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ABSTRACT

In the past decade, the production of biodiesel has increased dramaticallyf t@menajor by-
products of biodiesel production is crude glycerol, which is expensive to refine.efglia the
price of crude glycerol has plummeted to the point where biodiesel companiee payedad
dispose of it. This leads to an increased cost of biodiesel production. To make biodiesel
production more cost-effective, it is vital that a use for this crude glysefolnd. One possible
method is using steam reforming techniques to reform crude glycerol derived trdiesbi
transesterification to produce hydrogen or synthesis gas. This gasaamvbged to jet or
diesel fuel by using Fischer-Tropsch principles or used in traditional ¢@drapplications (e.g.
fuel cells, renewable hydrogenation reactions, etc.).

In this study, the viability of using steam reforming techniques to convert ghaokerol into a
hydrogen rich gas is addressed. To do this, the effects of the impurities in gaetelgin
catalyst life and activity were compared to pure glycerol reforrougy two different steam
reforming catalysts: Ni/MgO and N#AI,O5 catalysts. Reactions over both catalysts showed
that crude glycerol reforming can produce a product gas similar to the prodpcbdased by
pure glycerol reforming. Unfortunately, the impurities found in the crudeegiy¢e.g.

unreacted triglycerides) limited catalyst life over time. Timeya@ase coke and tar formation and
cause the reactor to plug after several hours. To solve this problem, a simpéspref crude
glycerol using acetic acid was performed. The acid-wash removedah#rg/impurities in the
glycerol.

Acid-washed glycerol reforming over both catalysts showed dramatiowaments over crude
glycerol reforming. Instead of having problems with reactor plugging, tleéoera showed
increased catalytic activity and little deactivation for 12 to 14 hours. Coomeysreactants to
products was ~100% and the product gas had a hydrogen purity of 68-69%. Thermodynamic
equilibrium predictions matched those provided by the experimental results.

The role of the different impurities found in crude glycerol was considered. iEvgoeal and
thermodynamic results show that the presence of methanol can aid in producdgd gas
with a high hydrogen purity but can decrease hydrogen yield. Results indi¢dteetheesence
of potassium aids in gasification of the reactant and help prevent carbon formation on the
catalyst. The soaps and unreacted triglycerides found in crude glyceealsecoke and tar
formation in the reactor and will eventually cause plugging. Future work needs tddvenpd
to fully determine the role of these impurities in crude glycerol reforming.

Overall, the viability of acid-washed glycerol reforming was dematedt Future work in
optimizing the process and determining proper catalysts should be studied.
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Chapter 1

Introduction

1.1 Overview

Rising petroleum prices and increased concerns with globahiwgrhave forced the
search for alternative, renewable (non-petroleum based) fieelsncrease dramatically
throughout the past decade. One of the major sources for alteriuetis can be produced from
biomass derived biodiesel. This bio-based diesel can replace rewat#a petroleum-based
diesel. Unfortunately, there are several shortcomings that adexdvercome before biodiesel
production can be both economically and physically viable. For exaommeof the major by-
products of biodiesel production is crude glycerol. Crude glycerolxpersive to refine.
Initially, this was not a problem because unrefined glycerol cbeldistilled and purified into
pure glycerol. Then as the production of biodiesel increased, the niarketire glycerol
became oversaturated and the price of crude glycerol plumnidtedngtead of purifying and
selling crude glycerol, biodiesel plants were forced to pay to despiois. As a result, biodiesel
production costs rose. To make biodiesel production more cost-effects/gitél that a use for
this crude glycerol is found. There are several different opirabost how this issue should be
addressed. Some argue that crude glycerol should be converted inyovailgield commodity
chemicals, such as succinic acid [6] or 1,3 propanediol [7, 8]. Inhiti¢ term or on a small
scale, converting crude glycerol to a commodity chemical couldetofidiesel production
costs. Still, as biodiesel production increases, these markiétbesome oversaturated and
alternative uses for crude glycerol will need to be found. ithportant that alternative methods

are developed.



Another method that could be used to prevent this future problem is tesiimy seforming
techniques to reform the crude glycerol into synthesis gas. Thisagathen be converted to
make additional jet or diesel fuel by using Fischer-Tropsch iptexc Also, it is possible to
produce a hydrogen rich gas that could be used as a hydrogen &wuddéerent industries
(hydrogen fuel cells, hydrocracking, etc.). This is the fadufie present study: to address and
check the viability of the steam reforming method.

In this study, the effects of the impurities in crude glycerol catalytic life and
activity were compared to pure glycerol reforming over Ni/Mg@l &if-Al,Os. Although
initially showing similar results, the impurities typicallgund in crude glycerol (specifically
KOH and FFA) will limit the effectiveness of glyceroleam reforming over time. The
impurities tend to increase coke and tar formation which impededtirough the packed bed
and reactor. A simple pre-wash of crude glycerol using aesld removed many of the
impurities in the glycerol. This slowed down the formation of cake tar in the reactor and

dramatically increased the productivity of the reaction.

1.2 Scope
The objectives of this work included:

1) Demonstrate the need and importance for creating techniques tlee thi
reforming of crude glycerol into hydrogen or synthesis gas.

2) Develop simple pre-treatment methods for crude glycerol thataserkydrogen
or synthesis gas formation and limit coking in glycerol steararmaghg that
mirrors or surpasses pure glycerol reforming.

3) Use steam reforming techniques to produce hydrogen or synthesisigggure,
crude, and acid-washed glycerol over a commercial MDAkBnd a self-made
Ni/MgO catalyst.



4) Demonstrate the viability of further research of this technology.

1.3 Thesis Structure

Chapter 1 has provided a quick overview and motivation for this project. eztiaptill
provide a background of the current status of glycerol steam riefpim literature. It will go
into detail about the promise and current shortcomings of tHisaémgy. A description of the
equipment, along with the experimental procedures, used in thecp®provided in Chapter 3.
Then, Chapter 4 provides a description and discussion of the experineenttd and established
procedures. Finally, Chapter 5 summarizes the findings of this cpr@jed presents

recommendations for future work.



Chapter 2

Background and Literature Review

2.1Biodiesel Production and Industry

The idea to use a renewable resource as a fuel in a diesel engine has beemaovend f
a century. The first recorded use of biodiesel was on Augtistt893 by Rudolf Diesel, the
inventor of the diesel engine. He was able to use peanut oil to successfully run and provide
power from a diesel engine. During his lifetime, he predicted that bio-haslsdifould
someday become as important as petroleum and coal products [9].

After Diesel, the low cost and high efficiency of petroleum-based productsneel the
advancement of alternative fuels for many years. It was not until theaggaso$¢he 1970s, that
supply and security concerns again prompted interest in developing alternatisefanergy.
Solar, wind, geothermal, biomass, and other renewable energies were becomiagdmoge
desirable. Still, even now, many countries are heavily dependent on fossil fuelstttheir
energy needs. The technologies to successfully use many forms of reneveatpjeseurces are
not developed enough to use cheaply and efficiently on a widespread scale. bmbilogyg
and research progresses far enough, it is important that any new technoltiggy ddabty to be
implemented into the current infrastructure with little or no difficulties.

In terms of the energy required in the transportation sector, biofuel is ablettonarge
of these requirements. It is a renewable resource that can be produced in feegyt dif
countries, which helps limit political and security concerns. Also, biofuelsecanglemented
directly into the current infrastructure and used in modern engines weélohtho modifications

[10]. In fact, bio-derived ethanol and biodiesel are already being used in severaesount



(typically as blends), including the United States, Brazil, Germanyy#issand several others
[10].

Biodiesel, in particular, is a promising alternative fuel for diesel engihes a
renewable resource that can be derived from a variety of naturally prodedstbfiks. One
reason that biodiesel is promising is that it is the only available cominferdighat meets the
renewable fuel standards (RFS) laid out by the Environmental Protectios\A@&PA) for a
biomass based diesel [11]. This means that biodiesel reduces greenhouse gassdmyissi
least 50 percent compared to petroleum diesel. Also, biodiesel is classifreddsaced
biofuel by the EPA under the latest renewable fuel standards (RFS2) [11].

These standards are having a significant impact on the biodiesel industry mteae U
States. Part of the mandate laid out in the RFS2 is the dramatic increase indagethase of
renewable fuels. According to the EPA, the annual usage of renewable fuelt/mtdteStates
needs to be at least 36 billion gallons by 2022 [11]. A significant portion of this incsease
estimated to be from the increased production of biodiesel. Federal and statakaxalnd
subsidies are provided to encourage biodiesel producers to increase production and help offse
the costs of a developing industry [11]. Without government support, the development of the
biodiesel industry would be hampered.

Currently, the majority of the biodiesel is produced from vegetable oil. Both edible and
non-edible oils are used. In the USA, most biodiesel uses canola or soybeancuibaxckes.
Other commonly used vegetable oils are jatropha, rapeseed, palm, and cast6}.ols¢ry oll
source is different compositionally and has different fatty acid profiles.cémposition of the
oil affects the potential yield and the qualities found in the biodiesel. Tablel2[lprpvides

the fatty acid profiles of several vegetable oils commonly used to makedeadi



Table 2.1a- Fatty acid profiles of vegetable oils commonlgdsdor biodiesel production. Adapted
from Thompson et al. [11]
Composition (%owt)

Fatty Acids IdaGold Mustard PacGold Mustard Rapeseed Canola Soybean Crambe Waste Vegetable Oils
Palmitic (16:0) 2.8 3.1 2.8 4.4 10.7 2 18.6
Stearic (18:0) 1 1.6 1 1.8 4.3 0.9 6.3
Oleic (18:1) 24.9 239 13.6 60.9 24.9 17.8 40.4
Linoleic (18:2) 10.4 21.6 11.8 19.1 51.6 8.1 28
Linolenic (18:3) 9.4 9.9 7.5 9.5 7.3 4.5 15
Eicosic (20:1) 10.7 12.1 8.6 1.8 0.2 3.7 -
Erucic (22:1) 34.3 22.1 47.9 0.8 - 54.2 -
Avg. MW (kg/kmol) 946.3 924.6 968.5 882.1 872.8 978.5 867.2

Even though vegetable oils are renewable resources, there are downsidestteeusiiog
produce biodiesel. The growth of vegetable oils creates competition for landtra@titused
for food production and it also increases the destruction of natural habitats iorlecatiere
new land is required to grow energy crops [13]. Because of this, studies are looking into
replacing vegetable oils, which have many other uses, with other feedstocksa&e
vegetable oils and greases, animal fats, and algae). Many of these otlwtsnaeé promising
because they do not require additional arable land normally used for food crops. rAlgae, i
particular, are promising because they have higher yields and prodestikigin land plants,
they can accumulate large amounts of triglycerides, the main component foséliodie
production, and it does not require much agricultural land to grow [14]. Table 2.1b [15]
compares the estimated land needed for different potential feedstocks tetsidf the values
from Table 2.1b for algae yield can be approached or surpassed during largecahadéon,

algal-based biodiesel may be the ultimate replacement for petroleum ttdnsfgor



Table 2.1b -Comparison of some sources of biodiesel. Adaptad Chisti et al

[14]
Crop Oilyield Land area needed to meet 50% of Percent of existing US cropping

(L/ha) transport needs of US (M ha) area

Corn 172 1540 846
Soybean 446 594 326
Canola 1190 223 122
Jatropha 1892 140 77
Coconut 2689 99 54

Oil palm 5950 45 24
Microalgae (70% oil) 136,900 2 1.1
Microalgae (30% oil) 58,700 4.5 2.5

Currently, studies are being performed to look into the effectiveness of grogaeyial
non-potable water: such as, saline, brackish, industrial or municipal wastgM@al®]. These
types of water do not compete with land or water that could be used for other products.
Depending on the algal strain, the algae could also remove contaminants or imfounittes
wastewater. For example, algae can use nitrogen or phosphorous as a groah[@a@tror it
could help sequester G@ generate carbon credits for power industries [20]. The idea is to
have algae serve multiple purposes and not use water that has other purposess tdexdles
algae are promising feedstocks for biodiesel production.

After a feedstock is chosen, it is necessary to convert it into a usablei@néfiorm.
There are several ways to develop vegetable oil, or for algae the extedttextid methyl
esters, into a form that can be used in a diesel engine. The main methods areedaedt us
blending, microemulsion, thermal cracking, or transesterification [10]. Theamwshonly
used method is transesterification. Biodiesel made through transedtenfiproduces a
dynamic fuel that can best imitate petroleum diesel. During transiestioif, the triglycerides

in the oil are reacted with an alcohol and a catalyst to produce fatty acig esttrs and



glycerol. Typically, biodiesel production facilities choose methanol or etharibeaalcohol.

The following equation shows the transesterification reaction:

Triglyceride + 3*CHOH + Catalyst (e.g. KOHy» C3H5(OH); + 3*R-C(OCH)O

Triglyceride + Methanot- Glycerol + Methyl Esters

In terms of catalysts, there are three main types of solid heterogenedystsaised in
making biodiesel: acid, base, and enzyme [13]. There are advantages and disadivaesmies
type of catalyst. Solid based catalysts, such as KOH, Ca(@ht) CaO, are effective for the
transesterification of triglycerides. They tend to have a higher ragc¢han solid acid catalysts,
which means that base catalysts require lower operating conditions (lovperatmnes) and
have a quicker reaction time [13]. On the other hand, solid base catalysts cabhespsisoned
by water and tend to dissolve in the solvent and become difficult to remove [21]. Solid acid
catalysts, on the other hand, are more able to ignore the presence of water atty ineals
[22]. Also, they can simultaneously perform the esterification of fattsanithe feedstock with
the transesterification of the triglycerides simultaneously. Thereéosolid acid catalyst can
use lower grade feedstock; thereby, lowering biodiesel production costs [13findlheain
area of heterogeneous catalysts typically looked into for triglycadsesterification are
enzyme catalysts. These catalysts tend to be renewable and can help grerfgreenness” of
biodiesel production. One example of an enzyme catalyst is lipase [13]. Ligasdiga
activity for this process and is a renewable commaodity, which makes it pngmisi
Unfortunately, lipase and other enzyme catalysts have issues, such asptughetion costs,

enzyme leaching from solid supports, and deactivation due to glycerol production, thet nee



be addressed by future research [13]. Currently, the KU Biodiesel Initiet@égea solid base

catalyst (KOH) as its triglyceride catalyst.

Qils/Fats/

Algae _— Pretreatment

Y

™ KOH & Methanol ——» Transesterification

N

Crude Glycerin Crude Biodiesel

!

Glycerin — Refining Refining — Biodiesel

Figure 2.1a— Flow diagram for biodiesel

Figure 2.1a provides an example flow diagram for biodiesel production. In Ge¢hera
fats/oils/algae require some form of pretreatment before they csambéor transesterification.
For example, the algal oils in algae need to be extracted from the algakkibefore they can
be converted into biodiesel [23]. After the oils have been pretreated, the catalysofiot ale
added and the oils are sent for transesterification. The transesterifiezction will produce
two different phases. The top phase will contain crude biodiesel and the bottom gcedel gl
The crude biodiesel will be sent on to be refined and purified to the point where it isahtzept
to be used as biodiesel. The crude glycerol phase contains unreacted methaeel fattg fr

acids, spent catalyst, and glycerol. Currently, larger scale biodiesel nettimésthe crude



glycerol phase to produce non-fossil fuel based glycerol that can be used ionaaditycerol
industries. For example, Cargill Inc. has a 14 million kglycerol refinery built next to their
biodiesel plant [16]. In general, the remaining methanol and spent catalystyrked and
reused.
2.2 Potential Uses for Crude Glycerol

The by-product glycerol is very important to the future growth of the biodiedesiry.
Initially, biodiesel plants could refine and purify their crude glyceroleyTtould sell it on the
open market because glycerol is traditionally used in many different ireystuch as,
pharmaceutical, cosmetic, food, paint, etc. Around two-thirds of pure glycereldsrus
personal care products, food or beverages, oral care products, and tobacco (24%, 23%, 16%, and
12% respectively) [1]. Unfortunately, due to the glut of additional glycerol produced via
biodiesel production, the market for glycerol has suffered. In 2005, the yeartwka|
demand for glycerol was about 2 billion pounds per year [5]. Even though the worldwide
production of biodiesel is still in its early stages, the market price of glylsas dropped
significantly because of the glycerol added by biodiesel production [24]. lElseldiroduction
continues growing as expected, glycerol will lose even more value. Crudeoylyice actual
product of biodiesel production, is particularly worthless. Its value rang@s3+10 cents per
pound. Table 2.2a [5] provides details about the production of biodiesel and glycerol. Figure

2.2a shows the decrease in glycerol price versus time.
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Table 2.2a -Biodiesel Production Information [4]

US Production Capacity (2008) 19 10Iblyear
US Production (2008) 5.2 10 Iblyear
US Crude Glycerol from Biodiesel (2008) 0.52 109Ib/year
World Production of Glycerol (2008) 3.8 10°Iblyear
World Demand for Glycerol (2005) 2 109Ib/year
Price of Crude Glycerol (2008) 3-10 cents/Ib
Price of Refined Glycerol (2008) 40 -50 cents/Ib
1000 - —m—Price of - 9000
o 900 - Glycerol - 8000
= 800 - - 7000 =
o iodi c
O 700 - == Biodiesel 5
) Production - 6000 B
— 600 - S
5 - 5000 5
g %0 Ca000 £
S 400 - e
O 300 - - 3000 %
8 200 - - 2000 E
g 100 - - 1000 oM
a9 . . : : : 0

1996 1998 2000 2002 2004 2006 2008

Year

Figure 2.2a— Global biodiesel production and the cost of glytero
Europe from 1997 to 2007. Adapted from Stelmaclkoy?3 and Gui [4].

