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IMPROVED METHOD FOR ISOM ERISATION O F HOP ALPHA-ACIDS USING

HETEROGENEOUS ALKALINE EARTH M ETAL BASED CATALYSTS

FIELD OF THE INVENTION

The present invention relates to an improved process for the production of (hop) iso-alpha-

acids (isohumulones) by the isomerisation of (hop) alpha-acids (humulones), using

heterogeneous alkaline earth metal based catalysts.

BACKGROUND OF THE INVENTION

Traditionally, hops (powdered hops or hop pellets) are added during the wort boiling stage of

the brewing process. This results in the extraction of alpha-acids (humulones) into the sweet

wort, which under the influence of temperature are partially isomerized to the derived iso-

alpha-acids (isohumulones). These iso-alpha-acids are responsible for the characteristic

bitter beer taste. Disadvantages of this approach to impart bitterness by means of powdered

or pelletized hops are the inefficient alpha-acid extraction and isomerisation at the wort pH,

i.e. a pH between 5 and 6, resulting typically in iso-alpha-acid yields below 40 % (GB

1,158,697).

It became clear that the hop utilization can be improved by performing the alpha-acid

isomerisation outside the brewing process and more specifically under the effect of basic

compounds. One patent uses powdered hops which are mixed with alkaline earth metal

oxides and subsequently heated under anaerobic conditions (US 4,123,561). Disadvantages

of this process are off-flavour formation and low hop utilization. Therefore, the later

developments used hop extracts, obtained by extraction of hop resins (among others the

alpha-acids) from the hop cones, rather than powdered hops.

The use of hop extracts instead of the traditional hop products has multiple advantages,

among which a more stable and more consistent chemical composition. Generally, such hop

extracts are nowadays obtained via liquid or supercritical carbon dioxide extraction, which

eliminates the problems of the presence of pesticide and solvent residues in the extracts

experienced before when applying organic extraction solvents like hexane. Carbon dioxide

hop extracts provide predominantly alpha-acids (humulones) next to beta-acids (lupulones),

and they are further fractionated to obtain alpha-acid enriched hop extracts.

Starting from these alpha-acid containing extracts, the "off-line" isomerisation or pre-

isomerisation of alpha-acids outside the brewing process can be achieved using alkali metal



and/or alkaline earth metal based compounds via two approaches. The first approach applies

a solvent-free reaction medium while in the other approach the transformation is performed

after addition of solvents, either pure water or alternatively water mixed with an organic

solvent.

The first approach is generally based on alkaline earth metal compounds, for example

alkaline earth metal oxides (e.g. MgO). These inorganic accelerators are mixed with the

alpha-acid containing extract. However, during these isomerisation processes, the oxides are

at least partially dissolved and therefore, after a long reaction time at elevated temperature,

the iso-alpha-acid products are obtained as alkaline earth metal cation - isohumulate

complexes (US 5,015,491) with an isomer distribution of cis- and frans-iso-alpha-acids of 50 :

50. To obtain the iso-alpha-acids as a pure organic phase, an additional step is required

which involves acidification (with e.g. an aqueous solution of sulfuric acid) of the alkaline

earth metal isohumulate salts. This leads to an iso-alpha-acid layer which can be decanted

from the separate aqueous layer containing the alkaline earth metal sulfate salts. To obtain

the commercial product, a neutralisation process with a potassium compound is required

which results in an aqueous solution of dissolved potassium isohumulates. This process type

implies that the initially added alkaline earth metal compounds cannot be recovered as such

from the products because of their reaction with the alpa-acid feed.

In the other approach, alkali metal salts and/or alkaline earth metal salts are used, e.g.

K2C0 3 and MgCI2 solutions (US 3,765,903; US 3,952,061 ; US 4,002,683; US 4,758,445).

Stoichiometric molar quantities of alkali metal or alkaline earth metal cations and high

temperatures are generally required to fully convert the alpha-acids into iso-alpha-acids in

the water containing reaction medium. This isomerisation reaction also results in the

formation of alkali metal and/or alkaline earth metal isohumulate salts. Again, to isolate the

pure iso-alpha-acids, an acidification and a decantation step are required. In addition, the

presence of water leads to the formation of unwanted degradation by-products, e.g.

humulinic acids.

In US 5,370,897, an alkaline earth metal salt (e.g. MgS0 4) and an alkali metal salt (K2C0 3)

were combined into one process to speed up the alpha-acid isomerisation.

US 5,155,276 describes the application of a heterogeneous accelerator viz. Al20 3,

additionally requiring a dissolved alkali metal compound in at least stoichiometric molar ratio

to the alpha-acid reactant. Although in this process an 'insoluble catalyst' is used which can

be separated from the reaction mixture by filtration after the isomerisation reaction, the

heterogeneous catalyst is by itself not sufficiently effective, and needs a second, dissolved

accelerator. Moreover, additional acidification and decantation steps are still required to



obtain the pure iso-alpha-acid product.

The above clearly shows that the isomerisation processes of hop alpha-acids known in the

art are complex reactions, comprising the use of dissolvable reaction accelerating

compounds and including acidification and decantation to remove the inorganic accelerators,

thus resulting in high levels of waste products, with often the unwanted formation of

degradation by-products. Also, the initially added alkali metal and alkaline earth metal

compounds cannot be recovered as such from the product phase due to the formation of

isohumulates and salts thereof following reaction of the alkali metal and alkaline earth metal

compounds with the alpha-acids. Thus, there remains a need for improved methods for the

isomerisation of hop alpha-acids.

SUMMARY OF THE INVENTION

The present invention relates to an improved method for the production of an isomerized hop

preparation from a hop alpha-acid containing feed, preferably from a hop extract, said hop

extract preferably being obtained by extraction with liquid or supercritical carbon dioxide. The

present invention also relates to an iso-alpha-acid composition obtainable by said method.

A first object of the present invention provides a method for the isomerisation of hop alpha-

acids comprising contacting a hop alpha-acid containing feed with an alkaline earth metal

based compound, acting as a heterogeneous catalyst, which essentially does not dissolve in

the alpha-acid containing feed and thus essentially no dissolved alkaline earth metal cations

coming from the dispersed heterogeneous catalyst are present in the isomerisation reaction

mixture. Preferably, said alkaline earth metal based insoluble compound can be

quantitatively recovered from the isomerized hop preparation after the isomerisation reaction

by means of liquid-solid separation techniques. Particularly, less than 0.1 % of said alkaline

earth metal based insoluble compound is dissolved in the isomerized hop preparation after

the isomerisation reaction (or the product phase). Alternatively, less than 0.1 % of alkaline

earth metal (iso)humulate salts are formed during isomerisation and are dissolved in the

product phase.

In a preferred embodiment of the present invention said heterogeneous alkaline earth metal

based insoluble catalysts are inorganic materials, containing magnesium, calcium, strontium

or barium or mixtures thereof. Preferably, said alkaline earth metal based insoluble

heterogeneous catalyst is an alkaline earth metal based mixed oxide or hydroxyapatite. More

preferably, said alkaline earth metal based insoluble heterogeneous catalyst is of the

aluminate type, titanate type, silicate type and/or hydroxyapatite type and comprises



magnesium, calcium, strontium or barium or mixtures thereof. Preferably, said alkaline earth

metal based heterogeneous catalyst is in its anhydrous form or as a hydrated analogue.

Preferably, said alkaline earth metal based catalyst has a high surface area, at least 10 m /g.

In another preferred embodiment of the method of the present invention the molar ratio of the

alpha-acid to the alkaline earth metal is between 0.1 and 40, preferably between 1 and 20,

more preferably between 5 and 10.

In yet another preferred embodiment of the method according to the present invention, the

isomerisation reaction occurs in the absence (or solvent-free conditions) or in the presence

of water, carbon dioxide, or an organic solvent or a mixture thereof. Preferably, the

isomerisation reaction occurs at a temperature of at least 293 K, more preferably between

323 and 373 K .

