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EXECUTIVE SUMMARY

Purpose

Catalysts are usead refiningand chemicaprocesseto maximize product yield and
reaction selectivity, and they are critically important in optimizing biofuel production to make
biofuels a viable alternative to traditional fodsésed fuels. However, catalysts are rarely
included in life cycle analysis (LCA) studies of biofudige to lack of informatiorThe catalyst
moduleinAr gonne Nat i o@Greehholusadases, Reguwatey Ensssions, and Energy
use in Technolags (GREET) modeladdresssthis issuewith catalystenergy and material data
for usein biofuelsLCAs (GREET202Q Wang et al. 2016 Neverthelessnany catalysts remain
to be analyze, especially as new biofuel production pathways emargecatalyst technology
advancesWe thereforeproposedo expand the GREET catalyst module with the addition of
new catalyst materiakspplicable to current biofuel production pathways.

Approach

Before beginninghis study, ve perfornedan extensive ferature review to assess
currentcatalyst technolgy for biofuel productionand we selected two cataly$is
incorporationinto GREET: 1) palladium oaniobium phosphatsupport(Pd/NbOPQ), and 2)
zirconium oxide (Zr@). We then frame our analysis byracing a cradkto-gate supply chain for
each catalyst. The supply chain for P@d/NbOPQ catalyst requiré assessment dbur
precursor materials thaterenot available in GREET: niobium phosphate (NbQR@otassium
niobate (KNb@), niobium oxide (NbOs), and palladium (Pd)rhe supply chain for the ZsO
catalystrequiredassessment of only one precursor material not already in GREET: zircon
(ZrSi0s). Wecolleciedlife cycle inventory (LCI) datdor the two catalysts andl/e associated
materialsusingpublicly-availableinformation and weappliedengineering calculations to
estimate energyputs for processes that lackindustrial dataFinally, we wsed the GREET
model to calculate cradi®-gategreenhouse gas (GHG) emdsss, fossil fuel consumption, and
water consumption for thed/NbOPQ and ZrQ catalysts antheir associated materials

Outcomes

We reportthe cradleto-gate GHG emissiongossil fuel consumption, and water
consumption for NfOs, KNbOz, NbOPQ, Pd,Pd/NbOPQ, ZrSiQs, and ZrQ. Notably, the net
GHG emissions impact of the Pd/NbORgatalyst is8.5 kg COe/kg catalyst, which is
comparable to other catalystsGREET, while the net GHG emissions of the Zoatalyst is
considerably lower .8 kg CQe/kg catalystWe alsoidentify the primary contributors teach
c at a krydetb-gateenvironmental burder-or the Pd/NbOPgcatalyst,Pdmetal is the
main driver of GHG emissions and fossil fuel consumptidrile PdandNbOPQ contribute
almost equally to water consumption. For the Ze@talyst, sodium hydroxide (NaOH) is the
principal driver of GHG emissions and fossil fuel consumption, while Zr8ithe main
consumer of wateThe Pd/NbOP®and ZrQ catalystsaswell as NBOs, KNbOs, NbOPQ,
and ZrSiQ, are implemented in the GREET catalyst modafelPd has been implemented in
GREET?2(Kingsbury and Benavides 202Thematerial and energy flowfsr these new
materialswill be useful tofuture LCAs, particularly those involving biofuel production.
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1. INTRODUCTION

Catalysts are employed across all sectoth@themical industry to control selectivity
and improve product yielth chemical processes. They are especially vital to the production of
biofuels, which face many technical and economic obstacles to their industrial vigbégpar
etal. 2019. Abiofud " s el i gi bi Il ity f or wavatafastars, iscludingadopt i
whether its lifecycle greenhouse gas (GHG) emissions meet the guidelines of policies such as
theU.S.Renewable Fuel Standard (RFS) and the California Low Carbon Fuel Stan@&sl) (
(Benavides et al. 2017)ife cycle analysis (LCA) is used determine these lifeycle GHG
emissions and other sustainability information about a biofuel. LCA is a valuable method for
evaluating a product’s enviarldn msdnmtgaels iimp achte bp
supply chain, from extraction and processing of all raw materials to use and disposal of the final
product.However, wher.CA of a biofuel is performed, the contributiontbt catalystaused in
its productions frequently notaccounted fodue to lack of datandtheir minimal mass
compared with other process inpuds the impacts of catalysts may be more significant than
would be indicated by their small mass input to the process, it is relevant to provide inventories
for thecatalysts associated witlewbiofuel productiorpathways

In this study, wespecificallyexaminetwo catalysts that are relevant to biofuel
production. The first is a singlghase catalyst composed of palladium metal on a niobium
phosphatesupport (Pd/NbOP£) developed by Hafenstine et al. (2028nd the second is a
traditionalzirconium oxide (Zr@Q) catalyst. We have selected these catalysts for a variety of
reasons. Both catalysts may be applied in the conversion of biomabsitaxhepane (4BH),
an ether diesel bioblendstock thatisrentlyof interesttoth&J.S.Depar t ment of Ener
( D O ECoptimization of Fuels & Engines (80ptima) initiativedue to its outstanding fuel
properties and potential for industrial viabil{tjug et al. 2019). The production ofBH from
biomass requireswultiple chemicateactions and thus multiple catalystsO. serves as a
ketonizationcatalyst and Pd/NbOR@s a reductive etherification catalyst. The Pd/Nb@PO
catalyst is especially notewoytihecause¢he Pd active phase assists in hydrogenation chemistry,
while the NbOP®@support acts as a solid acid catalyst for ketalization and dehydration chemistry
(Hafenstine et al. 2020Boththe ZrGQ and Pd/NbOP®catalysts have displayed high
converson rates for their respective reactiahsing4-BH production(Hafenstine et al. 2020)

Both Zr& and Pd/NbOP@alsoshow promise asffective catalystfor producing
biofuelsother thard-BH. For the synthesis of biodiesel, Zrtas been successfullgedas a
catalyst in a sulfated form, in an agibdified form, and as a support for tungstates (ZIA 2019).
There are alsorgoing efforts taiseZrO>-supported metal catalysts in the reforming of
gasoline, diesel, butane, propaaed ethanol (ZIA 2019Most notably, Zr@ has already been
employed in a study by the National Renewable Energy Laboratory (N&&Ed ketonization
catalyst during production of a diesel andfjetl range blendstogtDavis et al. 2018)The
Pd/NbOPQ catlystis alsovery likely to be applicable imadditional biofueproduction
pathways due to the valuable catalytic properties of Pd and Nb comp@afiddium is a



member of thelatinum group metal@GMs), which arevidely used in catalysis due to their
unique chemical properties and high degree of stability (Kettler 2003). Palladium and other PGM
catalysts are especiallglevantto the biofuel industry because thegn assisteactions such as
hydrogenations and oxidations that are common in manyeiffédiofuel production pathways.
Niobium compounds aralsoof great interest in the field of catalysis due to their ability to
function in different scenarios as catalyst active phasgalyst suppost solid acid catalyst or
redox materia (Nowak and Ziolek 1999Niobic acid,which is analogous to hydratétbh,Os,
has beemisedas a ketone condensation catalyst in the same pathway ag4n@duce diesel
and jetfuel range blendstock (Davis et al. 2018)obium phosphate iglsoespecidly useful

due to its strong surface acidity even at the high tempesatseel in pretreatment processes
(Nowak and Ziolek 1999Many opportunitieshereforeexist for application obur chosen
catalystan future LCAstudies.

In this work, we examine ghconsumption of material and energy inputs throughout the
life cycle of the Pd/NbOP£and ZrQ catalysts. The scope of our analysis for both catalysts is
cradleto-gate, which refers to all stages in catalyst production from the extraction and
processingf raw materials up to thmanufacturing facilitygate. In Section 2.1, we define a
supply chain for Pd/NbOP£&nd describe the collection of life cycle inventory (LCI) data from
various sources detailing the individual stages in the Pd/Nh©&@lyst suply chain. We
specifically examine five primary stages: 1) production of®édrom the mining of pyrochlore,
2) chemical synthesis of KN@om NhOs, 3) chemical synthesis of NbOR@om KNbGs, 4)
production of Pd metal from the mining and processing@mMs, and 5) synthesis of the
Pd/NbOPQ catalyst byincipient wetness impregnati (IWI) of the Pd metal onto the NbORO
support. In Section 2.2, wiefinethe supply chain and LCI collection for the Zr€atalystand
examine two primary production stages: 1) production of zircon from the mining and
beneficiation of heawnineral sands, and 2) Zs@atalyst production by caustic fusiand
calcinationof zircon.If co-productsare produced alongsidiee catalystwe aply a mass
allocation approacthat allocatesnaterial and energy consumption to the major prqdbus
remairnng consistent with existing materials in the GREET catalyst mo@REET2020). In
Section 3, waisethe GREET model to calculate cradtegaie values for GHG emissions, fossil
fuel consumption, and water consumption for all new matef&i&s emissiongre reportedh
units of kg CQe, fossil fuel consumption in units of MJ, and water consumption in units.of gal
All three metrics are reportgeer kg of catalyst onssociatednaterial producedVhile we do
notreport or discuseCA resultsfor thegeneration otriteria air pollutants (CAPsh this work
thesevaluesare availablen GREETfor the newcatalysts and associatethterialS(GREET
2020).Finally, we provide a discussion of tfectorsthat contribug to the net environmental
impact of the Pd/NbOP£and ZrQ catalysts that will be beneficial to the design and selection of
new catalyst material&oth catalyst@&nd their associated materials are implemented in the
GREET model for use in future LCA studies.