When the growth of biodiesel production is considered, the low price of crude glycerol
creates concern about the future viability of the industry. The DepartmentrglyEDeE)
estimates that if the United States were to produce enough biodiesel to dispjet¥ aiflthe
current petroleum diesel usage, an additional 800 million pounds of glycerol would be produced
per year (They estimate the US glycerol market in 2004 at 600 million poun@&}ly Looking
further ahead, at the rate of consumption in 2007, replacing all of the transpodrfsemed in

the United States would require 0.53 billiod amnually (~1.40 x 18 gallons) of biodiesel [15].
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For every gallon of biodiesel produced during biodiesel production about 0.66 pounds of crude
glycerol is made [12], that means approximately 9.2’ a6unds of glycerol could be made a
year in the USA alone. If biodiesel ends up replacing diesel completely, theeoes not
change significantly. In 2010, the total estimated production of diesel worldwgle wa
approximately 620 million metric tons (~1.37 trillion pounds) [26]. This means over 1zZmbilli
pounds of crude glycerol could be made a year in this scenario. It is true seatdhees cannot
be reached anytime soon but it is clear that the status quo is not acceptablaallgyettier
uses for crude glycerol must be found.

Several large scale biodiesel plants continue to purify their crude gilyerit is
becoming less and less economically feasible as glycerol pricesskef2éh Smaller facilities
are forced to treat crude glycerol as a waste product and discard it [28f fab®rs make
biodiesel more expensive and less competitive with traditional fuels. Insteadgfbaluable
commodity that can be sold to offset biodiesel production costs, glycerol is quickiyingca
hindrance to making biodiesel production cost effective. It is important thatadite uses for
crude glycerol are found so that pure and crude glycerol will maintain theiraduensure
lower biodiesel costs.
2.2.1 Crude Glycerol Composition

The composition of crude glycerol varies significantly depending on which method is
used to produce biodiesel (e.g. acid catalysts, base catalysts, etc.) aedisiheck the biodiesel
is made from. In 2006, Thompson and He [12] performed a study to characterize cruae glycer
composition from a variety of different feedstocks. Some of the results of tehireste shown
in Table 2.2.1a and Table 2.2.1b. Table 2.2.1a shows the amounts of salt impurities found in

crude glycerol.
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Table 2.2.1a- Analysis results of macro elements, carbon amdgen in crude glycerol. Adapted from
Thompson et al. [12]

Feedstock IdaGold Mustard  PacGold Mustard RapeseedCanola Soybean Crambe WVO
Calcium (ppm) 11.7+29 23.0+x1.0 240+ 1.7 105 11.0+0.0 163.3+11.6 BDL?
Potassium (ppm) BDL BDL BDL BDL BDL 216.7 +15.3 BD
Magnesium (ppm) 3.9+1.0 6.6 +0.4 40+0.3 54  6.8+0.2 126.7+5.8  0.4+0.0
Phosphorus (ppm) 25.3+1.2 48.0+£2.0 65.0+2.08.7%6.8 53.0+4.6 136.7 £ 57.7 12.0+15
Sulfur (ppm) 21.0+2.9 16.0+1.4 21.0+1.0 1405 BDL 128.0+7.6 19.0+1.8
Sodium (%wt) 1.17 £0.15 1.23+0.12 1.06 £ 0.07 071+ 0.12 1.20%0.10 1.10+0.10 1.40+£0.16
Carbon (%wt) 24.0 +£0.00 24.3 £0.58 25.3+0.58 .3260.58 26.0+1.00 24.0+0.00 37.7+0.58
Nitrogen (%owt) 0.04 +0.02 0.04 +£0.01 0.05+0.0D.05+0.01 0.04+0.03 0.06+0.02 0.12+0.01

[a] BDL indicates values that are below the detectimit for corresponding analytical method. Thegettion limits in ppm were as
follows: calcium — 2, potassium — 40, Magnesium200sodium — 80, phosphorus — 5, sulfur — 15,aarb200 and nitrogen — 100.
Data shown are in the format of “average + standardation.”

The most significant impurity they found was sodium, which was due to the use of a
NaOH catalyst during transesterification. If a KOH catalyst wasd usstead, the sodium and
potassium values would essentially be switched.

Table 2.2.1b shows the liquid composition Thompson found in crude glycerol.
From this data, it seems that crude glycerol is only around 60-80% glycerolesEioé crude
glycerol is methanol (23-38%), spent catalyst, soaps, glycerides, and E&fers

Table 2.2.1b - Composition of glycerol layer after transesterfication. Adapted from Thompson et al. [12].

Feedstock IdaGold Mustard PacGold Mustard Rapeseed Canola Soybean Crambe WVO
Glycerol+MeOH+Cat (g) 13.61+0.19 13.27 +0.40 15.23+0.20 15.94+0.27 16.16+0.47 17.58+1.07 25.26+0.62
Glycerol (g) 8.56 £ 0.35 8.35+0.16 10.01+0.06 10.80+0.26 10.96+0.48 10.98+0.40 19.35%+0.82
Glycerol concen. (%wt) 62.9+2.30 62.9+0.65 65.7+1.19 67.8+1.02 67.8+1.12 62.5+2.16 76.6+4.11

From this data, it is clear that many different components need to be considered, i
addition to glycerol, before a potential pathway can be chosen for crudeoylysage. It may
be desirable to reclaim the methanol for recycling in biodiesel production, bllatists can be
expensive. Also, the salts, soaps, and other residual compounds may cause harm to or prevent
several different applications that could utilize crude glycerol.

One promising idea that has been suggested, that avoids expensive refining tecisniques
to perform an acid wash on the crude glycerol to remove the extra salts angacenigl

organics. Meyer et al. [28], in their study concerning the production of commabdityicals
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from crude glycerol, use hydrochloric acid to wash crude glycerol dengeddalm oil. Table

2.2.1c shows their results.

Table 2.2.1c- Crude glycerol composition and pH values beford after acid
wash. Adapted from Meyer et al. [28]
Components (Yow/w)
Glycerol Water Ash  Non-Glycerol Organics
Crude Glycerol 60.04 11.77 4.7 23.49 10.2
Acid-Washed Glycerol 65.54 25.09 2.94 6.43 2.1

pH (20% in water)

This data shows that acid-washing crude glycerol may be an option for improving
potential reactions, if salt or non-glycerol organics prove problematic. Cithevashed glycerol
provides a cleaner reactant.

Potential uses

Since the existing market cannot accommodate for the current levels abglyce
production other uses for this dynamic compound are being studied. Currently, giarebe!
utilized as boiler fuel or the supplement for animal feed [7] or disposed of as a Wastever,
many experts feel that glycerol should be used to produce high-value comatatiticals [29].

There are several different ways to convert crude glycerol into a comnebeéityical.
One of the main ways is through fermentation. Microbial fermentation can be usenéotc
crude glycerol into 1,3-propanediol [7, 8], propylene glycol [30] (1,2-propanediol), suacidic
[6], ethanol [31], and several other compounds. The advantage of crude glyceroldeomest
that it requires little pretreatment, can produce several different ligogipts at once, and it is

able to produce valuable biogases [28].
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Figure 2.2.142] — Possible reaction pathways and products
obtained by selective catalytic oxidation of glyaler

Another way to convert crude glycerol into a valuable commodity chemicabisgtir
chemical conversion techniques. Catalytic oxidation of glycerol can be used tcenakal
different acids and other valuable compounds (e.g. Figure 2.2.1a, tatronic ac|@],E3))
Pyrolysis of glycerol can be used to make valuable chemicals; such a&tinaacetaldehyde,

ethanol, methanol, etc. [33]. Additional techniques and products are shown in Figure 2.2.1b [2].
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Figure 2.2.1H[2] — Methods of conversion of glycerol into
useful products (excluding selective oxidation)

It is clear that there are many different pathways for producing valuadheicals from
crude glycerol. Unfortunately, many of these pathways will turn out to be isticaDne
reason these pathways are not viable is because the current methods of procduttimolegap
and effective. One example of this is acrylic acid. The estimated cost to @azylc acid
from glycerol is more than twice as expensive as the current commerdialdaé¢®5]. Similar
problems occur with polyester fibers and polyurethane foams [25]. Other potendiatisrare
not feasible because the commercial selling price is similar to iheaést raw material cost of
crude glycerol [25]. This is true for pathways that convert crude glycerol mtoa#ic polyester
polyol foam [25] and acetone [29]. Other pathways, such as converting glycerottit@tad
or malonic acid, are not viable because they lack large market capacitieS{#i9all things
considered, there are some promising candidates. A few of the most promisingccane sacid,

1,3-propanediol, 1,2-propanediol, polyglycerols, and dihydroxyacetone [34].
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Unfortunately, these promising chemicals are only able to meet a plaet méé¢d for the
biodiesel market. By comparing the annual yearly production and demand fopdtersial
compounds with the potential amount of crude glycerol that may hit the market, &@rishele
alternative methods for crude glycerol must be considered.

For example, by looking at one of the most promising commodity chemicals, 1,3-
propanediol, this becomes clear. 1,3-propanediol has a current yearly marked déb@0
million pounds per year and growing.[35] It is very possible that this number may g&00 t
million pounds a year.[29] Several studies have attempted to produce 1,3-propanediolt hence,
is possible to determine the amount of glycerol needed to reach these values. Culiesnt s
have been able to get yields of up to 0.85 mol 1,3-propanediol/mol of glycerol (~0.70 g of 1,3-
propanediol produced per gram of glycerol) for 1,3-propanediol production from crudenblycer
via fermentation.[8] Therefore, to produce the 1,3-propanediol in the world from dyeeecd
it would take approximately 1 billion pounds of crude glycerol per year (assuming 70%ogburit
crude glycerol). This value is billions of pounds less than the amount of crude glycezotlgu
produced by biodiesel production. As early as 2008, there was already an ex&bslioh~
Ibs of crude glycerol produced per year.[5] Even in this extreme scenario,éhementially
billions and billions of pounds of crude glycerol that cannot possibly be used to produce 1,3-
propanediol. Plus, itis likely that 1,3-propanediol yields from crude glycelicdamitinue to
improve, which means that even less crude glycerol would be required in the future.

The situation is similar for the other promising options. The total market226)(for
commodity chemicals, rated as promising derivatives of crude glycerol bi&epartment of
Energy, was approximately 7.4 billion pounds per year [25]. If it was assumehlehmbduct

yield of around 0.2 grams per gram of crude glycerol and that glycerol behamnly
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feedstock, this would require 37 billion pounds of crude glycerol a year. Even though this
situation is idealistic and it is unlikely that crude glycerol could be converte@wety
promising product, 37 billion Ibs/yr is lower than the potential 125 billion Ibs/yr of crude
glycerol that could be produced by making diesel fuel completely renewable.

Crude glycerol should be converted into 1,3-propanediol, succinic acid, and other
commodity chemicals. Research should still continue in those areas but the amount of crude
glycerol that could hit the market far exceeds the demand for these cherticalsecessary to

find additional uses for crude glycerol.

2.3 Reforming

One very promising method that can address the glycerol glut is to use reforming
techniques to make a hydrogen rich gas or synthesis gas §@€htgas) [36]. There are
several advantages for using crude glycerol to produce hydrogen. Firstptha@mgfof
hydrocarbons is a well-known, mature and efficient technology [37]. Second, thionee
hydrogen is growing drastically (for fuel cells, renewable hydrogenatixations, etc.) [1].
Reforming techniques can be successful to produce synthesis gas as well. rigedarmi
produce a product gas that is mostly syngas af@®ratio of about two [38]. Syngas ratios in
this range are suitable for use in Fischer-Tropsch reactions to produce productslikdigsel
[39], methanol [40], and many others [40]. Figure 2.3a[3] shows the wide range of products that
can be produced from synthesis gas. Many of these different methods can be atedipty a

biodiesel production facility to lower operating costs and elimanate thergjlgget.

18



Wames Ciefins
Diesel Gasoliine

/ MTBE
Mixed \ Acetic Acid

bl
Alcohols Fischer-Tropsc E
L Formaldehyde L
8 . % g
< B4
Syngas
CO+H, Methanol
'
HO T
W'EfE- 400
Purify| 577 DME
; M100
NH, ¢ H DMFC
0, AL, Cal) 2

Figure 2.3¢[3] — Different potential products of
synthesis gas.

Reforming Methods

There are several different types of reforming that are being stutkad seforming,
aqueous-phase, autothermal, and supercritical reforming processes. Anotherthaices
produces similar results is partial oxidation. All of these reactions havetivantages and
disadvantages. For example, supercritical water reforming of glycangiroduce a high yield
of hydrogen [41]. Also, it shows the ability to limit tar and coke formation angrtiduct gas
comes available with high pressure [36]. Unfortunately, it requires high tenmesrand
pressures to operate (~900 °C and 240 atm [41]), which are expensive.

Steam reforming is the most common method to produce hydrogen in the chemical
industry [1]. It is effective at providing complete conversion and high hydrogkls y&¥, 42].
The main downside to this type of reforming is its highly endothermic nature veuuohres a

large amount of added heat to overcome [43].
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According to Luo [44], agueous-phase reforming (APR) is a newer technique that
operates at much lower temperatures than other methods, the reaction occurquidtpbase,
and it is efficient at limiting CO production. The downside to APR is that custedies have
not been able to produce high conversions and hydrogen yields compared to more traditional
methods [1]. Also, if the production goal is synthesis gas and not highly purifiecheydro
limiting CO production is counter-productive.

Partial oxidation is when glycerol is converted in the presence of air [1$. pftcess
has some significant advantages. First, the partial oxidation reacticstheexic instead of
endothermic. Therefore, the reaction does not require additional heat to hestselfusg. This
means that a partial oxidation reactor would be more compact and have adastgy sine
than other reforming reactors [45]. Also, due to the nature of the reactionl, adé&tion can
be performed with or without a catalyst [39]. The downsides to partial oxidation cart &g jus
significant, depending on the product goal. Partial oxidation reactions have kovegén
yields and a high rate of side-reactions [45]. If a high purity product is depagial oxidation
is not the pathway of choice.

Autothermal reforming is a combination of partial oxidation refogmand steam
reforming [1]. It does this by simultaneously feeding glycemol, and water into the reactor.
This enables an autothermal reformer to react at the thermal neutral ponea@ter heat duty is
zero or Q = 0) [43]. Autothermal reforming can have a relatihédjn hydrogen yield and
selectivity, but still inhibit coke and char formation on the lgatadue to the presence of oxygen
[46, 47]. Still, on a thermodynamic basis, the amount of hydrogen pibdriga autothermal

reforming would be less than traditional steam reforming [1].
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Table 2.3a- Common operating conditions and expected exparial results for
different methods of hydrogen production from glpdeAdapted from Adhikari et
al. [1], Luo et al. [44], and Byrd et al. [48].

Temp Pressure Q Hydrogen Selectivity Conversion
Steam Reforming 400 - 900 °C 1 bar Endothermic 70-90% 00%4
Partial Oxidation 800 - 1055 °C 1 bar Exothermic 50-60% ~100%
Autothermal Reforming 500 - 1055 °C 1 bar 0 ~79% ~100%
Auqueous-phase Reforming 225 -265°C 29-56 bar Emdatic 50-60% ~57%
Supercritical reforming 700-800°C 241 bar EndothHerm 90-95% ~100%

Table 2.3a [1, 44, 48] compares the partial oxidation and the reforming methods. For this
paper, the steam reforming method was chosen because it is simple and it hagythe abil
produce high levels of +br syngas (depending on the operating conditions).
Kinetics of Glycerol Steam Reforming
There are several possible side reactions in glycerol steam reforntithgf tBe reaction

occurs ideally, the overall reaction should be [37]:

CsHsO3+3HO0 - 3CO+7H  (Eq. 1)

Ideally, seven moles of fare produced for every mole of glycerol fed to the reactor. This
type of hydrogen production is hard to achieve due to the presence of side reddti®mnsain

side reactions are listed below [49]:

CsHgO3 - 3CO+4H (Eq. 2)
CO+HO - CO+H; (Eq. 3)
CO+3H« CHs + HO (Eq. 4)
CH;+H O~ CO+3H (Eq. 5)

CH;+CO,«+~2CO+2H (Eq. 6)
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Equations 2 and 3 end up being the most important. Equation 2 is the direct decomposition
of glycerol into gaseous products. This is often the first step of the overdlitadeton (Eq. 1).
Equation 3 is the water gas shift (WGS) reaction. The direct decomposittiomesnd the
WGS reaction combine to form the overall ideal reaction (Eg. 1). Whether the final pgodlic
is hydrogen or synthesis gas, the water gas shift reaction is eltierpertant to understand. It
determines whether the product gas is suitable as a hydrogen rich gas orsissgathe

The other reactions are methanation (Eq. 4), methane steam rgfof(Eq. 5), and a
methane dry reforming reaction (Eq. 6). They play a largeinoteetermining the amount of
methane in the product gas. Table 2.3.1a[50] provides a list of reaetiong with their heat of

reaction) that can occur during glycerol steam reforming.

