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Abstract

Centrifugal partition chromatography was used for preparative separation of a- and 8- bitter acids from a crude
supercritical carbon dioxide extract of hop cones. A one-step gradient was applied; after elution of the a-acids in the system
toluene—0.1 M triethanolamine-HC! pH 8.4 in water the aqueous mobile phase was changed to 0.2 M diethanolamine-PO,
pH 9.75 in water—methanol (4:1, v/v) for elution of the B-acids. For the a-acids the yield/cost ratio was optimized through
sample size and injection volume. The role of pX, values and hydrophobicity in the separation mechanism for the a-acids is
discussed. The elution order differs from the order predicted after measurement of the partition coefficients.

Keywords: Centrifugal partition chromatography; Hop extracts; Humulus lupulus; Preparative chromatography; Bitter acids;
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1. Introduction

Extracts of hop cones, the female flowers of
Humulus lupulus L., are used in the beer brewing
process. The main components of hop extracts are
the two groups of bitter acids: a-acids or humulones "N ©

and f-acids or lupulones. Each group contains N
several analogues of which cohumulone, humulone, racide (humolones) B-acids [upulones)
adhumulone and colupulone, lupulone and ad- _CHy
lupulone are the major compounds; the post- and R= -CH-CHy cohumulone  /colupuione

. . CHj
pre-analogues are the minor compounds (Fig. 1). R= - Crp-CH humulone 7 lupulone
During the brewing process the a-acids of the hop CHy CHa

-
extract are converted into the iso-a-acids, which give Rz -CH-CHp-CHy adhumulone 7 adlupuione
the. typical bitter taste to beer. Hop extracts, as R = CHy-CHs post humulone / post lupulone
delivered by the supply industry, vary not only in
their total bitter acid content, but also in the ratio R = CHz-CH,-CH-CH, pre humulone /pre lupulone
CH;

*Corresponding author. Fig. 1. Chemical structures of the main hop bitter acids.
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a:f3-acids as well as in the relative amounts of each
of the homologues. As the pure bitter acids are not
commercially available, different hop extracts are
used as calibration standards, giving rise to different
qualifications of hop extracts [1]. This indirect way
could be shortened if the pure bitter acids were
available in relatively large amounts. Also, for a
study of the contribution of each (individual) bitter
acid to the final taste of the beer the pure compounds
should be available.

In our laboratory we study the biosynthesis of both
a- and B-acids in hops [2] for which we need the
pure compounds. We recently described a method for
the preparative separation and isolation of the three
main «-acids from hop extract, using centrifugal
partition chromatography (CPC) [3]. Respectively,
250 and 350 mg of pure cohumulone and humulone
can thus be isolated in one run of 8 h. Furthermore, a
large-scale CPC-apparatus is commercially available,
the use of which makes gram-scale yields possible.

Here we report the preparative separation and
isolation of the three major B-acids from hop extract,
using centrifugal partition chromatography. The
method is related to that used for the a-acids and can
be performed immediately after the isolation of the
a-acids in the same chromatographic run. In addi-
tion, the optimization of the a-acids separation in the
small-scale CPC with regards to sample volume and
concentration will be described and new insights in
the mechanism of the separation will be discussed.

2. Experimental

2.1. Hop extract

Two carbon dioxide extracts of hops were ob-
tained from Mr. L.C. Verhagen (Heineken Brewery,
Zoeterwoude, Netherlands); one contained 45.5% «-
acids and 21.2% fB-acids; the other was a supercriti-
cal carbon dioxide extract containing 55% a-acids
and 30% [-acids.

2.2. CPC apparatus

For all experiments a modular Sanki (Kyoto,

Japan) Centrifugal Partition Chromatograph (type
LLN) was used. It consists of a power supply
(Model SPL), a centrifuge (Model NMF), a loop
sample injector plus flow director (Model FCU-V),
equipped with a 3.4 ml loop, and a triple head
constant flow pump (Model LBP-V). To a UVIS 200
detector (Linear Instruments, Reno, NV, USA) a
Panasonic Pen-recorder (Model VP-67222A) was
connected. Fractions were collected by means of an
LKB 17000 Minirac fraction collector. In all experi-
ments 6 cartridges (total internal volume 125 ml)
were used. The pressure was limited to 60 bar.