Preferably, the isomerisation reaction occurs under an inert atmosphere and is allowed to

proceed for a time sufficient to achieve more than 95 % conversion of the alpha-acids with

more than 95 % selectivity to iso-alpha-acids. Preferably, the method according to the

present invention further comprises the step of separating the heterogeneous catalyst from

the obtained iso-alpha-acid product after the reaction, for instance by centrifugation, filtration,

decantation or by other liquid-solid separation techniques.

Another object of the present invention provides a hop iso-alpha-acid composition comprising

at least 75 wt% iso-alpha-acids on hop (iso)-alpha-acids basis, wherein the molar ratio of cis-

iso-alpha-acids to frans-iso-alpha-acids is at least 60:40, and wherein said iso-alpha-acid

composition is essentially free of dissolved alkaline earth metal salts of hop alpha-acids, hop

iso-alpha-acids, humulinic acids and/or other alkaline or hydrolytic degradation products of

hop (iso)-alpha-acids. Preferably, the molar ratio of c/s-iso-alpha-acids to frans-iso-alpha-

acids is in the range of 70:30 to 90:10.

DETAILED DESCRIPTION

Description

The present invention provides an improved process for the isomerisation of hop alpha-acids

using heterogeneous alkaline earth metal based catalysts. Thus, the present invention

relates to a method for the isomerisation of hop alpha-acids comprising mixing an alpha-acid

containing feed, preferably a hop extract, and a heterogeneous alkaline earth metal based

catalyst, either in the absence or in the presence of a suitable solvent.



Within the context of the present invention, a heterogeneous catalyst is in the meaning that

no significant or no substantial dissolution of the catalyst in the product phase can be

measured by elemental analysis and the catalyst can be quantitatively recovered after the

isomerisation reaction from the product phase by means of liquid-solid separation techniques

known in the art. More in particular, "no significant or no substantial dissolution of the

catalyst" is in the meaning that the product phase is essentially free of dissolved alkaline

earth metal isohumulate salts. Preferably, less than 0.1 %, more preferably less than 0.01%

of the alkaline earth metals present in the dispersed catalyst can be found as dissolved

species in the product phase after separation of the heterogeneous catalyst from the product

phase. This furthermore implies that no or only traces of dissolved alkaline earth metal

isohumulate salts are formed during the isomerisation reaction according to the method of

the present invention, thus removing the need for an acidification step to remove the

inorganic accelerators. This is clearly in contrast with respect to the prior art and illustrates

an advantage of the method of the present invention. Thus, the present invention provides an

improved process for the isomerisation of hop alpha-acids using heterogeneous alkaline

earth metal based catalysts without an additional acidification step to remove the inorganic

compounds and/or to isolate the iso-alpha-acids.

Indeed, the prior art discloses that alkaline earth metal compounds, in particular alkaline

earth metal oxides and hydroxides, are mixed with the alpha-acid containing extract and

subsequently react during the isomerisation process with the alpha-acids and at least

partially dissolve, resulting in the formation of (dissolved) alkaline earth metal cation -

isohumulate complexes (e.g. US 5,015,491 , EP031 1330). This thus implies that the initially

added alkaline earth metal compounds cannot be recovered as such from the iso-alpha-acid

products and an acidification and a decantation step are required to isolate the iso-alpha-

acids and to remove the inorganic compounds.

In the context of the present invention, the heterogeneous alkaline earth metal based

catalysts are inorganic material, containing magnesium, calcium, strontium or barium or

mixtures thereof. In order to obtain a sufficient catalytic activity, the catalyst usually contains

at least 5 weight percent of alkaline earth metals per dry weight. The alkaline earth metal

based catalysts may be used in their anhydrous form or in their hydrated form. The alkaline

earth metal based catalysts may be crystalline or amorphous. An amorphous catalyst is in

the meaning that they do not produce any significant diffraction lines in an X-ray diffraction

measurement. The alkaline earth metal based catalysts have a surface area between 1 and

1000 m /g, preferably between 10 and 500 m /g , more preferably between 25 and 250 m /g,



as measured by nitrogen physisorption analysis, performed after drying the catalysts under

nitrogen flow for 6 h at 423 K .

Preferred heterogeneous alkaline earth metal based catalysts are alkaline earth metal based

mixed oxides of the aluminate, titanate or silicate type, and alkaline earth metal based

catalysts of the hydroxyapatite type, such as for instance, magnesium aluminate, calcium

aluminate, strontium aluminate, barium aluminate, magnesium titanate, calcium titanate,

strontium titanate, barium titanate, magnesium silicate, calcium silicate, strontium silicate,

barium silicate, magnesium hydroxyapatite, calcium hydroxyapatite, strontium hydroxyapatite

and barium hydroxyapatite. Also alkaline earth metal based catalysts of the aluminate,

titanate, silicate and hydroxyapatite type, containing more than one type of alkaline earth

metal are included. Preferred combinations are Mg-Ca, Mg-Sr, Mg-Ba, Ca-Sr, Ca-Ba, Sr-Ba,

Mg-Ca-Sr, Mg-Ca-Ba, Mg-Sr-Ba, Ca-Sr-Ba and Mg-Ca-Sr-Ba. This list is not limitative and all

heterogeneous alkaline earth metal based catalysts fulfilling the requirements set forth above

can be used within the present invention. Particularly, the ratio of the highest occurring

alkaline earth metal to the lowest occurring alkaline earth metal in said alkaline earth metal

based catalysts containing more than one type of alkaline earth metal is between 10000:1

mol/mol and 1:1 mol/mol. Particularly preferred heterogeneous alkaline earth metal based

catalysts include high-surface-area alkaline earth metal aluminates, containing magnesium,

calcium, strontium, barium or mixtures thereof.

In another preferred embodiment of the present invention, the catalysts are used with molar

ratios of the alpha-acid to the alkaline earth metal between 0.1 and 40, more preferably

between 1 and 20, and most preferably between 5 and 10.

In a preferred embodiment of the present invention, said method further comprises the step

of subjecting said mixture of a heterogeneous alkaline earth metal based catalyst and an

alpha-acid containing feed, preferably a hop extract, to a temperature of at least 323 K,

preferably while stirring. More preferably, the isomerisation reaction is allowed to proceed for

a time sufficient to achieve more than 95 % conversion of the alpha-acids with more than 95

% selectivity to iso-alpha-acids.

In the context of the present invention, the alpha-acid containing feed is preferably a hop

extract, more preferably a hop extract obtained by liquid or supercritical carbon dioxide

extraction.

In yet another preferred embodiment of the present invention, the isomerisation reaction of

hop alpha-acids catalyzed by the heterogeneous alkaline earth metal based materials occurs

at temperatures of at least 293 K . Preferably, the reaction mixture is kept at a reaction



temperature in the range of 293 K to 383 K, and more preferably between 323 K and 373 K,

most preferably between 343 K and 363 K . The reaction mixture is maintained at the

preferred temperature for a reaction time which is in the range of 0.1 to 48 hours, more

preferably in the range of 0.5 to 24 hrs. During the reaction, an inert atmosphere is

maintained above the reaction mixture. Suitable inert atmospheres can be created by using

gases like nitrogen, helium, argon or carbon dioxide or by applying a vacuum.

The heterogeneous alkaline earth metal based catalysts can be used in solvent-free

conditions. Alternatively, instead of working in solvent-free conditions, also water, carbon

dioxide and organic solvents, such as alcohol or glycol solvents (for example methanol,

ethanol, 1-propanol, 2-propanol or mixtures of those alcohol solvents) or solvent mixtures

thereof (such as mixtures of water and alcohol and/or glycol solvents) can be used as

reaction media. Furthermore, the heterogeneous alkaline earth metal based catalyst can be

quantitatively separated from the reaction medium by means of simple centrifugation,

filtration, decantation, or by other liquid-solid separation techniques thus allowing recycling of

the heterogeneous alkaline earth metal based catalyst.