Table 2.3.1a List of Potential Reactions in Glycerin
Steam Reforming. Adapted from Slinn et al. [50].

1 C3HgO3 + 3H,0O > 7H, + 3CG, + 128 kJ/mol
2 CyHgO5 < 4H, + 3CO + 250 kJ/mol
3 C+HO-CO+H + 131 kJ/mol
4 CO+HO« CO,+H, - 41 kJ/mol

5 C+2H < CH, - 75 kd/mol

6 CO + 3H <> CH, + H,0 - 206 kJ/mol
7 CO, + 4H, <> CH, + 2H,0 - 165 kJ/mol
8 C+CQO « 2CO + 172 kd/mol
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As can be seen in Table 2.3a, glycerol steam reforming is highly endothedmglia
require signigicant amounts of added energy to maintain the reactionlsti important to have
an excess of water to help prevent the formation of g4 and coke on the catalyst surface.

According to Czernik et al [51], the typical reaction mechanism in glyséeam reforming
is that the glycerol molecules are dissociatively adsorbed onto the nystallite sites. At the
same time, water molecules adsorb onto the surface of the support. Hydrogen is prodioueed by
dehydrogenation of the organic molecules and the reaction of the broken up oagmiens
with nearby hydroxyl groups. These migrate to the support at the metalltegésaipport
interfaces. This second reaction also results in the formation of carbon oxidesd CQyn
Some side-reactions can occur at the same time that lead to carbon depositsdarthe
catalyst surface.

If the reactant does not contain enough water, or another oxidizing component, coking wil
start to form [50]. Coking will eventually cause the blockage of theysagabres and in
extreme cases the complete failure of the reactor.

Crude glycerol adds additional complications to glycerol reforming. Fnple,

reactor plugging is a problem that could possibly occur during crude glyteaoh reforming
[36]. Char formation or polymerization of reforming products can cause thtsrgheogging to
occur. Also, precipitation of inorganic salts in the heating zone could cause plW@gjing ¢
prevent tar and coke formation, and thereby reactor plugging, it is very important tstande

the pyrolysis of crude glycerol [52].

If these complications can be prevented, it is possible that crude glycerolirgfaan
compare favorably to pure glycerol reforming. For example, cruderghyjitas shown the

ability to improve H and total gas production. Valliyappan et al. [39] contribute this to the
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presence of potassium in the crude glycerol. Potassium has the tendency to fgasifittegion
process. This helps to prevent deactivation of the catalyst by limitingaesithiat cause

coking.

Thermodynamic Analysis

Several different thermodynamic studies have been performed for glgtegial reforming
[49, 53-56]. They provide estimates for product gas compositions over a range of steam
reforming operating conditions. It is very important to understand the thermodgriashind
glycerol steam reforming. For example, if the operating conditions are nettcahe catalyst
will not be effective and a large range of products could be formed. FigurelP3iovs the
potential reaction pathways in the glycerol reforming process. A wide odipgeducts can be

formed from glycerol.

Figure 2.3b[1] - Potential reaction pathways in the
glycerol reforming proces
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According to Dou et al.[52] in their study about the thermogravimetrics of giyderol,
the initial products of pyrolysis of glycerol are CO, acetaldehyde, anteacr When
acetaldehyde and acrolein decompose further, they mostly produce G@n@Hy. Still, if the
operating temperature drops, due to the endothermic nature of glycerol ste@nngfthe
decomposition of acetaldehyde and acrolein into gas can be slowed. Therefamgatriant to
maintain high temperatures in the reactor.

According to Chen et al. [54], in their thermodynamic study for glyceealnst
reforming, there are five main parameters to consider during glyceashseforming. They are
reaction temperature, reaction pressure, water to glycerol feed rab@fregactants to inert
gas, and the feeding gas flow rate (residence time). For these fivegpens they found that
the optimum reaction conditions for hydrogen production are at high temperatures, low
pressures, low reactant to carrier gas fed rates, and a low gas floar @tagher residence
time). Also, they found that the optimum water to glycerol ratio is about 9.0. Of these
parameters, they found that the water to glycerol ratio is the most importaetérmining
glycerol conversion in the reactor.

Adhikari et al. [53] gave similar values for the optimum operating conditions for
hydrogen production. They said that the optimum temperature was approximately&H0 K
°C). Below this temperature, hydrogen production dropped significantly; ad)yeabove 960 K,
hydrogen production drop was slow but minimal. (e.g. Moles of hydrogen at 800K = 4.7, 960 K
=6, 1000 K =5.8). The optimum pressure was atmospheric (1 atm) and the best water to

glycerol ratio was 9:1.
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2.3.1 Catalyst Choice

The steam reforming of pure glycerol has been studied extensively teevasal years.
According to Pairojpiriyakul [43], Nj-Al 203, Ni/a-Al 03, Ni/MgO, Ni/CeQ, Ni/TiOy,
Ni/CeO,/Al 03, La;«CeNiOs, Ru/Y,03, Ir, Co/CeQ, Rh/ALOs, Pt/ALOs, Pd/ALOs, Ir/Al 03,
RuU/Al,Os, and Ce/AdO; catalysts have been developed and tested for hydrogen production from
steam reforming of pure glycerol. Iriondo et al. [37] compared Nuk/a-Al 03, Pt/LgOs/y-
Al,O3, and Pt/Ni/LaOs/y-Al,03. They found that a NifAl ;O3 catalyst modified with 6% L&
outperformed a regular NHAI,O3 at producing hydrogen and limiting coking.

Adhikari et al. have performed several studies with a wide variety of datéNidMgO,
Ni/y-Al .03, RhA-Al 03, Pth-Al,0s, Pdi-Al,0s, Iry-Al,0s, Ruk-Al,0s, and Cey-Al,03) [42,
53]. They found the most effective catalysts to be Ni/MgO angAO;. Chiodo et al. [57]
looked at Rh/AJO3, Ni/Al,O3, Ni/MgO, and Ni/Ce@and found that Rh/AD3 to be the most
effective at limiting coke formation and producing hydrogen. Chirag et al. [2d]niskel
catalysts (Ni/Ce@and Ni/ZrQ/CeQ,) to reform pure glycerol. They found that at 700 C a
Ni/ZrO,/CeQ, catalyst can maintain its activity and ayeld of four for 14 hours. There are
many other useful studies that, for the sake of brevity, are not listed here. Thabesto start
looking for more information are the review articles by Adhikari et al. and ¥aatal. [1, 58].

There are several factors that need to be focused on when picking a catdhyist f
process. First, just like any catalyst, it is important that the meta high order of reactivity.
For glycerol steam reforming, the order of activity for a variety of lmé&aRuRh > Ni > Ir >
Co > Pt > Pd > Fe [59]. Also, itis important that a glycerol steam reformiatysishas the
ability to successfully reform glycerol and methane simultaneouslyvatesa significant

amount of methane can be produced [54]. If the goal is to produce the most synthesis or
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hydrogen gas possible, this is very important because for every mole of méthase t
produced, two potential moles of hydrogen are lost.

One metal that has shown promise is nickel. Nickel has been shown to be an active
catalyst for hydrogen production during the steam reforming of ethanol G6§fjould follow
that it would be effective at glycerol reforming as well. Nickel has a&ghity for C-C and
O-H bond cleavage. Also, Ni is successful at making H atoms bond to form molegular H
because it has a high activity for hydrogenation [60]. Using a nickel cadalgsthave its
downsides. According to Ni et al. [60], nickel is less active for water-gésesdctions. Also Ni
et al. state that Ni-based catalysts suffer from coke formation caysksthydration and that the
nickel metals tend to sinter during reaction, which can lead to significant drppsduction for
long-term operations. The support of the catalyst can help address these issDeZn®gand
Ce( have tendencies to inhibit coke formation due to their basic natus®; heomotes
dehydrogenation and does not induce coke formation [60]. On the other hand, a support like
Al,O; causes the coke formation to be more prevalent because it promotes dehydratatsdue
acidic nature [60].

Alumina is considered a good support because it has a high surface area that helps
provide a higher metal dispersion. In addition, it shows good chemical and mechanical
resistance [61]. The downside to alumina is that it has a tendency to promot& catahg
[61] because it has a slightly acidic nature that attacks the carbon-carbon bagahin or
molecules. Also, alumina can promote sintering at higher temperatures [37¢ af&éwo
main types of alumina supporisAl,O3; anda-Al,03. y-Al 03 provides higher metal dispersion

and surface area butAl ;O3 provides a better mechanical resistance [61].
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In terms of crude glycerol reforming, research into appropriate ctstadystill in its
infancy. Dou et al. [62] reformed crude glycerol with and without in-sity @oval over a Ni
based commercial steam reforming catalyst (mostly MgO and Cda@@)y fdund that hydrogen
selectivity was slightly higher for crude glycerol reforming than foemlycerol reforming.
Valliyappan et al. [39] reformed pure and crude glycerol overjaAlyO; catalyst at 800 °C
and atmospheric pressure. They further found that crude glycerol reformiallyiptovides a
higher hydrogen yield than pure glycerol reforming. Additionally, theyvabte to produce a
higher purity synthesis gas with crude glycerol (93 mol%CB ratio of 1.94). Unfortunately,
they do not provide information about the long-term effects of the crude glycerol atahgstc
besides providing the percentage of the reaction mixture that became char.

To fully understand the feasibility of using crude glycerol to produce hydrogen or
synthesis gas, it is important to know more about the long-term effects ofggheties found in
crude glycerol on steam reforming. This study attempts to look at this bytwsingw-cost,
commonly used steam reforming catalysts: a commerciglApO; catalyst and a homemade
Ni/MgO catalyst. These two catalysts were chosen because they hawshbem to be
successful at providing some of the best hydrogen selectivity and icagalyvity for pure
glycerol steam reforming in literature [37, 42, 53]. Furthermore;AifOs; was chosen because
it was donated by the Evonik Degussa Corporation. Ni/MgO was chosen becausbatiexsed
Ni/y-Al,O3 may cause coking and catalyst deactivation. MgO supports have been shown to
inhibit coke and tar formation during steam reforming reactions [60]. Furthermisrefudy
looks into the pretreatment of crude glycerol, in an attempt to find cheap, easy methods t

improve catalyst life and product purity.
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Chapter 3

Experimental

3.1 Catalyst Production

Two different catalysts were used during this study. One was a corahidifg-Al O3
catalyst. The other was a 5% Ni/MgO catalyst prepared by the incipiamsgampregnation
technique.
3.1.1 Commercial Catalyst

Octolyst 1001, a commercial NiAl O3 catalyst, was donated by Evonik Degussa
Corporation. According to the catalyst specifications sheet provided by EvonitysDdi001 is
composed of 80-85% aluminum oxideAl .03, 3-7% nickel (Ni), and 8-15% nickel monoxide
(NiO). Overall, the nickel content is around 14-17 weight %. The initial catlibsteter was

1.5-1.7 mm but it was ground down to 60 mesh before use.

Table 3.1.1a Octolyst 1001

Physico-chemical data provided by Evonik
Nickel 14 - 17 %
Diameter 1.5-1.7 mm

Bulk density ~ 700-900 kg/n
BET surface area  >150 m?g

3.1.2 Incipient Wetness Technique

A 5% Ni/MgO catalyst was prepared via the incipient wetness technicaeoAdtive
MgO Plus support was obtained from NanoScale Corporation based in Manhattan, K$. Nicke
was bought from Alpha Aesar in the form of Nickel(ll) nitrate hexahydrater Ahpregnation,

the catalyst was dried for 12 hours at 110 °C. Then, it was calcined under an air emtifonme
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seven hours at 500 °C with a ramp rate of 10 °C/min. After calcination, the tata$ysieved
to 60-80 mesh patrticle size.
3.2Thermodynamic Analysis

A thermodynamic analysis was performed to determine the effect of metrahta
estimate the thermodynamic equilibrium of crude and acid-washed glyefnohing. Several
thermodynamic studies have been performed to determine the optimum operatingr® fatiti
pure glycerol reforming [53-57]. These studies, which have been previously disgossed,
significant detail about the effect WRR has on glycerol steam reformingy Show that the
WRR has a direct relationship with hydrogen selectivity and yield. As RR Wcreases,
hydrogen yield and selectivity increase but at higher WRR the effeciwed|[53, 54]. The
optimum WRR for hydrogen production from pure glycerol steam reformingas 8:&team to
carbon atom ratio (S/C) of 3:1 [53, 54].

For this study, the thermodynamic equilibrium versus temperature was bheéthef
minimization of Gibbs free energy. The calculations were performed in Cheror a variety
of different reactant feed conditions using a Gibbs free energy reactotibigu values were
calculated every 25 °C from 450 °C to 1100 °C for reactant feeds of 9:1 WRRs with different
amounts of methanol: 0.0 mol %, 1.0 mol %, 2.5 mol %, 3.5 mol %, and 5 mol %. The
compositions listed are based off the methanol content of the entire reactah(engl %
methanol is 90 mol % water, 9 mol % glycerol, and 1 mol % methanol). The remaining
operating conditions were based off those used in the experimental procedure (F, cakragr
gas flow rate = 50 mL/min, reactant (liquid) flow rate = 0.15 mL/min). In additmualilrium
values were calculated from 450 °C to 1100 °C for reactant feeds based off of the feed

compositions used for the crude and acid-washed runs in this project. Table 3.2a pnevides t
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molar compositions of the feeds used in the thermodynamic equilibrium analysistedings
carbon atom ratio is provided as well because it has a greater effect on equiklamutinet
WRR.

Table 3.2a -Molar composition of feeds used in thermodynamic equilibranalysis

Run % Glycerol % Methanol % Water WRR S/IC

Pure Glycerin (0 mol % methanol) 10.0 0.0 90.0 9.0 3.0
1.0 mol % methanol 9.0 1.0 90.0 9.0 3.2

2.5 mol % methanol 7.5 2.5 90.0 9.0 3.6

3.5 mol % methanol 6.5 3.5 90.0 9.0 3.9

5.0 mol % methanol 5.0 5.0 90.0 9.0 4.5
Crude Glycerol 8.8 3.3 87.9 7.3 3.0

Ni/MgO acid-washed run 5.0 4.0 91.0 10.1 4.8

Ni/y-Al,O5 acid-washed run 6.1 4.4 89.4 8.5 3.9

3.3Reactor Set-up
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Figure 3.3a— Schematic of Reactor Tube

Catalytic tests were performed in a 12 mm O.D. quartz tube pdeddeactor. Figure
3.3a shows the set-up of the reactor. The reactor was composed diffevent zones: a
preheating and vaporization zone and a reaction zone. The heatinga®necgssary to gasify
the liquid reactant. Inside this heating zone, a small inner tuli2 @mm) was placed inside
the reactor. The liquid reactant (water/glycerol) was pagsedgh this inner tube and would
gasify before reaching the outlet. The rest of the heatingwasdilled with a 5% Bin argon
carrier gas (50 ml/min). The inner-tube ended at least 2 ¢omvlibe reaction zone to allow

radial dispersion of the gasified reactant throughout the reactor.
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The reaction zone’s catalyst bed was filled with approximd&e&lyg of 60 mesh catalyst
and 0.2 g of inert SiQ(Sigma Aldrich Part # 342831-100G), for heat control. These were mixed
thoroughly and packed between two layers of quartz wool (Grace ddaldscovery Science
Cat # 4033) for support. Directly above the catalyst bed, a Kthgrenocouple, from Omega,
was placed to monitor reactor bed temperature.

The thermocouple sent a signal to a computer equipped with Nati@atories
Labview version 8.6 software. This software was used was to cah&obven and monitor
reactor bed temperature. For these tasks, Labview usedan®dtistruments (NI) NCI PCI-
6221 37-pin board (part # 779418-01), a SH37F-37M connector cable (NI part # 778621-02),
and a CB-37FH-unshielded, horizontal DIN railmount (NI part # 778673-01) tootdhe
reactor oven through a solid state relay. The thermocouple sugisahooked up to the 37-pin
board.

The 50 amp solid state relay (Omega part # SSR330DC50) was enuclibed a
polycarbonate enclosure (McMaster-Carr part # 7360K63). The overtomgsrised of two
semi-cylindrical ceramic fiber heaters (Watlow part # VS402A06@AR). These were bought
through the Richard Greene Company and assembled to make an opmknytablrical heater
that had a 2” ID and was 6” long. The power output for each sgmdadcal heater was 60 vac
and 275 Watt.