2. DATA AND METHODOLOGY
2.1LIFE CYCLE INVENTORY OF Pd/NbOPQOs CATALYST

A product kCI identifies and quantifieall resource and energy uskthroughout the
product’ s | idLEIl anlCA tasthenalkssiensgs tthh elenviroonteitat t * s t ot
impact.Before compiling LCI data for the Pd/NbORCatalyst, itis necessary to identify a
supply chain for the catalyst that traeach contributing material back to the beginning of its
own life cycle. Many different pathways may be followe@wentuallyproducethe Pd/NbOP®
catalyst, but datanindustrial catalyst production is very limited. The Pd/NbQB@pply chain
that we sbw in Figurel is thusbased on aombinationof processes for which material and
energy inputareeither publicly available oranbe calculated using chemical and ievegring
principles As depicted irFigurel, niobium oxide(Nb2Os) is produced from the mining and
processing of pyrochlore oreid¥ium oxideis then converted to antermediate chemical,
potassium niobatéKNbOs), which is subsequently convertedtb@ niobium phosphate
(NbOPQ) catalyst support. PalladiutPd) metal which is produced frorthe mining and
processing ofheplatinum group metal®GMs), is theradded to the niobium phosphate
suppot, and several processing steps are performpdotucethe final PA/NbOPQ catalyst.In
thefollowing subsectiog we describe@ach of these production stages in greater detail.

Niobium oxide production

Pyrgchlore —| Concentration [—» Refining — Niobium oxide
mining
Hydroth | Potassium
Palladium production yarotermal | «— hvdroxide
reaction ?
PGM primary
mining Potassium niobate
v
Sol-gel Phosphoric
— .
Concentration reaction acid
7 |
Niobium g
. Drying and
Smelting phosphate +—— calcining
support -
v Support production
Refining Catalyst production
Incipient Drying,
Y . Pd/NbOPO
Wetness — grinding, — Pdreduction [ catalyst !
. Impregnation sieving
Palladium T T
Other materials: H; and N,
Nitric acid gas
Water

Figure 1. Supply chainfeaturing the primary material inputs and outputs for production of
the Pd/NbOPQ catalyst



To obtain LCI data fothe Pd/NbOP®catalyst, we constdda variety of sources
including scientific literature, technical reports from Argonne and otlagional ldboratories,
sustainability reports from mining and chemical companies, information already in the GREET
mode| anddirect correspondence with experts in the fidlde final step in the production of the
Pd/NbOPQ catalyst, IWI, is described by Hafgtine et al. (2020). This process requires Pd
metal, NbOP@ nitric acid (HNQ), hydrogen (H) gas, andhitrogen (N) gas. Datanthelast
three materials can be found in the GREET m@B&EET2020) Theproduction ofPdas a
PGM and its implementation in GREHS described b¥Kingsburyand Benavide§021) The
NbOPQ supportcan be produced from the réiao of potassium niobate (KNkPand
phosphoric acid (kPQs) using asol-gel method detailed bigothWang et al. (2018) and He et
al. (2020). Lifecycle data for BPQy is alreadyavailable inthe GREETmodel(GREET2020)
andwe tracel KNbOs through its gnthesisfrom the hydrothermal reaction of MBs with
potassium hydroxide (KOH) as described by Lu et al. (1998)-cycle data for KOH is found
in the GREET modelG@QREET2020), andve describehe production of N#Ds from pyrochlore
asreportedoy Companhia Brasileira de Metalurgia e Mine@(CBMM 2019).Note that br
thelWI synthesis of the Pd/NbOR@atalyst, thesol-gel synthesis of NbOP£ andthe
hydrothermal synthesis of KNkQonly laboratoryscale material inputs and processing steps
were available We therefore use stoichiometric ratios to estimate material requirements on an
industrial scale, and we utilize an estimation technique devised by VB@taz et al. (2011)
andpresented ibunn et al. (2015) to calculatiee energy consumntjon required for these
processes

2.1.1 Niobium oxide production from pyrochlore mining and processing

Niobium is not found in nature as a free element and is most commonly sourced from the
mineral pyrochlorewhich isfound within alkaline igneous reaeposits (Schulz et al. 2017)
Brazil contains the world’ s |l argest deposits
niobium production, responsible for 88% of all niobium production worldwiaeli{la2020).
Based in Araxa, BrazilCBMM owns the largest share of pyrochlonenes and produces more
niobium products each year than any other compswifpr the purposes of our stugye focugd
onthe production methods addtafromt hi s company’ s of f (CBMMI| sust:
2019). These pyrochlore deposits contain an avecd@5% NbOs content, so several
processes are required to concentrate th@©Nind separate it frotie other materials also
obtained from pyrochlore (CBMM 2019).

Pyrochlore ore is minedsing operpit methodsandtransported by electrpowered
conveyor belts to the blending yard and concentration plant where theaimam-containing
components of the pyrochlore are removed by grinding, magnetic separation, desliming, and
flotation. Pyrometallurgyprocessing othe niobium concentrate rem®@ontaminants such as
phosphorous, sulfur, and lead. Depending on the desired end product, the niobium concentrate is
further processed in a variety of wapdthoughapproximately90% of the niobium that is
extraded from pyrochlore is processed and sold as ferroniobium, amiobium alloy used in
steel materials, CBMM also produces a significant amount of laborgtade niobium
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chemicaldike Nb2Os. In this case, the niobium concentrate is takoenhigh-purity niobium
oxide plant and a specialized oxides plhere it is purified to 99.5% NBs (CBMM 2019).
CBMM conducts all mining, concentrating, and production processsgeand exportenly
finished niobium products.

CBMM sustainabilityreportsfor 2016, 2017, 2018, and 2019 inclutie total niobium
production, material inputs, and energy consumptiemyear The average yearly production of
total niobium products during this tinperiodwas 8@,750tons. Approximately 8% of this
total consisted of ferroniobium products, with the remaining 11% of production being composed
of other niobium products such asZ0k. CBMM details the amount of petroleum coke,
charcoal, water, electricity, diesel fuel, and liquefied petroleastigais consumed during the
overall production process each yéeldris data represents alf the materials and energy that
went into producing all niobium products, beginning with the mining of pyrochlore ore and
endingat the point otommercial distbution ofthe finalniobium productsCBMM also reports
minimal consumption of aviation fuel and biodies®lt we omitedthese from our inventory
because theirtombined contribution to the total energy inpuatsless than 0.1%nd because
detaikedinformation regarding theexact application Nb,Os productionwas not provided
Using a mass allocation approacle determine the material and energy inputs per ton of
Nb2Os product(Tablel). Upstream information regardinmetroleum coke, diesel fuel, liquefied
petroleum gas, and electricity generation in Brigzilvailable in GREETGREET2020) To
determine upstream informatidor charcoglwe use the same approach presemeBenavides
et al. (2015) and model charcoal production frompyrelysisof willow, theenergy and
emissions burdesof whicharedetailed in GREETGREET2020)

Table 1. Material and energy inputs for the production ofNb,Os

Material Amount per ton Nb20s

Petroleum cke 0.0037tons

Charcoal 0.0135tons

Water 542 gal

Energy mmBtu/ton Nb2Os Share %
Electricity 1.212 72%
Diesel 0.149 9%
Liguefiedpetroleum gas 0.320 19%
Total energy input 1.681




2.1.2 Preparation of potassium niobate precursor by hydrothermal synthesis

Potassium niobate (KNk{canbe synthesizettom Nb,Os and KOHusing a variety of
methodssuch asydrothermal, soligtate, and precipitatioreactions We close to explore the
hydrothermal method because it requires significantly lower reaction temperatures compared to
the other two methods (Lu et al. 1998)d it is associated with high productig andquick
reaction time (Rashid et al. 2018)ydrothermal synthesis occurs within a sealed vessel, usually
an autoclave, where extremely high pressaredlea solvento be heated past its normal
boiling point without evaporating. The high temperatand pressure promote the rapid
interaction and assembly of the particles dissolved in the solvent (Rashid et al. 2018).