The isomerisation reaction is carried out without addition of other inorganic compounds, like

soluble alkali metal or alkaline earth metal compounds, such as those used in the

isomerisation reactions known in the art. Specifically, there is no need to use additional

sodium hydroxide, potassium hydroxide, magnesium hydroxide, calcium hydroxide,

magnesium oxide, calcium oxide, sodium carbonate, potassium carbonate, magnesium

carbonate, calcium carbonate, sodium bicarbonate, potassium bicarbonate, magnesium

bicarbonate, calcium bicarbonate, magnesium sulfate or calcium sulfate. Again, it is

understood that this list is not limitative.

The isomerisation process can thus be conducted in a stirred batch reactor whereby powder

or pelletized catalyst and an alpha-acid containing feed are loaded into the reaction vessel at

the start of the process. In addition, since no significant or no substantial dissolution of the

catalyst in the product phase occurs, in another embodiment, the isomerisation catalyst is

used as a fixed bed in a tubular reactor and the alpha-acid containing feed is pumped

through the process reactor which allows direct collection of the iso-alpha-acid products at

the reactor outlet. It is also possible to use other reactor designs that are generally known to

people skilled in heterogeneous catalysis. A non-limiting list of such reactor set-ups can be

found in J.-F. Lepage et al. (Applied Heterogeneous Catalysis, Institut Frangais du Petrole,

Editions Technip, 1987).

After obtaining high conversion of the alpha-acid reactant in solvent-free conditions, such as

at least 75 %, 80 %, 85 %, 90 % or 95 %, the iso-alpha-acid product can be isolated as an



organic phase by any unit operation that is suitable for liquid-solid separation. Preferred

techniques are centrifugation or filtration of the heterogeneous alkaline earth metal based

catalyst, or decantation of the liquid layer. Alternatively, when the isomerisation is performed

in the presence of water, carbon dioxide or organic solvents or mixtures thereof, the liquid-

solid separation allows to obtain the iso-alpha-acid products dissolved in the solvent or

solvent mixture. It is a particular advantage of the present invention that no additional work

up steps are required, such as acidification, decantation or extraction processes to obtain the

iso-alpha-acids as a product phase.

Another specific advantage of this invention is that the obtained iso-alpha-acids are

essentially free from by-products, such as humulinic acid, originating from side reactions like

alkaline or hydrolytic degradation. Preferably, the obtained iso-alpha-acid composition

comprises less than 5 % or 2 %, more preferably less than 1 % or 0.5 % of said by-products.

As a result of the catalytic procedure of the invention, an iso-alpha-acid composition is

obtained that is rich in c/s-iso-alpha-acids, which are more chemically stable than trans-\so-

alpha-acids. Specifically, the invention allows to obtain iso-alpha-acids with a cis:trans ratio

that is equal to or larger than 60:40. Thus, the present invention also relates to a method for

the production of an iso-alpha-acid composition, with a cis:trans ratio of at least 60:40,

preferably with a cis:trans ratio in the range of 70:30 to 90:10, more preferably with a

cis:trans ratio in the range of 72:28 to 80:20 or in the range of 74:26 to 80:20, comprising the

steps of (i) mixing an alpha-acid containing feed, preferably a hop extract, and a

heterogeneous alkaline earth metal based catalyst, either in the absence or in the presence

of a suitable solvent, and (ii) subjecting said reaction mixture to a temperature of at least 293

K .

Another object of the present invention provides an iso-alpha-acid composition, comprising at

least 75 wt%, 80 wt%, 85 wt%, 90 wt% or 95 wt% iso-alpha-acids on hop (iso)-alpha-acids

basis, wherein the molar ratio of c/s-iso-alpha-acids to frans-iso-alpha-acids is at least 60:40,

preferably in the range of 70:30 to 90:10, in particular in the range of 72:28 to 80:20 or 74:26

to 80:20. Preferably, said iso-alpha-acid composition is essentially free of dissolved alkaline

earth metal salts of hop alpha-acids and/or hop iso-alpha-acids. Particularly, no significant or

no substantial dissolution of the heterogeneous alkaline earth metal based catalyst in said

iso-alpha-acid composition can be measured by elemental analysis. Preferably, said iso-

alpha-acid composition comprises less than 20 ppm, more preferably less than 10 ppm or 5

ppm or 2 ppm alkaline earth metal elements. Preferably, said iso-alpha-acid composition is

essentially free of humulinic acid and other alkaline or hydrolytic degradation products.

Particularly, said iso-alpha-acid composition comprises less than 5 wt% or 2 wt%, more



preferably less than 1 wt% or 0.5 wt% of humulinic acid or other alkaline or hydrolytic

degradation products, formed by degradation of the iso-alpha-acid product.

Said iso-alpha-acid composition may comprise other hop compounds including but not

limited to beta-acids or derivatives thereof, hop oils or derivatives thereof, and hop

polyphenols.

The details of the invention will be explained below with reference to the Examples:

Example 1. Solvent-free isomehsation of alpha-acids with constant molar amounts of

magnesium based catalysts at 363 K

Magnesium aluminate (MgAI20 4) was prepared by the co-precipitation method. The pH of a

200 mL aqueous mixture of magnesium nitrate hexahydrate (30 mmol) and aluminium nitrate

nonahydrate (60 mmol) was adjusted to 9.5 with an aqueous 25 % ammonia solution. This

mixture was then stirred for 1 h and ripened for 12 h . The obtained precipitate was

subsequently washed with deionized water (5 x 100 mL) and thereupon dried for 12 h at 393

K . Finally, the resulting powder was calcined for 8 h at 1073 K leading to the formation of

pure magnesium aluminate. After the drying step and after the calcination step the material

was crushed and ground with pestle and mortar.

Magnesium titanate (MgTi0 3) was prepared by the sol-gel method. First, a 200 mL aqueous

mixture of magnesium nitrate hexahydrate (80 mmol), titanium isopropoxide (80 mmol) and

citric acid (400 mmol) was prepared. After heating this mixture to 363 K, ethylene glycol (250

mmol) was added. Instantaneously, a gel phase formed which was dried at 373 K for 48 h .

Next, the obtained residue was decomposed by treating it for 2 h at 473 K followed by 2 h at

773 K . Finally, the resulting powder was calcined at 1073 K for 6 h leading to the formation of

pure magnesium titanate.

Magnesium silicate (MgSi0 3) was obtained from a commercial supplier.

Magnesium hydroxyapatite (Mg5(P0 4)3(OH)) was prepared by the co-precipitation method.

First, the pH of an aqueous 250 mL solution of diammonium hydrogen phosphate (60 mmol)

was adjusted to 12 with an aqueous 25 % ammonia solution. Second, an aqueous 150 mL

solution of magnesium nitrate hexahydrate (100 mmol) was prepared. Next, the first solution

was added to the second solution by 5 mL doses, with the full volume of the first solution

added within 1 h . Next, the obtained mixture was refluxed for 4 h . The obtained precipitate

was washed with deionized water (5 x 100 mL) and thereupon dried at 353 K for 12 h .



Finally, the resulting powder was calcined for 1 h at 973 K leading to the formation of pure

magnesium hydroxyapatite.

All solvent-free isomerisation experiments were performed in triplicate for statistical reliability.

The starting composition of the alpha-acid reactant was: 94.1 % alpha-acids and 5.9 % iso-

alpha-acids. Varying amounts of the powder catalysts were added to 0.4 g of alpha-acid

extract. Next, the reaction mixture was stirred and heated to 363 K for 18 h . All reaction

vessels were flushed and pressurized with 0.5 MPa nitrogen gas. The powder catalysts were

separated from the reaction mixture by centrifugation.