Depending on the run, either pure glycerol (ultrapure, HPLC Grad&#26-81-5) from
Alpha Aesar or crude glycerol, obtained from the KU Biodieselatnfe was mixed with
distilled water (approximately 70 volume %® 30% pure/crude/acid-washed glycerol). This
mixture was pumped into the heating zone of the reactor by sorG805 Pump with a 10 SC

pumphead at 0.15 ml/min.
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A Porter CM 4 mass flow controller was used to control twoePanass flow meters to
regulate carrier and reduction gas flows through the reactor.carher gas was a 5% Ar.
The reduction gas was a 5% i Ar. Both tanks were bought from Matheson Gas, the parent

company of Linweld Inc.

Outlet to iood

Figure 3.3b- Overall schematic diagram of the small scale reformer. (1) 5%

nitrogen/argon cylinder; (2) 5% hydrogen/argon cylinder; (3) mass flow clemtfot inlet

gases; (4) Inlet pump for liquid water-glycerol mix; (5) Reactor OverC @hputer

(temperature control); (7) Ice Bath and Liquid Product Collection; (8)88R0 Gas

Chromatoaraph;(9) Computer (GC contr

After leaving the reactor, the reaction mixture was directed to a Pgnebenser through

Swagelok stainless steel 34" tubing. This condenser was placed directly abme-mouthed
1000 ml glass collection vessel, which was placed in an ice bath to ensure camplietesation
of H,O. One mouth was blocked off with a rubber cork, the middle mouth led to a gas
chromatograph for analysis, and the last mouth was attached to a Pyrex con@ieaseaction
mixture would flow into the condenser where the water would condense. The water would flow

into the 1000 ml glass vessel for collection. The gases would flow through the condelnber a

collection vessel to the GC for analysis.
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All tubing and fittings were bought from Swagelok. Quartz tubing piaarchased from
GM Associates. The overall reactor set-up is shown in Figure 3.3b.
3.4 Operating Conditions

Before the reaction, it was necessary to reduce each catalyst withnait ofl5% H in
Argon. Nik-Al,O3 was reduced at 600 °C for an hour and a half. Ni/MgO was reduced at 825
°C for an hour and a half. These reducing conditions were based off conditions useatimdite
[57, 63]. The reduction temperatures will not be the same because Ni interacestlyff@ith
MgO andy-Al ,0s.

There were three different runs for each catalyst. For each catalgstcpude, and acid-
washed glycerol runs were performed. The conditions for producing acid-wasbebnd
its components are discussed later. The reaction conditions were kept constartyfoure
The operating temperature was at 725 °C, with a liquid flow rate of reactadbanl/min. This
reaction temperature was based on the results of thermodynamic studies faenatund [53,
56]. These studies show that the optimum operating temperature for hydrogenipnodiuchg
pure glycerol steam reforming is above 900 K or (627 °C). Past this point the hygelge
will hold steady around 6 but if the temperature drops below this temperature tbgdrygireld
drops quickly (e.g. at 550 °C the hydrogen yield drops to 5). Due to the endothermic nature of
the reaction and the response time lag of the heating program, the operatingtisrmpeas set
to 725 °C to ensure the temperature would remain above 627 °C. The carrier gatefloasra
set at 50 ml/min. The gas hourly space velocity (GHSV) for-NiOs; was 44000 ht and for
Ni/MgO it was 29000 Kt. The main reason for the large difference in GHSV is due to the

density differences between the two catalysts.
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3.5Reaction Analysis

A SRI GC 8610C was used with Peaksimple 3.85 32 bit software (SRI) to collect
chromatographs. The SRI GC 8610C was equipped with a TCD (Thermal Conductivity
Detector) and a FID (Flame lonization Detector). The TCD was used td datkanalyze N
and H, concentrations but could also detect CO4QED,, and higher level hydrocarbons. The
FID was not able to detect.lnd H but could more precisely detect CO, £B80,, and higher
level hydrocarbons (like ethane and ethylene) than the TCD. The operatingocanditthe GC

are shown in Table 3.5a.

Table 3.5a- GC operating conditions
Hold at 50 C for 1 min
Tstar=50 C Hold for 1 min

Tramp= 15 C/min
Tinas = 170 C  Hold for 2 min

Before each run, the GC was calibrated with a calibration gas. This gasedraqual
parts B, CO, CQ, CH,, C;Hg, and GH,4. Overall, the concentration for each of these gases was
16.89%, 16.64%, 16.61%, 16.59%, 16.65%, and 16.62%idC8, CQ, CH,, C;Hs, and GHa,
respectively. The calibration gas tank was obtained through Matheson Gas, theq@agany
of Linweld Inc.

After the reaction was finished, the performance of the reactions was et oy the

following equations:

C atoms in gas products

%Glycerol conversion to gas = * 100 (Eq. 7)

total C atoms in the feedstock

C atom in species "i"

Carbon selectivity = * 100 (Eq. 8)

C atoms produced in gas phase

36



refractometer and distilled to remove all of the water.

Where species “I” is CO, GOCH,, CH,4, and GHe.

moles of hydrogen produced

* 100

Hydrogen Yield =

moles of glycerol and methanol fed

moles of hydrogen produced 1
ydrogen p * — % 100

C atoms produced in gas phase RR

Hydrogen selectivity =

Where, for pure glycerol:

wl 3

RR =
And for crude glycerol:

7 3
RR = 3 * % Glycerin + 1 * % Methanol

3.6Liquid Product Analysis

(Eq. 9)

(Eq. 10)

To ensure conversion was 100%, the final liquid product was analyitledam index
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refractometer from Reichert compared the liquid product withildstwvater. If conversion was
100%, the liquid product and distilled water provided the same signab, ilsonversion is
complete, there no liquid will be left in the boiling flask aféedistillation. For the distillation,

15 ml of product was placed in a glass vessel with boiling stoiibe glass flask was placed



into a heating bath set for 110 C and the liquid was boiled off wrtiptetion. The steam was
sent through a condenser where it was collected and measured.
3.7 Crude Glycerol Refining

It was determined early on that the impurities found in crude gilyceay necessitate
some reactant pretreatment. The soap and salt impurities wadtygmnhibit catalyst and
reactor performance and prevent crude glycerol steam refgrirom being feasible. It was
deemed necessary to find a way to prevent these impurities rfewatively affecting the
reaction.
3.7.1 Acid-Wash Experiment

If the impurities found in crude glycerol prevented crude glycerol reforfnamy being
viable, it was decided to attempt a simple cleaning of the reactant to intheoperformance of
the reaction. Literature has shown that a simple acid wash can removefrttaagalts and
free-fatty acids present in the crude glycerol [28]. The first step wasetordee the proper
amount of acetic acid needed to get phase separation between the glycerol éaitlysaep/
layers. A simple acid wash experiment was prepared; the procedure is shownndiRpgpe
After the results of this experiment, it was determined that the best natieeforude glycerol
acid wash was ~3.25 ml of 5 M acetic acid for every 20 ml of crude glycerouide giycerol
containing around 20000 mg/L of catalyst. This ratio provided two distinct phases. The top
phase contained the free fatty acids, unreacted triglycerides, and somaaltth The bottom
phase contained crude glycerol, methanol and the rest of the remaining salts.
3.8 Catalyst Characterization

3.8.1 Bruanauer-Emmett-Teller (BET)
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BET analysis was performed on both catalysts to determingcsuafea and pore volume
of the catalysts. This information was collected to gain abatiderstanding of any potential
mass transfer limitations. Low surface areas and smalldmeeters can indicate the catalyst is
not performing at a kinetically optimum rate. Analysis wadgqgmmed by a Micrometrics-
Gemini 2360 at the Center for Environmentally Beneficial CatalfCEBC). Before analysis,
samples were dried for 2 hours at 90 C with a Micrometrics Fiepvp60 under a slow Nlow.
During the run, the catalyst was placed in a test tube thaplaesd in a liquid nitrogen bath.
The pressure was slowly evacuated from the tube to deterneneutnber of absorbed gas
particles attached to the catalysts. Gemini 2360 v.5.01 softwaresed to control and analyze

the run.

3.8.2 Electron Microscopy (TEM/STEM)

Transmission electron microscopy (TEM) and scanning transmission electnascopy
(STEM) analysis was performed at the Microscopy and Aitalytmaging Laboratory at KU.
A FEI Tecnai F20 XT Field Emission Transmission Electron bicope was used for TEM and
STEM. The samples were placed on Lacey Carbon Film on 200 mesh appjserfrom
Electron Microscopy Sciences. The images were takenaietyof resolutions with assistance
from the Microscopy and Analytical Laboratory staff. From ¢h@mages, an estimate for
average nickel particle size can be determined. Also, th@sges provide a visible
representation of the dispersion of the nickel on the catalyst surface.

3.8.3 X-Ray Diffraction (XRD)

XRD was performed at the Structural Biology Center at the Universityans#s to

determine the identity of nickel bonds on the catalyst surface. From this datddibe

determined how the nickel was bonding to the catalyst support. Room temperatypowdar
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patterns were obtained using monochromateddCradliation £= 1.54178 A) on a Bruker
Proteum Diffraction System equipped with Helios high-brilliance multilaytics, a Platinum
135 CCD detector and a Bruker MicroStar microfocus rotating anode x-ray souragngpat
45kV and 60mA. The powders were mixed with a small amount of Paratone N oil to form a
paste that was then placed in a small (< 0.5 mm.) nylon kryoloop and mounted on a goniometer
head. The specimen was then positioned at the goniometer center-of-motion byinaitgin
the goniometer head. Two overlapping 1 minute 1888ans were collected using the Bruker
Apex2 V2010.3-0 software package with the detectof at 25° and 90° using a sample-to-
detector distance of 50.0 mm. These overlapping scans were merged and converted\to a .RA
file using the Pilot/XRD2 evaluation option that is part of the APEX2 software gackehis
.RAW file was then processed using the Bruker EVA powder diffraction softwakagea.
3.8.4 Chemisorption

Chemisorption was performed to determine nickel dispersion on bothystatal
Approximately, 0.2 grams of fresh unreduced catalyst was loaded ainMicrometrics
AutoChem 2910 at the Center for Environmentally Beneficial Castalydhe catalyst was
prepped by flowing argon over the catalyst and ramping the tetapeta 850 °C at a ramp rate
of 10 °C/min. After the temperature cooled, the catalyst wdsced by flowing 10.3% Hn
argon and ramping the temperature at 10 C/min to 850 °C. The temperature wakdampéo
50 °C, where chemisorption was performed by pulsing 10% CO in heliuhthenpeaks caused
by the pulses were equal. Win 2920 v 4.02 software was used to camiradnalyze the
experiment.

3.8.5 Temperature Programmed Reduction (TPR)
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TPR analysis was performed at the Center for Environmentahefial Catalysis to
determine the temperature at which the nickel oxides would reduddicrometrics AutoChem
2910, with Win 2920 v. 4.02 software, was used to perform TPR. Approximately;adia of
fresh unreduced catalyst was loaded into the Micrometrics AutoChiém sample was prepared
by flowing argon over the catalyst and ramping the temper&u8&0 °C at a ramp rate of 10
°C/min. The temperature was allowed to cool and the gas flowchasged to 10.3% Hn
argon. The temperature was ramped to 925 °C at 15 °C/min. rizndheonductivity detector
(TCD) signal was plotted versus time to find the reduction peaks.

3.8.6 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR analysis was performed on both catalysts to identify the speatestdorbed to the
surface of the fresh and spent catalysts. FTIR was perfoaheétde KU Bioengineering
Research Center on a Perkin Elmer Spectrum 400 FT-IR/FT-Ni&t®meter. A Pike
Technologies GladiATR was attached to the FTIR. The speatere collected from
wavelengths of 4000 to 650 Emwith a 4.0 crit resolution.
3.9Crude Glycerol Analysis

ICP analysis was performed on crude glycerol to determirieasdl metal content.
Samples were sent to Trinity Analytical Laboratories, Indvlound Valley, KS. Samples were
tested for Ca, Mg, K, Na (EPA 6010 B) and P (SM 4500-P B, 5).

In addition to ICP, crude and acid-washed glycerol was distifledtbtermine methanol
and water content. Distillations were two-stage processesst, Riethanol was boiled off,
collected, and measured. After measuring the remaining liguate(, glycerol, etc.), the water

was boiled off, collected, and measured.

41



Chapter 4

Results and Discussion

4.1 Catalyst Characterization
4.1.1 BET

BET analysis was performed on both catalysts. Figure 4.1.1a shewssults of the
findings. 15% Nif-Al,O; was found to have a surface area of 22fgrand a pore volume of
0.48 cni/g. The average pore diameter was 8.48 nm. 5% Ni/MgO was shdwane a surface

area of 62.2 Aig and a pore volume of 0.28 ¥ Its average pore diameter was 17.8 nm.

Table 4.1.1a- BET Analysis Results

Catalyst BET Surface Area Pore Volume Avg. Pore Diamet
15% Ni/Al,O5 224 m?/g 0.48 cm3/g 8.48 nm
5% Ni/MgO 62.2 m3/g 0.28 cm3/g 17.8 nm

4.1.2 TEM/SEM

Metal sintering and the average metal particle size weatuated by TEM and SEM
analysis. Figure 4.1.2a shows a TEM of fresh, reduced Octolyst 10@0in tkis image and
others, an average metal particle size between 5-7 nm was foiqude E.1.2b shows a SEM
image of fresh, reduced Octolyst 1001. The average metal pastm# found in this image
corresponded with the TEM images. Figures 4.1.2e and 4.1.2f are imaffeshpfreduced
Ni/MgO. From these images and others, an average nickel lpasize for Ni/MgO of
approximately 20 nm was determined. Figure 4.1.2c shows a TEM image of spenstQ€i0ly
from a pure glycerol reforming reaction. In this image and atliers clear that the average
nickel particle size has increased dramatically due to sigteluring the reaction. The average

nickel particle size increased from approximately 6 nm to approxiynbiehm.
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Figure 4.1.2a- TEM Figure 4.1.2b— SEM Figure 4.1.2c- TEM
image of reduced Octolyst image of reduced Octolyst  image of spent Octolyst
1001. The dark spots are  1001. The nickel deposits ~ 1001 from pure glycerol
nickel deposits on the can be seen on the catalyst reforming. The average
support. metal particle size has
increased during reaction.

_——t . mm o

Figure 4.1.2d- TEM Figure 4.1.2e- SEM
image of reduced Ni/MgO.  image of reduced Ni/MgO.
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4.1.3 XRD

Identity of different metal species was determined on botHystdaby XRD. Figures
4.1.3a and 4.1.3b show the XRD spectra foryMi,0; and Ni/MgO respectively. Gamma-
Al,O3 and NiALO, peaks were found at 2-Theta values of 17.7, 37.4, 45.6, 60.6, 66.9, 76.4, and
85.2. Ni and Ni O peaks were found at 39.8, 52.0, 63.1, and 93.3. Two NiO peaks should have
appeared but were absorbed in the 45.6 and 76.4 peaks because of the maghitseepaiaks.
The identities of these peaks were found in literature.[64-66]

For Ni/MgO, XRD showed the presence of several metal speciess difficult to
determine which peaks belong to NiO and MgO because they havargimsiraction patterns.
The peaks found at 2-Theta values of 37.1, 43.1, 62.5, 74.9, and 78.8 belong taVgRiOp.
Peaks at 47.2 and 58.7 signify the presence of Ni. The identity of pleaks was based off

previous studies found in literature.[67-69].

g

10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
90 100 90 100
2-Theta Scale 2-Theta Scale
Figure 4.1.3a— XRD spectra for Figure 4.1.3b— XRD spectra for
fresh, reduced Ni*Al O, fresh, reduced Ni/MgO.
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4.1.4 Chemisorption

Determination of metal dispersion and active particle size wadgormed by
chemisorption analysis on fresh, reduced catalysts. From thesssyvah estimate for active
metal sites per gram of catalyst was calculated. Table 4shdws the results of the
chemisorption analysis. It was found thatyNM O3 had a metal dispersion of about 5.4% and
an average particle diameter of 18.8 nm. The average palaaheter found here is higher than
the value calculated by TEM/SEM analysis for fresh, reducedMiOs. This is due to the fact
that prior to chemisorption analysis, TPR analysis was pertbrm&e TPR analysis was
performed up to 850 °C. For TEM/SEM analysis, the catalystreduced at 600 °C. This was
the temperature used to reduce the catalyst prior to reaclitbe TPR analysis maximum
temperature was required to be higher than the normal reductionrédunpeto ensure that
reduction peaks were not missed. The higher reduction temperatdreursegy TPR analysis
caused nickel sintering to occur and increased the average nickeepanic! In the future, TPR
analysis and Chemisorption analysis should be performed separately.

The results for Ni/MgO corresponded closely to the results fourftEBM/SEM analysis.
This is due to the fact that Ni/MgO was reduced at a tagtperature for both studies (825 and
850 °C). The reduction temperature for Ni/MgO was different becaiekel and MgO interact
differently than nickel ang-Al,Os. This causes the two catalysts to require different reduction
temperatures. Chemisorption analysis found that metal dispersioappesximately 4.8% and

the active particle diameter was 21.2 nm.

