously mentioned, the DP method is capable of forming a combination of

nickel hydroxide and 1:1 nickel phyllosilicate species on the support.®*%

During
calcination, the nickel hydroxide decomposes into NiO, and the 1:1 nickel phyllosilicate
transforms into 2:1 nickel phyllosilicate.’®*? In Chapters 3 and 4, catalysts calcined at 400
°C had favorable properties and performance. For this reason, the catalyst precursors in this

study were calcined at 400 °C. For the calcination, 2 g of catalyst precursor was calcined in a
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muffle furnace in open air. The precursors were calcined for 4 h with a 5 °C-min™* ramp rate.
After calcination, the sample was cooled and then stored for activation.

Calcined catalyst samples were reduced in H; gas environment. Approximately 0.5 g
of calcined catalyst was placed in a quartz reactor tube connected to a flow system. The tube
was first purged with N, at 63 mL-min™ for 10 min. H, gas was then flown into the reactor
at 7 mL-min™ for a total of 70 mL- min™ (10% v/v H,). After flowing the mixture for 5 min,
the reduction oven program was initiated. The catalyst was reduced at 460 °C for 4 h with a
2.5 °C-min™ ramp. After reduction, the reactor tube was purged with N, gas flow at 63
mL-min™ and allowed to cool to room temperature.

Due to the nature of a batch reaction system, the Ni/HZSM-5 catalyst would have to
be exposed to air during loading of the reaction vessel, which would cause re-oxidation of the
nickel metal. Therefore to prevent extensive oxidation, a passivation procedure was used to
form an oxidized surface layer on the nickel metal, which could then be reduced again in the
reactor vessel in-situ under the reaction conditions.

After the reduced catalyst in the reactor was cooled to room temperature in a N,
environment, the gas flows were shutoff, and the reactor tube fittings were loosened to allow
slow exposure to air overnight. After passivation, the catalyst was removed from the
apparatus and stored for reactions and catalyst characterization. Table 5.1 lists the properties

of the Ni(15)/HZSM-5 catalyst used in this chapter.
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Table 5.1: Properties of the Ni(15)/HZSM-5 catalysts, calcined at 400 °C, reduced at 460 °C.

Nickel particle size (nm)

Ni Ni Dispersion
st Contebnt H,- ((50 )
Catalyst (%) TEM XRD Chemisorption
DP16_PreCal © 14.3 512 9 15 6.9
a Description based on DP time (in hours) and corresponding procedure conditions
b Content determined by ICP analysis
c Before DP method, zeolite was calcined at 400°C

5.3.3 Catalyst Characterization
5.3.3.1 Inductively Coupled Plasm@ptical Emission Spectrometer (ISPES)

ICP-OES analysis was performed with a Perkin EImer 8000 ICP-OES to determine
the Si/Al of the HZSM-5 support in the active protonated form. Prior to ICP analysis,
samples were digested using a CEM Mars 5 Microwave Digest with XP1500plus digest
vessels coupled with micro vials. For the digestion, the samples were oven dried overnight
to remove moisture, then 0.050 g of sample was weighed into a 7 mL Teflon digest vial
where 2.5 mL of fresh aqua regia was added for pre-digestion overnight. 1 mL of 29M HF
was added to each vial and then sealed and microwave digested at 600W (100% for 30min
then 50% for 30 min). 1 mL of concentrated hydrochloric acid was added to each vial and
then transferred to a graduated vial using 20 mL of deionized water. For the ICP-OES
analysis, the digested samples were diluted 20x with deionized water and ran against a
multicalibration curve for Si, Al and Ni. The analysis utilized a Scotts Spray chamber and
PFA cross-flow nebulizer. The following conditions were used, Argon plasma flow of 12
L-min™, auxiliary gas flow of 0.2 L-min™, nebulizer gas flow of 0.55 L-min™, 1500 W

power, and a peristaltic pump rate of 1.40 mL-min™.
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5.3.3.2 Temperature Programmed Reduction (TPR)

The H2/Ni uptake over increasing temperature was determined using a Micromeritics
AutoChem 11 2920, which uses a flow system equipped with a thermal conductivity detector
(TCD). A 5% H./Ar gas mixture was flown over the catalyst sample at 50 mL-min™, and the
temperature was ramped at 10 °C-min™ from room temperature to 950 °C. All catalysts were
calcined prior to TPR analysis. Enough catalyst to contain approximately 50 mg of catalyst

(7.5 mg of nickel) was used for each TPR experiment.

5.3.3.3 X-ray Diffraction (XRD)

Nickel species present in the Ni/HZSM-5 were determined using XRD. All
diffractograms were obtained with a PANalytical Empyrean diffractometer using CuKa
radiation (A = 1.5406 A). Catalysts after only calcination and after calcination, reduction,

and passivation were characterized with XRD.

5.3.3.4 Transmission Electron Microscopy (TEM)

All TEM images were obtained using a JEOL 2010F TEM. Samples were prepared
using a methanol dispersion method and placed on a copper grid. Particle sizes were
determined from micrographs using ImageJ software. The mean particle sizes and
distributions were determined from the measurement of over 300 particles for each catalyst.
Particle sizes were measured only for catalysts that were calcined, reduced and passivated.

Images of Ni/HZSM-5 are shown in Appendix E; a and b.
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5.3.3.5 Scanning Electron Microscopy (SEM)

All SEM images were obtained using a FEI Varios 460L SEM. Samples were
directly placed on sample holder without any additional preparation steps. The HZSM-5
support, supported catalyst precursor, and calcined catalyst, and reduced and passivated
catalyst were all observed with the SEM. Images of Ni/HZSM-5 and plain HZSM-5 are

shown in Appendix E; ¢, d, e, and f.

5.3.3.6 H,-Chemisorption
Available nickel sites, dispersion, and approximate nickel particle size were
determined using a Micromeritics ASAP 2020 with a Hp-chemisorption unit. All catalyst
samples were calcined prior to analysis. An in-situ reduction was performed with H, gas at
460 °C for 4 h using a 2.5 °C-min™* ramp. The samples were then outgassed 2 h at 460 °C
and 1 h at 35 °C. The H,-chemisorption was carried out at 35 °C. H/Ni uptake was based on
a 1:1 stoichiometry. The estimated particle size was calculated using the following
approximation®®:
Q pmpO 1)
In this approximation dp is particle diameter and %D is percent dispersion. This
analysis is based on the assumption that a spherical particle that is less than 1nm in diameter

exhibits 100% dispersion.*®
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5.3.4 [3-O-4 Model Compound Experiments
5.3.4.1 PPE Cleavage Reactions

The catalysts were evaluated with a PPE [-O-4 cleavage reaction using a batch
reactor system with water as the solvent. The reactions were performed in a 50 mL Parr
reactor equipped with an impeller, thermocouple, heating jacket, inlet gas valve, outlet gas
valve, and safety rupture disc. Each reaction used 20 mL of water, 0.535 g of PPE (0.125
M), and 0.027 g of Ni/HZSM-5 catalyst (20:1 w/w, feed to catalyst). Reactions performed
with the alkaline environment used 20 mL of 0.1 M NaOH water solvent. Reactions were
performed at 250 °C under 5 MPa of H, gas for 0-1 h. The H, gas is introduced prior to the
temperature ramp to 250 °C, and the start time is the moment the reactor reaches the reaction
temperature (autogenous pressure is about 8 MPa). The PPE reactions were performed for
0.25, 0.5, and 1 h. A dodecane internal standard was used for the alkaline reaction mixtures
(0.1 mL), and a p-hydroxyacetophenone internal standard was added to the water reaction

mixtures after the reaction, but prior to collection (approximately 8mg).

