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Gold catalysis has recently found its first largexcapplications in the
chemical industry. In this mini review, we provaleritical analysis of the
success factors and of the main obstacles thattbvde overcome on the
long way from discovery to commercialization. Theights should be
useful to researchers in both academia and industorking on the
development of tomorrow's gold catalysts to tacldegnificant
environmental and economic issues.
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Introduction

The discovery of the very first heterogeneous gatalontaining gold, a catalyst for the
oxidative acetoxylation of ethylene to vinyl acetagjoes back almost exactly half a
century. The patent claiming it was filed in Jun@3 by the German company
Knapsack: Four decades have passed since the discovery af &uh Sermon that the
activity of Au/SiG catalysts prepared by mild thermal treatment opregnated
HAuUClI, for the hydrogenation of 1-pentene at 373 K inseglaby a factor of 7000 as
gold content was decreased from 1% to 0.61%nd three decades have gone by since
the almost simultaneous discoveries of Hutchingsd Haruta that nanoscale gold
supported on activated carbon or on 'reducibledstp such as titania (the reducibility
of a catalyst support is its ability to generateygen vacancies and to transfer the
oxygen onto the metal particle) are exceptionaffgative redox catalyst for acetylene
hydrochlorination and CO oxidation. Now the timeshénally arrived when
heterogeneous catalysts containing gold start peapin large-scale applications in the
chemical industry.

According to the noble nature of the metal, exéehdold surfaces do not
chemisorb oxygen, nor do they corrode. It came s surprise for the chemical
community when the scientists above first showedt thold, when prepared as
supported nanoparticles, can be an excellent catalfis marked the starting point for
heterogeneous gold catalysis. Only a few years &aterther breakthrough also came
with the discovery that gold can also be a verjvadtomogeneous catalysincluding
remarkable quasi-homogeneous catalysis for whitimaoparticle gold clusters (3 to
10 atoms) formed in solution give reaction turnowermbers of 10 at room
temperaturé.

All these discoveries contributed to the emergentegold catalysis, both

homogeneous and heterogeneous, as a major resepich®



The history of the discovery, development, and memncialization of gold
catalysts for acetylene hydrochlorination as aaegpinent for the Hgglhas been
recently recountedTo the best of our knowledge, to date two othercAntaining solid
catalysts are commercially employed in the chemistry: the Au-doped Pd catalyst
for the vinyl acetate synthesis, which has bearsifor almost half a centutYand the
core-shell AuNiQ catalyst for the oxidative esterification of mett@ein to methyl
methacrylate?’

A first analysis on the commercial aspects of fogfeneous gold catalysis
published in 2005 concluded that the two limitiagtbrs to address prior to industrial
applications were the catalyst durability underrapeg conditions, and viable methods
of catalyst preparatioff. Another analysis by one of the authors also pdimtet that
new catalysts have to be seen in the context ofhleenical process they are embedded
in."® For a new catalyst to come into use one of twdoapthave to be fulfilled. One
option is that the new catalyst enables the devedmb of an entirely new process with
different raw materials and breakthrough econonildgs was the case for the vinyl
acetate catalyst, which allowed the replacementgastylene by the much cheaper
ethylene as raw material. In such a case the n&alysawill lead to the construction of
many new plants and to a step change in technology.

Another option is that the catalyst uses the ssaamematerials as conventional
catalysts but offers a moderate economic hub,fstance because it is more selective
than conventional catalyst. In this case a newstaill only find application if it can
be developed as a drop-in for existing plants. T¥as the case with both the catalyst
for hydrochlorination of acetylene and for the @tide esterification of methacrolein.
They could only be successfully introduced, becdhsg could replace old catalysts in

existing plants.



For specific reactions gold can show significaiigher activity and selectivity
when compared with other metal catalysts, inclugiaginum-group metals (PGMSs),
often under milder reaction conditions and this pawve the way to new applicatioHs.

Catalysts based on similarly expensive, suppor@® are widely employed
in the chemical industry due to their ability totieate industrially and economically
important molecules (Hand Q, as ideally suited redox catalysts, but also A€fjns
etc.). The fact that gold is more abundant thaerd#GMs is certainly a positive aspect.
In 2015, global gold production from mining wasimstted at 3,000 tonnés3.In the
same year the overall production of Pt was only tbffhes and that of Pd only 207.5
tonnes.