Table 4.1.4a- Chemisorption Results

: . . . . Active sites per
Catalyst Metal Dispersion  Active Particle Diameter P
gram of catalyst

Ni/y-Al,04 5.39% 18.7947 nm 8.30E+19
Ni/MgO A4.77% 21.2174 nm 2.45E+19
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From this data and the metal loading information, the active sites per gratalgstc
were calculated. This was done so that the two catalysts performances cowlce@ecurately
analyzed. For NjtAl,Os, this value was found to be 8.30 x"16ites per gram catalyst. For
Ni/MgO, this value was found to be 2.45 x10This means that the MiAl.Os catalyst had
about 3.4 times as many active sites as Ni/MgO. The difference betweeio ttegtdlysts can
be tied to the increased metal loading and surface areayeAN®; compared to Ni/MgO.

415 TPR

The reduction properties of the catalysts and support were analyz&®@m. Figure
4.1.5a shows the resulting TPR graph foryMil,0s. There were four peaks found in this graph.
A main peak is located at 820 °C. Smaller peaks were locatidgbaP55, and 338 °C. Figure
4.1.5b provides a closer view of the smaller peaks found by TPR analyisé lowest peaks are
associated with the reduction of large particles of NiO that do not form signiboads with the
alumina support.[70] The largest peak (~820 °C) is a combinatiogvefa peaks. It indicates

the reduction of NiAIO, and NiALOy.[71]
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TCD Signal (a.u.)

0 200 400 600 800 1000
Temperature (°C)

Figure 4.15a— TPR graph of Ni-Al ;03

TCD Signal (a.u.)

100 150 200 250 300 350 400
Temperature (°C)

Figure 4.1.5b— Smaller TPR peaks found for f}Al,O;

Figure 4.1.5c¢ shows the TPR graph for Ni/MgO. A main peak wasdfat 910 °C.

Four smaller peaks were found at 117, 276, 383, and 830 °C. It can be diffiéumid TPR
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peaks for Ni/MgO catalysts because of the similarity inalpedr of NiO and MgO. Metallic

nickel has been shown to be supported on MgO in an amorphous or a highlyedispets.[72]

The large peak, containing the peaks at 830 and 910 °C, shows the @resaiukel bonded

into the MgO matrix and are a clear indication of a NiO-MgO solid solution.[73]

TCD Signal (a.u.)

0 200 400 600 800 1000
Temperature (°C)

Figure 4.1.5¢- TPR graph of Ni/MgO
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Figure 4.1.5d— Smaller TPR peaks found for Ni/MgO

416 FTIR

Figure 4.1.6a shows the FTIR spectra foryMil,O;. The goal was to identify the
organic compounds that adhere to catalyst surface during reactiorral$®aks were identified
but only one peak was clearly unique for the spent catalysts. gdaks were found on both the
fresh and spent catalysts. A unique peak was found at approxir@@#ycnt. Figures 4.1.6b,
c compare reduced N#AI203 and the Ni/-Al,O3; used in acid-washed glycerol reforming from
a wavelength of 2700 to 3200 ¢m These graphs show that there is a peak on the used acid-
washed glycerol catalyst but not on the reduced catalyst. THisfipe#n ranges that indicate

the formation of —OH bonds on the catalyst.
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Figure 4.1.6a— FTIR graph of Nif-Al,0O3

== Spent - Acid Washed

3200 3100 3000 2900 2800 2700
Wavelength (cm?)

Figure 4.1.6b— FTIR graph of Nif-Al,Os; used in acid-washed
glycerol reforming
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= Reduced

3100 2900 2700
Wavelength (cm?)

Figure 4.1.6¢c- FTIR graph of fresh, reduced K-Al O3

Figure 4.1.6d shows the FTIR spectra for the various runs that used Ni/MgOtalyst.ca
Several more unique peaks were identified in the spent catalystijue peaks were located at
wavelengths of 2970, 2940, 2875, 1730, 1380, 1235, and 1250 The 2970, 1235, and 1220
cm* peaks fit in ranges that indicate —OH bonds. The 294bpmak may indicate the presence
of a -CHO bond. The peak at 2875tis in the range where a —CH bond peaks appear. 1730
cm® may indicate the presence of a —CsObbnds. Finally, 1380 cthmay indicate the
presence of a —COGHbond on the catalyst. Figures 4.1.6e, f, and g give closer looks at the
areas where peaks are located. The FTIR spectra for NilMgy® successful at showing that
organic compounds are attaching to the catalyst during reaction. Moagaiore precise
understanding of what species are bonding to the catalyst, moredl&t@alR analyses need to
be performed. The method used in this analysis was not quantaativeid not provide the

detail necessary to conclusively identify every unique peak.
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Figure 4.1.6d- FTIR for Ni/MgO
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Figure 4.1.6e— FTIR for Ni/MgO from 1200 to 1400 ¢
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Figure 4.1.6f— FTIR for Ni/MgO from 1600 to 2200 ¢in
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Figure 4.1.6g— FTIR for Ni/MgO from 2800 to 3200 cin

Crude Glycerol

4.2.1 Composition Pre-Acid Wash
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ICP analysis and a distillation were performed on the crugegll that was used in the
reaction. The ICP analysis was performed on the glycefotdé was mixed with BED. The
distillation was performed on a 9:1 molar mixture of water and glycerol.

Table 4.2.1a shows the results of the ICP analysis on crude gly¢Emlanalysis found
that crude glycerol has a very large amount of potassium preséntpwer amounts of sodium
and phosphorus. The large amount of potassium present in the crude glg=edule to the use

of KOH as the catalyst for biodiesel transesterification.

Table 4.2.1a ICP analysis of crude glycerol

Analyte Result  Quantitation Limit Units

Calcium ND 20 mg/L
Magnesium ND 20 mg/L
Potassium 20700 200 mg/L

Sodium 373 20 mg/L
Phosphorus 44.5 4 mg/L

Table 4.2.1b provides the results of the crude glycerol disditlatit was found that the
crude glycerol was approximately 67% water, 5.6% methanol, and 2Tyd&6a. The glycerol
contained many of the impurities left over from biodiesel trapsésation (salts, unreacted

triglycerides, etc.). This means that the actual glycerol content whalgy a little lower.

Table 4.2.1b- Crude glycerol distillation
Total (mL) % Glycerin % Methanol % Water
50.4 27.4 5.6 67.1

4.2.2 Composition Post-Acid Wash
Two different distillations were performed because differatthes of acid-washed
glycerol were used for Ni/MgO and MiAl,Os. Table 4.2.2b provides the results of both acid-

wash glycerol distillations. These solutions were used directlye reaction without removing
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any water or methanol. The acid washed glycerol used by tHdgl catalyst was
approximately 16.9% glycerol, 7.4% methanol, and 75.6% water. For ,NyAlas
approximately 20.0% glycerol, 8.0% methanol, and 72.0% water. The glycethanol ratio
for both mixtures is close to the same. The main differenckeisamount of water that is

present. The glycerol used in the reaction over Ni/MgO was more diluted wih wat

Table 4.2.2b- Acid-washed glycerol distillations

Catalyst Total (mL) % Glycerin % Methanol % Water
Ni/MgO 50.5 16.9 7.4 75.6
Ni/y-Al,04 25.0 20.0 8.0 72.0

4.3  Glycerol Steam Reforming
4.3.1 Pure Glycerol Reforming
4.3.1.1 Octolyst 1001

Pure (99.8%) glycerol steam reforming was performed over a 134ANDO; catalyst
(Octolyst 1001) in a packed bed reactor. 0.4876 g of catalyst and55® catalyst/45% Sik)
were placed into a quartz tube reactor between two pieces of quaot. The catalyst was
reduced for an hour and a half with 5% iH argon (50 ml/min) at approximately 600 °C. The
reactor temperature was allowed to ramp up to 725 °C and allowed to stabidizedbarting the
reaction. Also, the GC was calibrated before the reactiansteated. To start the reaction, a
distilled water-pure glycerol mixture was fed to the reachbra molar ratio of 9:1
(water:glycerol) at a liquid flow rate of 0.15 ml/min (GHSV44000 ht'). GC testing started
within 15 minutes of starting the reactant flow to the reactor.

Reactant was sent to the reactor for 1166 minutes. Duringrtt@sl66.5 ml of reactant

was fed to the reactor (approximately 0.14 mi/min) and 138 mdjoidl product was collected.
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The liquid product was clear for the first six hours of reactiontetfinal product had an oil

layer on top of the water.
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Figure 4.3.1.1&— Product gas composition for pure glycerol
reforming over Niy-Al ;O3

Figures 4.3.1.1a shows the product gas composition for the life of the reaction.

As can be seen in the figure above, the catalyst losestiigyaafter three hours. This
pattern of losing activity after the 3 hour mark is found in sewatadr articles for Ni-Al 05
[63, 74]. Over the first three to four hours, the product gas compositisrapproximately 60-
63% H, 15-18% CO, 18-22 % GHOand 0-2 % CHll Little to no higher level hydrocarbons (0.0-
0.8 %) were present in the gas.

After the eight hour mark, the catalytic activity of theatydt stabilized. The percengH

CO, CQ, CH,, CHg, and GH4 in the product gas was approximately 29%, 47%, 3%, 10%,
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0.5%, and 11% respectively. These values are similar to the coimpdsiund when no catalyst

is used [57, 75].

Figure 4.3.1.1b shows the selectivity of, O, CQ, CH,;, C;Hg, and GH,4 versus time.

During the reaction, there is a drastic drop off in hydrogen setgctH, selectivity drops from

71% to 15%. The increase of ethylene and methane selectivity to is1&3oobvious sign of

catalyst deactivation.
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Figure 4.3.1.1b— Product gas selectivity for pure glycerol refarqi

over Nif-Al O3

Figure 4.3.1.1c shows the estimated conversion of glycerol inegagproducts versus

time. Conversion levels are initially fairly close to 100%. @ieation starts to occur after the

two hour mark and after six hours conversion levels stay between 40-B50¢%ng the reaction,

the reactor tube gained 0.5102 g of weight due to coke and char formation.
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Figure 4.3.1.1c- Product gas Glycerol conversion overy-Al,0;

Figure 4.3.1.1d shows the hydrogen yield versus time for this reactlaitially,

hydrogen yield is high. For every mole of glycerol fed, about 488anoles of hydrogen was

produced. This value drops very quickly with the drop of activity. Afterseven hour mark,

the hydrogen yield drops to 0.4-0.5 moles.
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Figure 4.3.1.1d- Hydrogen yield for pure glycerol reforming ovei¥ryNAI,O5
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The syngas ratio of the product gas versus reaction timesenpeel in Figure 4.3.1.1e.
The syngas ratio starts at a little below four for the Besteral hours of reaction. After seven

hours of reaction time, the syngas ratio stays between 0.5 to 0.6.

Syngas Ratio
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Figure 4.3.1.1e— Product gas syngas ratio for pure glycerol refogm
over Nif-Al ;03

Figure 4.3.1.1f shows the lower heating value (LHV) of the producveessis reaction

time. These values ignore the presence of the carrier.

59



18

17 g om i =

16 C
~
g v

|

S 14
=
~ 13 m .'f
>
T 12
— 11

10

0 2 4 6 8 10 12 14

Reaction Time (Hrs)

Figure 4.3.1.1f— Product gas LHV for pure glycerol reforming over
Ni/y-Al 03

4.3.1.2 NilMgO

Pure (99.8%) glycerol steam reforming was performed over a 3BgRi catalyst in a
packed bed reactor. 0.1954 g of catalyst and 0.2790 g efvi@€e placed into a quartz tube
reactor between two pieces of quartz wool. The catalystedased for an hour and a half with
5% H, in argon (50 ml/min) at approximately 825 °C. The reactor temoer was allowed to
ramp up to 725 °C and allowed to stabilize before starting theioracAlso, the GC was
calibrated before the reaction was started. To start tletiaeaa distilled water-pure glycerol
mixture was fed to the reactor at a molar ratio of 9:1 (wglteerol) at a liquid flow rate of 0.15
ml/min (GHSV = 28000 ht). GC testing started within 15 minutes of starting thetagadlow
to the reactor.

Reactant was sent to the reactor for 903 minutes. Duringrtiesli?2.8 ml of reactant
was fed to the reactor (approximately 0.14 ml/min) and 66.9 ml of ligaiduct was collected.

The liquid product was clear throughout the length of the run.
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The Ni/MgO catalyst activity drops steadily throughout thetreac Figures 4.3.1.2a, b
show the product gas composition and product gas selectivity ftifettod the run. The initial
composition of the product gas was approximately 66%46% CO, and 24% CO CH,, GHe,
and GH4 were not detected. After 14 hours, the product gas composition wasGalSouth.
19% CO, 18% Cg) 2% CH,, 0.5% GHe, and 0.2% @H4. The gas selectivity behaves similarly.
Hydrogen selectivity drops from over 80% to 57% during the reactt®, selectivity drops as

well but CO selectivity increases. The overall drop in activity was aroli%~
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Figure 4.3.1.2e— Product gas composition for pure glycerol refomgni
over Ni/MgC
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Figure 4.3.1.2b— Product gas selectivity for pure glycerol refarqi

over Ni/MgO

To determine whether or not the liquid product had any components bestdesingex

refractometry and a distillation were performed on the liquadipet. This liquid product gave

the same values as distilled water on an index refractomgiso, 15 mL of the product were

distilled at 105 °C to see if other products were present. Table 4.3.1.2a showsiltseofehese

tests. Also, the reactor tube weighed an additional 0.9289 gledtezdction due to tar and coke

formation. This comes out to be less than 2% of the total glyfext. These tests confirm that

conversion of glycerol was close to 100%.
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Table 4.3.1.2a Conversion Estimates

Index Refractometer Distillation
Distilled H,O 1.3326 Initial Volume 15.0 mL
NiMgO - Pure  1.3326 volumeafter103C .,
Distillation

Figure 4.3.1.2c shows the hydrogen vyield versus time for ¢aistion. The hydrogen
yield remains steady throughout the reaction. After two hoursactiom time, the hydrogen

yield stabilizes and holds steady around 4.5 to 5.75 until after 12 hours of reaction time.
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Figure 4.3.1.2c— Hydrogen yield for pure glycerol reforming overNMigO

The syngas ratio of the product gas versus reaction timessmied in Figure 4.3.1.2d.
The syngas ratio gradually decreases with the rise of CO prolucithe product gas. After 45
minutes of reaction time, the syngas ratio is 5.7. By the fouladmalf hour mark, the syngas

ratio has dropped to about 4.5. It holds steady for the next kboera. Then there is another
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drop in syngas ratio for the next two hours. For the rest ofethetion, the syngas ratio stayed

around three.
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Figure 4.3.1.20- Syngas ratio for pure glycerol reforming over Ni/®

Figure 4.3.1.2e shows the LHV of the product gas versus reaction fiinese values
ignore the presence of the carrier. The LHV of the prodastiigcreases slightly as the reaction

progresses. This is due to the increase in CO ando€iduction.
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4.3.2 Crude Glycerol Reforming
4.3.2.1 Octolyst 1001

Crudeglycerol steam reforming was performed over a 15%y-Al,0O5 catalyst (Octolys
1001)in a packed bed reactor. 0.4' g of catalyst and SiKX(55% catalyst/45% Si,) were
placed into a quartz tube reactor betwtwo pieces of quartz wool. The catalyst was redt
for an hour and a half with 5%, in argon (50 ml/min) at approximately 6°C. The reactor
temperature was allowed to ramp up725 € and allowed to stabilize before starting
reaction. Also, the GC was calibrated before #ection was started. To start the reactio
distilled water-crude glycerahixture was fed to the reactor aivvolume ratio of about 70:30
(water:crudeglycerol) at a liquid flow rate of 0.15 ml/rr (GHSV = 44000 ht). This volume
ratio was based off a 9:1 molar ratio for pure ghpt. The soap content in the crude glyc:
could not be accurately tested with the presenthaust Therefore to maintain consistel
between the runs the volume ratio was kept constGC testing started within 15 minutes

starting the reactant flow to the reac
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Reactant was sent to the reactor for 1140 minutes. Duringrtt@sl?2.8 ml of reactant

was fed to the reactor (approximately 0.11 ml/min) and 31.2 nijwidl product was collected.

Despite the length of time glycerol was sent to the rea@actant did not reach the catalyst bed

for the entirety of the run. After six hours of operation, the ogastiarted to show signs of

blockage (e.g. outlet gas flow rate dropped significantly, liquid aeadeaked out of the

stainless steel tubing). It is probable that the feeding rasete same as the pure glycerol runs

until reactor blockage started to occur (e.g. 0.14 mL/min).
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Figure 4.3.2.1&— Product gas composition for crude glycerol refagn

over Nif-Al ;03

Figure 4.3.2.1a shows the product gas composition for the life of thdtngrdifficult to

tell how the catalyst handles crude glycerol compared to the giycerol because of the

blockage of the reactor after six hours. Still through the first six hours diforeazrude glycerol
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reforming outperforms pure glycerol reforming when using Ostol¥)01 because no signs of
deactivation occur. Throughout the six hours before blockage, thetyatiolds very steady.
The composition of the product gas was approximately 64-66%6-19% CO, 17-19% CO
and 0.2-1% CHlthroughout the run. s, and GH4 were not detected.