5.3.4.2 PPE ReactiorProduct Analysis

Alkaline reaction mixtures were collected with water (approximately 20 mL). The
collected alkaline reaction mixtures were then acidified with 2 mL hydrochloric acid,
centrifuged to remove catalyst, and then extracted with ethyl ether to recover the organics. A
1.5 mL aliquot from the ethyl ether phase (with a known total volume) was filtered through a
0.2 um nylon syringe filter and then injected into a GC for analysis. The water reaction

mixtures were collected with acetone (approximately 20 mL, enough acetone added until
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reaction mixture was a single phase). A 1.5 mL aliquot of the single phase reaction products
in acetone/water (known total volume) was taken directly, filtered through a 0.2 um nylon
syringe filter and then injected into a GC for analysis.

The reaction products at each time interval were quantified using GC-FID. Product
identification was determined using a combination of GC-MS results and standards in the
GC-FID to confirm compound residence times. The GC-FID used was a Shimadzu GC-
2010, with a ZB-5MS Zebron column (30 m x 0.25 mm x 0.25 um), which is a G27 USP
phase column (5% phenyl, 95% dimethylpolysiloxane). The GC-MS used was a Shimadzu
GC-2010 paired with a GCMS-QP2010S, also with a ZB-5MS Zebron column (30 m x 0.25
mm X 0.25 um). The analysis methods for the GC-FID and GC-MS are provided in

Appendices B and C, respectively.

5.3.5 Lignin Reaction Experiments

All reactions were performed in a 50 mL Parr reactor equipped with an impeller,
thermocouple, heating jacket, inlet gas valve, outlet gas valve, and safety rupture disc.
Reactions were performed in 20 mL solvent at 250 °C under 5 MPa of H, gas, which was
introduced prior to the temperature ramp to the reaction temperature, 250 °C. The start time
is the moment the reactor reaches the reaction temperature (autogenous pressure is
approximately 8 MPa). These reactions did not contain an internal standard; external GC

calibrations were used.
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5.3.5.1 Acetosolv Lignin Reactions

ASL water reactions were performed for 1 h with 0.25 g of ASL and 0.05 g of
Ni/HZSM-5 catalyst (5:1 w/w, feed to catalyst). Alkaline reactions used 0.1 M NaOH. 10:1
wi/w, feed to catalyst reactions operated for 1 h and utilized 0.2 g of ASL and 0.02 g of
Ni/HZSM-5 catalyst. Additional alkaline reactions used a 2:1 w/w feed to catalyst ratio and

had reaction times of 1 or 3 h.

5.3.5.2 Acetosolv Reaction Product Analysis

The water reaction mixtures were collected with acetone (approximately 20 mL). The
reaction mixture was filtered to remove catalyst, and other solid products. A 0.5 mL aliquot
of the single phase reaction products in acetone/water (known total volume) was diluted 1:1
with 0.5 mL of methanol, filtered through a 0.2 um nylon syringe filter and then injected into
a GC for analysis. An aliquot of liquid products was removed for GPC analysis. Solvent
was removed using rotary evaporation and then the dry sample was dissolved in THF (2
mg-mL™), filtered with a 0.2 pm nylon syringe filter and then injected into a GPC for
analysis.

Alkaline reaction mixtures were collected without solvent since the reaction products
were solubilized in the alkaline environment. The product collection and sample preparation
procedure is similar to that used by Singh et al® The collected alkaline reaction mixture was
centrifuged to remove the catalyst. The liquid products were then acidified with 0.4 mL
acetic acid to precipitate remaining lignin residue, and then centrifuged to separate the acid

soluble products from the precipitated lignin solid. The precipitated material was washed
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with ethyl acetate, and then centrifuged to separate the ethyl acetate soluble products and the
insoluble products. For the acid soluble and ethyl acetate soluble liquid products, a 0.75 mL
aliquot was diluted with 0.75 mL of methanol, filtered through a 0.2 um nylon syringe filter,
and injected into a GC for analysis. Solvent was removed from the acid soluble and ethyl
acetate soluble portions for a mass balance. Two mg of each residue, along with the 2mg of
the insoluble solid, were taken for GPC analysis.

The reaction products at each time interval were quantified using GC-FID. Product
identification was determined using a combination of GC-MS results and standards in the
GC-FID to confirm compound residence times. The same GC instrumentation and programs
from the PPE reaction analyses were used for the ASL reaction products.

Lignin and lignin degradation products were analyzed utilizing GPC to determine
average MW. The GPC consists of Styragel HRITHF and HR5E THF columns (300 mm X
7.8 mm x 5 pm) in series, and they cover a MW range of 100 to 4 million g-mol™. Prior to
analysis the starting lignin material and all lignin reaction products were acetylated to
solubilize lignin portions in THF. For acetylation, 0.5 mL of both pyridine and acetic
anhydride were added to 2 mg of sample and stored at room temperature for at least 72 h.
The acetylated samples were washed with 10 mL of ethanol 5 times and between each wash
the solvent was removed using a rotary evaporator. The final acetylated lignin and reaction
products were dried via rotary evaporation, solubilized in THF, and filtered (0.2 um nylon
syringe filter) prior to injection into the GPC. The GPC uses polystyrene for its MW
calibration. Polystyrene is a polymer of aromatic units; however, it is linear and not very

representative of lignin, therefore the average MW values are only approximate, and the
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values should be used as a relative comparison to the starting lignin MW value. GPC method

parameters are listed in Appendix D.

5.3.5.3 Miscanthus Soluble Lignin Preparation

All of the material from the autohydrolysis pretreatment was collected in a bucket and
stored in a cold room (4 °C) without further processing. From this wet pretreated biomass
the soluble lignin needed to be extracted. Each batch of soluble lignin was prepared from
three batches of wet biomass (3 g each), which were soaked in water (20 mL) under agitation
for 24 h in a cold room (4 °C). The resulting water solution was extracted with ethyl ether to
obtain low MW lignin from the water solution comprised of a mixture of xylo-oligomers and
lignin material. A 1.5 mL aliquot of the ethyl ether phase is filtered with a 0.2 um nylon
syringe filter and injected into a GC for analysis of the initial material. The ethyl ether was
removed from the low MW lignin via rotary evaporation, and the sample was dried in an
oven at 55 °C. The remaining residue was weighed (approximately 0.015 g of residue) and
collected with 1 mL of acetone for transfer to the reactor/reaction solvent (20 mL water) (1
mg of material is removed for GPC analysis of the starting material). The 0.015 g of residue
is approximately 0.17% of the starting wet biomass mass. The ethyl ether is only able to
extract the smaller lignin oligomers, leaving the larger lignin material in the biomass (expect

a total of 0.5-1 wt% lignin in the wet biomass).
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5.3.5.4 Soluble Lignin Reactions
The water reactions were operated for 6 h with 20 mL of water, approximately 0.015

g of soluble residue, and 0.02 g of Ni/HZSM-5 catalyst (about 1:1 w/w, feed to catalyst).

5.3.5.5 Soluble Lignin Reaction Product Analysis

The aqueous reaction mixtures were collected with additional acetone (approximately
20 mL). The reaction mixture was centrifuged to remove catalyst and a 1.5 mL aliquot of the
reaction products was taken directly, filtered through a 0.2 um nylon syringe filter and then
injected into a GC for analysis. The reaction mixture is then extracted with ethyl ether (4
times with 15 mL) to recover organics, the ethyl ether was removed via rotary evaporation,
and the remaining residue is dried in an oven at 55 °C overnight. The dried residue was
weighed for a mass balance. The 1mg of starting material for GPC analysis was air dried,
then dried in a vacuum oven at 50 °C and -30 mmHg. After drying, the material is dissolved
in THF (1 mg-mL™) filtered with a 0.2 um nylon syringe filter, and injected into a GPC for
analysis. This lignin is soluble in THF so no acetylation is required for these samples.

