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Analysis of Two Bentonites of Enological Interest before and
after Commercial Activation by Solid Na,COs
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Two natural calcium-rich bentonites used for the removal of wine proteins, originating from Greece
and Turkey, were studied by X-ray diffraction, thermal analysis, and solid state NMR, before and
after activation by solid Na,COgz. Exchange of Ca2* by Na™ mainly occurs for cations located at the
edge of layers and only weakly for interlayer cations. This Na,CO3 activation process leads to an
increased efficiency in the adsorption process of bovine serum albumin (BSA) used as a model protein
for both bentonites. A direct correlation is observed between the extent of Ca?"/Na* exchange, the
strength of adsorption of BSA, and the extent of unfolding of BSA backbone.
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INTRODUCTION Scheme 1. Representation of the Two-Dimensional Crystalline

One of the most common instabilities in white and rosé wines Structure of Montmarillonite

is the appearance of protein hazes in the bottle. This is the result
of several factors such as pH, ionic strength, ethanol concentra-
tion, temperature, or composition of the wine, which all
influence the interaction of proteins with the wine mediuir (

4). However, little is known of the extent to which these factors
influence the precipitation of proteins, although there are many Mo
data available concerning wine proteirs—7). To overcome -\-__-"
this problem during the elaboration of wines, different ap-

proaches have been considered, which basically rely on the _
removal of proteins. To that purpose, the bentonite treatment, o
which has been used for more than 60 ye&s i6 still given
particular attention currently (B). It must be noted that since
1960, this treatment is also used for musts and, in the case of
Champagne, to improve yeast elimination as a riddling adjuvant
(20).

Bentonite is the commercial designation of a natural clay
mineral, the main component of which is montmorillonite, a
2:1 dioctahedral smectite. Montmorillonite possesses a two- _— S
dimensional crystalline structure based on staked layers ofthe montmorillonite, which 1S d.|str|buted over the complete
tetrahedra, octahedrs, and tetrahedra connected to each othéPygen framework and which is balanced by exchangeable

. : . n X
by oxygen bridges (Scheme 1). Whereas tetrahedra are madé-ations: These cations, mainly Naind C4", are localized
of silicon, octahedra are mainly made of aluminum and within the interlayer space, and their ratio can vary significantly

magnesium, which is described as octahedral substitution (Offrom one deposit to another. The particular affinity of proteins

Mg for Al). This substitution provides a net negative charge to [OF Pentonites is based on the commonly high specific surface
areas associated with swelling and cation-exchange properties
- —— of the latter. Proteins of wines with an isoelectric point (Ip)
j*Co_rres;?ondlng author (fa33 3 26 91 33 40; e-mail philippe.jeandet@  yalue above the pH of wine {33.5) are positively charged,
un?dﬁ:%sr'si?é de Reims. and their adsorption on bentonite is basically described as a

8 Université de Haute Alsace. cation-exchange procesklj, based on electrostatic, hydropho-
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Table 1. Elemental Analysis (Weight Percent) of Si, Al, Fe, Na, and
Ca, As Determined by Flame Absorption Spectroscopy, and Weight
Loss at 900 °C (H,0), As Determined by TG Analysis

(020, 110) Q a

C

0o

2 1494 (130, 200) (060)
bentonite Si0, Al,03 Fe;0; Na,0 Ca0 H,0 5 ’ elo (1494
G 46.6 26.7 3.2 0.9 2.0 19.3 g
GA 46.2 25.4 3.0 4.6 1.9 195 3
T 53.3 27.0 0.7 1.6 1.7 17.7 f
TA 51.3 25.4 0.7 4.3 1.7 19.6 z
£
£

bic, and/or hydrophilic interactiond 2, 13). Proteins with no
overall positive charge or negative charge can also be adsorbed
by other mechanisms such as hydrogen-bonding mechanism or
van der Waals interactiond4). It is considered that a Na

rich bentonite (high N&/Ca2" ratio) is more efficient for protein
removal than bentonites having a higher content of other
interlayer cations such as calciutil). However, many natural
deposits contain calcium-rich bentonites, and, therefore, to be
more efficient these natural bentonites undergo a commercial
activation process that consists of a solid treatment of the wet
mud by solid NaCOs (~3% w/w), at a temperature of 8C.