In the following, we will discuss the main obstxckhat had to be overcome on
the long way from discovery to commercializatiomisT critical analysis is intended to
provide guidance and inspiration to researchetsoth academia and industry working
on new gold-catalysts and gold-catalyzed procedses potentially industrially
important problems as for example, the direct sgsithof hydrogen peroxidé,the
direct oxidation of hydrocarbori$,and the selective oxidation of renewable substrate

of primary importance in the emerging biorefinetd.'®



Oxidative esterification of methacrolein to methyl methacrylate

Since 1976 Asahi Kasei (the former Asahi Chemid¢sdys been producing methyl
methacrylate at its facility in Kawasaki, Japane fitant used a three-step process from
tert-butyl alcohol, which was first oxidized to methalein and subsequently to
methacrylic acid, both processes taking place engass phase using two different Mo
catalysts. Finally, the methacrylic acid was efitatiwith methanol to give the desired
methyl methacrylate. However, this process was leaetpby high specific investment

costs and particularly by the low lifetime of tregayst in the second oxidation step.
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Scheme 1. The old Asahi process (upper route) and the new
Direct-Metha Process (lower route) to methyl metilate.

In order to overcome these problems, Asahi develap@rocess where methacrolein
was oxidatively esterified with methanol in theulid phase to give directly the desired
methyl methacrylate, the so-called “Direct-Methadess” (Scheme 1.

Originally, the oxidative esterification of MA witmethanol in the presence of
molecular oxygen was carried out in the liquid ghaser a catalyst containing the
intermetallic phase REb as the active phase supported on alufiifae introduction
of the catalytic oxidative esterification was awé@mnportant development, because it
allowed reducing the number of steps from thredéwto, thus addressing the major
drawback of the original Asahi process, which whe high specific investment.
However, the new Direct-Metha process, which wasuse after 1982, still had

drawbacks. The selectivity to methyl methacrylatsdal on methacrolein was quite



good but, unfortunately, the catalyst also oxidizedthanol to methyl formate to a
considerable extent. Thus, using thefxcatalyst 0.2 moles of methyl formate were
produced per mole of methyl methacrylate. Additlpndne P@Pb catalyst was difficult
to produce because any Pd not bound in th@Pghase leads to selectivity losses due
to decarbonylation of methacrolein. Yet, the mastsping problem was to reduce the
losses of methanol and the formation of methyl fatlenas by-product. The research
team at Asahi led by Ken Suzuki, succeeded in dextiog a new catalyst to replace the
original P@Pb catalyst, which had a much lower rate of foraratf methyl formate.

Since the pioneering work of Hayashi and his gr@aipNippon Shokubai
between 2002 and 2006 on the oxidative esteriGoadf ethylene glycol in the presence
of methanol to methyl glycolate, it was known tlgattd was a competent metal to
catalyze oxidative esterificatioR5The preferred catalyst was gold, sometimes with Pb
as dopant, supported on alumina. Although the seiigcbased on ethylene glycol was
guite good, these catalysts still produced conalileramounts of methyl formate as by-
product (between 0.15 and 0.36 moles of methyl &enper mol of methyl glycolate,
depending on the molar ratio of methanol to ethglglycol used in the reaction). The
work at Nippon Shokubai never went beyond the plant scale, but it surely served
as an inspiration for the group at Asahi Kasei.

The best catalyst identified was a Au-NiO/%i&l,03-MgO catalyst which
produced methyl methacrylate with a selectivitydath®n methacrolein of 98% at a
methacrolein conversion of 58%. However, the mmogtartant finding was that now the
oxidation of methanol to methyl formate was nedligi(only 0.007 moles of methyl
formate were formed per mol of methyl methacrylaié)is catalyst, though, was not
commercially usable because of insufficient meatedrstability.