The reaction products at each time interval were quantified using GC-FID. Product
identification was determined using a combination of GC-MS results and standards in the
GC-FID to confirm compound residence times. The same GC instrumentation and programs
from the PPE and ASL reaction product analyses were used for the soluble lignin reactions.
The soluble lignin material was also analyzed using the same GPC instrumentation and
methods from the ASL lignin reaction product analyses, except no acetylation derivatization

was needed for the soluble lignin samples.
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5.4 Results and Discussion
5.4.1 PPE Cleavage Reactions in NaOH Solution

The alkaline PPE cleavage reactions exhibited rapid conversion of PPE (within 15
min) in the presence and absence of catalyst. As shown in Figure 5.1a, the reaction with
Ni/HZSM-5 catalyst was able to almost completely convert the PPE in 15 min, and at the 15
min mark, the sample had the largest fraction of aromatic monomers (phenol and methyl
benzyl alcohol (MBA)). Following cleavage of the B-O-4 linkage in PPE, the resulting
aromatic monomers undergo ring saturation. Phenol was converted to saturated products,
including cyclohexanone and cyclohexanol, and the trace aromatics present were also mostly
saturated. Only a minor amount of MBA was saturated, but it did appear to undergo a

secondary reaction that has not been explored in detail.
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Figure 5.1: Reaction progress for PPE reaction at 250 °C and 5 MPa Hy, in 0.1M NaOH: a) with Ni/HZSM-5,
b) without Ni/HZSM-5.
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The time course of the PPE cleavage reaction, in alkaline solution without catalyst, is
shown in Figure 5.1b. A majority of the PPE was converted within 15 min, though to a
lesser extent and yielding a different product distribution than the Ni/HZSM-5 catalyzed
reaction. A more detailed comparison of the product yields for the PPE cleavage reaction in
NaOH with and without Ni/HZSM-5 is presented in Table 5.2. Rather than phenol and
MBA, followed by saturation products of phenol and secondary reaction products of MBA,
the NaOH-catalyzed system gave primarily phenol and phenylethanediol, with some
undesired dimer products but without any further saturation products. Monomer levels
fluctuated from 60-70 wt% without catalyst. Ni/HZSM-5 catalyzed reactions generated 75%
total monomers early in the reaction, but secondary reactions led to subsequent monomer

consumption. This confirmed that Ni/HZSM-5 is quite active in this system.

Table 5.2: Carbon balance for PPE reaction at 250 °C and 5 MPa H,, in 0.1 M NaOH with and without
Ni/HZSM-5.

Cto Cto Cto
c Duration C Cto ¢ th Trace Saturated  Saturated c
atalyst - Conv. Phenol MBA : Lost
(min) (%) (%) (%) Aromatics Phenol MBA (%)
(%) (%) (%)
15 98.0 16.3 26.0 4.8 23.0 53 225
Ni/HZSM-5" 30 99.8 12.7 19.9 4.1 25.6 5.2 32.1
60 99.9 7.7 11.5 19 29.5 5.1 44.2
Cto Cto Cto
c Duration C Cto Aceto- Phenyl- Trace c t_o c c
atalyst . Conv. Phenol - . Undesired® Lost
(min) (%) (%) phenone ethanediol Aromatics (%) (%)
(%) (%) (%)
15 91.3 35.4 51 17.2 0.7 3.6 29.0
None 30 96.8 39.2 6.4 24.7 0.5 2.3 23.4
60 99.1 40.6 7.3 15.5 0.8 1.0 33.6
a MBA is methyl benzyl alcohol
b Average of triplicate reactions
c Undesired products consisted of larger dimer compounds
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The reaction schemes proposed in Figure 5.2 are consistent with the products
identified and suggest two important conclusions. The first being that Ni/HZSM-5 remains
active in alkaline solution, and is able to exhibit catalytic activity characteristic of nickel
catalysis, including both hydrogenolysis and hydrogenation, as demonstrated by the unique
presence of un-oxidized cleavage products (Figure 5.2b). The second is that both
Ni/HZSM-5 and NaOH participate in the cleavage of lignin type linkages. This, along with
the ability to solubilize the lignin in an alkaline solution, could make the alkaline Ni/HZSM-
5 system a strong candidate for depolymerization of lignin into monomers. The evaluation of

this catalyst system for lignin feedstock will be discussed in the next section.

a) 2-Phenoxy-1-Phenylethanol Phenol Phenylethanediol
OH o6 o
Po 4 |
—
|O 5 +
NaOH OH
b) 2-Phenoxy-1-Phenylethanol Methy Benzyl Alcohol
OH oh 0 0 oH
Ni. Ha
—_— +
NaOH ’ +
+ Saturated Phenols
OH
=
| —
L

Figure 5.2: PPE in 0.1 M NaOH reaction mechanisms: a) reaction without Ni/HZSM-5, b) reaction with
Ni/HZSM-5.
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5.4.2 Acetosolv Lignin (ASL) Reactions in NaOH Solution
To evaluate the alkaline ASL:Ni/HZSM-5 system, control reactions were performed
in water with and without Ni/HZSM-5. Product collection schemes are shown in Figure 5.3

for both (5.3a) the water reactions and (5.3b) the NaOH reactions.

/ﬁ/\queous Environment Reaction Product /ﬁ
COI a)
A. O 1 Phase
q.
o>+ = o2
el &
¥
| Filter char/catalyst |
v
| 1 Phase Product |
¥

| Analysis with GPC and GC-MS |

Basic Aqueous Environment Reaction Product
> | Filter/centrifuge catalyst |
1 Phase
0]
Ni/HZSM-5 HBC)J\OH
Acid Insoluble |&——— Acidify and
l centrifuge

Dissolve in Ethyl

Acetate ’—>| EA Insoluble | Acld Soluble

EA Soluble |
Analysis with GPC and GC-MS #7

Figure 5.3: ASL reaction product collection/preparation diagrams: a) water reaction collection, b) 0.1 M NaOH
reaction collection.
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As expected, conversion was low for 1 h reactions with and without Ni/HZSM-5 in water, as

presented at the top of Table 5.3. Only 30 wt% of the mass was present in the liquid phase

(liquid products/products soluble in water) after reaction; the remaining 70 wt% was in the

form of an insoluble solid. However, as shown in Table 5.4, the recovered liquid exhibited a

significant decrease in MW after 1 h. The average MW decreased from ~5000 g-mol™ to

~900 g-mol™. Based on the average MW results, the Ni/HZSM-5 did not appear to have a

significant effect on the reaction, though a decrease in polydispersity was observed.

Table 5.3: GC results for ASL reactions in water and 0.1 M NaOH for 1 h.

%Yield (Starting Material)

Reaction Guaiacol Gl\ﬂgggcl)l Gsé?glclol Other Aromatics Total

Controf 0.32 0 0.24 0.75 1.31
Ni/HZSM5" 0.39 0.31 0.19 1.29 2.19

Control® 4.14 0.35 0.08 1.09 5.67
Ni/HZSM-5" 2.92 0.48 0.56 0.80 4.77
Ni/HZSM-5° 1.73 0.41 0.50 0.38 3.02
Ni/HZSM-5' 1.94 0.42 0.52 0.36 3.25

% Selectivity (Aromatics)

Controf 24 0 18 57 --
Ni/HZSM5" 18 14 9 59 -

Control® 73 6 1 19 --
Ni/HZSM-5° 61 10 12 17 -
Ni/HZSM-5° 57 13 17 13 --
Ni/HZSM-5' 60 13 16 11 --

H,O reaction, 1 h

H,0 reaction, 5:1 w/w feed to catalyst ratio, 1 h

0.1 M NaOH reaction, 1 h

0.1 M NaOH reaction, 10:1 w/w feed to catalyst ratio, 1 h
0.1 M NaOH reaction, 2:1 w/w feed to catalyst ratio, 1 h
0.1 M NaOH reaction, 2:1 w/w feed to catalyst ratio, 3 h

= D® O O T D
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Table 5.4: GPC results for ASL and ASL reactions in water (UV channel 280 nm).