2.3. Preparation of two-phase solvent systems for
CPC

The two-phase system used for the a-acids was
described before [3]. For the system for the B-acids
0.2 M diethanolamine (Merck, Darmstadt, Germany)
in water—MeOH (4:1, v/v), adjusted to pH 9.75 with
phosphoric acid (85%), was saturated with toluene.
The volume ratio, aqueous solution—toluene, was
2:1; the toluene layer was used as the stationary
phase.

24. HPLC

For the quantitative analysis of the a- and B-acids
the HPLC system was described before [4].

2.5. Determination of partition coefficients, CPC
sample preparation and extraction of the bitter
acids from the aqueous phase after CPC
separation

The methods as described before [3] were used.
The isolated bitter acids were stored in MeOH at
—20°C in the dark.

2.6. NMR
All NMR experiments were performed on a

Bruker DPX 300 machine at 300 MHz. All samples
were dissolved in C*HCI,.
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3. Optimization of a two-phase system for
separation of the S-acids

3.1. Results and discussion

We developed a two-phase system for the sepa-
ration and isolation of the three major a-acids from
hop extract by means of CPC [3]. The stationary
phase of this two-phase system is toluene; the mobile
phase is 0.1 M triethanolamine in water, brought to
pH 8.4 with HCL The triethanolamine acts as an
ion-pairing reagent for the partly dissociated a-acids.
The B-acids are weaker acids than the a-acids and
are not, or are to a very low extent, dissociated at pH
8.4. As a consequence they are strongly retained in
the stationary phase. For their elution and separation
the two-phase system for the «-acids has to be
modified. The difference in pK, values of a- and
B-acids is about 2; this means that a mobile aqueous
phase with pH about 10.4 would suffice. As B-acids
decompose at pH>10, the pH of the aqueous phase
was chosen to be ca. 9.5. Addition of an alcohol to
this aqueous phase proved to be necessary to de-
crease its polarity.

Partition coefficients of the bitter acids in several
two-phase systems, with pH between 9.5 and 10,
were determined. The results are given in Table 1.

These systems are not suited for the a-acids;
partition coefficients are very low because of the
high pH and this results in elution immediately after
the injection front peak. System 1 and several
modifications with regard to methanol concentration,
triethanolamine molarity and pH were tested for their
CPC performance for B-acid separation with dis-
appointing outcomes. The ion-pairing as well as the
buffer capacity of triethanolamine (pK,=7.8) is low
at the high pH needed for 8-acid elution, resulting in
low chromatographic efficiency. Systems 6 and 7
were both tested in CPC runs. For system 7 the pH
had to be raised slightly in order to achieve elution
within a reasonable time. After some optimization
experiments, best results were obtained with the
two-phase system 0.2 M diethanolamine in 20%
(v/v) methanol in water, phosphoric acid added to
pH 9.75-toluene. The results of two CPC experi-
ments are shown in Fig. 2 and in Table 2, Exp. 1 and
2. In both experiments the humulones eluted first
with the aqueous mobile phase for the a-acids;

Table 1

Partition coefficients of the bitter acids in various two-phase systems with buffer capacity at pH 7.8 and 9.5

System  Basic compound pK, of pH Partition coefficients Remarks

number the basic of aq. Cohu- Humu- Adhu- Colu- Lupu- Adlu-

compound phase mulone lone mulone pulone lone pulone

| Triethanolamine 78 9.6 0.08 .19 0.15 9.8 239 6.3

2 Triethanolamine + LiCl 78 9.6 049 1.4 1.0 889 >100 >100 Li* causes
strong
retention

3 Borax+LiCl in water 9.2 99 033 024 785 > 100 >100 Strong
retention
despite
high pH

4 Borax +LiCl in water~ 9.2 99 0.19 0.15 14.2 14.4 14.2 No

methanol (4:1) resolution

of B-acids
any more

5 Ephedrine 10.0 9.6 >100 >100 >100 >100 >100 >100 Ephedrine
retains
excessively

6 Diethanolamine 9.5 0.05 0.15 0.10 6.07 795 319 Promising
for B-acids

7 Ethanolamine 9.5 95 0.06 0.19 0.13 1.1 249 59 Promising
for B-acids

Org. phase: toluene; aq. phase: 0.1 M basic compound in water-MeOH 75:25 (v/v).
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Fig. 2. CPC separation of hop extract. (a) Two-phase systems for the a- and B-acids as described in Section 2. Both are run in descending
mode. Arrow 1 indicates the step from the @-acid eluent to the B-acid eluent. Plain line: UV absorbance of the CPC eluate (aqueous phase).
CPC separation was monitored by HPLC analysis of the fractions; [J=cohumulone, A =humulone, O=adhumulone, l=colupulone,
A =lupulone, @ =adlupulone. (b) As (a) until arrow 2; from then on ascending mode. For more details about sample size, yield and purity

of the indicated fractions I-VI and purity see Table 2.