The sample analyses were performed by means of an HPLC device equipped with a binary

pump, vacuum degasser, autosampler, column thermostat, and diode array detector. Two

Zorbax Extend C18 columns (150 mm length χ 4.6 mm inner diameter, packed with 5 µιη

particles) were used in series. The mobile phase consisted of 5 mM ammonium acetate in 20

% (v/v) ethanol adjusted to a pH of 9.95 with ammonia (A solvent) and a mixture consisting

of 60 % acetonitrile (60 %) and 40 % ethanol (v/v) (B solvent). The flow rate was set at 0.4

mL/min and solvent gradient elution was performed: 0 - 12 min: 0 - 16 % B, 12 - 14 min: 16 -

25 % B, 14 - 44 min: 25 - 40 % B, 44 - 54 min: 40 - 60 % B, 54 - 64 min: 60 - 90 % B, 64 -

70 min: 90 - 100 % B. The column temperature was maintained at 308 K . 1 µ Ι_ volumes of

filtered samples were injected. The UV detection was performed at 256 nm for the iso-alpha-

acid products and 330 nm for the alpha-acid substrates. The samples from the solvent-free

isomerisation experiments were analyzed after addition of 1 ml_ ethanol.

At a reaction temperature of 363 K, 0.4 g of alpha-acids was converted with 0.0157 g of

magnesium aluminate (molar reactant:magnesium ratio = 10) to iso-alpha-acids with an iso-

alpha-acid yield of 19.6 % after 18 h, with a product selectivity to iso-alpha-acids of > 95.0 %

(Table 1, entry 1). In the control experiment without addition of a catalyst, an iso-alpha-acid

yield of 11.8 % was obtained under the same reaction conditions (Table 1, entry 5). Under

the same reaction conditions, 0.0132 g of magnesium titanate (molar reactant:magnesium

ratio = 10) resulted in an iso-alpha-acid yield of 15.2 %, with a product selectivity to iso-

alpha-acids of > 95.0 % (Table 1, entry 2). Under the same reaction conditions, 0.0108 g of

magnesium silicate (molar reactant:magnesium ratio = 10) resulted in an iso-alpha-acid yield

of 14.3 %, with a product selectivity to iso-alpha-acids of > 95.0 % (Table 1, entry 3). Under

the same reactions conditions, 0.0093 g of magnesium hydroxyapatite (molar

reactant:magnesium ratio = 10) resulted in an iso-alpha-acid yield of 12.7 %, with a product

selectivity to iso-alpha-acids of > 95.0 % (Table 1, entry 4).



Table 1. Solvent-free isomerisation of alpha-acids with constant molar amounts

magnesium based catalysts at 363 K

Reaction conditions: molar reactant:magnesium ratio = 10 ; 0.4 g reactant; 363 K ; 18 h.

This comparison of magnesium based catalysts shows that magnesium aluminate is the

most active catalyst (among magnesium aluminate, magnesium titanate, magnesium silicate

and magnesium hydroxyapatite) on molar basis for the solvent-free isomerisation of alpha-

acids to iso-alpha-acids at 363 K .

Example 2. Solvent-free isomerisation of alpha-acids with constant molar amounts of alkaline

earth metal aluminates at 363 K

Magnesium aluminate (MgAI20 4) , calcium aluminate (CaAI20 4) , strontium aluminate

(SrAI20 4) and barium aluminate (BaAI20 4) were prepared by the co-precipitation method. The

synthesis of magnesium aluminate was performed as described in Example 1. For the

preparation of the other alkaline earth metal aluminate materials, the same procedure was

used, except for the different alkaline earth metal sources, which were calcium nitrate

tetrahydrate, anhydrous strontium nitrate and anhydrous barium nitrate respectively.

The isomerisation experiments and sample analyses were performed as described in

Example 1.

At a reaction temperature of 363 K, 0.4 g of alpha-acids was converted with 0.0157 g of

magnesium aluminate (molar reactant:magnesium ratio = 10) to iso-alpha-acids with an iso-

alpha-acid yield of 19.6 % after 18 h, with a product selectivity to iso-alpha-acids of > 95.0 %



(Table 2 , entry 1). In the control experiment without addition of a catalyst, an iso-alpha-acid

yield of 11.8 % was obtained under the same reaction conditions (Table 2, entry 5). Using

0.0175 g of calcium aluminate (molar reactant:calcium ratio = 10) resulted in an iso-alpha-

acid yield of 24.3 % (Table 2 , entry 2). Using 0.0228 g of strontium aluminate (molar

reactant:strontium ratio = 10) resulted in an iso-alpha-acid yield of 27.8 % (Table 2, entry 3).

Using 0.0279 g of barium aluminate (molar reactant:barium ratio = 10) resulted in an iso-

alpha-acid yield of 5 1 .3 % (Table 2 , entry 4). For all reactions of this Example, the product

selectivity to iso-alpha-acids was > 95.0 % .

Table 2 . Solvent-free isomerisation of alpha-acids with constant molar amounts of alkaline

earth metal aluminates at 363 K

Reaction conditions: molar reactant:alkaline earth metal ratio = 10 ; 0.4 g reactant; 363 K ; 18 h.

This comparison of alkaline earth metal aluminates shows that barium aluminate is the most

active catalyst (among magnesium aluminate, calcium aluminate, strontium aluminate and

barium aluminate) on molar basis for the solvent-free isomerisation of alpha-acids at 363 K .

Example 3. Solvent-free isomerisation of alpha-acids with constant molar amounts of alkaline

earth metal aluminates at 378 K

The same alkaline earth metal aluminates as described in Example 2 were used. The same

procedure for the isomerisation experiments and sample analyses was applied as described

in Examples 1 and 2 , except for the reaction temperature of 378 K instead of 363 K and a

reaction time of 9 h instead of 18 h .



At a reaction temperature of 378 K, 0.4 g of alpha-acids was converted with 0.0157 g of

magnesium aluminate (molar reactant:magnesium ratio = 10) to iso-alpha-acids with an iso-

alpha-acid yield of 26.5 % after 9 h (Table 3 , entry 1). In the control experiment without a

catalyst, an iso-alpha-acid yield of 14.2 % was obtained under the same reaction conditions

(Table 3 , entry 5). Using 0.0175 g of calcium aluminate (molar reactant:calcium ratio = 10)

resulted in an iso-alpha-acid yield of 3 1 .7 % (Table 3 , entry 2). Using 0.0228 g of strontium

aluminate (molar reactant:strontium ratio = 10) resulted in an iso-alpha-acid yield of 35.4 %

(Table 3 , entry 3). Using 0.0279 g of barium aluminate (molar reactant:barium ratio = 10)

resulted in an iso-alpha-acid yield of 69.6 % (Table 3 , entry 4).

Table 3 . Solvent-free isomerisation of alpha-acids with constant molar amounts of alkaline

earth metal aluminates at 378 K

Reaction conditions: molar reactant:alkaline earth metal ratio = 10 ; 0.4 g reactant; 378 K ; 9 h.

This comparison of alkaline earth metal aluminates shows that barium aluminate is the most

active catalyst (among magnesium aluminate, calcium aluminate, strontium aluminate and

barium aluminate) on molar basis for the solvent-free isomerisation of alpha-acids at 378 K .

Example 4. Solvent-free isomerisation of alpha-acids with alkaline earth metal aluminates of

varying surface area at 363 K

Regular magnesium aluminate (MgAI20 4) and barium aluminate (BaAI20 4) were prepared by

the co-precipitation method described in Examples 1 and 2 .



High-surface-area magnesium aluminate (HSA-MgAI20 4) and high-surface-area barium

aluminate (HSA-BaAI20 4) were prepared by a different co-precipitation method. As an

example, the synthesis procedure of high-surface-area magnesium aluminate will be

described. To a 200 mL aqueous mixture, containing magnesium nitrate hexahydrate (30

mmol) and aluminium nitrate nonahydrate (60 mmol), 3.96 g polyvinyl alcohol (PVA; MW

13,000 - 23,000; 87 - 89 % hydrolyzed) was added resulting in a molar PVA / Mg ratio of 3 .