GPC Liquid
Samole Solid Liquid
P (Wt9%) (Wt%) o
Average Mw Average Mn Polydispersity

(g-mol™) (g-mol™) (Mw/Mn)
ASL - - ~5000 ~650 7.6
ASL Control 64% 36% ~900 ~300 3.1
ASL + Ni/HZSM-5 5% 25% ~900 ~500 1.9

a 5:1 wiw feed to catalyst ratio

In addition, the average MW of the liquid products is still much larger than the
monomer range. The results using the NaOH solution with and without Ni/HZSM-5, shown
in Table 5.5, are more promising. The NaOH reaction products all remain soluble in the
liquid phase, and not until the products are collected and processed for analysis do the
products contain solids. After the treatment shown in Figure 5.3b, the reaction products can
be split into three categories: acid soluble (aqueous), ethyl acetate soluble (organics), and
insoluble products (analogous to char). Only the liquid phases were further characterized,
and the results are presented in Table 5.5. After 1h of reaction, the control and the 10:1 w/w
feed to catalyst ratio showed similar results: ~15 wt% was in the acid soluble phase while 55
wit% was in the ethyl acetate phase. The acid soluble phase has a lower average MW (~500
g-mol™) with a polydispersity of 1.7, while the ethyl acetate phase has a much higher average
MW of 2000 g-mol™ and a slightly higher polydispersity. It appears that the Ni/HZSM-5 had

little impact and the NaOH was responsible for most of the MW reduction.

200



Table 5.5: GPC results for ASL and ASL reactions in 0.1 M NaOH (UV channel 280 nm).

GPC Liquid (AS/EA)

Acid EA Insoluble
Sample Soluble  Soluble (Wt%)
(Wt%)  (Wt%) Average Mw  Average Mn  Polydispersity
(g-mol™) (g-mol™) (Mw/Mn)
ASL - - - ~5000 ~650 ~7.6
ASL Control 13 54 33 ~500/2000 ~300/900 ~1.7/2.2
ASL + Ni/HZSM-5? 17 55 28 ~400/2000 ~250/800 ~1.6/2.5
ASL + Ni/HZSM-5° 46 35 20 ~500/1500 ~300/800 ~1.7/1.9
ASL + Ni/HZSM-5° 48 40 13 ~500/1500 ~300/750 ~1.7/2.0
a 10:1 w/w feed to catalyst ratio, 1 h
b 2:1 wiw feed to catalyst ratio, 1 h
c 2:1 wiw feed to catalyst ratio, 3 h

Reducing the feed to catalyst ratio to 2:1 caused a shift in the distribution of mass.
Much more material was present in the lower MW acid soluble phase and the moderate MW
ethyl acetate phase. Ni/HZSM-5 appears to be responsible for the significant increase in
lignin depolymerization within 1 h (~80-90%). The average MW of this liquid product is
still not in the monomer range, and it appears that increasing the reaction time had very little
effect.

The GC results presented in Table 5.3 indicate that very little monomer is produced
in either solvent, with and without catalyst. For the water reactions, the Ni/HZSM-5 reaction
produced 2 wt% monomer aromatics, while the water produced 1 wt% aromatics (through
hydrolysis), and other products were a mixture of various trace aromatic products. With the
NaOH reactions, a slightly higher yield of monomer aromatics was achieved, ranging from 3-

6 wt%. The product distribution was also predominantly guaiacols (including methyl- and
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ethyl- substituted), with guaiacol being the major product. This clean distribution of
monomer products can be seen in Figure 5.4. This represents only a small amount of the
starting material, since most of it is still in the form of larger oligomer chains. Table 5.3
indicates that the control reaction without Ni/HZSM-5 in NaOH performed the best, yielding
~6 wt% monomer aromatics. Figure 5.4a shows that the control reaction products also
contained some larger unknown compounds, while the Ni/HZSM-5 catalyzed reaction
generated mainly guaiacol compounds. Moreover, high catalyst loading produced a

significantly larger amount of lower MW material, as opposed to the control reaction.
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Figure 5.4: GC-FID results for ASL reactions at 250 °C and 5 MPa H,, in 0.1 M NaOH: a) without Ni/HZSM-
5, b) with Ni/HZSM-5.

Overall, the NaOH solvent improved the yield of liquid products, and even allowed

the Ni/HZSM-5 catalyst to perform significant amounts of depolymerization; however,
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monomer yield was still quite poor for all reactions. Comparing the poor monomer yield of
these reactions with those involving lower MW lignin (~1200 g-mol™) suggest that the ASL
material is too large to be used with the Ni/HZSM-5 system. The fact that the reaction
systems containing NaOH appear to plateau in MW reduction, suggests that either (1) the
catalyst is not stable in the NaOH system or (2) the lignin material becomes modified in such
way by the alkaline condition at 250 °C that the linkages are no longer able to be cleaved by
the Ni/HZSM-5 catalyst.

One possibility is that the lignin becomes saturated prior to cleavage, resulting in long
cyclic alkane chains which are more difficult to cleave by hydrogenolysis. This would result
in very slow cleavage reactions or no cleavage at all at the low reaction temperature.
Kasakov et al. observed larger amounts of solid residue (attributed to recombination
reactions) and unconverted lignin at the low temperatures, while higher temperatures were
able to yield significantly higher amounts of liquid hydrocarbons (saturated cyclic alkane
products).®> This observed difference in product distribution was attributed to the competition
between the recombination reaction pathway and the hydrogenation of the phenolics. The
latter occurs faster at higher temperature, preventing the recombination of the phenolics.
This competition may be another reason why the Ni/HZSM-5 in NaOH solution system is not
effective at the lower temperature used in these experiments.

The NaOH solvent system may not be worth pursuing. Using water as a solvent,
starting with much lower MW lignin, and using longer reaction times, may be more
productive. The Ni/HZSM-5 type catalysts are relatively stable in water, and as indicated by

the results using n-hexadecane, the reaction temperature and time more strongly affect

203



conversion than lignin solubility in the solvent phase.****>'® However, what may be most
important is the lower MW of the starting lignin; as mentioned by Kasakov et al, the
mobility of lignin on the nickel surface is the more significant barrier to lignin conversion
than actual reaction energy barriers.> The mobility of the lignin would be significantly
improved by the use of smaller MW lignin (the ASL used in this study has an average MW
of 5000 g-mol™). Therefore, the second set of reactions will be with low MW soluble lignin,

in water, for longer reaction times.

5.4.3 PPE Cleavage Reactions in Water

The first step for evaluating water as a solvent and using low MW lignin is to
compare the activity and selectivity of the Ni/HZSM-5 in water to that of Ni/HZSM-5 in
NaOH solution for PPE model compound reactions. The results from the PPE in water
reactions are presented in Figure 5.5. The Ni/HZSM-5 catalyzed reaction in water exhibited
similar trends to the previous NaOH reactions, as indicated by the similarities between
Figure 5.1a and Figure 5.5a. The catalyzed reactions in NaOH solution and water exhibit
very rapid initial conversion of PPE, though the product distribution of the water system
differs significantly from the other reaction systems. In water, the main cleavage products
are ethylbenzene and phenol, which is encouraging, since phenol is an important industrial
feedstock and ethylbenzene is a completely deoxygenated aromatic. The production of total

monomers again is in the 60-70 wt% range.
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Figure 5.5: Reaction progress for PPE reaction at 250 °C and 5 MPa H,, in water

without HZSM-5.
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The reaction scheme proposed in Figure 5.6a is helpful in understanding the time
course of the carbon balance shown in Table 5.6. The carbon balance indicates that 2-
phenethyl phenyl ether (PPEther) is a reaction intermediate; Figure 5.6a indicates it is the
result of PPE undergoing deoxygenation. Subsequent hydrogenolysis of the ether generates
ethylbenzene and phenol. Once produced, the ethyl benzene remains in the product mixture
without further reaction, whereas the phenol is susceptible to further hydrogenation, as

observed previously with Ni/HZSM-5 in NaOH solution.
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Figure 5.6: PPE in water reaction mechanisms: a) reaction with Ni/HZSM-5, b) reaction with HZSM-5.
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Table 5.6: Carbon balance for PPE reaction at 250 °C and 5 MPa H,, in water with and without Ni/HZSM-5.