subsequently the B-acids were eluted, using the more
basic diethanolamine containing aqueous phase. In
the first experiment this was continued until the last
B-acid, adlupulone, was eluted (Fig. 2a). In the
second experiment the mode was reversed just before
elution of the first B-acid (colupulone). Mode rever-
sion causes the mobile phase to become stationary
and vice versa. As a consequence the elution order
was reversed; adlupulone came out first, followed by
lupulone and colupulone was eluted as the last
compound (Fig. 2b). For both - and B-acids there
is a discrepancy between partition coefficients as
given in Table 1 (e.g. for systems 1, 6 and 7) and the
elution order and volume as given in Table 2 and

Fig. 2. This will be discussed below, under the
discussion of the optimization for the a-acids.

For routine preparations of the B-acids we now
inject the hop extract and elute with the mobile phase
for the B-acids without the pre-elution with the
mobile phase for the a-acids; the a-acids come out
together as one peak shortly after the solvent front
peak. This fraction can be used as an injection
sample for another run for separation and isolation of
the individual «-acids. The result of a routine
injection is given in Table 2, exp. 3. It should be
noted that we did not yet optimize the separation
method for sample size, injection volume and mo-
larity of the ion-pairing reagent.
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Table 2
Yield and purity of the bitter acids after CPC separation

Experiment Mobile phase Fraction Yield bitter Composition of fraction (%)
and t.o tala and C]UE[OH acid (me) Cohu- Humu- Adhu- Colu- Lupu- Adlu-
run time volume
mulone lone mulone pulone lone pulone
1 (Fig. 2a) A (850 ml) I 115 100
10h I 169 1 99
m 28 9 91
B (1050 ml) v 77 96 4
N 53 2 92 6
VI 39 5 95
2 (Fig. 2b) A (800 ml) [ 148 100
1t h I 188 100
A 83 69 31
m 32 100
C (430 ml) v 15 9 91
N 37 6 91 3
VI 88 99 1
3 D (2000 ml) I +2000 +40 *+50 *10
18h Il 456 99 1
1A 27t 72 28
I 148 1 99
1A 107 65 35
v 49 2 98

* Amounts injected: Experiment 1: 1.0 g hop CO, extract (45% a- and 21% B-acids); inj. volume: 3 ml (stationary phase); Experiment 2:
1.0 g hop supercritical CO, extract (55% a- and 30% B-acids); inj. volume 2 ml (stationary phase); Experiment 3: 4.0 g hop supercritical
CO, extract (55% a- and 30% B-acids); inj. volume 10 ml (stationary phase).

® Mobile phases: (A) Aqueous phase as described for the separation of the a-acids; (B) Aqueous phase as described for the separation of the
B-acids; (C) 350 ml aqueous phase as described for the separation of the B-acids; after that organic phase (toluene) in reversed mode; (D)

As (B) but 0.4 M diethanolamine instead of 0.2 M.

The identity of the isolated compounds was con-
firmed by UV, HPLC and '"H NMR. From the NMR
experiments it was clear that no NMR detectable
compounds (impurities) were present in the isolated
products. The relative amount of each of the bitter
acids in the isolated fractions was determined by
means of HPLC, assuming that the three «-acids
have the same molar extinction and that the same is
valid for the SB-acids.

4. Chemical stability

The B-acids are known to be unstable compounds.
However, decomposition of the B-acids could not be
detected after storage in the mobile phase for 24 h at
20 °C, if kept in the dark. At temperatures =30°C a
rapid decomposition of the S-acids was noticed, both
in mobile phase and in methanol solution. We also

have strong indications that UV and direct sunlight
should be avoided to prevent decomposition; this is
under further investigation. As stated above, the
B-acids decompose if kept in solutions of pH>10.
They seem to be quite stable if kept in methanol
solution at —20 °C.

For the a-acids we found a good stability if kept
in methanol solution at —20 °C; no decomposition
could be detected after 1 year. This is in accordance
with the results as given by Wirtgen [5].