We examind a procedure for the laboratesgale hydrothermal synthesis of KNbO
described by Lu et al. (1998). In this procedure, solid KOH is dissolved in water to prepare an
8 M KOH solution, which is then mixed with 3.320f NlxOs. The total volume of solutiors iset
to 125mL, so the NbOs has a concentration of OM. The solution is placed into a sealed
autoclave reactor and heated at 200°C for 2 hours while being continuously stirred. After
hydrothermal reactiofsee Equation I1the KNbQ productobtaineds washed and dried.

00 ¢cOLUOcLOd O (1)

To estimate the quantities of materials used, we assar80% vyield of the KNb®
productanduskt he reaction’s stoichiomet rn@dher ati os
limiting reagent, to the mass of KNbeProduced. SincexcesKOH is used, we assuméhat
all KOH that is not consumed during the reaction is recycled and mayusedeas a extant.

Finally, we assumdthat the HO formed during reaction can be recycled for use as a solvent,
and we use a conservative estimate that 50%lud water used as a solvent may be recycled by
purification.

To estimate energy consumption for the production of K@ adopedthe
methodology of MajeaBettez et al. (2011) and Dunn et al. (2016)this method, the total
energy of production is equivalent to the sum of the eneegged to heany materiat plus the
energy required to power any equipment usadan industriascale, thdnydrothermateaction
may be performed in @ontinuousstir tank reator (CSTR).The total energyn y ) required
to produce 1 ton of KNbg&s calculated as the suof the heat required to heat tieaction
solvent ), the heat losef the reactofr} ), and the energy used in stirring the
materialg(ri ). The energy required to dry the product is assumed to be negligible in this
scenaio as the produaloes notequire intensive hedteating A key assumptiotin the total
energy calculatiors that half of the heat used to heat the solvent may be recovered and re
incorporated by heat integration, causing the valug of to be halved (Equation 2).

n
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A detailed account of the calculations for each term in Equation 2 can be found in
Appendix A.The volume of the reactds assumed to b&0,000L, whichwe usel to scale the
energy consumptioaccording to the amount ofaterialrequiredto produce 1 tolf KNbOs.
Heating of the reactor and solvent consumes natural gas ttaanbusted in a boiler with a 90%
efficiency, while the energy uséar stirring is electricity.Table2 summarizeshetotal material
and energy inputs for the production of KNgi@m the hydrothermal reaction of s and
KOH.

Table 2. Material and energy inputs for the production of KNbO;

Material Amount per ton KNbO 3

Nb2Os 0.738tons

KOH 0.312tons

Water 3,325¢qal

Energy mmBtu/ton KNb O3 Share %
Electricity 0.100 1%
Natural gas 7.886 98%
Total energy input 7.986

Because the hydrothermal method requo@stinuousmaintenance of high pressures and
involves the heating of solvents witigh specificheat capacities, it is quite energy intensive
terms of natural gas and water consumption

2.13 Production of niobium phosphate support bysoli gel synthesis

Niobium phosphate (NbORDis commonlyproduced by the reaction of potassium
niobate (KNbQ) with phosphoric acid (§PQs). This approach is used byang et al. (2018) and
He et al. (202Q)who both describe a s@el method for this reaction. ®method involves the
stimulation of small molecules to form a colloidal solution, which then evolves to form a gel
with a liquid anda solid phase. The liquid phase is then removed by drying the solvent (Rashid
et al. 208B).

We analyzd a laboratoryscalesolgel synthesis of NbOPg&xhat draws from the
procedures of both Wang et al. (2018) and He et al. (2020). In this process, 1.15 g ofFg3% H
is dissolved in 25 mL of water, and a 011KNbOs solution is added to thesAQ; solution.

Using the stoichiometric ratios of the react{see Equatiol), we determined that 1.80 g of
pureKNbOs is reacted with the #PQ; andthatthe total volume of solution is 124.75 miiving
a concentration of 0.4 M for4RQs. The solution is stirred for 1 hoat 40°C and for 2
additional hours at 8. It isthen heated in sealed autoclave reactar160°C for 24 hours.
After cooling, the product is filtered, washed, and dried at 110°C overnifiit @pproximately
12 hours. Finally, the solid product is calcined at 400°C for 3 hours to obtaialystquality
NbOPGQ product.
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In orderto estimate the quantities of material in industrial production, we asisame
100% vyield of the NbOPfproductanduskt he reaction’s stoichiometrtr
mass inputs of KNbgand BPOs to the mass of NbOPMroducedWe considesd KOH to be
a coproduct of NbOP£Hand we usia mass allocation approach to calculate the environmental
burden of this synthesizssed on 79% of the products consisting of Nb@&@ 21% consisting
of KOH. We againassumd that the HO formed during reaction can be recycled for use as a
solvent, and we usea conservative estimate that 50%loé totalwater that is used as a satve
may be recycledfterpurification.

To estimate energy consumption for the production of NbQR© adopedthe
methodology of MajeaBettez et al. (2011) and Dunn et al. (2015) as we did with the production
of KNbQOzs, but we expanedthe total energyansumption to include drying and calcinjras
these are important steps in achieving a catgsede product. On an industrsdale, reaction
and solvent heatingithin the autoclavenaybe modeledisinga CSTR while drying occurs in
a chamber oven armlcining in achamber furnacélhe btal energy 1 ) required to
produce 1 ton oNbOPGQ is calculated as the sum of the heat required to heat the reaction
solvent ), the heat loss by the reactgr ( ), the heat required to dry the NbOPO
product § ), the energy used in heating the ovgn ( ), the heat required to calcine the
NbOPQ product ), the energy used in heating the furnage (), andanyenergy
used instirring the materials’Y ). We assuméhat half of the heatonsumedliuring the
heating ofany materials, either in solution or as dry NbQPR@ay be recovered and-re

incorporated ito the procesdy heat integration, causing the valwén ,n ,and
n to be halved (Equatiod).
, N . n . N . .
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More details regarding the calculations for each term in Equation 4 can be foupmpkindixB.

As with the production of KNbg) we scald the energy consumption to 1 ton of NoQR®

relating theinterior volume of any equipment used to the amount of natiat must béoaded

into theequipment in ordeto produce 1 ton of NbOROThe sameteampoweredCSTR with a
volume of 10,00Q that isdescribed by MajeaBettez et al. (2011) may lused to heahie

solventin the first stepWemodekdthe dryng step using a 1,000 L chamber oven and the
calcining step using an 8,300 L chamber furnace. Both the chamber oven and chamber furnace
are from Nabertherm and are powered by electricity (Nabertherm.2016)



Table 3 summarizeshtetotal material and energy inputs for the production of R@from the
solgelreaction oK NbOz andHzPQu.

Table 3. Material and energy inputs for the production of NbOPQ

Material Amount per ton NbOPOq

KNbO3 0.692tons

HsPOy 0.377tons

Water 5,756gal

Energy mmBtu/ton NbOPO4 Share %
Electricity 0.446 3%
Natural gas 13.341 97%
Total energy input 13.788

The production of NbOP{s quite intensive in terms of natural gas and water
consumption. A large amount of water is required to obtain the correct concentration of reactants
during thesol-gel synthesis procedur&@he need to heail of this water in the CSTR leads to
heavy consumption of the natural gas used to power the CSTR.

2.14 Palladium metal production from PGM mining and processing

Palladium metal is produced conjunctionwith the otheiplatinum group metals
(PGMs) platinum, palladiumghodium, ruthenium, iridium, and osmiufAGMsare found as
mixed metal andnineral deposits along with gold, nickel and copper within basic igneous rocks
(Seymour and OheBashvel®lgnboys Carapleiputh Africacontains the
| argest PGM deposits in the worl d andThgse oduce
deposits contain-B gof PGM content per metric toe (t) of org and 206 to 25% of this PGM
content is palladiung Sey mo ur a rRdl2)Ohisgwvesra enbximym palladium content
of only 0.0002% in the oreso intensive processing is required to procure palladium from these
mixed ore depositd he typical process stagis PGM productiorare mining, concentrating,
smelting, and refimg (Benavides et al. 2015).