To overcome this problem the team at Asahi Kaseeldped a core-shell

catalyst containing gold-nickel oxide (AuNiDnanoparticles supported on a silica-



based carrier where the Au nanoparticles are nubsed directly at the surface but just
below it in order to protect the Au particles franechanical abrasion. The stability of
this catalyst was verified in long running piloapt experiments and finally the catalyst
was used in the existing commercial MMA productptant in 2008

The Au-NiQ, nanoparticles (optimal composition, 20 mol.-% aofi)Ahave a
core-shell structure, with Au nanoparticles at¢bee and the surface covered by highly
oxidized NiQ. These core-shell nanoparticles showed the desaed/ity and
selectivity, but the catalyst was still not tectatlig useful. The oxidative esterification
of methacrolein is performed in suspension andithies that the catalyst is subject
to a high mechanical stress. The abrasion caus¢debsnechanical stress led to a loss

of the catalytically active nanopatrticles and teactivation of the catalyst.
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Figure 1. Electron-probe microanalysis spectra of a sipglicle of AuNiQ/SiO—Al,O0;—MgO. (a)
Secondary electron image and line analysis. (bdQohpping (Ni in green, Au in red) display
corresponding to the concentration of the elemastitiblution. [Reproduced from Ref.11, with kind
permission].

In order to solve this problem, the team at Asadedua mechanically robust SO

Al,03-MgO support as 60 um spheres and controlled tpesigon process in such a
way that the gold nanopatrticles are preferentialbated just below the surface but only
down to a depth of less than 10 um (see Figurénlthis way the gold nanoparticles
remain well accessible but are protected from w#s@®ugh abrasion. Only through this
improved deposition procedure was it possible t@ioka robust, long-lived catalyst. As

shown in Figure 2, this catalyst was operated @ortinuous manner for 40 days with



stable catalytic activity. During this period MMAas obtained with high selectivity
(96-97%) and constant yield (ca. 60%), and nedkgiimld and nickel leaching (Au and
Ni in the reaction mixture <2.5 ppb). An examinatiaf the catalyst after the long time
run showed no sintering of the AuNi@anoparticles with the macroscopic core-shell

structure remaining intact.
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Figure 2. Catalytic activity of AUNiQ/SiO—Al,O0;—MgO
over time in a continuous-flow reaction apparatus
[Reproduced from Ref.11, with kind permission].

In summary, several factors were decisive for thecass of this new catalyst. First of
all the reaction conditions for the new catalyst aery similar to the ones of the
original catalyst, and the new catalyst has a dedain rate (both chemical and
mechanical) which is not faster than the one ofahginal catalyst. These are thime
qua nonrequirements for a drop-in catalyst. Additionalllyge new catalyst provides a
lower rate of by-product formation (by-products atdl formed, albeit in reduced
amounts, while the amount of waste water remaiasrgglly unchanged), and a lower
catalyst cost due to the lower amount of precioustamrequired for a similar

productivity.



Hydrochlorination of acetylene

In 2015, catalyst manufacturer Johnson Mattheyciatfy announced the introduction
of Pricat MFC as the brand for its newly develogettl catalyst for the manufacture of
vinyl chloride monomer (VCM), the monomer for poiyyl chloride (PVC, the world's
third largest polymerj® About one third of the approximately 50 milliomwper year
of VCM capacity worldwide uses the acetylene hytdtognation technology but the
plants using it are almost exclusively located mra. These plants, that still use HgCl
supported on carbon as the catalyst, have comer yndssure because the Minamata
Convention on Mercury requires that before 2022V&IM plants have to switch to a
mercury-free catalyst, providing there is an ecoigaity viable alternative. The
mercury catalyst has a limited lifetime of just 6mths and the losses of mercury during
operation and catalyst recovery for all the exgttants amounts to 600 tons per year,
which is roundabout 50% of the world consumptiomafrcury.

There is thus a big incentive from both a regulaord an environmental point
of view to replace these mercury catalysts. Howetver new catalyst has to be a drop-
in catalyst for existing plants, because the ecacalmhub will be only modest: the
plants will still use the same starting materialed eonly small improvements on
selectivity can be expected. The replacement ctahust thus work under similar
reaction conditions, must have a similar catalgttaivity, at least equal selectivity and
the overall catalyst costs have to be in the saamgea as with the catalyst being
replaced.