Cto

Cto Cto

. Cto Cto Cto C
Catalyst Dura_mon C Conv. Ethyl- Phenol Trace_ Saturated PPEther Dimers Lost
(min) (%) benzene (%) Aromatics Products (%) (%) (%)

(%) (%) (%)
15 97.4 29.7 23.3 2.2 5.3 16.7 1.8 18.3
Ni/HZSM-5% 30 99.9 34.7 23.4 2.2 8.8 4.0 2.4 24.3
60 99.8 34.8 17.6 2.4 10.5 3.1 1.8 29.7
Catalyst Duration C Conv. C to Trace Aromatics C to Saturated Products C to Dimers Lgst
i 0, 0, (0) (0)

(min) (%) (%) (%) (%) %)

15 0.6 0.2 0.02 0.4 0.8

None 30 1.3 0.5 0.02 0.9 0.0
60 4.5 15 0.00 3.0 0.0

a Average of triplicate reactions
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The control reaction in water without Ni/HZSM-5 exhibits little to no reaction, as
shown in Figure 5.5b. Very little PPE is converted and the reaction is much slower, forming
mostly large undesired dimer products that are mainly dehydration products. The aqueous
environment demonstrates clearly the ability of Ni/HZSM-5 to generate highly desirable
aromatic monomer compounds. It also shows that the nickel metal is in fact active along
with the HZSM-5 support in water, since the reaction mechanisms observed for the
Ni/HZSM-5 versus the plain HZSM-5 catalyst, exhibited in Figures 5.6a and 5.6b (as seen
from preliminary experiments in the first chapter), are quite different. Overall, the
Ni/HZSM-5 is not only active in water, but it produced even more favorable reaction
products. In addition, water won’t promote ring saturation, in contrast with the alkaline
solution. This result is promising for the second set of lignin reactions, because the catalyst
is active, and unlike previous lignin reactions in water, the starting lignin has a much lower

MW.

5.4.4 Miscanthus Soluble Lignin Reactions in Water

Having established that the Ni/HZSM-5 reaction system was active and generated
desirable products, the final step was to apply this system to a relatively low MW lignin. This
material was derived from the energy grass Miscanthus, as described in section 5.3.5.3. As
shown from Table 5.7, the starting material has an average MW of ~270 g-mol™, with a
polydispersity of about 1.5. This material has much smaller MW than the ASL, but this is
not solely lignin; there are other materials present, including some monomers. Table 5.8

indicates the major constituents of this material. The furfural and the methylpentane present
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are not considered part of the lignin mass, while the monomeric aromatics 4-
hydroxybenzaldehyde, vanillin, and the oligomers (the difference between total mass and
monomers) are. Excluding the alkane and the furfural gives an average total soluble lignin
mass of about 0.011 g, where approximately ~14 wt% of the material is monomeric, and the

balance is larger lignin type material.

Table 5.7: GPC results for soluble lignin material (UV channel 280 nm).

Average Mw Average Mn  Polydispersity

Sample (g-mol}) (g-mol) (Mw/Mn)

Starting

. 176 + 18 271 £ 32 1.54 £0.05
Material

Table 5.8: Average masses for several preparations of the initial soluble lignin extract (based on GC results).

Total Mass®  Methyl-pentane  Furfural 4—Hy|((jjrohx3é Vanillin Oligomers” L'gmcr,]j
(o) (mg) (mg ~ oemeadeyde ) (mg) Mass
(mg) (mg)
149+21 0.8+0.2 27106 0.52+0.05 0.98 £ 0.04 9.8+20 11.3+2.0

Total Mass = Methylpentane + Furfural + 4-Hydroxybenzaldehyde + Vanillin + Oligomers
Oligomer Mass = Lignin Mass — (4-hydroxybenzaldehyde + Vanillin)

Lignin Mass = Total Mass — (Methylpentane + Furfural)

Lignin Mass is the effective lignin mass used for starting mass and for product wt% calculations

o0 oo

Of the starting 11 mg of lignin material, 86 wt% was oligomers, 9 wt% was vanillin,
and 5 wt% was 4-hydroxybenzaldehyde. Table 5.9 shows the yields of various aromatics
from the starting soluble lignin. The distribution of products is better visualized in Figure

5.7. An aromatic yield of 34.4 wt% was observed with catalytic reactions for 6 h. The
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control reaction showed only 18.2 wt% yield of aromatics. When accounting for the starting
monomer content (indicated by the red dotted line in Figure 5.7) the production of
monomers from the oligomeric lignin for the catalytic 6 h reactions is about 24 wt% of the
starting oligomeric lignin; while the control reaction for 6 h only had monomer production of
5 wt% of the starting oligomeric lignin. The main products unique to the Ni/HZSM-5
catalyzed reactions were methylphenol, methylguaiacol, ethylguaiacol, and 1,2,3-
trimethoxybenzene (TMB). The other aromatics generated from the oligomer material were
common between catalyzed and control reactions and were produced in similar quantities.
These products may be attributed to the attack of low MW lignin by water. Additional
catalytic reactions for 4 and 12 h were performed to bracket the 6 h reactions (Table 5.9),
however due to insignificant difference in product distributions and yields compared to the 6

h reactions, replicates were not performed.
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Table 5.9: GC results for soluble lignin reaction at 250 °C and 5 MPa H,, in water with and without Ni/HZSM-5.

1,2,3 Tri-
Isopropyl !
., Phenol Methyl Guaiacol Ethyl Mef[hyl Ethyl Phenetole methoxy Vanillin Tracg Total'
Reaction (WH%) Phenol (Wt%) Phenol Guaiacol  Guaiacol (IPP) Benzene (Wt%) Aromatics Aromatics
(Wt%) (wt%) (wt%) (wt%) (Wt%) ((TMB)) (wt%) (Wt%o)
Wt%

R_6h 06+04 65+03 28+02 25+01 113+x26 15+02 22+13 71+13 00x00 00x00 344+36
C_6h 41+08 00+00 31+04 15+02 12+x09 00+x00 18+13 00+00 49+13 15+04 182%53
R_4h° 1.4 4.5 2.2 24 7.0 13 0.0 7.2 0.2 3.8 30.1
R_12h° 13 7.1 2.7 2.3 10.2 15 1.4 9.0 0.0 0.0 354

a R stands for catalytic reaction with Ni/HZSM-5, and C stands for control reaction without catalyst
b  Difference of Starting Oligomers and Total Aromatics
c Extrareactions used to bracket the 6 h reactions, but due to insignificant difference in yields or product distribution, replicates were not performed
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Figure 5.7: Product distribution for the soluble lignin reactions at 250 °C and 5 MPa H,, in water with and
without Ni/HZSM-5. The red dotted line represents the amount of starting monomer aromatic content of the
soluble lignin.

Overall, the catalyst was able to perform the desired cleavage reaction to produce a
significant amount of aromatic monomers, with a combined aromatic yield of 34 wt% after 6
h. The control reaction in water also generated some aromatics (18 wt%; 13 wt% if
unconverted vanillin is not included) which is expected since ether linkages can be cleaved
by high temperature water via hydrolysis. The Ni/HZSM-5 has exhibited promising results

based on the large amount of aromatic yield and the product selectivity compared to the
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control. The catalyst is active in this environment, able to access the lignin material, and

generates desirable monomeric aromatics.