This mixture was stirred and heated to 313 K to dissolve the added PVA completely. Next,

the pH of this mixture was adjusted to 9.5 with an aqueous 25 % ammonia solution. This

mixture was then stirred for 1 h and ripened for 12 h . The obtained precipitate was

subsequently washed with deionized water (5 x 100 mL) and thereupon dried for 12 h at 393

K . Finally, the resulting powder was calcined for 8 h at 973 K leading to the formation of pure

magnesium aluminate spinel. After the drying step and after the calcination step the material

was crushed and ground with pestle and mortar.

For the preparation of the other high-surface-area barium aluminate material, the same

procedure was used, except for the different alkaline earth metal source, namely anhydrous

barium nitrate.

The isomerisation experiments and sample analyses were performed as described in

Example 1.

Table 4 . Solvent-free isomerisation of alpha-acids with constant molar amounts of alkaline

earth metal aluminates and high-surface-area alkaline earth metal aluminates at 363 K

Reaction conditions: molar reactant:alkaline earth metal ratio = 10 ; 0.4 g reactant; 363 K ; 18h.



At a reaction temperature of 363 K, 0.4 g of alpha-acids was converted with 0.0157 g of

regular magnesium aluminate (as prepared in Example 1; molar reactant:magnesium ratio =

10) to iso-alpha-acids with an iso-alpha-acid yield of 19.6 % after 18 h (Table 4 , entry 1). In

the following reactions, the same molar reactant:alkaline earth metal ratio of 10 and the

same reaction conditions were maintained. Using 0.0157 g of high-surface-area magnesium

aluminate, the iso-alpha-acid yield was 45.7 % (Table 4 , entry 2). With 0.0279 g of regular

barium aluminate the iso-alpha-acid yield was 5 1 .3 % (Table 4 , entry 3); with 0.0279 g of

high-surface-area barium aluminate the iso-alpha-acid yield was 93.7 % (Table 4 , entry 4).

For all reactions of this Example, the product selectivity to iso-alpha-acids was > 95.0 % .

This comparison of alkaline earth metal aluminates shows that high-surface-area barium

aluminate is the most active catalyst (among magnesium aluminate, high-surface-area

magnesium aluminate, barium aluminate and high-surface-area barium aluminate) on molar

basis for the solvent-free isomerisation of alpha-acids to iso-alpha-acids at 363 K .

Example 5. Solvent-free isomerisation of alpha-acids with constant mass amounts of alkaline

earth metal aluminates at 363 K

The same alkaline earth metal aluminates as described in Example 2 were used. Also the

same procedure for the isomerisation experiments and sample analyses was applied as

described in Example 1.

Table 5 . Solvent-free isomerisation of alpha-acids with constant mass amounts of alkaline

earth metal aluminates at 363 K

Reaction conditions: mass reactant:catalyst ratio = 13.3; 0.4 g reactant; 363 K ; 18 h.



At a reaction temperature of 363 K, 0.4 g of alpha-acids was converted with 0.03 g of

magnesium aluminate (mass reactant:catalyst ratio = 13.3) to iso-alpha-acids with an iso-

alpha-acid yield of 35.9 % after 18 h (Table 5, entry 1). The same reaction conditions and

mass ratio between reactant and catalyst were maintained in the following reactions. With

0.03 g of calcium aluminate the iso-alpha-acid yield was 40.7 % (Table 5, entry 2). With 0.03

g of strontium aluminate the iso-alpha-acid yield was 34.5 % (Table 5, entry 3). With 0.03 g

of barium aluminate the iso-alpha-acid yield was 53.2 % (Table 5, entry 4). For all reactions

of this Example, the product selectivity to iso-alpha-acids was > 95.0 % .

This comparison of alkaline earth metal aluminates shows that barium aluminate is the most

active catalyst (among magnesium aluminate, calcium aluminate, strontium aluminate and

barium aluminate) on mass basis for the solvent-free isomerisation of alpha-acids at 363 K .

Example 6. Solvent-free isomehsation of alpha-acids with constant mass amounts of alkaline

earth metal aluminates of varying surface area at 363 K

The same regular alkaline earth metal aluminates and high-surface-area alkaline earth metal

aluminates as described in Example 4 were used. The same procedure for the isomerisation

experiments and sample analyses was applied as described in Example 1.

Table 6 . Solvent-free isomerisation of alpha-acids with constant mass amounts of alkaline

earth metal aluminates and high-surface-area alkaline earth metal aluminates at 363 K

Reaction conditions: mass reactant:catalyst ratio = 13.3; 0.4 g reactant; 363 K ; 18 h.



At a reaction temperature of 363 K, 0.4 g of alpha-acids was converted with 0.03 g of regular

magnesium aluminate (mass reactant:catalyst ratio = 13.3) to iso-alpha-acids with an iso-

alpha-acid yield of 35.9 % after 18 h (Table 6, entry 1). The same catalyst mass and reaction

conditions were adopted for the next reactions in this Example. With 0.03 g of high-surface-

area magnesium aluminate the iso-alpha-acid yield was 74.7 % (Table 6, entry 2). With 0.03

g of regular barium aluminate the iso-alpha-acid yield was 53.2 % (Table 6, entry 3). With

0.03 g of high-surface-area barium aluminate the iso-alpha-acid yield was 95.7 % (Table 6,

entry 4). For all reactions of this Example, the product selectivity to iso-alpha-acids was >

95.0 % .

This comparison of alkaline earth metal aluminates shows that high-surface-area barium

aluminate is the most active catalyst (among magnesium aluminate, high-surface-area

magnesium aluminate, barium aluminate and high-surface-area barium aluminate) on mass

basis for the solvent-free isomerisation of alpha-acids to iso-alpha-acids at 363 K .

Example 7. Solvent-free isomerisation of alpha-acids at 363 K: time dependency of iso-

alpha-acid yield and conversion dependency of cis:trans ratio

The same high-surface-area barium aluminate as described in Example 4 was used. Also the

same procedure for the isomerisation experiments and sample analyses (for the

determination of the alpha-acid conversion levels) was applied as described in Example 1.

For the determination of the cis:trans ratios of the iso-alpha-acid products, UPLC analyses

were applied. The UPLC device comprised a binary pump, vacuum degasser, autosampler,

column thermostat, and diode array detector. One Acquity HSS C18 column (150 mm length

x 2.1 mm inner diameter, packed with 1.8 µιη particles) was used. The mobile phase

consisted of water acidified to a pH of 2.8 with phosphoric acid (A solvent) and acetonitrile (B

solvent). The flow rate was set at 0.5 mL/min and isocratic solvent elution was performed: 48

% A and 52 % B. The column temperature was maintained at 308 K . 5 µ Ι_ volumes of filtered

samples were injected. The UV detection was performed at 270 nm. The samples from the

solvent-free isomerisation experiments were analyzed after 100-fold dilution with 0.5 %

H2S0 4 in methanol.

At a reaction temperature of 363 K, 0.4 g of alpha-acids was isomerized with 0.0279 g of

high-surface-area barium aluminate (molar reactant:barium ratio = 10). Iso-alpha-acid yields

are given in Table 7, with iso-alpha-acid yields of 24.3 % after 2 h, 48.4 % after 4 h, 66.5 %

after 6 h, 78.1 % after 8 h, 86.7 % after 10 h, 90.8 % after 12 h, 92.1 % after 14 h, 93.2 %

after 16 h and 93.7 % after 18 h . The product selectivity to iso-alpha-acids was > 95.0 %,



even at high alpha-acid conversion levels. The c/s-isomer selectivity amounted to 73-74 %

(Table 7, entries 1 - 10).