The catalytic activity of tetrachloroauric acid, thoin homogeneous and
heterogeneous form, is actually known since 19t&mthe Japanese company Denki
Kagaku Kogyo, known today as Denka, filed two pttemn the production of vinyl
chloride from acetylene and HE&1Although the patents mainly claim mixtures of gold

with platinum or palladium, they also contain expents where gold alone shows
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good catalytic activity and selectivity. But thegsatents fell into oblivion and it took
another 10 years before this subject was pickedggin, by Hutchings and his team
who showed that tributylammonium tetrachloroaurateisopropanol/decane was a
competent homogeneous catalyst for the additionl®f to acetylené® although the
catalytic activity was only moderate.

The first heterogeneous catalysts were simply pegbhy simple adsorption of
HAUCI, from aqueous solution onto an activated cartfSiThese catalysts were almost
as active and as selective as the mercury catdlysthey deactivated rather quickly.
Although activity could be recovered by treatingttwHCI, the deactivation after
regeneration was at least as fast as with a frasdlyst and it was clear that such a
catalyst would not be technically usable.

In the following years, two mechanisms of deactoratwere identified. At
lower reaction temperatures (60-100°C) coke dejposivas the major deactivation
pathway, but at higher reaction temperatures (0D-@) reduction of cationic gold
species to (inactive) Au(0) was the major deadtivepathway’’ In the same study the
authors also demonstrated that deposition of gottie presence of the highly oxidizing
aqua regialeads to considerably more active catalysts, fgolyblaecause more oxidized
gold species are present at the surface of thergoidparticles. However, in spite of the
high gold loadings and the improved deposition urmdédative conditions, the problem
of catalyst deactivation could not be solved.

To establish an economically viable process fotM/@roducers, the industrial
research team at Johnson Matthey led by Peter tdwshest as development targets a
maximum gold loading of 0.25%, and a preparaticat thoes not require the use of
agua regia because of the difficulties associated in dispp®if aqua regiacontaining
waste streams. This loading is significantly lowlean typical 0.5-1% Au loadings of

conventional Au/C catalyst whose preparation regglithe use adiqua regiaas solvent,
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but above all they had to solve the problem of lgatadeactivatiorf> This was
necessary in order to meet the targeted catalyss aequired to compete with the
HgCl, based catalyst.

Reviewing the actual development of this catabfftrs some valuable lessons.
In 1995 Aker Solutions, a chemical plant constiutitompany based in Norway later
partly acquired by Jacobs, developed a gold catéysmaking VCM and tested it
successfully (longer catalyst lifess mercury catalyst) on pilot plant scafeThe catalyst,
however, was never commercialized because the awoyigpanternal project was
terminated. In 2006 the company started to co-apexd#&h Johnson Matthey and with
the group of Graham Hutchings in Cardiff to furtkevelop and commercialize a Au/C
catalyst customized for the Chinese VCM processlitioms. In 2007, Hutchings and
co-workers demonstrated that the activity is maxkifmaa catalyst containing only gold
without any other metals. They also demonstratedl ithis essential to maximize the
dispersion of gold to ensure the maximum amoungall can be maintained in the
cationic state in the working catalyStThe catalyst preparation then became the key
means of improving the catalyst performance ank#yechallenge.

In 2010 Jacobs was commissioned a pilot plant BYCM manufacturer in
western China replicating a single tube from a cenunal reactor (a single 3 m tube
with 2 kg catalyst chargé¥. The pilot plant operated continuously for two yeamce
mid-2011, with 6 different catalysts tested in orttefine-tune the catalyst formulation.
Eventually, the team was able to prepare an higbliwe catalyst with 0.1% loading by
supporting NgAu(S,0s), on carbon extrudatés.Seemingly, the presence of the sulfur
containing anions helped stabilize the cationicdgoid allowed for a catalyst less prone
to deactivation, at the same time allowing for epgaration method that did not require

the use ofqua regia
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Trials confirmed that the Au/C catalyst family lsghly active and highly
selective. After the last test showed successfaraipn over a period of nine months
(the test was deemed successful after 6 monthsestgieration), a full commercial
reactor with 790 reactor tubes and 1.6 tons ofgible catalyst was commissioned in

2012, and has been in operation since 2013.
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Figure 3. Comparison of catalyst performance in a primaactor for a 10% Hg@IC catalyst (green),

pilot plant operation for 0.1% Au/C to a yield @@ kg VCM/kg catalyst (blue), full scale commetcia

reactor for 0.1% Au/C to a yield of 1000 kg VCM/kgtalyst (red). Catalyst = 0.1% Au/C prepared by
supporting NgAu(S,0s), on carbon extrudates. [Reproduced from Ref.9, Witk permission].