The aim of this activation is to obtain a sodium-rich bentonite
as a result of the NaCa cation exchange, according to the
equation

Arbitrary Units

<

8 4 8
20 degrees 20 degrees

montmorillonite—C&" + Na,CO, — _ o ,
Figure 1. (a) Powder X-ray diffraction patterns recorded under ambient

montmorillonite—2Na + CaCQ, humidity conditions (P/Py ~ 0.55). Characteristic bands of montmorillonite
are indicated by their hkl reflections, and peaks of nonclay minerals are
Although the effect of this activation is knowfZ, 16), fine identified by the following letters: Q, quartz; C, cristoballite; P, plagioclase;

modifications undergone by the bentonites and their correlation H, hydrotalcite. Dashed gray lines highlight the two dgg; distances, the

to the protein adsorption efficiency remain ignored. Therefore, caCO, characteristic peak and the dogo distance. (b) (001) reflections

this paper reports a multiple-technique analysis of two natural recorded under controlled humidity (P/P, = 0.79).

enological bentonites, which were selected before and after Na

CO;s activation. They were studied by powder X-ray diffraction,  x_ray powder Diffraction. X-ray powder diffractograms were

thermogravimetry (TG)—differential thermal analysis (DTA),  recorded either with a STOE STADI-P powder X-ray diffractometer

and multinuclear solid state NMR. Bovine serum albumin (BSA) (Darmstadt, Germany), equipped with a linear position-sensitive detector

was chosen as a protein representative and adsorbed on botls° 20) in Debye—Scherrer geometry and employing the Ge mono-

samples before and after activation in order to correlate the chromated ClKy radiation (I= 1.5406 A), or with a Philips PW-

amount of adsorbed species to the;8l@; activation process. 1800 powder X-ray diffractometer (Amsterdam, The Netherlands). The
former permitted a controlled atmosphere with capillaries, which were

MATERIALS AND METHODS filled with powder kept under controlled humidity, just before the start

of the experiment.

Thermal Analysis. TGA-DTA measurements were carried out on
a Setaram Labsys apparatus (Caluire, France) under air flow conditions,
dl\li'[h a heating rate of 3C min%, between 20 and 800 or 90C.

Solid State NMR. 2Na and**C NMR experiments were run on a
Bruker DSX 400 spectrometer (Wissembourg, France) operating at
frequencies of 105.8 and 100.6 MHz, respectivéijla MAS spectra
were acquired with a standard Bruker double-channel 4-mm probe, at
a spinning frequency of 10 kHz, where#$—3C cross-polarization
magic angle spinning (CP-MAS) spectra were acquired with a Bruker
double-channel 7-mm probe, at a spinning frequency of 4 kHz.
Hartmann—Hahn matching for tHel—3C CP-MAS experiments was
set on adamantane withl and*3C radio frequency fields of60 kHz.
Chemical shifts foP®Na and**C spectra were referenced to 1 M NaCl
solution and adamantane, respectively. Deconvolution of the spectra
was realized with the WINFIT software (17).

Samples.A bentonite from the Greek island of Milos and another
one from Turkey were selected before and aftey@@; activation and
supplied by the Socté Fran@ise de Bentonites et Dérivés (Tréport,
France). The four as-received samples consisted of wet coarsely groun
powders. After drying at 50C for 2 days, samples were finely ground
and kept either under controlled humidify/P, = 0.79) or in ambient
atmosphere (PP~ 0.55). Throughout the text, these four samples
will be labeled G and GA for the Greek bentonite before and after
activation, respectively, and T and TA for the Turkish bentonite before
and after activation, respectively. The elemental analysis (Na, Ca, Si,
Al, Fe) of the samples, obtained by flame absorption spectroscopy, is
given in Table 1.

BSA, which is a large water-soluble protein (M# 66000, Ip~
4.4), was purchased from Fluka, Riedel-de Haén (Hanover, Germany),
and used as received. For the adsorption, 1.2 g of each of the four
bentonites was first mixed, for 12 h, with 25 mL of a model wine
solution composed of, for a volume of 100 mL, deonized water, 12
mL of ethanol, 300 mg of tartaric acid, 400 mg of glycerol, and 10 mg RESULTS
of NaCl and buffered to a pH of 3.3 using KOH. Each of these four L . .
suspensions was subsequently mixed with a separate solution of 120 Characterization of the Bentonites.Powder X-ray Diffrac-
mg of BSA in 50 mL of model wine, for 6 h under stirring and then  tion. Figure 1a shows the powder X-ray diffractograms of the
for 24 h without stirring. After filtration and/or centrifugation and ~ four samples, recorded under ambient humidity conditiéts (
repeated washes with the model wine and deionized water, the four Po ~ 0.55), andFigure 1b magnifies the fourdgos regions,
BSA-adsorbed samples, BSA, GA—BSA, T-BSA, and TA-BSA, recorded under controlled humidityP/P, = 0.79). Each
were dried overnight at room temperature in air and kept under diffractogram exhibitshkl bands at 4.454.48 A (020, 110),
controlled humidity (P/g = 0.79). 2.52—2.58 A (130, 200), and 1.62.70 A (210), which are
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* 20 Figure 3. 2Na magic angle spinning nuclear magnetic resonance spectra