Conventional underground or open cut techniques arefasetningthe PGM ore,
which is located at depths between 500 m and 2 km in South African deposits, requiring large
energy inputs for drilling, ore hauling, and refrigigon (Benavides et al. 2015)he mined ore
is then crushed and milled into small particles and mixed with water to form a slurry for
concentratia, where frotHlotation is employed t®separate waste from the valuable minerals
producing a concentrate thvia 1001509/t PGM contenf Sey mour and .0’ Farr el |
Gravity separation may be usatlthis point tdurther separate larger PGM patrticles, while the
majority of the concentrate is smelted in electric furnaresslowcooled to produce matte
with a 1500 g/t PGM content as well as nickel, copper, and iron sulfides. (Seymour and
O’ Far r el | yonar $uffuconteniaredecreased witbxygenenriched airand



magnetic separation removes nickel and copper from the rest of the PGMs, prediutahg

concentrate with a 836-60% PGM contentrinally, avariety of refiningtechniquesuch as

solvent extraction, distillation, and i@xchangdurther increase PGM content in the concentrate
andseparate thBGMs from each othein the case of palthum, an aqua regia process is

generally used to dissolve the PGM concentrate before treatment with ammonium hydroxide and
hydrochloric acid to precipitate a solid pal/l

Kingsburyand Benavide§021)providewater and energy inputs for th@oduction of
palladium bymining, concentrating, smelting, and refinitng PGMs.This data, along with
inputs forthree other PGM production pathwapas already been incorporated into the
GREET2 model GREET2020). The data reported by Kingsbury and Benavides (2021) is
sourced fromAnglo American Platinum, §outh African mining compartyat operateseven
mines in the Bushvel@omplex From 2015 to 2019%nglo American Platinum repatlits
average annua@rergyand wateiconsumptiorfor the production of alkheir products: palladium,
platinum, rhodiumgold, iridium, ruthenium, nickel, and copp@&hese reported values
correspond to the total inputs across the mining, concentrating, smelting, and refigesy s
Information about potential process chemicals or materials used in PGM refining and separation
was not provided by Anglo American Platinum and thus is not included in this inventory, but we
assume that their contribution to the total energy consamj® minimal.Kingsbury and
Benavides (2021determiné the division of tle total energy input by fuel type (electricity,
diesel, coal, and natural gaBprconsistency with other catalyst materialshe GREETmodel
(GREET?2020), we usgenergy inputgor palladium that werealculated from the total
production energipy mass allocatiorwhich is set athe default method iIGREET.Kingsbury
and Benavides (202h)sodiscusanarketallocatian as an option for calculating the energy
inputs per ton of Pdso we provide these inputs and the corresponding LCA results in Appendix
D. Palladium is a higivalue metal, especially in comparison to nickel and copper which are also
produced by Anglo American Platinum, so the energy consumption of Pd production is
considerably higher when using market allocation as opposed to mass allocatiorputsier
theproduction of 1 ton of palladiumsing the results of the mass allocation approach (Kingsbury
and Benavides 2021) are presentedable4.

Table 4. Material and energy inputsfor the production of palladium

Material Amount per ton Pd

Water 171176gal

Energy mmBtu/ton Pd Share %
Electricity 340.1 71%
Diesel 54.8 11%
Coal 80.1 17%
Natural gas 4.9 1%
Total energy input 479.1
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Palladium production isxtremely resoureatensive due to the very low PGM content
( =£0. 0 hnnded prewhich requires considerable energy and water inputs for extraction
and beneficiationf-or comparison, the NB®s content in the pyrochlore ore from which it is
extracteds approximately 2.5%, leading to significantly smaller energy and material
requirementsWe note that palladium and other PGMs may also be recovered by recycling, or
secondary production, which would significantly reduce their environmental burden. Sgconda
production of palladium involves smelting or dissolving a palladaamtaining product, and
then refining this molten matte or solution to separate out the palladium in a purified form
(Benavides et al. 2015palladium and other PGMs display an extrninegh recovery rate at
98%99 % ( Seymour and O Farrelly 2012) after wund
production.Informationabout the material and energy inputstfe secondary production of
palladium was not available, so wiel ciot account forhis pathway in our inventoyyut it
would be worthwhile to examine in future LCA studies

2.15 Production of PA/NbOPQu catalyst by incipient wetness impregnation

To produce the Pd/NbOR®atalyst, Pd is deposited on the NbQRGpport using IWI.
In this method, the active phase metal is first dissolved in an acid andrtveminto the pores
of the catalyst support through capillary action. Calcination then elimiaayeslatile
compoundgrom the metal or suppofRashid et al. 2018).

We examinel the procedure of Hafenstine et al. (2020) for the IWI synthesis of
Pd/NbOPQ. Pd metal is dissolved @nitric acid (HNQ) solution and mixed with NbORGor
12 hours. The catalyst slurry is dried under air at 107°C for 6 hours and at 265%@tos2
The dried product is ground and sieved into mesh particles. The product is then purged under
nitrogen (N) gas for 1 hour. Finally, Pd ions are reduced to Pd metal by heating the product to
265°C and reducing with hydrogenJHyas for 5 hours, foning the Pd/NbOP@Qcatalyst.

Quantities of materials for industrial production of Pd/Nb@R@re provided by direct
correspondence witlmanufacturersf the catalyst@. Hafenstinepers comm). We also
consuledthe parameters for Pd/NbOR@roduction isted inthe CatCost software, a tool that
allows researchets estimate the largscale production costs of pcemmercial catalysts
(CatCost2019) and whichHafenstine et al. (202@)sedto incorporaé the Pd/NbOP®@catalyst
into a technoeconomic analysis (TEAYeverified that the material inputs and procespst
that we usé to estimate energy inputs for catalyst producti@nereflective ofthe procedure in
CatCostHafenstine et al. (2020) desgphthe catalyssynthesis sthat the Pd active phase in the
Pd/NbOPQ catalyst is 5% by weight. The amount of &d H gas required for purging is based
on a flow rate of 20@L/min for both gasedVe again assundghat 50% of the water that is
used as a solvent may be recycleérgfturification.

We againestimate theenergy consumption for the productionRifNbOPQ by taking
the sum of the energy consuniadeatingany materials plus the energy required to power any
equipmen{MajeauBettez et al. 201, 1Dunn et al. 2015)In this scenaripwe modedédthe
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stirring of materialsising arelectrically poweredndustrialchemicalmixer that iscapable of
agitating catalyst slurrie¥he catalyst is dried in two stages at different temperathodls of
which may be modeledsing achamber ovenwhile heating of the catalysinderH, gasrequires
a tube furnaceThe total energy{ ¥ ) required to produce 1 ton tife PANbOPQ
catalystis calculated as the sum of the heat requirettyahe catalystin two stages at 107°C
(n ) and 265°Qn ), the heat used in heating the oven to 107fC ( ) and to 265°C

(3] ), the heat required t@ducethe PANbOPQ catalst under H gas(n ), the energy
used in heating thieibefurnacefor this reductior(r] ), andtheenergy used in stirring the
materials] ). We assunmstthat half of the heat consumed tne Pd/NbOP®materialin any
stagemaybe recovered and4iacorporatedcausing the values @¢f ,13 , andn to be
halved(Equation 5).

Nr 7 C C C n n (5)

An explanation of each individual term in Equation 5 is provided in Appendix @der
to scale the energy consumption to the production of 1 ton of Pd/Nh@e@odeled both
drying steps using chamber oven with a volume of 1,05(Nabertherm 2016)Vhile stirring
was performed in the CSTR ftire production of KNb@and NbOP®Q, in this case the stirring is
performed using ahemical mixer that can agitate catalyst slurriesoup,892L (Madden Pump
2020).The interior volume of the tube furnace used for reduét@alculated based @n
providedtube radius of 56hm and a heated length of 1@0n (Nabertherm 2017T.able5
summarizeshtetotal material and energy inputs for the production of Pd/NbO@mpared to
the rest of the processing steps in the supply chain of the Pd/Nls@aR@yst, the final synthesis
of the catalyst byW!I is minimally energy intensive.

Table 5. Material and energy inputs for the production of Pd/NbOPQ

Material Amount per ton Pd/NbOPO4

Pd 0.05tons

HNO:s 0.05tons

NbOPQ 0.95tons

N2 gas 0.0058tons

Hzgas 0.0021tons

Water 72qal

Energy mmBtu/ton Pd/NbOPOq Share %
Electricity 0.4% 100%
Total energy input 0.4%
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2.2LIFE CYCLE INVENTORY OF ZrO2 CATALYST

As with our analysis of the Pd/NbOR€atalyst, it is first necessary to identify a cradle
to-gate supply chain for production of tAeO» catalyst based on publicly available data. ZiO
a commonly used material in many industrial processes, and it may adopt several different
crystal strutures and morphologiesith differing properties and applications (Z2919).For
the purposes of thigtudy, we specificallyoutlined a pathway fothe productionof apure
monoclinic ZrQ catalyst as this ighe form used in the production pathway «f #BH biofuel
(G. Hafenstinepers. comm). Zirconium compounds such as Zr@ay besourcedrom many
different zirconiumcontaining minerals, such as baddeleyite and eudiddyteye limitedour
focus to zircon (ZrSi@) since this is the most commonly used commercial zirconium mineral
(Nielsen et al. 2012)

As depicted irFigure?2, zirconis produced by the miningeneficiation ard separation
of mineral sand<Zirconis then decomposed by caustic fusion with NaOH to ygettlum
zirconate (NaZrOs) as well asa sodium silicate (N&iOs) byproduct.NaZrOs then hydrolyzes
to form hydrousirconiawhich is calcined at the production plant to facammercial ZrQ.
Finally, thecommercialZrO: is furthercalcined at high temperatures to yield catatystde
ZrO- with a monoclinic crystal structur@/e describeltese production processa further
detalil in the following subsections.