The reactor was operated under conditions equiv#bethose of the process using the
HgCl/C catalyst for more than 4500 h time on streanguyfd 3). At a productivity
level of 1000 kg VCM/kg catalyst, the performandetite catalyst (and reactor) was
identical to the performance in pilot plant scalkis is considerably better than the
typical yield and productivity that can be achieweith the HgC}/C catalyst, with the
new catalyst continuing to operate well beyondpbimt at which the Hg catalyst would
have to be removed from the reactor and replaced.

In summary, also in this case, the success ofalteaatalyst was due to the fact
that it could be used as a drop-in in existing fgamthout major modifications and of

course to the fact that it offered an overall inya economics while eliminating

altogether the mercury emissions.
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Production of gold industrial catalysts

A few companies already manufacture and sell supgogold catalysts In 2009,
South Africa’s AUTEK (a joint venture among mineraesearch organization Mintek
and three gold mining houses) was the first compargstablish a plant to reproducibly
manufacture significant quantities of 1 wt.-% gblased catalysts trade named
AUROIite, (Au/TiO,, Au/ZnO, Au/AbO3) and AUROQOith (Au/Al,Os/cordierite)
obtained via a deposition-precipitation method pee in 2005* marketed as ideally
suited to catalyze oxidation reactions (in both gadg liquid phase).

A catalyst developed by 3M for CO oxidation, esakg for escape masks, is
NanAucat, comprised of Au nanoparticles supporiackemical vapor deposition onto
porous amorphous carbdhThe catalyst is marketed as the most active aafslesbne
for CO removal. Indeed NanAucat is not susceptibleeactivation by moisture as it
happens with the currently used Hopcalite thusregtiring the heavy bed of desiccant
used with the latter catalyst, but it is still seigtible to deactivation by amines and
sulfur compounds.

In general, as mentioned in the introduction,rtfan issues in the production of
gold supported catalysts identified in 2005 in ¢iecussion on commercial aspects of
gold catalysis,were nanoparticle size and reproducibility of thatenial's synthetic
method™? Recent innovations in catalyst preparation rotgsge solved many of these
issues, allowing the production of highly activebust and selective catalysts with low
levels of gold loading.

For instance, the key innovation that led to indakzation of the gold-based
route to VCM was the ability to synthesize suffidig active catalysts with just 0.25%
gold loading, in place of the typical 1% load afstigeneration commercial catalysts.
The route lately developed by Johnston and co-wsr&stablished a new methodology

for the preparation of stable supported cationikdl gatalysts with Au loading in 0.15-
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0.6% range of Au which, being based on sulphuraioimtg gold-containing
complexes, exploits the well known stability of d@ulphur bonds. Remarkably from a
green chemistry viewpoint, furthermore, the prepanafor these gold catalysts takes
place in aqueous phase.

In the case of the Asahi catalyst, Au and NiO wsreported on a mixed oxide
SiO~Al,03~MgO obtained via an aqueous sol-gel route (th@aupaving a specific
surface area of 149%y, an average pore diameter of 8 nm, and averagielp size of
60 um) by coprecipitation performed by heating an agsesolution containing
Ni(NO3)2.6H,0 and HAuUCJ (12 mL, 1.3 mol/L) to 90°C in the presence of slupport,
followed by dryingin vacuoand calcination at 450°C for 5 h. The catalystbsained

as a brown powder containing 0.9 wt.-% Au and 1t.1%Ni.
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Heter ogeneous vs Homogeneous Catalysis

Remarkably, the first industrial applications oldjcatalysis concern the production of
bulk chemicals, andot to the production of fine chemicals or active phaceutical
ingredients (APIs), even though the low toxicitygeld when compared to other PGMs
should be an important advantage in this appliocatitven the fact that in this highly
regulated sector of the chemical industry the maxmallowed residual concentrations
of palladium or platinum (both classified as 'Mstalf significant safety concern’) in
APlIs are below 10 ppm if orally administered, aridppm is administered parenterally,
has not changed the situatin.