5. Optimization of sample size and injection
volume to improve the yield/cost ratio for the
a-acids

5.1. Results

After the development of the mobile phase for the
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B-acids, we sought to optimize the yield/cost ratio
for the isolation of the a@-acids. Our experiments
were not only designed to improve the yield per run
for our laboratory-scale CPC (total volume 125 ml),
but also to predict the performance in a large-scale
CPC (total volume 5 1). We varied quantity, con-
centration and volume of the sample injected and
evaluated the results with regard to yield and purity
of the a-acids, as well as resolution and run time.

An overview of the most informative (characteris-
tic) CPC runs is given in Fig. 3. In all cases
cohumulone, humulone and adhumulone eluted in
that order. At low injection volumes (5.0 ml) and
low amounts of hop extract injected (1.0 g) res-
olution and purity are high; 150 mg of cohumulone,
190 mg of humulone and 30 mg of adhumulone were
obtained at over 99% purity. Of the three peaks only
the adhumulone peak has a Gaussian shape; the other
two have a characteristic sharp fall-down at the
moment the next compound starts to elute. Increas-
ing the amount of hop extract injected (from top to
bottom in Fig. 3) results in tailing and an increase in
fronting; the elution profiles are more Gaussian, and
the maxima are flattened. Retention of humulone and
adhumulone increases and therefore the run time also
increases.

Larger injection volumes (from left to right in Fig.
3) result in broader peaks and more fronting and
tailing; no effect on retention or run time was
observed.

Very poor resolution was obtained after injection
of 20.5 g hop extract in a large injection volume (40
ml stationary phase). As the total volume of station-
ary phase is 80 ml, in this case half of the column
volume is replaced by the sample solution after
loading. The fronting of humulone and adhumulone
is extensive, as is the tailing of cohumulone. The top
of all peaks is flat and the peak shape is almost
rectangular.

5.2. Discussion

The partition coefficient of an undissociated a-
acid is determined by the hydrophobicity of the
a-acid and is defined as

[HA,,]
K=—7+—
[HA,,]

The actual partition behaviour of the acids is reg-
ulated by the apparent partition coefficient X, :

_ HA,]
Kae = THA,J+[A]

where [HA,,] and [HA, ] are the concentrations of
the undissociated acid in the organic and the aqueous
phase, respectively, and [A™] is the concentration of
the dissociated hop acid in the aqueous phase. It is
assumed that there are no acid anions in the organic
phase. [A7] is determined by the pH and the pK,
value of the a-acid. The pK, values of the a-acids
are 4.7, 5.5 and 5.7 for cohumulone, humulone and
adhumulone, respectively [6]. For the water—toluene
system the K value of the «-acids is very large
(>1000); the more polar a-acid ions have a low
partition coefficient. As a result of this the apparent
partition coefficients of the a-acids show a sharp
decrease between pH 6.5 and 9 (Fig. 3A in Ref. [3]).
During a CPC run the availability of the positively
charged proton-accepting triethanol amine counter-
ions is determining the degree of ionization of the
a-acids and thus the overall apparent partition
coefficients.

Two mechanisms are active in this CPC sepa-
ration, partition of the non-ionized acids (regulated
by hydrophobicity) and dissociation (regulated by
pK,). From measurements of apparent partition
coefficients of both a- and B-acids in several two-
phase systems we conclude that the order of hydro-
phobicity of these compounds differs from the pK,
order. In many cases the partition coefficient order
was cohumulone <adhumulone <humulone for the
a-acids and colupulone <adlupulone <lupulone or
adlupulone <colupulone <lupulone for the S-acids
[7]. From this we conclude that adhumulone is less
hydrophobic than humulone and may be less hydro-
phobic than cohumulone; for the B-acids an analo-
gous order will be valid. In all our CPC experiments
however, the order of elution was cohumulone,
humulone, adhumulone and colupulone, lupulone,
adlupulone (that is in the sequence of their pK,
values). Partition coefficients were measured in a
two-phase system with a fixed pH of the aqueous
layer; whereas during the CPC run the pH of the
mobile phase varies from inlet to outlet, the apparent
partition coefficient of each individual bitter acid has
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not got the same value in the subsequent ducts of the
CPC. A confirmation is seen in the order of elution
in HPLC at various pH values (Fig. 4 in Ref. [4]).
This order is reversed for humulone and adhumulone
at pH 5.5 and for lupulone and adlupulone at pH 8.
At the lower pH, with the acids in the non-disso-
ciated form, the influence of pK, on retention
decreases and hydrophobicity becomes determinant.