Zircon production

Ilcavy-m_inleral —» | Beneficiation |—| Separation |—— Zircon
sands mining
l Catalyst production
. . Hydrolysi . ZrO
Caustic fusion | —* YEAOSIS 1| Calcination !
and firing catalyst

!

NaOH
Figure 2. Supply chain featuring the primary material inputs and outputs for production of the
ZrO , catalyst

We again consudda variety of sources, from scientific literature to the GREET
databas, in order taletermine thenaterial and energy inputs for the LCItb& ZrO. catalyst
For the final calcination cfommercialZrO. to a monoclinic catalyst product, we exanue
laboratoryprocedure from Shylesh et al. (20,1W&hich requiresio materal inputsother than
commercial ZrQ. For the decomposition of ZrSKdo NaZrOs, hydrolysis ofNaZrOs to
hydrous zirconigand calcination of hydrous zirconiacommercial Zr@, weusedan inventory
from Primas (2007)Other than the ZrSi©Omaterial input, te process steps this inventory
requira only one additional material input, NaOtiglife cycle dateof whichis available in
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GREET GREET2020). All inputs for the production afrconfrom the mining, beneficiation,
and separatioof mineral sandare describetly Gediga et al. (2019Additional material inputs

of NaOH, sulfuric acid (E8Qs), aluminum sulfatéAl 2(SQs)3), andlubricatingoil wererequired

for the production of ZrSi® Both NaOH and E50O, are detailed in GREETGREET2020) We
usal estimations to inpull2(SQy)z and lubricating oilsincethese materials are not in GREET
andcontribute only very slightlyo ZrSiQ: production Al2(SQs)z may be produced from the
reaction of HSQy with alumirum oxide (AbOs) (Darragh and Ertell 2003), both of whiahe
available in the GREET modébREET2020) sowe usel stoichiometry to calculate the amount
of Al,0O3 and HSQs needed to produce the necessary amouhAtg8Qs)s for ZrSiOs

production. We assurdeno additional energy is required for this chemical reaction and iretlude
Al>0s and HSQs as material inputs in place Af2(SQy)s. We usel gasoline blendstock as a
surrogate for lubricating qilvhich is produced from the refiningddistillation of crude oil

much like gasoline (SullivaR005).When implementing vehicle fluids such as engine oil, which
is analogous to lubricating oil, into GREET2, Burnham et al. §2@6timate energy and
emissions using gasoline manufacturingywsocadopedthe same approach in our inventory.

2.2.1Production of zircon by mining, beneficiation, and separation of mineral sands

Zircon formsnaturallyby crystallizatioras amineral withinsilica-containing rocks such
as granites, syenites, and dies ZIA 2019). The zircon contained in these primary ore deposits
is largely inaccessibler minimally concentratedso the majority{97%)of zircon is obtained
from secondary placer deposisheavymineral sand¢ZIA 2019). These sand deposits have
developedvermillions of yearsasweathering and erosidrave worn away at zircecontaining
rocks, while wind and water have concentrated and transported the heavy zircon grains to
coastline areas. Other minerals such as iiteéReTiOz) and rutile(TiO2) undergo this same
process and are found within the same heaineral sands as zircon (ZIA 2019).

The production of zircon from heawgineral sands consists of three primary process
stageswet or dry miningpbeneficiation(also referred to as concentration), and separafioese
processes are described by ZIA (2019) and Gediga et al. (ZyAnining involves using
equipment such as scrapdrglldozers, and excavatorsdbtainheavymineral sands from solid
inland depsits, while wet mining involves employing floating dredges to remove hesngral
sand from water pondsThe mined productvhich contains about ¥820% heavymineral
content,s thenconcentragd. Concentration iypically performedby wet gravity sepation
methods that usequipment such as hydrocyclones or spit@idivide the heawnineral sands
from other lighter and newaluable materials, producing a heawyneral concentrate (HMC)
with an 886-95% heavymineral contentFor wet mining, concenttian occurs within the water
sourceusinga floating concentrator in conjunction with the floating deedghile for dry
mining, a slurry is produced from the mined heawperal sands to input into the concentrator
on site After concentration, the HMC tsansported to a mineral separation plant (M8Rgre a
combination of techniquesicluding screening as well as magnetic, electrostatic, and gravity
separation circuitgs employed to separate zircon from other minerals in the ISMD as
ilmenite and rutile.
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Gediga et al. (2019) provide a comprehensfeecycle inventory for zircon production
from mineral sandthat coversnore than 77% of global zircon productidndustry data for
zircon productiorwascollectedfrom ten differenproductionsitesfrom eight companieacross
all major heavymineral sangpbroducing countries, including Australia, South Africa, Senegal,
Kenya, and the United Statd®oth wet and dry mining methods were included in this survey.
Unit process inputs and outis formi ni ng and beneficiation at weac
for separ at i o nwera tbtaieed amd Gediga et al. $2019)Sdport the material and
energy inputs and outputs fibrese processes a weighted averapasedore ach si t e’ s
contribution to the total production mass

The final sand product consists of 37% zircon, 48% ilmenite, and 15% Fubla. this
data, wecalculatel the total material and energy inputs flioe mining, beneficiation, and
separation of heavsnineral sads, and we sed mass allocation to determine tmaterial and
energy inputs per toof zirconproduct These inputs arghownin Table6. As stated in the
previous sectin, upstream information for all material and energy inputs are found in GREET
(GREET?2020) with gasoline blendstock serving as a surrogate for lubricatingnail AbOs
and HSQ, acting as stoichiometrically equivalent inputs in placAle{SQu)s.

Table 6. Material and energy inputs for the production of zircon

Material Amount per ton zircon

H.SOy 0.00276tons

Al 203 0.00005tons

NaOH 0.00010tons

Lubricating oil 0.00110tons

Water 5,981 gal

Energy mmBtu/ton zircon Share %
Electricity 0.728 47%
Natural gas 0.289 18%
Diesel 0.536 35%
Total energy input 1.552

The production of zircon by mining, beneficiation, aegaration of heavgnineral sands
is much less energyntensive thamalladiumproductionby PGM mining ands comparable to
niobium production by pyrochlore miningjhelarge watecconsumption can be attributed to the
wet concentration process in whictetheavymineral sands are separated from lighter material
in water using hydrocyclones and spirals.

15



2.2.2 Production of ZrO 2 catalyst by caustic fusion and calcination

CommercialZrO canbe obtained from zircon by a variety of chemical, thermal, or
mechanical decomposition methods (ZIA 200k focugdon the decomposition of zircon by
caustic fusion wittsodium hydroxideas this is thenost commonly userircon decomposition
method(Nielsen and Wilfing 2012) and the process for whlof most detailedata could b
obtained Caustic fusion entails reacting zircon (Zr@i@ith a slight excess of NaO&lt 6 50
to form sodium zirconate, sodium silicate, and wadsrdisplayed in Equation 6

@i WQT10 ®00 WO WO U WY ¢OV (6)

After cooling, the products of this reaction are crushed to form a slurry. The majority of
the sodium silicate is dissolved in water, while the sodium zirconate is hydrolyzed to form
soluble NaOH and insoluble hydrous zirconia (Nielsen and Wilfing 2012). The hydrous zirconia
can then be separated from the other products by filtration andezhlinremperatures between
80CCand 1000 t o f os(Pnimas@0@mer ci al Zr O

Material and energy inputs for Zs@roduction from zircon are presented by Primas
(2007) as overall values for zircon decomposition by caustic fusion and calcinatiorraisyd
zirconia to form commercial ZOPrimas notes that trenergyinputs reported for these
processes are approximations based on very similar caustic fusion and calcination processes
commonlyused to produce sodium silicate and aluminum oX@dienas calculated thmaterial
inputs using stoichiometry, with an assumeéoléxcess of NaOH and a 95% product yield for
zircon decompositionTheintermediatehydrolysis of sodium zirconate to hydrous zirconia is
assumed to require no additional material or energy inputsas reports inal product
composition of 50% Zr@and50% sodium silicate, so wappliedmass allocation to determine
the material and energy inputs per ton of commerciabZrO

Because we are specifically examining the production pathway for cegedyis,
monoclinic ZrQ, we incorporate an additional caination step modeled after a laboratory
procedure from Shylesh et al. (2017) that produces a monocliniccatélyst by calcining
purchased commercial Zs@t a temperature of 1073fkr 3 hoursUsing the same approach
explainedn the previous sectiorend in the appendicésr the laboratory production of KNkO
NbOPQ, and the Pd/NbOPLzatalyst, we calculatkithe energy requirement for calcination by
modeling thermodynamic heating of Zr{@ an 8300 L Nabertherm chamber furnace
(Nabertherm 2016cmrding to the MajeaBettez et al. (2011) and Dunn et al. (2015)
methodologyThe energy required for this calcining step is equivalent to the sum of the energy
needed to heat solid Zs@ the required temperature (1073 K) and the energy udeshtan
8,300 L chamber furnade thattemperature for 3 hour€@nly a small additional electricity input
is required for this final calcination step, and weeatitlis value to the energy consumption for
the previous stages in Zs@roduction. InTable7, we present the material and energy inputs for
the production of 1 ton drO; catalyst as combined totals for the caustic fusion of zircon,
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calcination of hydous zirconia, and calcination of commercial Zr@ll inputs apart from
ZrSiOs, whose production we describe, are detailed in GREEREET 2020).