Table 7. Solvent-free isomerisation of alpha-acids with constant molar amounts of high-

surface-area alkaline earth metal aluminates at 363 K : time dependency of alpha-acid

conversion and conversion dependency of cisitrans ratio

Reaction conditions: molar reactant:alkaline earth metal ratio = 10 ; 0.4 g reactant; 363 K.

Example 8. Isomerisation of alpha-acids in ethanol with constant molar amounts of

magnesium based catalysts at 348 K

The same magnesium based catalysts as described in Example 1 were used.

All isomerisation experiments in ethanol were performed in triplicate for statistical reliability.

The starting composition of the alpha-acid reactant was: 94.1 % alpha-acids and 5.9 % iso-

alpha-acids. 0.04 g of alpha-acid extract was added to 1 mL ethanol. After addition of varying



amounts of the powder catalysts, the reaction mixture was stirred and heated to 348 K for 18

h . All reaction vessels were flushed and pressurized with 0.5 MPa nitrogen gas. The powder

catalysts were separated from the reaction mixture by centrifugation.

For the sample analyses, the same HPLC procedure was applied as described in Example 1,

except for the sample preparation. The samples were analyzed as such without addition of a

second solvent like water or a further dilution with ethanol.

At a reaction temperature of 348 K, 0.04 g of alpha-acids in 1 ml_ ethanol was converted with

0.0157 g of magnesium aluminate (molar reactant:magnesium ratio = 1) to iso-alpha-acids

with an iso-alpha-acid yield of 13.5 % after 18 h (Table 8, entry 1). In the control experiment

without addition of a catalyst, an iso-alpha-acid yield of 7.8 % was obtained under the same

reaction conditions (Table 8, entry 5). The same reaction conditions and molar

reactant:magnesium ratios were further adopted. Iso-alpha-acid yields and iso-alpha-acid

selectivities are described in Table 8 . For all reactions of this Example, the product selectivity

to iso-alpha-acids was > 95.0 % .

Table 8. Isomerisation of alpha-acids in ethanol with constant molar amounts of magnesium

based catalysts at 348 K

Reaction conditions: 1 ml_ ethanol; molar reactant:magnesium ratio = 1; 0.04 g reactant; 348 K ; 18 h.

This comparison of magnesium based catalysts shows that magnesium aluminate is the

most active catalyst (among magnesium aluminate, magnesium titanate, magnesium silicate

and magnesium hydroxyapatite) on molar basis for the isomerisation in ethanol of alpha-

acids to iso-alpha-acids at 348 K .



Example 9. Isomerisation of alpha-acids in ethanol with constant molar amounts of alkaline

earth metal aluminates at 363 K

The same alkaline earth metal aluminates as described in Example 2 were used. Also the

same procedure for the isomerisation experiments and sample analyses was applied as

described in Example 8, except for the reaction temperature of 363 K instead of 348 K .

At a reaction temperature of 363 K, 0.04 g of alpha-acids in 1 ml_ ethanol was converted with

0.0157 g of magnesium aluminate (molar reactant:magnesium ratio = 1) to iso-alpha-acids

with an iso-alpha-acid yield of 28.9 % after 18 h, with a product selectivity to iso-alpha-acids

of > 95.0 % (Table 9, entry 1). In the control experiment without addition of a catalyst, an iso-

alpha-acid yield of 13.4 % was obtained under the same reaction conditions (Table 9, entry

5). Results with other catalysts are shown in Table 9 . For all reactions of this Example, the

product selectivity to iso-alpha-acids was > 95.0 % .

Table 9 . Isomerisation of alpha-acids in ethanol with constant molar amounts of alkaline

earth metal aluminates at 363 K

Reaction conditions: 1 ml_ ethanol; molar reactant:alkaline earth metal ratio = 1; 0.04 g reactant; 363

K ; 18 h.

This comparison of alkaline earth metal aluminates shows that barium aluminate is the most

active catalyst (among magnesium aluminate, calcium aluminate, strontium aluminate and

barium aluminate) on molar basis for the isomerisation in ethanol of alpha-acids to iso-alpha-

acids at 363 K .



Example 10. Isomerisation of alpha-acids in ethanol with constant mass amounts of alkaline

earth metal aluminates at 363 K

The same alkaline earth metal aluminates as described in Example 2 were used. Also the

same procedure for the isomerisation experiments and sample analyses was applied as

described in Example 8, except for the reaction temperature of 363 K instead of 348 K .

At a reaction temperature of 363 K, 0.04 g of alpha-acids in 1 ml_ ethanol was converted with

0.04 g of magnesium aluminate (mass reactant:catalyst ratio = 1) to iso-alpha-acids with an

iso-alpha-acid yield of 70.6 % after 18 h, with a product selectivity to iso-alpha-acids of >

95.0 % (Table 10, entry 1). In the control experiment without addition of a catalyst, an iso-

alpha-acid yield of 13.4 % was obtained under the same reaction conditions (Table 10, entry

5). Results with other catalysts in the same conditions are described in Table 10.

Table 10. Isomerisation of alpha-acids in ethanol with constant mass amounts of alkaline

earth metal aluminates at 363 K

Reaction conditions: 1 ml_ ethanol; mass reactant:catalyst ratio = 1; 0.04 g reactant; 363 K ; 18 h.

This comparison of alkaline earth metal aluminates shows that magnesium aluminate is the

most active catalyst (among magnesium aluminate, calcium aluminate, strontium aluminate

and barium aluminate) on mass basis for the isomerisation in ethanol of alpha-acids to iso-

alpha-acids at 363 K .



Example 11. Isomerisation of alpha-acids in ethanol with constant mass amounts of alkaline

earth metal aluminates of varying surface area at 363 K

The same regular alkaline earth metal aluminates and high-surface-area alkaline earth metal

aluminates as described in Example 4 were used. Also the same procedure for the

isomerisation experiments and sample analyses was applied as described in Example 8,

except for the reaction temperature of 363 K instead of 348 K .

At a reaction temperature of 363 K, 0.04 g of alpha-acids in 1 mL ethanol was converted with

0.04 g of regular magnesium aluminate (mass reactant:magnesium ratio = 1) to iso-alpha-

acids with an iso-alpha-acid yield of 70.6 % after 18 h, with a product selectivity to iso-alpha-

acids of > 95.0 % (Table 11, entry 1). In the control experiment without addition of a catalyst,

an iso-alpha-acid yield of 13.4 % was obtained under the same reaction conditions (Table

11, entry 5). Results with other catalysts in the same conditions are shown in Table 11. For

all reactions of this Example, the product selectivity to iso-alpha-acids was > 95.0 % .

Table 1 1 . Isomerisation of alpha-acids in ethanol with constant mass amounts of alkaline

earth metal aluminates and high-surface-area alkaline earth metal aluminates at 363 K

Reaction conditions: 1 mL ethanol; mass reactant:catalyst ratio = 1; 0.04 g reactant; 363 K ; 18 h.

This comparison of alkaline earth metal aluminates shows that high-surface-area magnesium

aluminate is the most active catalyst (among magnesium aluminate, high-surface-area

magnesium aluminate, barium aluminate and high-surface-area barium aluminate) on mass

basis for the isomerisation in ethanol of alpha-acids to iso-alpha-acids at 363 K .



Example 12. Isomerisation of alpha-acids in water with constant molar amounts of

magnesium based catalysts at 363 K

The same magnesium based catalysts as described in Example 1 were used. The starting

composition of the alpha-acid reactant was: 94.1 % alpha-acids and 5.9 % iso-alpha-acids.