Figure 4.3.2.1b shows the selectivity of, O, CQ, CH,;, C;Hg, and GH,4 versus time.
Despite the appearance of variance, the selectivity values halilystélydrogen selectivity is

approximately 70% throughout the reaction. CO and s&lectivity stay between 45-55%.
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Figure 4.3.2.1b— Product gas selectivity for crude glycerol reforgn
over Nif-Al ;03
To determine whether or not the liquid product had any components bestdesingex
refractometry and a distillation were performed on the liquatipet. This liquid product gave
the same values as distilled water on an index refractoméiso, 15 mL of the product were
distilled at 105 °C to see if other products were present. Table 4.3.2.1a showslth®fdisese

tests. These tests indicate that the conversion of glycerol approached 100%.
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Table 4.3.2.1a Conversion Estimates

Index Refractometer Distillation
Distilled H,0O 1.3327 Initial Volume 15.0 mL
Ni/y-Al,O, - Crude 13328 olumeafter108C .,

Distillation

Due to the nature of the blockage in the reactor, it was difficulteigh the reactor tube
after the reaction. A significant amount of tar formation asziim and around the inner reactor
tube. This caused the inner tube to stick inside the outer reactougohedismantling of the
reactor. This prevented accurate measurement of the weighd &oldhe reactor tube during

reaction.
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Figure 4.3.2.1c— Hydrogen vyield for crude glycerol reforming over
Nl/’Y-Al 203

Figure 4.3.2.1c shows the hydrogen vyield versus time for this geactlThe data is
scattered and does not provide the clearness that is desirédit vpears that the hydrogen

yield holds steady until signs of blockage start to occur.
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The syngas ratio of the product gas versus reaction timegerpesl in Figure 4.3.2.1d.
The syngas ratio is constant throughout the reaction. For thewixeaction period, the syngas

ratio hovers between 3.5 and 4.25.
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Figure 4.3.2.1d- Product gas syngas ratio for crude glycerol refiog
over Nif-Al 03

Figure 4.3.2.1e shows the LHV of the product gas versus reactien fithese values
ignore the presence of the carrier. The LHV of the productrgasins around 15 MJ/kg

throughout the reaction.
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Figure 4.3.2.1e— Product gas LHV for crude glycerol reforming over
NI/'Y-A' 203
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4.3.2.2 Ni/MgO

Crude glycerol steam reforming was performed over a 5% Ni/Mdagtalyst in a packed
bed reactor. This reaction was similar to itsyMil,O3; counterpart. Both reactions lasted
essentially six hours due to blockage of the heating zone of #utore Also, product gas
composition did not change significantly over this period.

0.2053 g of catalyst and 0.3452 g of Siflere placed into a quartz tube reactor between
two pieces of quartz wool. The catalyst was reduced for oveoanand a half with 5% Hn
argon (50 ml/min) at approximately 825 °C. The reactor temperatas allowed to ramp up to
725 °C and allowed to stabilize before starting the reactiono, &l GC was calibrated before
the reaction was started. To start the reaction, a distidéerwerude glycerol mixture was fed to
the reactor at a volume ratio of 70:30 (water:crude glycerd)ligiuid flow rate of 0.15 ml/min
(GHSV = 28000 ht). GC testing started within 15 minutes of starting the readi@v to the
reactor.

Reactant was sent to the reactor for 702 minutes. During this time 106 atw@itewas
fed to the reactor (approximately 0.15 ml/min) and 64 ml of diquioduct was collected. The
reaction was started in the evening. By morning, the cagasr flow was blocked, the
temperature program failed, and reactor temperature had drojgpéccantly. The failure of
the temperature program was, in all likelihood, due to the tacakel formation in the heating
zone.

From the data, the reaction behaved normally for the first five to six bbthe reaction.
Signs of blockage started showing up soon after that. The temperature progdrartaiind the

nine hour mark. The final liquid product was clear but had a thin yehouil film on top. It
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was completely clear for at least the first hour. ltksly that it remained clear until the drop in

reactor temperature caused by the failure of the temperature control.
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Figure 4.3.2.2&- Product gas composition for crude glycerol refogn

over Ni/MgO

The Ni/MgO catalyst holds its activity for the first fib@urs of the run. Figure 4.3.2.2a

shows the product gas composition for the first five hours of the run.cdrhposition of the

product gas was 64-66%,HL4-16% CO, 17-19% CQOand 0-1% CH throughout this time

period. GHs, and GH,4 were not detected during the initial five hours.

Figure 4.3.2.2b shows the selectivity of I©O, CQ, CH,, CHg, and GH,4 versus time.

These values change very little over time. Hydrogen angds€l@ctivity decrease by 5-10%,

whereas, CO production increases the same amount. Methane selectivisem frea 0-4%,

indicating that the flow of glycerol to the catalyst was slowed over time.
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Figure 4.3.2.2b— Product gas selectivity for crude glycerol refommn
over Ni/MgO

Conversion is difficult to quantitatively estimate for this remct The index
refractometry and distillation methods used previously cannot be usadseeof the yellow oily
film layer. The best method is to consider that the liquid prodastinitially clear (for at least
one hour of operation). The product gas composition does not change aiglyiffor the first
five hours, which indicates that the reaction dynamics have not ahargeo, as will be shown
later, acid-washed glycerol reforming using Ni/MgO givedewas its only liquid product.
Based on these facts, it is very likely that crude glyaefolrming over Ni/MgO had water as its
only liquid product for the first 5+ hours and that the conversion of giyde gaseous
components was approximately complete (ignoring tar and coke formation).

Due to the nature of the blockage in the reactor, it was difficulteigh the reactor tube
after the reaction. A significant amount of tar formation aszlim and around the inner reactor

tube (for the reactant feed).
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Figure 4.3.2.2c— Hydrogen yield for crude glycerol reforming over
Ni/MgO

Figure 4.3.2.2c shows the hydrogen yield versus time for this aeaciThe data is a
fairly linear and the hydrogen yield holds around 4.0 until blockage afetetor. The syngas
ratio of the product gas versus reaction time is presentetjumeF4.3.2.2d. The syngas ratio
holds drops slightly throughout the reaction. Initially the ratiabsut 4.5. At the five hour

mark, the syngas ratio is approximately 4.0.
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Figure 4.3.2.20d— Product gas syngas ratio for crude glycerol reiiog
over Ni/MgO

Figure 4.3.2.2e shows the LHV of the product gas versus reaction time. These values
ignore the presence of the carrier. The LHV of the product gas incd@ely as the reaction
progresses. This is due to the increase in CO and@duction. Although CO has a low
LHV, it still plays a role in increasing the overall LHV of the produd bacause it replaces

CO,, which has no LHV.
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Figure 4.3.2.2e— Product gas LHV for crude glycerol reforming over
Ni/MgO

4.3.3 Acid Washed Glycerol Reforming
4.3.3.1 Octolyst 1001

Acid-washed glycerol steam reforming was performed over a MBY4Il,0O3 catalyst
(Octolyst 1001) in a packed bed reactor. 0.4924 g of catalyst and55® catalyst/45% SiK)
were placed into a quartz tube reactor between two pieces of quaot. The catalyst was
reduced for an hour and a half with 5% iH argon (50 ml/min) at approximately 600 °C. The
reactor temperature was allowed to ramp up to 725 °C and allowed to stabidizedbarting the
reaction. Also, the GC was calibrated before the reactiansteated. To start the reaction, a
distilled water-crude glycerol mixture was fed to the r@aet a volume ratio of about 70:30
(water:acid-washed glycerol) at a liquid flow rate of 0.15 rm/(GHSV = 44000 ht). The
70:30 volume ratio was not exact. It does not include any waternprieséhe acid-washed
glycerol. The actual composition of the reactant is provided |& testing started within 15

minutes of starting the reactant flow to the reactor.
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Reactant was sent to the reactor for 975 minutes. During this time 143 atw@itewas
fed to the reactor (approximately 0.15 mi/min). During the re@act small leak formed in the
reactant pump line and approximately 15 mL of reactant did noh téacreactor. Therefore,
only about 130 mL of reactant made it to the reactor (flowrate = OLI&im). 74.3 ml of liquid

product was collected.
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Figure 4.3.3.1a— Product gas composition for acid-washed glycerol
reforming over Niy-Al ;O3

Figure 4.3.3.1a shows the product gas composition for the life of theTrue catalyst
held its activity throughout the 12 hour run. Signs of blockage did noaappél after 13-14
hours. The acid-wash significantly improved the stability of dection. The composition of
the product gas was between 65-69% Bt11% CO, 22-25% C£ and 0.0-0.2% CH

throughout the run. g, and GH,4 were not detected.
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Figure 4.3.3.1b shows the selectivity of, O, CQ, CH,;, C;Hg, and GH,4 versus time.
After a slight initial drop, which may be due to start-up isstlesvalues stabilize and are steady
throughout the run. After three hours, theddlectivity remains approximately 77% for the rest

of the reaction. CO and GQelectivity stay around 31% and 69%, respectively.
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Figure 4.3.3.1f — Product gas selectivity for acid-washed glycerol
reforming over Niy-Al ;03

To determine whether or not the liquid product had any components bestdesingex
refractometry and a distillation were performed on the liquatipet. This liquid product gave
the same values as distilled water on an index refractoméiso, 15 mL of the product were
distilled at 105 °C to see if other products were present. Table 4.3.3.1a showslth®fdisese
tests. During the reaction, the reactor tube gained 1.1196 g of veeighio coking and tar
formation. This is about 2-3% of the total mass of reactant f€dese tests confirm that

conversion of glycerol approached 100%.
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Table 4.3.3.1a Conversion Estimates

Index Refractometer Distillation
Distilled H,O 1.3327 Initial Volume 15.0 mL
Ni/y-Al,O, - Acid-wash 1.3326 volumeafter10SC .

Distillation

Figure 4.3.3.1c shows the hydrogen vyield versus time for thisioeacThe data vary

significantly initially but remain steady after four hours. ©rtige data stabilizes, the hydrogen

yield stays between three and four.

*

4 *
i) * ”
Ko} S
@ e ® & ¢
> 3 * o o
- *
)
e))
o
5 2
>
T

1

0

0 2 4 6 8 10 12 14

Reaction Time (Hrs)

Figure 4.3.3.1b— Hydrogen yield for acid-washed glycerol reforming
over Nif-Al O3

The syngas ratio of the product gas versus reaction timegsrpeel in Figure 4.3.3.1d.
The syngas ratio starts around eight but gradually drops for &davg. Once the syngas ratio

falls to six, around the four hour mark, it holds steady for the rest of the reaction.
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Figure 4.3.3.10d- Product gas syngas ratio for acid-washed glycerol
reforming over Nif-Al ;O3

Figure 4.3.3.1e shows the LHV of the product gas versus reaction fiinese values
ignore the presence of the carrier gas. The LHV of the prodsdiagaan initial slight decrease
but quickly stabilizes and holds constant. This pattern is sinvlahe syngas ratio, gas

selectivity graphs.
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Figure 4.3.3.1e- Product gas LHYV for acid-washed glycerol reforgnin
over Nif-Al ;03

4.3.3.2 Ni/MgO

Acid-washed glycerol steam reforming was performed over &NE*MgO catalyst in a
packed bed reactor. 0.2029 g of catalyst and 0.3967 g efvi@€e placed into a quartz tube
reactor between two pieces of quartz wool. The catalystedased for over an hour and a half
with 5% H, in argon (50 ml/min) at approximately 825 °C. The reactor tesyner was allowed
to ramp up to 725 °C and allowed to stabilize before startingethetion. Also, the GC was
calibrated before the reaction was started. To start #otioa, a distilled water-crude glycerol
mixture was fed to the reactor at a volume ratio of about 70:3@(aeid-washed glycerol) and
at a liquid flow rate of 0.15 ml/min (GHSV = 28000 GC testing started within 15 minutes
of starting the reactant flow to the reactor.

Reactant was sent to the reactor for 999 minutes. During this time 156 mitahte@as
fed to the reactor (approximately 0.15 mil/min) and 100.2 ml of liquid progastcollected.

The liquid product was completely clear.

80



80 -

5
S 70 1 % *
7] * 2 TS
S 'S
gao- 000,’0. AKX P %’ %o o
O ’
O 0 ¢ Hydrogen
5 ]
% M Carbon Monoxide
(D)
= 40 - Methane
7))
5 X Carbon Dioxide
> 30 -
e X Ethane
o >2< X v X XX
o 20 - ><><><>@<><><é ) X XX 3 26< x =Ethylene
O 10 -
g mE = 0

Reaction Time (Hrs)

Figure 4.3.3.2e— Product gas composition for acid-washed glycerol
reforming over Ni/MgO

Figure 4.3.3.2a shows the product gas composition for the life of theTe catalyst
decreases in activity throughout the 15 hour run. Signs of blockagetappear until after 15
hours. The acid-wash improved the stability of the reaction. Thkialinomposition of the
product gas was between 67-70% 6t8% CO, 22-25% C§ and 0.0-0.1% CH GHg, and
C,H, were not detected. These values changed slowly until the lagintmark where they
stabilized . The stabilized composition of the product gas wagebe 60-62% kl 13-16% CO,
19-21% CQ, and 3-4% Cll Very small amounts of £l and GH, were detected (<0.1% and
<0.2% respectively).

Figure 4.3.3.2b shows the selectivity of, IO, CQ, CH,, C;Hs, and GH,4 versus time.

There is a significant change in gas selectivity from the sf the reaction to the six hour mark.
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Hydrogen selectivity drops from 93% to 63% and,G@@ps from 80% to 55%. CO selectivity

increases from 20% to 37% and £3¢lectivity increase from 0% to 7%. For last eight hours of

the reaction, the gas selectivity remains the same.
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Figure 4.3.3.2b— Product gas selectivity for acid-washed glycerol

reforming over Ni/MgO

To determine whether or not the liquid product had any components bestdesingex

refractometry and a distillation were performed on the liquadipet. This liquid product gave

the same values as distilled water on an index refractomgiso, 15 mL of the product were

distilled at 105 °C to see if other products were present. Table 4.3.3.2a showslth®fdisese

tests. An accurate reactor tube measurement was not possialesddhe inner quartz tube

broke and became lodged in the tar formation that had formed. Upavakmsignificant

amounts of deposits were lost. Still, the distillation and inééactometer results confirm that

conversion of glycerol approached 100%.
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Table 4.3.3.2a Conversion Estimates

Index Refractometer Distillation

Distilled H,O 1.3327 Initial Volume 15.0 mL

NI/MgO - Acid-Wash ~ 1.3327 Yolumeafter10sc .,
Distillation

Hydrogen Yield
u

0 2 4 6 8 10 12 14 16
Reaction Time (Hrs)

Figure 4.33.2¢— Hydrogen yield for acid-washed glycerol reforgin
over Ni/MgO

Figure 4.3.3.2c shows the hydrogen yield versus time for the$ioea The data varies
initially but is consistent after six hours. Once the dathilstas, the hydrogen vyield stays
between 3-4.

The syngas ratio of the product gas versus reaction timessreg in Figure 4.3.3.2d.
The syngas ratio starts at approximately 11 but gradually dropsféav hours. Once the syngas

ratio falls to four, around the seven hour mark, it holds steady for the rest of th@reac
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Figure 4.3.3.2d- Product gas syngas ratio for acid-washed glycerol

reforming over Ni/MgO

Figure 4.3.3.2e shows the LHV of the product gas versus reaction flinese values

ignore the presence of the carrier gas. The LHV of the prgdiscincreases with the increase of

methane production.
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Figure 4.3.3.2e— Product gas LHV for acid-washed glycerol reforgnin

over Ni/MgO
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4.4  Comparison

It is important to compare the data between the runs to understardiffdrences
between pure, crude, and acid-washed glycerol reforming. Alsoimportant to compare the
results to gain a greater understanding in the differencesriorpance. A final comparison
will be made between the experimental results and the éstrtteermodynamic equilibrium for
each reaction.