If we thus look at the dynamic process, at the start
of a CPC run (after injection of the sample, dissolved
in stationary phase) the a-acids are partitioned over
the two phases according to their respective, in-
dividual partition coefficients at pH 8.4. Consequent-
ly the pH of the mobile phase decreases and thus the
ionization of the weak acids; the acids are then partly
replaced in the organic stationary phase. This re-
placement affects cohumulone less than humulone
and adhumulone because of the sequence of the pK,
values: cohumulone <humulone<<adhumulone. This
self-regulating process is repeated in the next chan-
nels of the CPC and results in the resolution of the
a-acids: the strongest acid moving fastest. This
replacement mechanism differs from pH zone refin-
ing and displacement chromatography [8] in that no
external displacer is used; it also explains the
increase of the retention of humulone and adhumul-
one in the case where larger amounts of hop extract
are injected (see Fig. 3). Injection of 1.0 g in 10 ml
resulted in elution of humulone between 250 and 550
ml, with the maximum at 500 ml; when 3.0 g in 10
ml was injected the elution of humulone started at
400 ml, reached a maximum at 1000 ml and ended at
1100 ml. We also injected a sample containing only
humulone and adhumulone; humulone elution started
at 120 ml as no cohumulone was present to take
precedence. In the same way humulone in its turn
takes precedence over adhumulone (results not
shown).

A skewed peak form can be explained by non-
linear isotherms. However, the K,,pp of the a-acids is
linear over the concentration range used in our CPC
experiments. We measured the K, between pH 7
and 9 at four different concentrations over three
orders of magnitude; the highest concentration (127
mM for humulone, 86 mM for cohumulone and 26
mM for adhumulone) matches the injection sample
of the CPC run (bottom-right in Fig. 3). From these
experiments there was no proof for a non-linear

isotherm: the deviations were within the standard
error. First efforts to model the separation, using the
parameters of the present system, make clear that the
separation is pH controlled and that the skewed
shape could be a result of the limited availability of
non-protonated triethanol amine; the sharp decline at
the end of the peaks is a result of the logarithmic
relation between K, and pH [9]. In accordance with
this the pH profile of the effluent followed the
elution profile of the «-acids (Fig. 3, first diagram).

When higher amounts are injected (3 g or more,
see Fig. 3 lower part) both cohumulone and
humulone give significant tailing; this can be ex-
plained by the assumption that in the first channels of
the CPC the stationary phase is saturated with the
a-acids. At these high concentrations the a-acids
probably tend to stick to the wall and detach only at
lower concentrations with some delay. At higher
concentrations the a-acids probably form complexes
with each other, which results in co-elution (lower
right part of Fig. 3). These conditions are not useful
for the isolation of a-acids of high purity; however,
they are acceptable for use as a pre-separation;
fractions can subsequently be injected in a second
run.

The mechanism of the chromatographic behaviour
of the hop bitter acids is still under further in-
vestigation.

6. Conclusions

We have shown that measurement of partition
coefficients does not always result in a correct
prediction of the selectivity of a system. Partition
coefficients are determined in a static system and are
subsequently used to predict the performance in a
dynamic system, in which absolute and relative
concentrations of the solutes change along the col-
umn, as well as the pH value and probably also the
concentration of organic solvent in water and vice
versa (the composition of the two-phase system).

The six main bitter acids, cohumulone, humulone,
adhumulone, colupulone, lupulone and adlupulone,
can be obtained pure from hop carbon dioxide
extracts by means of centrifugal partition chromatog-
raphy. For the humulones the two-phase system is
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toluene—0.1 M triethanolamine-HCl pH 8.4 in water
(descending mode). Subsequently the lupulones can
be eluted with 0.2 M diethanolamine-PO, pH 9.75 in
water—methanol (4:1, v/v). When only the lupulones
are to be isolated, the first step can be omitted. In the
case of a high sample amount an increase of
triethanol amine concentration is advised. Thus from
4.0 g hop supercritical carbon dioxide extract 450
mg colupulone, 150 mg lupulone and 50 mg ad-
lupulone (all =98%) can be obtained, using 0.4 M
diethanolamine-PO, pH 9.75 in water—methanol
(4:1, v/v) as the mobile phase and toluene as the
stationary phase.

In the separation mechanism both dissociation and
hydrophobicity play a role; at the pH values that
exist in the CPC separations, the pK, value depen-
dent dissociation prevails over the hydrophobicity.
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