5.5 Conclusions

Ni/HZSM-5 in water, with a low MW lignin, exhibited the highest yield of aromatic
of all lignin reaction systems evaluated. This reaction system preserved aromaticity,
generating more aromatics then previously reported in the literature. As such, this system
could form the basis of a commercially viable lignin processing scheme, and deserves further
development. This conclusion is supported by many of the results presented in this chapter.

NaOH and Ni/HZSM-5 catalyzed the cleavage of lignin linkages for high MW
organosolv type lignin (ASL). Following reaction, the products were split into three
portions: an acid soluble low MW portion (~500 g-mol™), a moderate MW ethyl acetate
soluble residue (~2000 g-mol™), and an insoluble solid (not soluble in acid or ethyl acetate)
which was uncharacterized, but presumably high MW (>2000 g-mol™). The insoluble solid
may be a combination of char, recombination products, and unconverted lignin.

Looking at the liquid soluble products, only a small amount of monomers were
actually produced from the lignin (3-6 wt% of the starting lignin material) with and without
catalyst. While the presence of catalyst did not improve the yield of monomers, an
increasing amount of catalyst shifted the distribution of products from the insoluble and ethyl
acetate soluble portions to the low MW acid soluble portion (increased from ~15 wit% to ~47
wit%). Increasing the reaction time had little effect; no shift in MW distribution, and low

yield of monomers. These observations indicate that the catalyst was unable to cleave the
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lignin into monomers. While minor cleavage of the lignin did occur, the competing
recombination reactions along with saturation (hydrogenation) of lignin chains may prevent
the catalyst system from producing the desired monomer products, regardless of the amount
of time allotted for reaction.

These ASL/NaOH system results exhibited two shortcomings; ring saturation and low
conversion. PPE reactions with Ni/HZSM-5 in NaOH solution versus water indicated that
the water reaction produced the least saturated and substituted products; ethylbenzene and
phenol. The selectivity for aromatics was better despite having a slightly slower conversion.
This better selectivity is important for preventing ring saturation in lignin. This leads to the
conclusion that the water is a preferred solvent for these reactions.

The low MW soluble lignin from autohydrolysis led to improved product distribution
with a much higher yield of monomer aromatics produced during the reaction in water
(combined yield of 34 wt% after 6 h). These results support the conclusion that lower MW
lignin oligomers are preferred substrates; however, another factor not studied here is the
effect of using the Miscanthus lignin instead of softwood lignin, as in the case of the ASL
reactions, or hardwood lignin in the case of the Kasakov study.®

As stated, the Ni/HZSM-5/water catalytic system is a promising technology for lignin
depolymerization.  Currently, we produced 34 wit% yield of aromatics from soluble
autohydrolysis lignin. If the lignin yield from autohydrolysis could be improved tenfold, the

implementation of this technology would be commercially conceivable.
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6.1 Conclusion

The goal of this thesis was to demonstrate that lignin can be depolymerized into
monomer aromatics through utilization of a multifunctional catalyst; Ni/HZSM-5. The use of
a liquid, aqueous environment, instead of a gas phase or organic solvent, was preferred due to
the following advantages: 1) dry biomass not required, 2) reduced char production, and 3)
easy product separation from the solvent, as a result of phase separation. Development of the
Ni/HZSM-5 catalyst system for the purpose of lignin depolymerization into aromatics using a
low temperature aqueous environment was a problem requiring a multiple steps.

The first step involved the study of the HZSM-5 support to confirm its selectivity
toward monomer aromatics in the low temperature aqueous environment. HZSM-5 is solid
acid catalyst typically used as cracking catalyst capable of producing aromatics at high
temperatures in the gas phase. As shown by Zhao et al, it was even able to exhibit high
selectivity toward aromatics for the pyrolysis of lignin.! In Chapter 2, HZSM-5 demonstrated
the desired acid activity; cleaving the f-O-4 linkage found in PPE to yield mainly phenol and
phenylacetaldehyde. Unlike pyrolysis and cracking reactions, the reaction in Chapter 2 was at
250 °C in a liquid phase aqueous environment, yet the HZSM-5 still exhibited the desired
activity and selectivity toward aromatics. After HZSM-5 was shown to work in the aqueous
environment, a preliminary experiment with lignin in water was performed. From these
experiments it was determined that the lignin was too large and unable to access the catalytic
sites within the pores. The work in Chapter 2 confirmed that HZSM-5 needed additional
functionality on the surface of the catalyst to cleave lignin linkages prior to reagent diffusion

into the pores.
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The second step involved the development of the Ni/HZSM-5 synthesis procedure; in
this case the deposition-precipitation (DP) method. DP is not a typical synthesis method for
nickel on zeolite, but the literature hinted at some promising features, including high
dispersion paired with high loading. The high dispersion contributes to higher stability since
small nickel particles with narrow size distribution are less likely to sinter. A modified DP
procedure was utilized instead of the typical procedure found in the literature.>®*° A specific
nickel concentration, corresponding to the desired nominal loading, was used along with a set
amount of excess time to ensure the formation of the strong nickel-support species (1:1
nickel phyllosilicate). These nickel species can form nickel particles with high dispersion.

The modified DP method, developed in Chapters 3 and 4, produced Ni/HZSM-5 with
nickel particles of moderate dispersion (~7%) using nickel loading of 15 wt%. The catalyst
was fully reducible at 460°C for 4h. The dispersion achieved with this method was

comparable to the literature.?*®

In addition, this method also ensured that moderate sized
particles (~7 nm) were deposited on the surface of the HZSM-5 support and not within the
pore structure. This was significant since the role of the nickel sites is to cleave the linkages
of the larger lignin molecules that are unable able to diffuse into the small pores.

As a result of having the nickel particles on the surface of the support much of the
acidity is preserved since the acid sites are located along the entire surface of the HZSM-5
including within the pores. The acid sites were preserved during this synthesis procedure as
indicated by the presence of acid activity by the HZSM-5 and not with the inert SiO,, With

HZSM-5, dehydration of cyclohexanol to cyclohexene followed by hydrogenation to

cyclohexane occurred; with SiO; the reaction stopped at cyclohexanol.
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The 15 wt% Ni/HZSM-5 catalyst using this DP method procedure proved to have the
most active catalyst site from weight of nickel metal basis and intrinsically. The catalyst
generated completely deoxygenated products from guaiacol. It also exhibited several
pathways; including those observed in literature, as well as some additional potential
pathways.®

From these high throughput reactions in dodecane, the results confirmed that non-
polar solvents favor hydrogenation and ring saturation as suggested by the literature.
Therefore, the high throughput reactions in organic solvent were helpful in the design of the
Ni/HZSM-5 catalyst, but did not give full insight to the true activity of the catalyst in the
desired aqueous environment.

The third step involved evaluation of this catalyst in various aqueous environments
including NaOH solution and water, using a model lignin compound and two different lignin
sources; a lignin powder recovered from an Acetosolv extraction and a soluble lignin from an
autohydrolyzed biomass stream. The Ni/HZSM-5 proved to be active in both solvents based
on its ability to cleave B-O-4 linkages in PPE to form monomer aromatics. The Ni/HZSM-5
was shown to have more desirable activity in the water solvent since the main products
generated were ethylbenzene and phenol. The ethylbenzene did not undergo hydrogenation
while the phenol underwent ring saturation with longer reaction times.