0.4 g of alpha-acid extract was added to 1 ml_ deionized water. After addition of varying

amounts of the powder catalysts, the reaction mixture was stirred and heated to 363 K for 18

h . All reaction vessels were flushed and pressurized with 0.5 MPa nitrogen gas. The powder

catalysts were separated from the reaction mixture by centrifugation. For the sample

analyses, the same HPLC procedure was applied as described in Example 1, except for the

sample preparation. The samples were analyzed after 10-fold dilution in ethanol.

Table 12. Isomerisation of alpha-acids in water with constant molar amounts of magnesium

based catalysts at 363 K

Reaction conditions: 1 m L water; molar reactant:magnesium ratio = 10 ; 0.4 g reactant; 363 K ; 18 h.

At a reaction temperature of 363 K, 0.4 g of alpha-acids in 1 mL water was converted with

0.0157 g of magnesium aluminate (molar reactant:magnesium ratio = 10) to iso-alpha-acids

with an iso-alpha-acid yield of 17.3 % after 18 h, with a product selectivity to iso-alpha-acids

of > 95.0 % (Table 12, entry 1). In the control experiment without addition of a catalyst, an

iso-alpha-acid yield of 10.7 % was obtained under the same reaction conditions (Table 12,

entry 5). Results with other magnesium based catalysts are given in Table 12. For all

reactions of this Example, the product selectivity to iso-alpha-acids was > 95.0 % .

This comparison of magnesium based catalysts shows that magnesium aluminate is the

most active catalyst (among magnesium aluminate, magnesium titanate, magnesium silicate



and magnesium hydroxyapatite) on molar basis for the isomerisation in water of alpha-acids

to iso-alpha-acids at 363 K .

Example 13. Isomerisation of alpha-acids in water with constant molar amounts of alkaline

earth metal aluminates at 363 K

The same alkaline earth metal aluminates as described in Example 2 were used. Also the

same procedure for the isomerisation experiments and sample analyses was applied as

described in Example 12.

Table 13. Isomerisation of alpha-acids in water with constant molar amounts of alkaline earth

metal aluminates at 363 K

Reaction conditions: 1 m L water; molar reactant:alkaline earth metal ratio = 10 ; 0.4 g reactant; 363 K;

18 h.

At a reaction temperature of 363 K, 0.4 g of alpha-acids in 1 mL water was converted with

0.0157 g of magnesium aluminate (molar reactant:magnesium ratio = 10) to iso-alpha-acids

with an iso-alpha-acid yield of 17.3 % after 18 h, with a product selectivity to iso-alpha-acids

of > 95.0 % (Table 13, entry 1). In the control experiment without addition of a catalyst, an

iso-alpha-acid yield of 10.7 % was obtained under the same reaction conditions (Table 13,

entry 5). Results with other alkaline earth catalysts are given in Table 13. For all reactions of

this Example, the product selectivity to iso-alpha-acids was > 95.0 % .

This comparison of alkaline earth metal aluminates shows that barium aluminate is the most

active catalyst (among magnesium aluminate, calcium aluminate, strontium aluminate and



barium aluminate) on molar basis for the isomerisation in water of alpha-acids to iso-alpha-

acids at 363 K .

Example 14. Isomerisation of alpha-acids in water with constant molar amounts of alkaline

earth metal aluminates of varying surface area at 363 K

The same alkaline earth metal aluminates and high-surface-area alkaline earth aluminates

as described in Example 4 were used. Also the same procedure for the isomerisation

experiments and sample analyses was applied as described in Example 12.

At a reaction temperature of 363 K, 0.4 g of alpha-acids in 1 ml_ water was converted with

0.0157 g of magnesium aluminate (molar reactant:magnesium ratio = 10) to iso-alpha-acids

with an iso-alpha-acid yield of 17.3 % after 18 h, with a product selectivity to iso-alpha-acids

of > 95.0 % (Table 14, entry 1). In the control experiment without addition of a catalyst, an

iso-alpha-acid yield of 10.7 % was obtained under the same reaction conditions (Table 14,

entry 5). Results with other catalysts, including HSA catalysts (high-surface-area materials),

are given in Table 14. For all reactions of this Example, the product selectivity to iso-alpha-

acids was > 95.0 % .

Table 14. Isomerisation of alpha-acids in water with constant molar amounts of alkaline earth

metal aluminates and high-surface-area alkaline earth metal aluminates at 363 K

Reaction conditions: 1 ml_ water; molar reactant:alkaline earth metal ratio = 10 ; 0.4 g reactant; 363 K;

18 h.



This comparison of alkaline earth metal aluminates shows that high-surface-area barium

aluminate is the most active catalyst (among magnesium aluminate, high-surface-area

magnesium aluminate, barium aluminate and high-surface-area barium aluminate) on molar

basis for the isomerisation in water of alpha-acids to iso-alpha-acids at 363 K .

Example 15. Solvent-free isomerisation of alpha-acids with constant molar amounts at 363 K:

comparison with prior art processes based on dissolvable alkali metal and earth alkaline

metal compounds

The same high-surface-area alkaline earth metal aluminates as described in Example 4 were

used. Magnesium oxide, magnesium sulfate, potassium hydroxide and potassium carbonate

were obtained from a commercial supplier. The isomerisation experiments and sample

analyses were performed as described in Example 1.

Table 15. Solvent-free isomerisation of alpha-acids with constant molar amounts at 363 K :

comparison with prior art processes based on dissolvable alkali metal and earth alkaline

metal compounds

Reaction conditions: molar reactant-alkaline earth metal ratio = 10 or molar reactant-alkali metal ratio

= 10 ; 0.4 g reactant; 363 K ; 18 h.



At a reaction temperature of 363 K, 0.4 g of alpha-acids was converted with 0.0157 g of high-

surface-area magnesium aluminate (molar reactant:magnesium ratio = 10) to iso-alpha-acids

with an iso-alpha-acid yield of 45.7 % after 18 h, with a product selectivity to iso-alpha-acids

of > 95.0 % (Table 15, entry 1). Under the same reaction conditions, 0.0279 g of high-

surface-area barium aluminate (molar reactant:barium ratio = 10) resulted in an iso-alpha-

acid yield of 93.7 %, with a product selectivity to iso-alpha-acids of > 95.0 % (Table 15, entry

2); 0.0044 g of magnesium oxide (molar reactant:magnesium ratio = 10) resulted in an alpha-

acid conversion of 42.7 %, with a product selectivity to iso-alpha-acids of < 70.0 % (Table 15,

entry 3); 0.0132 g of magnesium sulfate (molar reactant:magnesium ratio = 10) resulted in an

alpha-acid conversion of 13.2 %, with a product selectivity to iso-alpha-acids of < 95.0 %

(Table 15, entry 4); 0.0062 g of potassium hydroxide (molar reactant:potassium ratio = 10)

resulted in an alpha-acid conversion of 24.1 %, with a product selectivity to iso-alpha-acids of

< 80.0 % (Table 15, entry 5); 0.0075 g of potassium carbonate (molar reactant:potassium

ratio = 10) resulted in an alpha-acid conversion of 33.6 %, with a product selectivity to iso-

alpha-acids of < 95.0 % (Table 15, entry 6).

This experimental comparison shows that high-surface-area magnesium aluminate and high-

surface-area barium aluminate are more active and more selective catalysts compared to the

prior art processes based on dissolvable alkali metal and earth alkaline metal compounds on

molar basis for the solvent-free isomerisation of alpha-acids to iso-alpha-acids at 363 K .

Example 16. Solvent-free isomerisation of alpha-acids at 363 K: comparison with insoluble

aluminium oxide

The same high-surface-area alkaline earth metal aluminates as described in Example 4 were

used. Alpha aluminium oxide was obtained from a commercial supplier. The isomerisation

experiments and sample analyses were performed as described in Example 1.