First, it must be noted that the amount of glycerol in each ofuth® was not constant.
Although, each reactant mixture was mixed at approximately 69 eotritbO and 31 volume
% reactant (which comes to a 9:2QHglycerol molar ratio and a 3:1 steam to carbon atom ratio
for pure glycerol), the actual composition of the reactant mixtvae not constant between
reactions. A volume basis was used because the instrumentatioeddquiletermine soap and
unreacted triglycerides was not available. Therefore, consistbetween the runs was
maintained on a volume basis. Table 4.4a shows the approximate cornpofsgéach reactant

by volume. The percent glycerol component includes all componentdebegiater and

methanol.
Table 4.4a- Reactant composition for each run
Run % Glycerol % Methanol % Water WRR S/IC
Pure Glycerin 31.1 0.0 68.9 9.0 3.0
Crude Glycerin 27.3 5.6 67.1 7.3 3.0
Ni/y-Al,O5 Acid-Washed Glycerin 20.0 8.0 72.0 8.5 3.9
Ni/MgO Acid-Washed Glycerin 17.0 7.4 75.6 10.1 4.8

It has been shown previously that crude glycerol reforming canrpeda par with or

better than pure glycerol reforming over ayNM,0; commercial catalyst [39]. This has proven
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to be the case in thisusly as well. Figure 4.4a shows ipercent hydrogen for each of the n
over Nik-Al,O3 (pure, crude, and a-washed). This graph showgynificant deactivation ¢
the catalyst duringoure glycerol reforming. The deactivation can be seen by the dro|
hydrogen purity in the product gas after four hoafsreaction. It also shows the catalytic
stability for the crude and acrwashed glycerol runs. There is no significant catalyt
deactivation for these runs.The aci-wash, in particular, has significantly increase@

productivity and efficiency of the catalytic refoimg.
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Figure 4.4b shows the syngas ratio over time faoeparude, and ac-washed glycerol
reforming over Niy-Al,O3. The syngas ratios for pure and criglycerolstart aroundour. The
pure glycerol syngas ratio drops over time in coojion with the deactivation of the cataly:
The crude glycerol stays arourfour for the entirety of its run. Acidrashedglycerol has a
syngas ratio that is initially twice as high as tlo for pure and crudglycero. After two

hours, the acid-washed glycemyngas ratio starts to drop. After fduours the syngas ratio
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stays around sifor the rest of the reaction. The syngas raticafoc-washedglycero is at least

1.5 times higher than the crugb/cero syngas ratio for the entirety of the run.
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This is due to two factorsThe main factor is that the liquid reactaised in aci-washed
glycerol reforming has highersteam to carbon atom ratio. The steam to carbmm aatio is
3.9 for acidwashed glycerol reforming compared to 3.0 for pamd crude glycerol reforming
Thermodynarnts have shown that the higher the water to caratio the more C, and H is
produced by the watagas shift reactio[53, 76]. The second factptays a lesser role. is the
increased amount of methanol in the reactant. @oeaptoglycerol methanol steam reformir
will produce onethird the amount of carbon atoms but tl-sevenths to onkalf the amount o
hydrogen compounds. This means that methanol pvoduce more hydrogen per cark

compound than glycerol. Thyselds a higher syngas ratio for crude and acakhecglycerol.
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As stated previously in the literature background, nickel promotesiddion and metal
sintering which leads to catalyst deactivation. The acidic @atiry-Al,O3 encourages
dehydration which increases coking as well. This is why the mlycerol run quickly
deactivates. The metal active-sites are gradually coverédcakie and eventually prevent the
reactants from bonding to the metal. Also, the number of nickel asitee decreases due to
sintering as the reaction progresses. This creates #imitughere the catalyst is deactivated
after five hours.

One simple way to increase the catalyst life may be te&serthe reduction temperature.
For this study, N#-Al,O3 was reduced at 600 °C but TPR analysis showed a significant fpeak a
820 °C. Therefore, it's possible that NAI O3 was not completely reduced and ready for the
reaction. The reduction temperature used in this project wasl lgd6 of TPR findings in
literature [37, 77] and a TPR of a 5% WNAI,O; prepared via the incipient wetness impregnation
method made before catalytic tests. The commercial catadgst in this study must have been
prepared under conditions that changed the location of the reduction peakstulgtbas shown
that catalyst preparation methods ofyNM,O3 can influence the Ni form in NiAl,Os. Song et
al. [78] show that 14%-Ni/AD; prepared by the wetness impregnation method provides three
reduction peaks at 400, 700, and 810 °C bu-NitO3 prepared by the sol-gel or a modified
sol-gel method provides one reduction peak at 815 °C. They sayg tiesause the sol-gel and
modified sol-gel preparation methods favorably enhance the uniformiyy of Al,O3, where
nickel species mainly existed in the form of Ni®4 spinel. It is likely that the commercial
nickel catalyst had a similar composition of nickel and thatfferdint reduction temperature
(than 600 °C) would be more applicable. Still, increasing the redutgmperature would not

solve the problems caused by metal sintering and catalyst coking.
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Crude and acid-washed glycerol did not show the same signs divdéan, which
shows that reduction temperature was not the main factor in deactivation. mioistiskely due
to the large presence of potassium in the crude and acid-wadskbetbly Potassium, as shown
in the literature background, helps to promote gasification, which pedpent catalyst coking.
This keeps the active sites open and available for reactiaa.hdird to prove this conclusively
because it is difficult to tell if there is potassium on thialgat. For crude glycerol reforming,
deposits of potassium can be seen visually in the heating zone eathery but deposits are not
visible on the catalyst. Further testing and analysis needs perfiemed on the catalyst and
liquid product to discover where the potassium is deposited.

Figure 4.4c shows the hydrogen production for pure, crude, andvastied steam
reforming over Ni/MgO. All three runs show very similar baba Each run has a gradual
decrease in hydrogen purity of the product gas over time. Hgdrogntent decreases from 66
mol % to 60 mol % for pure glycerol over 12 hours. The crude giycan only lasted five
hours due to reactor blockage caused by tar and coke formation heatiag zone of the
reactor. Still, over that time, hydrogen content drops from 6&tni 64 mol %. Acid-washed
glycerol reforming has the largest drop in hydrogen purityer@ 15 hour reaction, hydrogen
content of the product gas dropped from 71 mol % to 61 mol %. Even thoughistlaegreater
decrease in hydrogen purity for acid-washed glycerol, it pesiachigher purity of hydrogen
than pure glycerol at similar points in time throughout the reaction. The highegeydrontent
is to be expected because the acid-washed glycerol reacthatgher steam to carbon ratio
(as shown in Table 4.4a). Still, this data shows that acid-wagheerol steam reforming is as
effective as (or better than) pure glycerol reforming for prodpbigh purity hydrogen over a

Ni/MgO catalyst.
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The syngas ratios for pure, crude, and -washed glycerol steam reforming followe:
similar pattern of decrease, as shown in Fig. 4.4this is to be expected because hydrc
production and the synthesis gas raare linearly correlated. The pugdycero syngas ratio
drops from seven to thred~or crude glycerol reforming, the syngas ratiopg from 4.5 to .0
throughout the reaction. Acitashed glycerol reforming initig produces syngas ratios
almost 12. These ratios decrease quickly ovemtha six hours until they are arourfour,
where they hold for the lastight hours of the reaction. The reasons the-a@dhed glycerol
produces higher syngas ratios ale same as they were for the reactions usiny-Al,Os: more

water, more methanol and laglgcero in the reactant.
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Although it was not the goal of this project, soceenparisons can be made betweer
two catalysts. For pure glycerol reforming, Ni/MgCclearly more successful at reforming p
glycerol than Niy-Al O3 at these operating conditions. Ni/MgO remainedlgttally active
throughout the reaction. The quality of the pradianged over tie but the change was sm
(less than 10%). NifAl,O5 quickly lost its activity. After six hours of redan time, the
product gas was similar to a nroatalyzed product gas. The MgO support was bettestate!
in the literature review, because (s ability to inhibit coke formation. This kept thetive sites
open and available throughout the reac In contrast for the acid washed experiment
seems that NyfAl,O3 performed better than Ni/MgO at maintaining a canstomposition.
Figure 44e shows the hydrogen content over time for eatdlyst. Figure 4.4f shows tl

syngas ratio produced over time for each cat:
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Although Ni/MgO initially produces higher valuesrftnydrogen content and sync

ratios (probably due to the higher steam to camatin of the liquid reactant), Ni-Al,O3 holds
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its values better throughout the length of the reaction. This happemscouple of reasons.
First, the major reason for NiAl,Os; deactivation, coking, is inhibited by the presence bf K
particles in the reactant. Second,yNM 05 has 3.8 times more active sites than Ni/MgO due to
catalyst loading and surface area. Since nickel sinterih@atilirs as the reaction progresses at
high temperatures, the larger number of active sites on a Bugace area may slow down the
effect of sintering helping NifAl,O5; to maintain its activity longer.

If you compare the catalysts on a per site basis, the cmopdretween the catalysts
shows that Ni/MgO actually outperforms NAlI,Os. The rate of hydrogen molecules produced
per active site of catalyst for acid-washed glycerol oviéy-Al,O3 was 0.83 $ and for acid-
washed glycerol over Ni/MgO it was 2.568.s The turnover frequency (TOF) based on the
molecules of reactant fed for iiAl,O; was 0.28 $ and 0.67 S for Ni/MgO. This data shows
that each active site of Ni/MgO was better at convertiggegol and methanol to hydrogen for

these operating conditions and catalyst loadings.

Table 4.4b-TOF and H production for acid-washed glycerol

Catalyst TOF (s Hydrogen atoms produced per active sité) (s
Ni/MgO 0.67 2.56
Ni/y-Al ,04 0.28 0.83

It is difficult to accurately compare these two cataly&ts crude and acid-washed
glycerol reforming. Although it appears that \WNKI,O; is better because it produces a more
consistent product, Ni/MgO is producing more hydrogen per activégigesignificant margin.
The rate of hydrogen of Ni/MgO is over three times higher MianrAl,Os. It is likely that with

similar metal loadings that Ni/MgO would be able to main&iconsistent product as well as
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Ni/y-Al,05.  Also, since Ni/MgO significantly outperforms MiAI,O; for pure glycerol
reforming, it appears that Ni/MgO shows more promise as a glyceroiiefpcatalyst.

Further testing, at a variety of operating conditions, is needddlly determine the
effectiveness of these catalysts. Regardless, the data mramidbis paper shows that both
catalysts have an aptitude for successfully producing hydrogen drode and acid-washed
glycerol.

Thermodynamic Comparison

The final comparison that needs to be made is between the thermodynamicatiegredi
equilibrium of each reaction and the experimental results. Also, thermodyramibglp
address the impact of methanol on equilibrium. ChemCad was used to determinectioé effe
methanol on glycerol steam reforming and to estimate the thermodynaniibreqguiof the
crude and acid-washed glycerol used in this study.

First, to determine the effect of methanol, equilibrium values were obtained &r pur
glycerol steam reforming and for four different methanol concentrations (1.0, 2.5, 3.5, and 5.0
mol %) from 450 °C to 1100 °C. From this data, the thermodynamic hydrogen yield and
hydrogen product gas composition was determined. Figure 4.4g displays thefoesits
thermodynamic hydrogen yield versus reaction temperature. Figure 4piysithe results for

the thermodynamic hydrogen purity versus temperature.
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Figure 4.4g— Thermodynamic hydrogen yield for a 9:1 (waterctaat) molar
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Figure 4.4h— Percent hydrogen of product gas
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These figures show that methanol increases hydrogen purity in the proslbett ¢@avers
the overall hydrogen yield. As methanol content increases, the thermodynanaigdry purity
at 725 °C rises from 66.2% for pure glycerol to 68.8% for 5.0 mol% methanol, but the
thermodynamic hydrogen yield drops from 5.42 for pure glycerol to 4.37 for 5.0 mol% methanol
The drop in hydrogen yield occurs because each mole of glycerol can thelgrptmailice up to
seven moles of hydrogen during glycerol steam reforming, whereas, eacbf mathanol is
only able to theoretically produce three moles of hydrogen during methanolrsfeaming.
Therefore, as methanol replaces glycerol in the reactant there &védisdle hydrogen to
produce. This data shows that if a high purity hydrogen product is desired the addition of
methanol in the feed can help.

The reason this occurs can be discovered by looking at what happens to the composition
of the reactant when methanol is introduced. For reference sake, Table 3.2a islagaiddo
show the composition used in each simulation.

Table 3.2a -Molar composition of feeds used in thermodynamic equilibranalysis

Run % Glycerol % Methanol % Water WRR S/IC

Pure Glycerin (0 mol % methanol) 10.0 0.0 90.0 9.0 3.0
1.0 mol % methanol 9.0 1.0 90.0 9.0 3.2

2.5 mol % methanol 7.5 2.5 90.0 9.0 3.6

3.5 mol % methanol 6.5 3.5 90.0 9.0 3.9

5.0 mol % methanol 5.0 5.0 90.0 9.0 4.5
Crude Glycerol 8.8 3.3 87.9 7.3 3.0

Ni/MgO acid-washed run 5.0 4.0 91.0 10.1 4.8

Ni/y-Al,O; acid-washed run 6.1 4.4 89.4 8.5 3.9

This table shows that the S/C ratio increases with the replacement abblyitk

methanol. This occurs even though the WRR stays the same. Therefore, even though the molar

96



ratio between water and the reactant stays the same, the ratio betweetethides of water and
the number of carbon atoms is changing.

The initial reforming of glycerol and methanol produces hydrogen and carbon menoxi
Therefore, hydrogen, carbon monoxide, and steam will be in the system regardlessaitth
gas shift reaction. Carbon dioxide, on the other hand, is produced mainly through the water-gas
shift reaction. Since methanol will produce less carbon monoxide than glycerol, the amount
excess steam compared to carbon monoxide increases with the introduction of methanol. Thi
means that increasing the methanol content in the reactant will shift thiéraguilof the water-
gas shift reaction towards the production of hydrogen and carbon dioxide. This witlgoanvi
equilibrium product that has a higher hydrogen purity.

Another way methanol impacts the thermodynamic equilibrium is that it causes the
optimum temperature for the theoretical hydrogen yield to shift. As metbantant increases,
the optimum temperature for hydrogen yield and hydrogen purity shifts from appteky 650
°C for pure glycerol to approximately 625 °C for 5.0 mol% methanol. Although the actual
difference in optimum temperature may be less than 25 °C, this shows that amatditi
advantage of having methanol in the system is that it helps lower requiradiréactperatures

and the heat duty required for optimum results.
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Figure 4.4i— LHV of product gas for different methanol coneations

In addition to the impact of methanol on hydrogen yield and purity, its impact on the
lower heating value (LHV) of the product gas was analyzed. The resutis thfiesrmodynamic
analysis on the LHV are shown in Figure 4.4i. These results show that theliesist a
correlation between methanol content in the reactant and the LHV of the product gas. Ast
methanol content in the reactant increases, the LHV increases. Still, érerdiéf between pure
glycerol and 5.0 mol % methanol reforming in LHV is small. At 625 °C, the LHV for 5.@omol
is less than a 0.35 MJ/kg increase compared to pure glycerol. This is an approximate 2.5%
increase in energy content. This increase decreases slightly aattierr temperature continues
to rise (e.g. at 1000 °C the LHV difference is 0.26 MJ/kg, which is a 1.7% incregss)data
shows that methanol has a slight positive impact on LHV but the impact is sinafehé
influence of reaction temperature. For example, pure glycerol refofnoimg625 °C to 1000 °C

has a LHV increase of over 1.8 MJ/kg (approximately 13.7%).
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The other goal of the thermodynamic analysis was to determine the tlyaanod
equilibrium data for each of the crude and acid-washed glycerol runs used in thes gmdje
compare these results to the experimental data. First, figures 4.4j, k, and | show the
thermodynamic equilibrium for the crude and acid-washed glycerol runs fronC4%01000
°C. The reactant composition for each of these graphs is based directly off @nih@sdions
used in the actual experimental reactions. From this data, the actual thermodepaihibrium
was estimated for 725 °C and compared to the experimental data collectechatehe s
temperature. The results of this comparison are listed in Table 4.4c. The erpariesuilts

used in this table are the range of the results over the first five hours oteattrr.
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Table 4.4c- Comparison between thermodynamic analysis apdrérnental results

Crude Glycerol Ni/y-Al 05 Acid-washed Glycerol | Ni/MgO Acid-washed Glycerol
Therm. Ni/y-Al,O; exp. Ni/MgO exp. Therm. Exp. Therm. Exp.
% H, 66.90 64-66 64-66 68.16 65-69 68.68 67-70
% CH, 0.05 2-1 0-1 0.02 0-0.2 0.01 0-0.1
% CHg 0.00 0.00 0.00 0.00 0.00 0.00 0.00
% CH, 0.00 0.00 0.00 0.00 0.00 0.00 0.00
% CO 12.59 16-19 14-16 10.18 8-11 8.72 6-8
% CO, 20.47 17-19 17-19 21.64 22-25 22.59 22-25
H, Yield 4.56 4-4.75 3.9-4.1 4.48 3-45 4.64 3-5
Syngas Ratig  5.32 3.7-4 4-4.5 6.70 >6 7.87 8-12
LHV (MJ/kg) | 14.24 15-16 15-16 14.10 13-14 13.86 12-13

Table 4.4c shows that for crude glycerol the experimental results welar $0 the
thermodynamic results in terms of hydrogen production. The main diffebebheeen the
experimental data and the thermodynamic prediction is the amount of CO ampadodQced.

More CO and less CQvere produced than the thermodynamic model predicted. Therefore, it
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can be concluded that the water-gas shift reaction did not progress as far duréagtioa as
the thermodynamic predictions suggested.