The high cost of gold, the need to recover itsgavenging from solution (for
example with thiol-functionalized silica gel), arnlle inevitable loss of the original
catalyst may explain why homogeneous gold cataligsiselective organic synthesis,
today a well-established field of research witHethmra of reactions being catalyzed by
gold complexed’ is not yet used on industrial scale.

The potential of homogeneous gold in catalyzing sleéective electrophilic
activation of multiple bonds under mild conditionas evident as early as 1997, when
researchers at BASF first patented and then puddighe discovery that cationic [L-
Au’] complexes (where L is a phosphine or an arsiatlyze the addition of alcohols
to alkynes under mild conditions (293-323 K) withpressive turnover frequencies of
up to 5400 H, which is orders of magnitude better than the pieceresults obtained
by Utimoto with simple gold(lll) salt}® However, even this impressing catalytic
activity was not sufficient for commercial succeBack in 1997 the researchers at
BASF were looking for catalysts that allowed thetbgsis of 2,2-dimethoxypropane, a
building block for the vitamin E synthesis, fromnaixture of propyne and allene
(propadiene), which is available as a by-produdmfnaphtha steam-cracking.

The gold complexes proved to be much more activk lang lived than the
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previously known mercury catalysts, but they had #erious drawback that only
propyne reacted at an acceptable rate, while alten@ained mostly unconverted.
Finally, a simple zinc silicate catalyst provedo®the best option, both because of the
low cost of the catalyst but mainly due to the fddt propyne and allene reacted at
approximately equal raté8.

In the case of Pd, Ananikov and co-workers havevahbatboth heterogeneous
and homogeneous catalysis contribute to produanhdtion, with leaching of Pd
nanoparticles leading to the formation of metal pxes and clusters in solutiéhA
similar phenomenon should be in principle also apes in gold heterogeneous
catalysts. Great room for practically relevant immment indeed exists by merging
heterogeneous and homogeneous catalysis via anaagbpsimilar to that pursued by
Toste and co-workers with dendrimer-encapsulatdd,§avho demonstrated in 2012
that changing the dendrimer properties allows t#lgtic reactivity to be tuned in a
similar fashion to ligand modification. From effeitbo mimic the surface-attachement of
homogeneous gold catalysts by the typical propytasiloxy linker, Hashmi and
coworkers in 2013 obtained the most active homogeneyold catalyst reported so
far,*® namely a mononuclear phosphorus-containing gotdptex in which the steric
bulkiness of the ligand is the crucial factor emsgilong catalyst lifetimes by slowing
down catalyst decompositidf.

Similarly, studying the CO oxidation over Au/TiGand Au/FgOs; samples,
Klyushin and co-workers have recently shown thatatr&upport interaction plays a key
role in Au activation beingnore important than size reduction, with the support
overlayer on Au particles having a strong influecethe electronic structure of gold

through charge transfer and stabilization of lowrdinated Au atom$>
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Figure 4. Suggested CO oxidation pathway on titania.
[Reproduced from Ref. 45, with kind permission].

As it happens with metal nanoparticle catalysidecs (edges, twins, kinks, low-
coordinated atoms etc.) in the nanoparticle crytttice are beneficial, and any
support-metal interaction capable to stabilize sdefects on the surface of active

samples, will be reflected in enhanced catalytto/ayg.
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Conclusions and Per spectives

In 1976, Sermon proclaimed gold to fa@ uncommonly good catal{/$t Forty years
later, Asahi Kasei started to use a gold catalystiie methyl methacrylate production
in Kawasaki, Japan, followed in 2015 by a large PWM@nufacturer near Shanghai
switching from a mercury to a gold catalyst for fr@duction of vinyl chloride. Will
these large-scale applications be followed by sdvethers so as to fulfil gold's
'potential to save lives, improve health and clearthe plane?’