As suggested by the literature, the molecular weight (MW) played a significant role in
the ability of the Ni/HZSM-5 to yield monomers from lignin. For MW of 1200 g-mol™
(Kasakov et al) and lower (~270 g-mol™, herein in the case of the autohydrolysis lignin), the

Ni/HZSM-5 catalyst was able to perform depolymerization and generate significant amounts

220



of monomers.” For MW greater than 1200 g-mol™ (~5000 g-mol™, as is the case with
acetosolv lignin (ASL)), monomer production by the catalyst was minimal, presumably since
the lignin was too bulky to access the surface nickel sites, even when solubilized in an
alkaline environment. While not addressed in this thesis work, the effect of using lignin from
softwood, hardwood, or Miscanthus may potentially have an effect on the lignin accessibility
to the catalyst.

For the ASL reactions in NaOH solution, it was shown that despite the inability to
yield monomers, increasing the amount of catalyst led to a shift in the product distribution to
lower MW material. This indicated that the catalyst does have an impact on the lignin
depolymerization; however, the extent of depolymerization reached a plateau. Longer
reaction time did not improve the monomer yield or MW distribution. This plateau in the
extent of depolymerization was attributed to an inability to prevent monomers generated
during the depolymerization to participate in recombination reactions. The recombination
reactions compete with the degradation reactions, especially at lower temperatures.” In
addition, as shown by the PPE reactions in NaOH, hydrogenation can occur quite rapidly.
Saturation of larger aromatic chains of lignin prior to cleavage can make the linkages much
more difficult to cleave. This saturation and resulting recalcitrance can explain the inability
to form the desired monomers from ASL using Ni/HZSM-5 in the NaOH solution.

With regards to the low MW soluble lignin reactions in water, the Ni/HZSM-5 was
shown to yield ~34 wt% aromatic monomers without ring saturation. This is comparable with
the ~30 wt% yield of saturated hydrocarbon monomers from the Kasakov et al. study, which

used 1200 g-mol™ organosolv hardwood lignin in n-hexadecane solvent.” Therefore, the
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Ni/HZSM-5 prepared via the modified DP method was able to depolymerize a lignin stream
in a water solvent and produce aromatic monomers. The lignin used was from an industrially
relevant source; autohydrolyzed Miscanthus biomass for biofuel applications. This is a
promising result for this thesis work. That being said, there is more work that needs to be

done to make this catalytic system a viable technology.

6.2 Future Work

In this section, a few areas of interest that need to be further studied will be discussed.
The first involves an in-depth study of the active sites present on the Ni/HZSM-5 and the
resulting reaction mechanisms that the active sites catalyze. Regarding the active sites and
the corresponding nickel species present, XRD is unable to identify and prove the existence
of the nickel-support species that are proposed to be on the HZSM-5 support. This is a result
of two possible factors: 1) poor crystallinity of the nickel phyllosilicate species, or 2) high
dispersion of these species on the HZSM-5; both of which would cause such nickel species to
be undistinguishable from the HZSM-5 diffraction peaks. To address this issue, FTIR
(Fourier transform infrared spectroscopy), including vacuum and in-situ techniques, may be
utilized to observe the types of bonds present in the Ni/HZSM-5, as well as track the change
in bond species over a calcination and reduction program. IR adsorption experiments can
also be performed with probe molecules such as guaiacol, phenol, cyclohexanol, or any of
the products observed during the guaiacol HDO experiments in Chapter 4. From these

spectra, the mechanism of adsorption for these molecules onto the catalyst can be observed.
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Other techniques available that can directly observe the nickel species present, and
the corresponding electronic properties, fall under the category of XAS (X-ray absorption
spectroscopy), specifically EXAFS (extended X-ray absorption fine structure) or XANES
(X-ray absorption near edge structure) techniques can identify the coordination environment
and oxidation states.

In addition to detailed characterization of the nickel sites, the proposed reaction
pathways require confirmation. The approach for identifying these pathways is to perform
Ni/HZSM-5 catalyzed reactions under the same conditions with each product identified in the
reaction network. From this work, specific and intrinsic rates may be determined for each
possible step in the reaction network. Better understanding of the nickel sites present and the
reaction mechanisms taking place is important for improvement of this catalyst system
because it allows fine tuning of the synthesis method to create the most desirable nickel sites,
and provides more insight into the reaction mechanisms occurring for the catalyzed lignin
depolymerization reactions.

The second area of interest involves further work with the DP method and preparation
of the Ni/HZSM-5 catalyst. Three sub-issues that need to be addressed: 1) improving the
procedure to obtain higher dispersions and smaller particle size, 2) performing recyclability
tests with the Ni/HZSM-5, and 3) performing reaction studies with lignin model compounds
and lignin to compare this Ni/HZSM-5 with similar commercial catalysts.

Improving the DP method and catalyst preparation procedure, including calcination,
reduction, and passivation (if needed), is very important because higher dispersions allow

greater activity per weight of catalyst, due to more efficient use of available nickel metal.
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Making a more active catalyst on a per weight basis and using the modified DP method
(which doesn’t use excess nickel precursor) reduces waste and reduces the cost to make the
catalyst. In addition, having smaller particles with a narrow size distribution will allow the
catalyst to be more stable, as was observed by Song et al. They suggest that small particles
with narrow size distributions are less susceptible to coalescence and Ostwald ripening
mechanisms.” The resistance to these mechanisms prevents sintering and particle growth that
can occur during reactivation procedures. This improves the stability and recyclability of the
catalyst.

Regarding the recyclability tests, they are quite important for two reasons: 1) the need
to see whether this Ni/HZSM-5 catalyst prepared by the DP method is in fact more stable, as
suggested by the literature, than similar nickel catalysts prepared by more typical synthesis
procedures (i.e. incipient wetness impregnation)®, and 2) the importance of having a stable
and recyclable catalyst that can be used for many reaction batches. The second reason is
relevant to catalyst cost and technology viability since a catalyst that can only be used once
leads to increased cost and waste; reducing its viability as an applicable technology.

Along the theme of reducing cost and improving viability, additional model
compound and lignin studies in water solvent using the developed catalyst and commercial
catalysts are important for answering the question whether using the DP method to
synthesize the Ni/HZSM-5 catalyst is worth doing. This should be based on a comparison of:
1) cost for each catalyst and the corresponding synthesis, 2) the activity and selectivity for
hydrogenolysis instead of hydrogenation and ring saturation, and 3) the stability and

recyclability.
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The third area of interest involves the soluble lignin from the autohydrolyzed
Miscanthus. The first goal for this area is to improve the extraction of lignin from the wet
autohydrolyzed biomass. As discussed in Chapter 5, the current water soak, followed by
ethyl ether extraction only obtains 0.1 wt% lignin; the amount of soluble lignin expected
should be in the range of 0.5-1.0 wt% of the wet biomass. To address this, additional
solvents and possibly the use of column separation followed by solvent extraction would
yield the greatest amount of lignin. Increasing the yield of soluble lignin is important to this
process because the lignin is not abundant in this waste stream. Therefore complete soluble
lignin recovery is needed to have large enough batch size to make the reaction worthwhile;
produce significant amount of aromatic material to sell and make the process more efficient
and cost effective.

Improving the yield of soluble lignin would also benefit the second goal for this area,
which is to improve the yield of the soluble lignin reactions. One item that needs vast
improvement is the batch size of the reactions. Currently the batches are so small that it is
difficult to maintain an accurate mass balance; since a 10 mg loss is equal to a 50% loss of
mass. Therefore, better soluble lignin yields during extraction along with using more
biomass would make the current study much stronger. This would allow for more accurate
mass balances and more commercially feasible feed:catalyst ratios (10:1 — 100:1, instead of
1:1).