Table 7. Material and energy inputs for the production of ZrO.

Material Amount per ton ZrO >

ZrSiOy 0.785tons

NaOH 0.720tons

Water 194gal

Energy mmBtu/ton ZrO 2 Share %
Electricity 0.440 20%
Natural gas 0914 41%
Coal 0.023 1%
Residual oil 0.860 38%
Total energy input 2.237
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3. RESULTS AND DISCUSSION
3.1SUMMARY OF LCA RESULTS

We uselAr g o nGREETsnodel GREET2020) to perform cradieo-gate LCAs for
Nb2Os, KNbOs, NbOPQ, Pd, the Pd/NbOPLatalyst, ZrSi@, and the Zr@catalyst. Fossil fuel
consumption is reported in terms of energy unit (MJ) per mass unit (kg) of material produced.
GHG emissions are reported in terms of mass unit (kg) of carbon dioxide equivalesd} g€O
mass unit (kg) of material produced. In artereport GHG emissions in terms of gQother
GHGssuch as Chland NO are converted to their equivalent amounts obG3& i ng each
global warming potential (GWP). Water consumption is reported in terms of volume unit (gal)
per mass unitkg) of material producedlhe LCA results for all new catalyst materials examined
in this studyareshownin Table8.

Table 8. Cradle-to-gate LCA results for new catalysts and associated materials

Cradle-to-gate Nb:0s ~ KNbOs NbOPOs  pd  TUNDOPO: o o, 2102
result catalyst catalyst
GHG emissions

(kg COel/kg 0.1 1.2 2.4 121 85 0.2 1.8
material)

Fossil fuel

consumption 14 18.3 36.1 1,245 98.6 2.6 25.8
(MJ/kg material)

Watter consumption 6.8 14.8 251 26.9 6.8 8.3

(gal’kg material)

The cradleto-gate GHG emissions, fossil fuel consumption, and water consumption
valuesfor Pd are significantly higher thahe other catalyst materiglespecially in comparison
to the results for \d®©s and ZrSiQ, which are also produced by mining and beneficiation
methodsThis can largely be attributed to the fact that the Pd content within the mixed metal
PGM ore from which it is mined is less than@@%, compared to an ANDs content of 2.5% in
pyrochlore ore and a ZrSi@ontent of 106-20% in heavymineral sandsMuch more intensive
processes are thus required to extract and isolat@fdts mined oreHowever, t is important
to note that metalgarticularly those with a high economic value like the PGMs, often display a
large environmental burden during their production, but their use ardfdife recycling
typically counterbalance this impact (Santero and Hendry 2GH8alysts that incorpate
PGMs generally display higher activity than basetal catalysts, and PGM recovery rates after

recycling areveryhighat986-9 9 % ( Sey mour a n dVhi@ thésgstem eoundayy 201 2)

of this study is cradko-gate, a cradikeo-grave analysis that accounts for usage and recycling
would be especially beneficial in the case ofaRd the Pd/NbOP{atalyst.

Belowwe provide a comparison tife LCA results for the ne®d/NbOPQ and ZrQ
catalysts to the results for existing catalysts in the GREET mbalele9 shows the Pd/NbRQ,
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and ZrQ catalyst results alongsidesults for threef the fivecatalystgreviouslyimplemented
in GREET: Piy-Al.03, MoCoN-Al 203, and ZSM5 (GREET202Q Wang et al. 2015

Table 9. Comparison of new Pd/NbOPQand ZrO., catalysts to existing catalysts in GREET

Cradle-to-gate result Pd/NbOPOy 70 Pt -Al2O# oMAcifgi . ZSM-52
GHG emissions

(kg COpelkg material 8.5 1.8 6.8 9.3 6.8
Fossil fuel consumption

(MJ/kg material) 98.6 25.8 88.4 128.1 111.7
Watterconsumption 26.9 8.3 11.0 9.1 35

(gal/kg material)

2Results forP t -Aly0;, Mo C oAl s, and ZSM5 catalystarefrom the GREET modelGREET2020)

The net GHG emissions and fossil fuel consumption for Pd/Nh@R®Dery comparable
to the existing catalysts in GREET, while these values for the @talyst are considerably
lower. On the other hand, water consumption for24sQery similar to the existing catalysts in
GREET, while the water consumption for Pd/NbQRImarkedly higher. We explore the
contributing factors to the Pd/NbOR@&nd ZrQ LCA results in the following section.
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3.2ANALYSIS OF FACTORS CONTRIBUTING TO CATALYST BURDEN

To assist our interpretation of th€A results for the PA/NbORPQ@nd ZrQ catalystswe
first broke down thedifferentmaterialscontributing to the production of thesatalysts as
shownin Figure3. The major material input for the Pd/NbOP¢atalyst is the NbOPGsupport,
which accounts for 90% of material inputs for the catalystalsfe showthe contribution of
Nb2Os, HsPQs, and KOH a material precursors for the NbOPsipport; the KNb®
intermediate is accounted for by the2®pand KOH inputs. As the primary source of Nb,
Nb2Os accounts for nearly half of the material inputs for the Nb@&R@port. Palladium and
HNOs3 each contributapproximately 4.5% of material inputs for the catalyst, whil@ahd H
gas inputs are minimal. For the Zr€atalyst, only two major material inputs are used: zircon
and NaOHThe percerggecontributiors of zircon and NaOH to the total material inpats
nearly the same, with zircon contributing just over 50% and NaOH just under 50% of the
material composition.
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Figure 3. Contribution of material inputs to the production of a) PA/NbOPQO, and b) ZrO »

Thefigures below show theontributions of thevarious material and energy inptits
both catalyst$o thecradleto-gate GHG emission@igure4) and fosil fuel consumption
(Figure5). The proportions of each input’s contri but
consumption are very similar, which is to be expected because processes that consume large
amounts of fossil fueare also likely to exhibit large amounts of GHG emissiétihiough a
small amount otheenergy and emissions burden is associated with additional energy inputs
(electricity, natural gas, residual oil, and coal) and estimated transportation requif@ments
catalyst production, the majority tifeenvironmental impact for both catalysts comes ftben
upstream production dfeir material precursors. However, for btte Pd/NbOP®and ZrQ
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catalysts, the percent mass contribution of each materialasmiiown irFigure3is not
indicative of that menissions and fossl fuel consumptiob.ut i on

9 2
I
: . o
= =
4 2 16 | |
s’ S
S 8 14
»° 2
-~ -~ 12
I 9,
8 S 1
w 4
= g 08
v w
e 3 o
K=} 2 06
2 2
2
; £ o4
21 2 02
(G] (G
0
Pd/NbOPO, catalyst ZrO, catalyst
m NbOPO, support m Palladium m NaOH m Zircon
mHNO; m H; and N, gas = Residual oil & coal m Natural gas
m Electricity ® Transportation m Electricity B Transportation

Figure 4. Breakdown of cradleto-gate GHG emissions o&) Pd/NbOPOs and b) ZrO 2
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Figure 5. Breakdown of cradleto-gate fossil fuel consumption of) PA/NbOPQOs and b)
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Although the primary material componenttbé Pd/NbOP®@catalystby masss the
NbOPQ supportthe Pd metal is by far the major contributor to cramiggate GHG emissions
and fossil fuel consumptierd e s pi t e accounting for | ess than
inputs This is because Pd is far more caditensive tlan any of the other materials that are
used, and its own cradte-gate GHG emissiorend fossil fuel consumpticare much higher
than any other material that contributes to the Pd/Nb@Rt@lyst as we observed ifhable8. It
is notablethatthe primary source of purchased endiythe production of Pd by PGM mining
is electricity, contributing to 71% of the total energy consumpioRd productionas shownn
Table4. In South Africa, 88% of electricity is sourced from coal (Kingsbury and Benavides
2021)which isalso amajor source of GHG emissigrieading to a high &sil fuel and emissions
impact for Pd

For the ZrQ catalyst, the NaOH material inpistthe primary contributor to cradte-
gate GHG emissiorand fossil fuel consumptictespite contributing less mass than zircon to
the total materiahputs incatalyst production As discusseth Section 3.1the zircon content in
the heavymineral sands from which it is produced is very high, sprizggluction isminimally
resourceantensivein comparison to other mining and beneficiation proceddaterial and
enegy flows for NaOH are already detailed in GREE® we do not descriliboseinputs in this
study, but we note that the cradtegate fossil fuel consumption of NaOH as reported in
GREET(28.5 MJ/kg NaOH)s much higher thathat of zircon(2.6 MJ/kg zircon)and that 73%
of the fossil fuel consumption for NaOH production is from natural G&HET2020).