Thermodynamic and experimental results were consistent for acid-avgisicerol
reforming over both catalysts. For the reaction temperature and WRR useddnltivashed
glycerol reactions, Ny+Al,O3 and Ni/MgO were able to match the thermodynamic predictions
over a five hour period. This is promising news. It shows that acid-washed ghgferoting
can match thermodynamic predictions. Also, it shows that Ni/MgO anedANID; approach

thermodynamic equilibrium and can produce optimum results under these conditions.
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Chapter 5

Conclusions and Recommendations

5.1Conclusions

There were two main goals for this study. The first goal was to discover ¢lok aff
impurities commonly found in crude glycerol on catalytic life and activitynduglycerol steam
reforming. The second goal was predicative on the first. If the impuritiesiar of the
impurities, negatively affected the reaction or catalysts, a simplenashd was to be performed
in an attempt to remove the impurities and improve performance. These goals were
accomplished by analyzing the performance ofi/,0O3 and Ni/MgO catalysts for pure, crude,
and acid-washed glycerol steam reforming. Foy-NiALOs, it was found that crude and acid-
washed glycerol reforming outperformed pure glycerol reforming ind@fneatalytic life and
activity. Pure glycerol reforming showed significant deactivation &tarhours of reaction
time. On the other hand, acid-washed glycerol reforming held and maintainetivity for 15
hours and gave a syngas ratio of over six. This was due to the preseriéa tifekcrude and
acid-washed glycerol, which promotes gasification and helps limitytatabking.

Another factor that played a role in the increased activity of the acid-waktvedod)
reaction is the increase in the steam/carbon ratio. The steam/carbarseatiin this reaction
was 3.9 compared to 3.0 (for pure glycerol reforming). The higher steboraatio helped
push the water gas shift reaction to produce more hydrogen and carbon dioxide. The was t
main reason for the increase in the syngas ratio of the product gas.

For Ni/MgO, it was found that pure and crude glycerol reforming can produes géh
similar compositions. Unfortunately, crude glycerol could not match the overfaipance of

the pure glycerol. This was because the impurities in the crude glycerall tauaad coke
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formation in the heating zone of the reactor. After five hours, the gas flow thiweigbeatctor

was impeded and the reaction stalled. After using acetic acid to remove theteshtgodiesel
components in crude glycerol, the performance of the reaction increased datynaticid-

washed glycerol reforming produced a product gas with mgenH little deactivation over a 14
hour period. Signs of blockage in the reactor did not appear until after 14 hours. By th& time
the pure glycerol reforming, the reaction had been stopped due to a drop in activity.

The acid-washed glycerol reaction for Ni/MgO also had a higher stadwh ratio. The
steam/carbon ratio used in the acid-washed glycerol reaction was 4.8 instdadfaf pure
glycerol reforming). This steam/carbon ratio enabled the product gasitosgtigas ratios
between eight and twelve.

A thermodynamic analysis was performed to help determine the effectldmoéand to
compare the experimental results with the thermodynamically predigteorium. The
thermodynamic analysis showed that the replacement of glycerol witlamoéihcreases the
hydrogen purity of the product gas but decreases the overall hydrogen yield. Also,¢heeres
of methanol has an effect on the optimum reaction temperature. A rise of methaeot from
0 mol% to 5 mol% can decrease the optimum reaction temperature by approximately 25 °C
Finally, methanol has a small impact on the LHV of the product gas but its impaictimal
compared to the effect of temperature.

Another goal of the thermodynamic analysis was to compare the expetimesoits
with the thermodynamic predictions. This comparison showed that the expelirasulis for
crude and acid-washed glycerol reforming were similar to the thermisaléy predicted
equilibrium. This shows that Ni/MgO and Al .05 successfully reform crude glycerol and

acid-washed glycerol under these operating conditions.
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5.2 Recommendations

The impurities found in crude glycerol prevent it from being a viableice as a
feedstock for steam reforming. After a few hours of reactlenfree fatty acids, potassium, and
other impurities in crude glycerol polymerize and start to ersgnificant blockage problems in
the heating zone of the reactor. Even thoughy-NifO; and Ni/MgO do not deactivate
significantly with crude glycerol, this benefit is drasticatiytweighed by the downsides. It is
possible that the addition of an atomizer to the heating zone oédltor may help prevent tar
and coke formation. The heating method used in this project may haciraged
polymerization of crude glycerol because it prevented uninhibited eatagornof the reactant.
An atomizer would help the crude (or acid-washed) glycerol to easpmore smoothly. Still,
if steam reforming is to be used to address the abundance ofgiyegeol on the market, it
would help to remove most of these impurities.

Performing an acid-wash on crude glycerol to remove the undeajb/cerides, takes
care of this issue. Acid-washed glycerol steam reformsng significant improvement over
crude glycerol reforming. Signs of reactor blockage do not appedrafter 13-15 hours of
reaction. Also, acid-washed glycerol reforming maintaingdtsvity and performs similarly to
or better than pure glycerol reforming. Improvements to thd-wash, by improving the
removal of impurities, and new methods of delivering the liquid reattatiite reactor heating
zone (e.g. atomizer) will further increase the effectiveness efficiency of acid-washed
glycerol reforming. Also, further ICP analysis needs to bdopeed to fully determine the
effectiveness of the acid-wash. It was believed that tlikveash would remove the majority of

the potassium present in the reactant but initial ICP results were comradict
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Methods need to be developed to determine where the potassium fedd¢adioe end
up. ICP analysis on the liquid product could determine how much mattesugh the entire
reactor. More likely, the potassium stays in the heating zone or the reacticof domeeactor.

Also, a new, novel catalyst could drastically improve bio-dieselvelérglycerol
reforming. Even though the nickel catalysts used in this studse vable to meet the
thermodynamic predictions, they struggled with nickel sinterimdy @ gradual loss of activity
over time. Rh catalysts would avoid this problem and have shown goodyaatipure glycerol
reforming [42, 57].

If used in future work, the proper reduction temperature for-AlifO; needs to be used.
The 600 °C reduction temperature used in this paper was not apm@dpri#tiis catalyst based
off of the TPR results. A new reduction temperature should be chased off the TPR results
provided in the experimental section. The results indicate a reduetmperature of 820 °C
would be suitable. Since N#AIl,O3 did not show signs of deactivation for acid-washed glycerol
reforming and was able to match thermodynamic predictions,débatable how much a new
reduction temperature would help.

In this project, the methanol and water content of the crude and acid-washexdlglyc
reactant was not calculated until after reactions were run and d&etedll This caused the
composition used in each reaction to vary. Since the goal of this work was to demdmstrate
viability of crude (or acid-washed) glycerol reforming and not necggEompare catalysts or
operating conditions, this was not drastically important. Future work should ensure that
operating conditions between reactions are as similar as possible. Sincéithg ofdhe
process has been demonstrated, future work should focus on the role different components

(methanol, potassium, etc.), operating conditions (WRR, temperature, flowratadalysts
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play. Depending on the goal of the study, the operating conditions should be the sdime for a
reactions. For example, if future work wanted to compare the effectivendg$igO, Ni/y-
Al,0O3, and Rh/Cegy-Al ,03 at acid-washed glycerol reforming, the reactant composition,

reaction temperature, GHSV, and other operating conditions should be constant.
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Appendix

Appendix A - Acid Wash Experiment

Materials: A38C-212 acetic acid, glacial; distilleed® crude glycerol from biodiesel lab;
glassware; pipet

Procedure:

1. Make 5 M solution of Acetic Acid.

2. Collect crude glycerol.

3. Fill each container with 20 mL of crude glycerol and number from 1-6.

4. Put1.0,1.5, 2.0, 2.5, 3.0, 3.5 mL of 5 M acetic acid into each container respectively (e.g.
container 1 gets 1.0 mL of acid, container 2 gets 1.5 mL of acid, etc.).

5. Cap containers. Shake well for 1 minute and let sit overnight.

6. Next day, check for phase separation and clarity of bottom layer.

7. Check pH of each container.
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Appendix B - 5 M Acetic Acid Preparation

Materials: A38C-212 acetic acid, glacial; distilleg® glassware; funnel; fume hood

Procedure:
1. Clean glassware with soap and DI water.
2. Get glacial Acetic Acid.
3. Find appropriate volumetric flask for desired amount of 5 M acetic acid.
4. Fill volumetric flask %2 full with DI water.
5. Take glassware and materials to a fume hood.
6. Inside of the fume hood, measure the appropriate volume of glacial in a graduated
cylinder (5 M acetic acid requires 28.6 mL of glacial acetic acid per 100 mLutiosg!
7. Use a funnel and pour glacial acetic acid slowly into the volumetric flask.
8. Mix thoroughly.
9. Fill the remainder of the volumetric flask with DI water up to the fill line.

10. Cap off the volumetric flask and mix thoroughly.

11. Accurately label volumetric flask with type and molarity of acid, date of patipa, and

the preparer’s name.

12.5 M acetic acid is prepared and ready to be used.
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Appendix C — Steam Reforming Start-up Procedure

e

Outlet to iood

Appendix C Figure 1- Overall schematic diagram of the small scale reformer. (1) 5%
nitrogen/argon cylinder; (2) 5% hydrogen/argon cylinder; (3) mass flow clemtfot inlet
gases; (4) Inlet pump for liquid water-glycerol mix; (5) Reactor OverC@hputer
(temperature control); (7) Ice Bath and Liquid Product Collection; (8)88R0 Gas
Chromatograph;(9) Computer (GC control);

Materials:

Procedure:

8. Prepare ice bath.

9. Use syringe to push air through feed line to remove any liquid. Then use syrimgeto
feed line with distilled water 3 times. Remove water from lines with syaftge each

wash.

10.Clean syringe and fill feed lines with reactant. Fill lines up to the bottom of tineirove
the inner quartz tube.

11.Load quartz reactor tube as dictated in quartz tube SOP.

12.Hook up the condenser, ice bath, and stainless steel tubing from the reactor to the GC.
Tighten all fittings.

13. Set carrier gas (5%J¥r) flow rate to 50 ml/min. (Mass flow controller set point = 6.7,
actual flow is approximately 48 mL/min).
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14.Check for leaks by using leak solution and checking flow rate in the hood (should be
between 46-51 mL/min.

15. Put quartz wool above and below reactor.

16.Reduce catalyst for 1.5 hours. Check reduction SOP for procedure.
17.Switch gas flow to carrier gas (~ 100 mL/min).

18.Use Labview to ramp oven to reaction temperature.

19. During ramp, run GC calibration, refer to calibration SOP.

20.Let gas flow until hydrogen is removed from system. Check hydrogen content with
Peaksimple and GC using Bettings.

21.Fill a beaker with liquid reactant. Measure and record volume.

22.Lower flow rate to 50 mL/min and check reactor temperature.

23.Change settings in Peaksimple to reaction settings and start GC dataoroll&stcord
file name. First sample is a blank, &ea should be between fifty and sixty. If not,
perform another blank.

24.0nce flow rate and reactor temperature reach desired values, starogiigwv by
setting flow rate on pump to 0.15 mL/min (or the desired flow rate) and press enter.
Record time, reaction temp, and mass flow controller setpoint.

25.1t should take 30 minutes to 1 hour for system to reach equilibrium.

26.1f leaving system for more than two hours, make sure glass condenser knob is open
(turned vertically). Otherwise, system will overflow.

27.Add ice to ice bath as needed.
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Appendix D — Steam Reforming Shutdown Procedure
Materials:
Procedure:

1. Stop flow of reactant from pump. Record time. Record remaining volume in reactant
beaker. Calculate the total amount of reactant fed to reactor.

2. Let Peaksimple finish current chromatograph. Once a stopping point is reachgg, chan
settings to prevent future data from being collected.

3. Let carrier gas run for 15-20 minutes before shutting down oven.

4. Shut down oven by switching Labview control to manual and setting power to 0%.
5. Run another GC calibration, refer to calibration SOP.

6. Allow system to cool.

7. Once cool, stop Labview program and carrier gas flow. Take apart system.

8. Weigh reactor tube and calculate added weight.

9. Measure and collect liquid product. Record this value and describe appearance of
product (e.g. clear, cloudy, faint yellow, or oil layer on top).

10. Clean fittings and tubing with distilled water. Replace any tubing, fétiete. that need
to be replaced.

11.Check to see if product is pure water by using the index refractometer andilatidis
Refer to SOP.

12. Analyze GC chromatographs to determine product gas composition versus time.
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Appendix E — Quartz Reactor Tube Loading Procedure

Materials: 10 mm O.D. (6 mm 1.D.) quartz tubing; quartz wool; catalyst; $iacgments; digital
scale; marker

Procedure:

13.Load quartz tubing into reactor and mark locations of thermocouple and inner quartz tube
with marker.

14.Insert approximately 3/8” of quartz wool into the quartz tube below the thermocouple
mark.

15. Place quartz tube on digital scale and tare to zero.

16. Add approximately 0.05 g of catalyst onto the quartz wool inside the quartz tubing.
Make sure the catalyst is loaded on the correct side of the quartz wool (the opgdesite si
of the marking).

17.Weigh quartz tube and record weight of catalyst added. Tare the instrument.

18. Add approximately 0.08 g of silica to the quartz tube and mix the catalyst and silica
together.

19.Weigh quartz tube and record weight of silica added. Tare the instrument.
20.Repeat process until approximately 0.2 g of catalyst is loaded.
21.Record total weight of catalyst and silica.

22.Insert approximately 3/8” of quartz wool into the quartz tube, so that the catalyst is
located securely inside the tubing.

23.Weigh and record total weight of quartz tube and packing.

24.Load quartz tubing into the reactor.
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Appendix F — Catalyst Reduction Procedure

Materials:
Procedure:
1. Perform up to step 8 of Steam Reforming Set-up Procedure.
2. Start Labview program. Power should be on manual and set for 0%.
3. Switch gas flow to 5% BAr at 50 mL/min (setpoint = 9.5).
4. Set power to 75%, record time.
5. Once temperature approaches reduction temperature set PID temp t@reducti
temperature, switch to PID control.
6. Record starting time.
7. Hold at this temperature for at least 1.5 hours.
8. After 1.5 hours, stop hydrogen flow and switch to carrier gas. Record time.
9. If performing a reaction, proceed to step 10 of Steam Reforming Set-up Procedure.

10.If reducing only, switch Labview power control back to manual. Set to 0% power.

11.0nce cool, turn off carrier gas flow and end Labview program.

12.Remove quartz reactor from set-up and collect catalyst.
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Appendix G — GC calibration Procedure

Materials:
Procedure:

1. Unhook product tubing from GC inlet.

2. Attach tubing from calibration gas to the GC inlet.

3. Check to make sure GC hasg &hd Ar pressure. Turn GC on. Carrier and hydrogen
lights should be lit.

4. Open Peaksimple and set temperature ramp to reaction profile, create néie searee.

5. Record filename.

6. Ignite FID flame.

7. Start calibration gas flow.

8. Wait 1 minute and start injection of sample (Press ‘spacebar’ in Peaksimple)

9. After GC chromatograph is collected calculat#GO, H/CH,4, Ho/CO,, CO/CQ,
CO/CH,, CO/GH,4, and CO/GHg response factors gHesponse factors are based off
TCD signal, the rest are based off of FID signal). TCD based respornss fsuduld be
within 10% of the calculated value. FID based should be within 5%.

10.If response factors fall within the appropriate ranges, proceed with stezmiref
procedure.

11. After reaction, calculate product gas composition based off of response factorsaand da
collected from this procedure. The values should be similar.

12.1f data does not fit, collect another chromatograph. If response factors do not cpnverge

try restarting the GC.
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Appendix H — Response Factor Calculation
Materials:
Procedure:

1. Before and after a set of reactions, response factors should be checkeddatédaln
ensure their accuracy.

2. To do this, connect both feed lines (carrier gas and reduction gas lines) ditecthei
GC inlet.

3. Unhook reduction gas cylinder and connect calibration gas cylinder to mass flow
controller 1.

4. Check to make sure GC hag &hd Ar pressure. Turn GC on. Carrier and hydrogen
lights should be lit.

5. Open Peaksimple and set temperature ramp to reaction profile, create néle searae.

6. Set mass flow controller 2 set point to 6.8 (5%AX). Set mas flow controller 1 set point
to 18.7 (Calibration gas). Total flow rate should be approximately 100 mL/min.

7. Inject sample into GC and collect a chromatograph.
8. Repeat step 7 until 5 chromatographs are collected.
9. Calculate average response factors between each gas.

10. Previously calculated response factors are shown below.

Appendix H Table 1¢ - Response factc
TCD FID
H2/N2 Respons Factor 11.46 CO/CH4 Response Factor  0.95
CO/N2 Respons Factor 0.97 CO/CO2 Response Factor 0.89
CH4/N2 Respons Factor 3.37 CO/Ethane Response Factat8 0
CO2/N2 Respons Factor 1.10 CO/Ethylene ResponserFagtd6
H2/CO Response Factor 11.87
H2/CH4 Response Factor 3.42
H2/CO2 Response Factor 10.50
H2/Ethane Response Factor  3.23
H2/Ethylene Response Factor 2.53
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