To understand the impact of the new gold-catalygeatess, it is enough to
consider that China alone accounts for 50% of tlueldis mercury release in the
environment, and PVC production accounts for 60%China’s emissions (installed
capacity of the mercuric chloride catalyst by thgaon PVC producers in China >4000
tons/year)? Gold, though, is certainly expensive, and currenkly most expensive
among all noble metals. Being historically consedera refuge investment vehicle, its
value has increased sharply following the glob@érficial crisis after 2008. As of early
March 2016, gold price was $1,245fd¢1 oz = 31.1 g) while palladium was only about
half as expensive ($627/0%).For comparison, in March 2001 the gold price was
$263/0z with researchers reviewing gold technology apgitices noting a few months
later that the gold price washaracterized by a remarkably stable value comgare
the widely fluctuating prices of the PGM5Prognosticating the price development of
precious metals is, and will remain a challengiagkt Being the object of financial
speculatiort? indeed, the price of gold and PGMs can vary widely

Strong fluctuations in price have hampered appboabf gold catalysts for
example in automotive catalytic converters, causipgration of the first company,
which had focused its business on this segmentlofrtanoscale catalysis, NanoStellar,
to cease operations. The company’s product washdetk to replace half of the

platinum-palladium alloy in a diesel oxidation dgsa with palladium-gold, but in
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August 2011 gold became more expensive of platiamch business proposal became
unattractive’® Yet, arguably, this will not be the case for goktalysis applied to the
synthesis of bulk and eventually also fine chersicat the former case, gold losses
similar to the ones seen with Pd in automotivelgttaconverter* were to be expected.

In the case of heterogeneous gold catalysis apmi¢he synthesis of chemicals,
gold in the spent solid catalyst is recovered, gyas it happens with PGM catalysts
which are given back to the catalyst manufactuoertfeatment and recovery of the
noble metalS? In other words, the real problem is not availailbut price.

This explains why in the catalyst cost model usethe manufacture of vinyl
chloride 0.25% was the maximum acceptable loadHerAu/C. Whereas the costs of
the mercury catalyst account for less than 1% efiétal PVC production costs (costs to
minimize mercury emissions not included), the go#dalyst is at 2% of total PVC
production costs. In other words, the impact of e catalyst on the total PVC
production costs is minimal.

One might therefore ask whether industrial goldalyais will become
ubiquitous once highly active and extensively réalyle nanoscale gold catalysts will
become commercially available, with applicationsluding the fine chemicals and
pharmaceutical industt§ as it happens today with palladium catalysis. &ample,
one might wonder whether the ORMOSIL-encapsulatéidat Au catalyst’ or the
AUROIite (1% Au/TiOy)"® will find widespread utilization in flow microretars
allowing dramatically reduced reaction times toestVely oxidize a broad variety of
alcohols under base-free aqueous conditions withoyproduct formation besides
water.

Yet, the availability of methods to make catalyats well of green catalytic
processes is a required mgt a sufficient condition. Just because a catalyst®xioes

not mean it will be used (see the case of the hemegus L-Al catalysts). In the first
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place the need for an improved catalyst or protessto exist. In other words, an
established catalyst producer will only introduceagalyst in its portfolio if there is an
application for it. In that case, a catalyst depelb specifically for that application (a
task that is usually very time consuming) mightdiee available.

As of today, three gold containing heterogeneoasalgsts have found
application in commercial plants. Others, whichéandergone pilot scale testing were
not commercialized, including the 1 wt.-% AUR@ catalyst for the hydrogenation of
CO, to formic acid, which was tested but was not comwmézed because of
insufficient activity?>®

It can be expected that in the future the numbeAw catalysts actually
employed by industry will grow, not only in bulk @micals but also in biorefinery and
in the fine chemical and pharmaceutical industrigszuki and co-workers at Asahi
noted that due to the broad substrate range appiigaf the Au-NiOy catalyst, it was
being evaluated with the aim to extend its applicato other oxidation reactions®
An outcome unimaginable in 1985 when Hutchings isheld his forecast based on the
correlation between metal (chloride) catalyst atstiand standard electrode potential
that, contrary to mainstream theory, gold should Highly active in acetylene

hydrochlorinatiort°
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