We also examine the contributions of the various material and energy inputs of both
Pd/NbOPQ and ZrQ to thecradleto-gatewater consmption inFigure6. Process water
consumption for the synthesis of both catalysts is very minimal, as is water consumed by
transportation and upstream water consumgtiam energy inputsThe majority of water
consumption is from thepstream production of theajor material inputs?d and NbOPgXor
Pd/NbOPQ, andzircon and NaOHor ZrO,. The contributios of Pd and NbOP@to the total
water consumption of thed/NbOPQ catalystarenearly equivalent, while zircon has a larger
impact than NaOH on water consumption for ZrO
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Figure 6. Breakdown of cradleto-gate water consumptionof a) Pd/NbOPO, and b) ZrO ,

The sizeable impact of zircon time cradleto-gate water consumption of Zs©@an be
attributed tahewet concentration processedduring heavymineral sands mining to increase
the zircon content of the sands after mining. This explains why thecat@lyst has a cradte-
gate wateconsumptiorsimilarto other catalysts in GREET despite having lower values for
cradleto-gate GHG emissions and fossil fuel consumptiswith zircon, the concentration
process for palladium production uses large amounts of water when creating todepgrate
less valuablenaterials from the PGMs. A sizeable water consumption attributed to the NbOPO
support is also expected, both because the su
and because trsolgel synthesis of NbOP&Zfrom KNbOsz and HPQs requires a large amount
of water for use as a reaction solvélrtie combined impact of Pd and NbORsauses the
cradleto-gate water consumption for this catalyst to be highertanofthe other catalysts in
the GREET modeHowever, we nat thatthewater consmed during production dhe
NbOPQ catalystsupport and its KNb&precursor istimated based on stoichiometric
assumptions from laboratopyocessesvhich unlike industrial processese not designed to
minimize waterconsumptioror to incorporate water recirculatiobhe cradleto-gatewater
consumption ofhe Pd/NbOP®@catalystis thusanoverestimation, and there is potential to
reduce water consumption if these processes were industrially optionideglater reciculation
was considered
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4. CONCLUSION

In this study, he supply chaimof a PA/NbOP®@catalystand a ZrQ catalystwere
identified, and LCI datavascollected for each stage in thea t a buppdytchails. Material and
energy flowsor manymaterials used ithe production of thd?d/NbOPQ and ZrQ catalystsare
already detailed in GREET, while other materials such a®©HiKNbOz, NbOPQ, Pd,and
ZrSiO4 required the compilation of new LCI data and analysis. To procure material and energy
inputs for these previously undefined materials, we coedaltombination of scientific
literature, technical reportsustainability reports from mining and chemical industaad
direct correspondence with professionals in the fidlaterial and energy flowfor the new
catalysts and associated matenaseimplemented in GREET, artadleto-gate LC/As were
performed We repored cradleto-gate values for GHG emissiqgrisssil fuel consumptigrand
water consumptiofor the new materials, and we exandrbe variousfactorsthat contributeo
the environmental burden of the Pd/NbQR@d ZrQ catalysts

The cradleto-gate GHG emissions and fossil fuel consumption oPEMNbOPQ
catalyst are very similar to results for existing catalysts in GREET, suchyasl #5, MoCok-
Al203, and ZSM5. The primary contributing factor to emissions and fossil fuel consumption for
Pd/NbOPQ is the mining and processid the PGMgo produce PdThe initial Pd content in
PGM ore is extremely loyat less than 0.0002%, so very intensive processes of open cut mining,
wet concentration, higtemperature smelting, and both physical and chema€aing are
required.In addition the main energy input for PGM production is electricity, which is almost
entirely sourced from coal in South Africghere PGMs are producddowever, the large
environmental burden of Pd does not necessarily indicataliernative metalseed to be
consideredPGMs have valuable catalytic properties, and thigh recyclability rate (9%-
99%) should beonsideredvhen putting their environmental burden in contéithough data
for the secondary production of Résnot available at this time, it would be very beneficial to
incorporaterecyclingas a pathway for Pd productionn t he c¢ a There sreslikelts L CA.
bemore opportunities for reducing GHG emissions and fossil fuel consumption of Pd/NMbOPO
by targetiry the various processes used to synthesize the Nb&pport, particularly those
derived from laboratory procedurtgtare not optimized for industrial performance.

Cradleto-gate GHG emissions and fossil fuel consumptarrthe ZrQ catalystare
smaler than those of the Pd/NbORCatalyst and other catalysts in GREET. This can be
attributed to the fastthat the ZrQ catalyst supply chain requires fewer production stepgtaatd
the mining and beneficiation process$or zirconareminimally intensive due to the very high
initial zircon conten{10%-20%)in heavymineral sands. It ihe upstream production of NaOH,
not zircon, that is the primary driver of the energy and emissions burden ofTZ©
environmental burden of NaOHqatuction is mainly due to the heavy use of natural \g#sle
the cradleto-gate GHG emissions and fossil fuel consumptesults forthe ZrQ catalystare
already low when compared to the other catalystsgdadion in NaOH consumptionuring
ZrOy production could be an effectiveption for minimizing theenvironmental burdeaof this
catalystHowever, this may be difficult to achieve as excess NaOH is required for the caustic
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fusion of zircon. It could be beneficial to examine potential recydfigaCH in order to
address this issue.

Both catalysts require watertensive processes during their productibine cradleto-
gate water consumption of the Pd/NbQR@talyst is higher than that of the other catalysts in
GREET thahavecomparable emissionsi@ energy consumption results. Since one of the
catalysts that we uddor comparison is PgfAl 203, which sources platinum (Pt) from the same
PGM mining process as Pd, we can attribute the higher water consumption of the PdiINbOPO
catalyst to the contriliion of the NbOP®@support. Datan industriatscale production of
NbOPQ was unavailable, so we consulted several laboratoaje synthetic procedures when
building this inventory Many of the chemical reactions from these laboratory procedures are
condwcted in wateor waterbased solvenisind we utilizel the volume of water that the authors
of these procedures report as necessary for the synthesis of a given mass of product. However,
these processes are not optimized to minimize water consurnagtiatustrial processes would
be. The water consumption of NbOP©®thus an overestimate, and it would be beneficial to
examinewhetherthe reactions involved in its production can be performed using less rater.
the ZrQ catalyst, the main contributor to water consumption is zirt@productionof which
utilizes wet gravity separation methods to separate hednvgral sands frortess valuable
mining products. Although less impactful than zircon, NaOH also contributes to the water
consumption of Zr@ so reduction of NaOldould also help reduce water consumption.

The results of this study may be used to inform the selection of alatien the design of
other catalysts or to make targeted adjustments to various stages of PdANITORD;
production in order to minimize environmental impag@tse system boundary of thesudyis
cradleto-gate, sdhere are more conclusions to bawin abouthe ultimate environmental
burdenof thecatalyss by accounting for enaf-life recyclingand performing a cradi®-grave
analysisIn addition the environmental burden of Pd/NbQPDd ZrQ may be properly
contextualized by incorporating tleesatalysts into LCAs of thelatedbiofuels. Both
Pd/NbOPQ and ZrQ have been successfullgedin the production ofthe ether diesel
bioblendstock 48H, soan LCA of this biofuel that includes these catalysts would be beneficial
ZrO2 and niobicacid, a hydrated form of N®s, have also been used in the production of diesel
and jetfuel range blendstockbat merit LC/As. Due to the heavy environmental burden of
producing metals,atalyst productioris typically intensive, but oftentimes only a yesmall
amount of catalyst is requirddr the production of a large amount of biofu®y. including
catalyssina bi olfQuAe,l 'wse can eval uate t heintbhegpiopget y st ' s
context as well agbtain more accurate estimations of lifee-cycle energy consumption and
GHG emissions of the biofuel
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APPENDIX A: Calculation of Energy Consunption in KNbO 3 Production

The total energy input for the production of KNyi® described by Equation &
includes three terms that require prior determination: N ,andr] . The value of
n corresponds to the heat required to raise the temperature of the solvent to the desired
reaction conditions. In this partiar reaction, an 8 KOH aqueous solution iseated from
room temperature26°C) to 200°C. We assume ideal thermodynamic heating i @id
solution and use Equation-Ato calculate)

f adyy (A-1)

where:

mis the mass of solution used to produce 1 ton of KN26,174 kg);

Cp is the average specific heat capacity of & BOH solution (3387 J/kg K); and
Y"Yis the change in temperature (175 K).