Once the batch sizes are improved and more realistic feed:catalyst ratios are able to
be implemented, optimization of the soluble lignin reactions can be performed. This

optimization would look at various reaction times and temperatures; increasing both to see
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whether either leads to an improvement over the current ~34 wt% aromatic monomers yield.
This is important to this thesis work and the field of lignin valorization, because if this
Ni/HZSM-5 catalyst system is able to produce high aromatic yields, then it could be scaled
up and implemented in industry based applications. One such application would be the
Miscanthus biofuel process which produces soluble lignin. Implementation of the improved
catalyst would allow the generation of additional revenue by selling aromatics produced from
the soluble lignin waste of the lignocellulosic ethanol process.

The third area of interest involves the utilization of solid lignin powders, which was
unsuccessful in this thesis work. The main problem with this lignin is that the MW of the
starting material is too large and unable to access the active catalyst surface to produce
monomers. Using longer reaction times and higher reaction temperatures may help, but are
not as important as having a compatible MW.

From preliminary reactions not discussed, multiple stages using NaOH solution to
pretreat the lignin prior to reaction with Ni/HZSM-5 did not improve the reaction results;
poor monomer Yyield and negligible decrease in MW was still exhibited. This plateau in
extent of depolymerization was discussed in Chapter 5 and attributed to the saturation of
aromatic rings in the lignin chains, and recombination reactions of the smaller molecules; this
was occurring in the alkaline environment.

To address this issue of too high MW, a study into another type of pretreatment which
will not modify the material so that it is recalcitrant to catalytic attack by Ni/HZSM-5
catalyst, but will still significantly reduce the MW to around the 1200 g-mol™ threshold or

lower. This would be a significant finding because then many more sources of lignin, in
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addition to the soluble lignin in this study, would become potential feedstocks for this
Ni/HZSM-5 catalyst system.

At the current state, the Ni/HZSM-5 catalyst system developed in this thesis work
was able to take low MW lignin from an industrially applicable process stream and produce
monomer aromatic products utilizing a low temperature aqueous environment. Further
studies into the areas mentioned above and among others will help improve upon the current
state of this catalyst system. These improvements will take this catalyst a step closer to
becoming a technologically viable means to convert waste lignin into useful aromatics and
finally put an end to the well-known industry saying, “you can make anything from lignin

except money.”

6.3 References

[1] Zhao, Y.; Deng, L.; Liao, B.; Fu, Y.; Guo, Q. X., Aromatics Production via Catalytic
Pyrolysis of Pyrolytic Lignins from Bio-Oil. Energy Fuels 2010, 24, 5735-5740.

[2] Burattin, P.; Che, M.; Louis, C., Molecular Approach to the Mechanism of
Deposition—Precipitation of the Ni(II) Phase on Silica. The Journal of Physical Chemistry
B 1998, 102 (15), 2722-2732.

[3] Burattin, P.; Che, M.; Louis, C., Ni/SiO2 Materials Prepared by
Deposition—Precipitation: Influence of the Reduction Conditions and Mechanism of
Formation of Metal Particles. The Journal of Physical Chemistry B 2000, 104 (45),
10482-10489.

[4] Nares, R.; Ramirez, J.; Gutiérrez-Alejandre, A.; Louis, C.; Klimova, T., Ni/HB-Zeolite
Catalysts Prepared by Deposition—Precipitation. The Journal of Physical Chemistry B
2002, 106 (51), 13287-13293.

[5] Song, W.; Zhao, C.; Lercher, J. A., Importance of Size and Distribution of Ni

Nanoparticles for the Hydrodeoxygenation of Microalgae Oil. Chemistry — A European
Journal 2013, 19 (30), 9833-9842.

227



[6] Song, W.; Liu, Y.; Barath, E.; Zhao, C.; Lercher, J. A., Synergistic effects of Ni and acid
sites for hydrogenation and C-O bond cleavage of substituted phenols. Green Chem.
2015, 17 (2), 1204-1218.

[7] Kasakov, S.; Shi, H.; Camaioni, D. M.; Zhao, C.; Barath, E.; Jentys, A.; Lercher, J. A,

Reductive deconstruction of organosolv lignin catalyzed by zeolite supported nickel
nanoparticles. Green Chem. 2015, 17 (11), 5079-5090.

228



APPENDICES

229



Appendix A

2-Phenoxy-1-phenylethanol Synthesis Procedure

Step 1:

o
B OH !
+ — ‘*-| =

=

BOONoG AWM

Step 2:

©CoOoNOAR~®WDN

10.
. Place flask on rotary evaporator and remove solvents.
12.
13.
14,
15.

Charge two-neck flask (with reflux condenser) with phenol (22.26 mmol) , potassium carbonate (26.76
mmol), 2-bromoacetophenone (17.82 mmol), and acetone (75 mL).

Set hot plate to 100 °C, used magnetic stirring, and allow reaction under refulx to occur for 3 h.
Take off heat and allow to cool to room temperature.

Filter products through celite into 250 mL round bottom flask, and wash with acetone.

Place flask on rotary evaporator, and remove acetone under heat and vacuum.

Allow remaining product to cool in a refrigderator until liquid solidifies.

Recyrstallize solid with ethanol (add ethanol under heat until solid dissolves).

Allow solution to cool and solid recrystallizes.

Wash the resulting solid with chilled ethanol, and decant the excess liquid.

Dry the remaining solid (2-phenoxyacetophenone) under vacuum/in fume hood.

O
 —
Ox| S

Charge round bottom flask with 2-phenoxyacetophenone (17.82 mmol), tetrahydrofuran (80 mL), and
deionized water (20 mL).

While flask is in ice bath slowly add sodium borohydride (35.64 mmol).
Take flask out of ice bath and allow reaction for 3 h.

Quench reaction with a saturated aqueous solution of ammonium chloride
Dilute product with deionized water (50 mL).

Separate organic and aqueous phases using separatory funnel.

Extract aqueous phase with ethyl ether twice (40 mL each).

Wash all the organics with saturated salt brine.

Drain organics into beaker with magnesium sulfate.

Filter product into round bottom flask and washed with ethy ether.

Allow liquid product to cool.

Add hexanes to liquid and allow solid to crystallize.
Wash solid with hexanes and decant excess liquid.
Dry final solid product (2-phenoxy-1-phenylethanol).
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Appendix B

ZB-5MS Column (30 m x 0.25 mm x 0.25 pm)

Injection Volume 1.0l

Split Injection Temperature 250 °C
Column Oven Temperature 50 °C
Pressure 100.0 kPa
Total Flow 67.4 mL/min
Column Flow 1.26 mL/min
Linear Velocity 30.1 cm/s
Purge Flow 3.0 mL/min
Split Ratio 50.0
Column Oven Program 50 °C, hold 4 min, ramp 10 °C/min to 250 °C, hold 5 min
FID Temperature 280 °C
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Appendix C

ZB-5MS Column (30 m x 0.25 mm x 0.25 pm)

Injection Volume 1.0 uL

Split Injection Temperature 250 °C

Column Oven Temperature 50 °C

Pressure 72.5 kPa

Total Flow 67.3 mL/min (35.8 mL/min for lignin product identification)
Column Flow 1.26 mL/min

Linear Velocity 40.7 cm/s

Purge Flow 3.0 mL/min

Split Ratio 50.0 (25.0 for lignin product identification)

Column Oven Program

50 °C, hold 4 min, ramp 10 °C/min to 250 °C, hold 5 min

lon Source Temperature

200 °C

MS Interface Temperature

250 °C
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Appendix D

Styragel HR1THF and HR5E THF Columns (300 mm X 7.8 mm X 5 pum)

Pump Flow 0.70 mL/min
Oven Temperature 35°C
Wavelength Chl 254 nm
Wavelength Ch2 280 nm

Cell Temperature 40 °C
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Appendix E

Ni/HZSM-5 DP16_PreCal catalyst after calcination, reduction, and passivation: a) magnified TEM image, b)
TEM image, ¢) SEM image, d) SEM image of HZSM-5, e) magnified SEM image, and f) magnified SEM
image of HZSM-5.
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