At a reaction temperature of 363 K, 0.4 g of alpha-acids was converted with 0.0157 g of high-

surface-area magnesium aluminate (molar reactant:magnesium ratio = 10) to iso-alpha-acids

with an iso-alpha-acid yield of 45.7 % after 18 h, with a product selectivity to iso-alpha-acids

of > 95.0 % (Table 16, entry 1). Under the same reaction conditions and with the same molar

reactant:alkaline earth ratio of 10, use of high-surface-area barium aluminate resulted in an

iso-alpha-acid yield of 93.7 %, with a product selectivity to iso-alpha-acids of > 95.0 % (Table

16, entry 2). Under the same reaction conditions, 0.0057 g of alpha aluminium oxide (molar

reactant:aluminium ratio = 10) resulted in an iso-alpha-acid yield of 11.3 %, with a product

selectivity to iso-alpha-acids of > 95.0 % (Table 16, entry 3).



Table 16. Solvent-free isomerisation of alpha-acids with constant molar amounts at 363 K :

comparison with prior art processes based on insoluble aluminium oxide

Reaction conditions: molar reactant-alkaline earth metal ratio = 10 or molar reactant-aluminium ratio =

10 ; 0.4 g reactant; 363 K ; 18 h.

This comparison shows that high-surface-area magnesium aluminate and high-surface-area

barium aluminate are more active catalysts compared to the prior art processes based on

insoluble alpha aluminium oxide on molar basis for the solvent-free isomerisation of alpha-

acids to iso-alpha-acids at 363 K .

Example 17. Catalyst recycling in the solvent-free isomerisation of alpha-acids with alkaline

earth metal aluminates

The same alkaline earth metal aluminates and high-surface-are alkaline earth metal

aluminates as described in Example 4 were used. The isomerisation experiments and

sample analyses were performed as described in Example 1, except for the amount of

reactant and powder catalyst which were increased by a factor 10. The powder catalysts

were separated from the reaction mixture by centrifugation or filtration.

At a reaction temperature of 363 K, 4.0 g of alpha-acids was converted with 0.157 g of

magnesium aluminate (molar reactant:magnesium ratio = 10) to iso-alpha-acids with an iso-

alpha-acid yield of 19.6 % after 18 h, with a product selectivity to iso-alpha-acids of > 95.0 %

(Table 17, entry 1). In the control experiment without addition of a catalyst, an iso-alpha-acid

yield of 11.8 % was obtained under the same reaction conditions (Table 17, entry 9). Under

the same reaction conditions, 0.157 g of the recycled magnesium aluminate (molar

reactant:magnesium ratio = 10) to iso-alpha-acids with an iso-alpha-acid yield of 19.3 % after

18 h, with a product selectivity to iso-alpha-acids of > 95.0 % (Table 17, entry 2). Reaction

data for fresh and recycled alkaline earth catalysts are presented in Table 17 .



Table 17. Solvent-free isomerisation of alpha-acids with alkaline earth metal aluminates and

high-surface-area alkaline earth metal aluminates at 363 K : catalyst recycling

Reaction conditions: molar reactant:alkaline earth metal ratio = 10 ; 4.0 g reactant; 363 K ; 18h.

Example 18. Isomerisation of alpha-acids with alkaline earth metal based catalysts:

elemental analysis on reaction products

The element analyses of the reaction samples were performed by means of an ICP-AES

device. The spectral lines used for alkaline earth metal detection were 279.553 nm for Mg,

422.673 nm for Ca, 421 .552 nm for Sr and 455.403 nm for Ba. Prior to elemental analysis of

the reaction samples, calibration curves were determined to relate the alkaline earth metal

concentration to the intensity of the detection signal. The samples from the solvent-free

isomerisation experiments, the isomerisation experiments in ethanol and the isomerisation

experiments in water were all analyzed after 100-fold dilution in water.

Under the conditions of the isomerisation reactions in solvent-free conditions, in ethanol

medium and in water medium, essentially no leaching of magnesium, calcium, strontium or

barium cations into the reaction medium was detected by ICP-AES from the corresponding

alkaline earth metal aluminates, high-surface-area alkaline earth metal aluminates, alkaline



earth metal titanates, alkaline earth metal silicates and alkaline earth metal hydroxyapatites.

In all cases, there was less than 0.01 % of alkaline earth metal dissolved from the earth

alkaline metal based catalyst into the product phase in the course of the isomerisation

experiments. Generally, the product phase contained less than 0.01 % of dissolved cations

of the respective alkaline earth metal element, with respect to the amount of alkaline earth

metal present in the heterogeneous catalyst used in the isomerisation reaction, after

separation of the heterogeneous catalyst from the reaction mixture. This demonstrates the

heterogeneity of these powder catalysts during the isomerisation reactions.

Other embodiments of the invention will be apparent to those skilled in the art from

consideration of the specification and practice of the invention disclosed herein. It is intended

that the specification and examples be considered as exemplary only, with a true scope and

spirit of the invention being indicated by the following claims.



CLAIMS

1. A method for the isomerisation of hop alpha-acids comprising contacting a hop alpha-acid

containing feed with an alkaline earth metal based compound, acting as a heterogeneous

catalyst, which essentially does not dissolve in the alpha-acid containing feed or in the iso-

alpha-acid product phase.

2 . The method according to claim 1 wherein less than 0.1 % of said alkaline earth metal

based insoluble compound is dissolved and present as dissolved alkaline earth metal cations

in the alpha-acid containing feed or the iso-alpha-acid product phase.

3 . The method according to claim 1 wherein said alkaline earth metal based insoluble

compound can be quantitatively recovered after the isomerisation reaction by means of

liquid-solid separation techniques.

4 . The method according to claim 1 wherein less than 0.1 % of dissolved alkaline earth metal

isohumulate salts are formed during isomerisation.

5 . The method according to claims 1 to 4 wherein said alkaline earth metal based insoluble

heterogeneous catalyst is an alkaline earth metal based mixed oxide or hydroxyapatite.

6 . The method according to claim 5 wherein said alkaline earth metal based insoluble

heterogeneous catalyst is of the aluminate type, titanate type, silicate type and/or

hydroxyapatite type and comprises magnesium, calcium, strontium or barium or mixtures

thereof.

7 . The method according to claims 1 or 6, wherein said alkaline earth metal based insoluble

heterogeneous catalyst is in its anhydrous form or hydrated form.

8 . The method according to claims 1 to 7 , wherein the isomerisation reaction occurs in

solvent-free conditions.

9 . The method according to claims 1 to 7 , wherein the isomerisation reaction occurs in water,

carbon dioxide or an organic solvent or mixtures thereof.

10. The method according to claims 1 to 9 wherein the isomerisation reaction occurs at a

temperature between 293 and 383 K .

11. The method according to claims 1 to 10 wherein the isomerisation reaction occurs under

an inert atmosphere.

12. The method according to claims 1 to 11 further comprising the step of separating the

heterogeneous catalyst from the obtained iso-alpha-acid product after the isomerisation



reaction.

13. The method according to claim 12 whereby the separation is performed by centrifugation,

filtration, decantation or other liquid-solid separation techniques.

14. The method according to claims 1 to 13 wherein the molar ratio of the alpha-acid to the

alkaline earth metal is between 0.1 and 40.

15. The method according to claims 1 to 14, wherein said alkaline earth metal based

compound has a surface area of at least 10 m2/g.

16. A hop iso-alpha-acid composition comprising at least 75 wt% iso-alpha-acids on hop

(iso)-alpha-acids basis, wherein the molar ratio of c/s-iso-alpha-acids to frans-iso-alpha-acids

is at least 60:40, and wherein said iso-alpha-acid composition is essentially free of dissolved

alkaline earth metal salts of hop alpha-acids, hop iso-alpha-acids, humulinic acid and/or

other alkaline or hydrolytic degradation products of hop (iso)-alpha-acids.

17. The hop iso-alpha-acid composition according to claim 16 wherein the molar ratio of c/s-

iso-alpha-acids to frans-iso-alpha-acids is in the range of 70:30 to 90:10.
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