The value of) corresponds to the heat loss of @8TR and itis calculatedising
EquationA-2 according to the methodology MfjeauBettez et al(2011). The parameters A,
"Y, andx are specific to the reactor and are provided by Masttez et al(2011) while 6 and
“Y are specific to the reaction and are sourced from the synthesis proceduret ai. (1998).

_0 Y Yo
[

(A-2)

where:

_is thermal conductivity specific to the reactor (0.04 W/mK);
Alis the surface area of the reactor (25;m

0 is the reaction time (2 hours);

“Y is the temperature of the reactafQ°C);

“Y is the temperature of threactorwall (50°C);and

x is the thickness of theeactorinsulation (0.1 m).

In this scenario, the reactants are stirred in the CSTReseatue off  depends on
how much electricity the specific CSTR usesgitatethe reactants. MajeaBettez et al. (2011)
report a electricity consumptionf 20.92 MJ/hrfor stirring the contents of the 10,000 L reactor,
which must be stirred for 2 hours
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APPENDIX B: Calculation of Energy Consunption in NbOPO4 Production

The total energy input for the productionMitOPQ; is desribed by Equatiod above.lt
includes seven terma: B o T o T o NN ,andr] . Using the same
approach as for the production of KNbi@ Appendix A, he value of) is againcalculated
usingEquation Al. In the case of NbOR@roduction, a 0.4 M EDPQ; solution is heated
incrementally from room temperature (approximately 25°C) to 4@°80°C, and ultimatelyo
160°C.The input values fom, Cp, andY"Yin Equation Al areadjusted to correspond to the
massof HaPOQy solution used to produce 1 ton of NbOR66,568 kg), the average specific heat
capacity of a 0.4 M EPQy solution (4148 J/kg K), and thetal change in temperatu(@35 K),
respectivelyThe value ofj Is calculated using Equatigk-2, with thereactionspecific
values fordo and”Y being adjusted to the total heating tifoe NbOPQ production(27 hours)
andthe temperature of the react@6(’C), respectively.

The values off andn are determined in the same manneflas , using
EquationA-1, assuming ideal thermodynamic heating of solid Nb©fif@n room temperature
to the desired final temperature for eitdeying (110°C) or calcining (400°C). The specific heat
capacity of NbOPQ@is estimatedas 418 J/kg Kaccording to the Neumariopp rule, which
states that the specific heat capacity of a compound may be approximated as a weighted sum of
the heat capacitiasf its elemental constituents (Atkins and Escudier, 2@&hr and

n are calculated for the heating of 1 ton, or 907.185 kg, of solid Na@f@uct.

The energy used to heat the overd10°C for the drying steprf{ ) is alculated using
EquationB-1 according to the methodology of MajeBettez et al. (2011) and Dunn et al.
(2015) The value for the heating duratiors provided by the synthesis procedure of He et al.
(2020) while the value for power consumptiBris estimated using data for a Nabertherm
chamber ovefNabertherm 2016MajeauBettez et al. (2011) assume in their calculations that
an oven does not requitiee electricityneeded to readts maximum heating power if it is not
being heated to its marum temperature.

We therefore apply an estimation method described by Tsche2@idd) (n whichthe
operating power of the oven is approximated by the ratibeobperating temperature to the
maximum temperature taken to the third power and multijlyetthe maximum power
consumption of the oveithevolume of the oven i4,000 L, which we use to scafgp  to the
electricity that the oven requires for the drying of 1 ton of Nb@PO

n L 0 (B-1)

where:
P is theoperatingoower of the oven &@10°C (0.68 kW) and
tis the duration of heating in the oven (12 hours).
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The value fom is calculated using the same methodjas in Equation B1,
with P being adjusted to the operating power of a Nabertherm chamber furnacé@G{Un6
kW) andt being adjusted to the duration of heating in the furnace during the calcining step (3
hours).Thevolume of the furnage8,300 L, is usedo scaletheelectricty consumption to 1 ton
of NbOPQ. Finally,”} is again determined based am electricity consumption of 20.92

MJ/hr for stirring the contents of the 10,000 L continustiistank reacto(MajeauBettez et al.
2017 for 3 hours.
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APPENDIX C: Calculation of Energy Consunption in Pd/NbOPO4 Production

The total energy input for the production of Pd/NbQRQlescribed by Equation &
includes seventermy: ,n ,Nn N N ., ,andq . The values for
n ,n ,andn are all calculated using EquatiorlAassuming ideal thermodynamic
heating ofsolid Pd/NbOP@ For all three calculations, the input for masis 1 ton, or 907.185
kg, and the input for thaverage specific he@ of PA/NbOPQis 409 J/kg K. The change in
temperaturéYis 82 K, 240 K, and 240 K for the first drying step, the second drying step, and
the reducing step, respectively.

The values ofj N ,andfy  are all calculated with Equation-B using the
samemethod of estimatingower consumptiobased ortheoperating temperatur&Ve use a
Nabertherm oven with a volume of 1,050 L to model drying steps aClriil 265C
(Nabertherm 2017). The first drying pteas an operating power consumptiaof 0.21 kW and
a duratiort of 6 hours. The second drying step has an operating power consufpfi@®2 kW
and a duratiom of 2 hours. We use a Naberthetube furnace with a loading volume of 0.8 L to
modelthereduction of PANbOPQ; at 265C (Nabertherm 2017Reduction in the tube furnace
requires an operating power consumptoof 0.065 kW and a duratiarof 5 hoursThe
volumes of the oven and tubgrhace are used to scale the results to the production of 1 ton of
Pd/NbOPQ.

The reactants used to form Pd/NbQREe not stirred in an autoclave or CSERthey
arein the production of KNb@and NbOP@, so we model the agitation of the reactants uging
chemical mixer that can agitate catalyst slurries up to 1,892L (Madden PumpT@2@)ixer
operates at 0.33 horsepower when stirring its maximum volume of contents, and the duration of
stirring is 12 hours. Again, the energy consumption is scaldwtediume of reactants that must
be stirred to produce 1 ton of PA/NbQPO
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APPENDIX D: Inputs and Results using Market Allocationfor Pd Production

In Table D1, weprovide inputs for palladium production that were calculated by
Kingsbury and Benavides (2021) using a market allocation approach. These inputs serve as an
alternative to the values rable4 that were calculated using mass allocation, which is the
default allocation method in GREET (GREET 2020). The tnalrgy input of Pd production by
market allocation isnore than two orders of magnitude greater than the energy input by mass
allocation.This is primarily due to the high market price of Rthjch issecond only to Pt when
compared to thenarket prices of thether outputs of PGM productioBpecificvaluesfor the
variables used in the market allocation calculation, including the market prices and production
masses of the PGMs, can be found in the report by Kingsbury and Benavides (2021).

Table D-1. Market allocation material and energy inputs for the production of palladium

Material Amount per ton Pd

Water 171,176 gal

Energy mmBtu/ton Pd Share %
Electricity 90,370 71%
Diesel 14,571 11%
Coal 21,292 17%
Natural gas 1,292 1%
Total energy input 127,525

In Table D2, we provide the results of the cradtegate LCA for both Pd and the
Pd/NbOPQ catalyst using the market allocation inputs for Pd production frabbe D-1.

Table D-2. Cradle-to-gate LCA results for Pd and Pd/NbOPQ using market allocation inputs

Cradle-to-gate result Pd Pd/NbOPOQ; catalyst
GHG emissions

(kg COe/kg material) 32,223 1,614

Fossil fuel consumption

(MJ/kg material) 330,918 16,582
Water consumption 16,786 854

(gal/kg material)

When compared to theradleto-gate LCA results for Pd and Pd/NbOPsDown inTable
8 that used the mass allocation inputs for Pd production, the results shoalenD 2 are
significantly higher for both Pd and Pd/NbOP®otably, the cradko-gate GHG emissions and
fossil fuel consumption for the Pd/NbOR€atalyst are both more than two orders of nitagie
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larger when using the market allocation inputs compared to the mass allocation inputs, and the
cradleto-gate water consumption is more than one order of magnitude larger. This causes Pd to
have a much larger percent contribution to the cradtgaie GHG emissions, fossil fuel
consumption, and water consumption of the Pd/NbQ#agalyst since the environmental burden

of Pd increases while the other components of the catalyst remain the same. When using the
mass allocation inputs for Pd production,d@dounts for 71% of the GHG emissions, 63% of

the fossil fuel consumption, and 47% of the water consumption of the Pd/Nz@rd@yst.

When using the market allocation inputs, Pd accounts for over 99% of the GHG emissions and
fossil fuel consumption of thPd/NbOP®@catalyst and foover98% ofthec at a vates t * s
consumption. Although Pd makes up only a small amount of the Pd/NbéaiRalyst by mass,

the choice of allocation method for Pd production has a significant effect on the taklyst
results.
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