254 of the four bentonites, recorded with a pulse duration of 2 us (/6), a
0 200 400 600 800 1000 recycle delay of 1 s, and 2000 transients.
T/C

Figure 2. Differential thermal analysis (a) and thermogravimetry (b) curves Table 2. Relative Intensity (Percent) of the Two Na MAS NMR
of the four bentonites. Peaks of the Four Bentonites
characteristic of a montmorillonitel8). The unique signal at bentonite high-frequency peak low-frequency peak
1.49 A (060) clearly indicates the similar dioctahedral nature G 61 39
of the two bentonites, that is, with vacancies in the octahedral GA 2?1 éé
sheet. The position of the (001) peak is a direct indication of A 87 13

the basal spacing {gh), which is equal to the sum of the
interlayer spacing and the thickness of the laye®.6 A for a
2:1 phyllosilicate). Under ambient atmosphere conditions, the dehydration. A second strong endotherm is observed for all of
two unactivated samples exhibit a (001) band at 14.9 A. After the samples at+650°C, which is related to dehydroxylation of
activation, the maximum is shifted to a lower value of 12.5 A, the montmorillonite (20). Weak exothermic signals may also
but a shoulder centered at 14.9 A is still observed for both GA be considered for TA between 250 and 48D, which are
and TA, indicating that interlayer Gaions are still present  probably due to organic impurities. The corresponding curves
(19). However, the intensity ratio between the 12.5 A peak and of weight loss Figure 2b) consistently show a major step for
the 14.9 A shoulder is higher for GA than for TA, and the dehydration followed by the second weight loss at higher
characteristic narrow peak for Ca@{@ more clearly observed  temperatures, for dehydroxylation. As expected due to the
for GA than for TA, suggesting a better NE€&* exchange addition of NaCQOs;, the overall weight loss at 90T is higher
for the Greek bentonite. When recorded under controlled for the activated bentonites than for the unactivated ohalslé
humidity (P/R = 0.79), the (001) peaks do not vary so 1). However, whereas a weak endotherm observed for the two
significantly from the unactivated to the activated samples activated samples at120 °C can possibly be attributed to
(Figure 1b). For the Turkish bentonite, thigo; distance of 15.3 CaCQ dehydration Figure 2a), no distinct endothermic signal
A is the same before and after activation, whereas for the Greekfor the decomposition of calcium carbonate can be seer880
bentonite, it slightly decreases from 15.8 to 15.3 A upon °C.
activation. Under this controlled humidity, high values of 5.3 Solid State NMR23Na MAS NMR spectra of the four
15.8 A are typical of montmorillonite with a high content of bentonites (Figure 3) are characterized by a narrow peak at
C&* ions in its interlayer spaced9). Before activation, the  ~ —1 ppm and a broader one centered-di8 and— 22 ppm
higherdyo; distance of G compared to that of T is in agreement for the Greek and Turkish bentonites, respectively. The corre-
with the higher C&/Na" ratio of the former Table 1). sponding relative intensities are gathered @ble 2. These two
However, these results are consistent with those obtained undesignals indicate two distinct environments for Neations in
ambient humidity conditions; that is, the N&€&" exchange the bentonites, which can be explained by two levels of
has been more efficient in GA than in TA. hydration. Highly hydrated Naions, which exhibit an almost
Figure la indicates that montmorillonite is the major liquidlike behavior (2 ppm), can be found at the edge of the
component of the four samples. However, minor amounts of silicate layers, whereas interlayer Néons, which are less
quartz, cristoballite, and plagioclase (NaAlS§ or CaALSi;Og) accessible to hydration and in more constrained environments,
are also identified in the four samples, with, in addition, some will give rise to a broader signal resonating at lower frequencies.
hydrotalcite-type minerals for the Greek bentonite. Repeated Upon activation, the main difference is an increased intensity
acquisitions for a given sample showed that although the in the high-frequency signal relative to that of the broader signal
intensity of some of the peaks could vary significantly from for both TA and GA (Table 2), which indicates that Na
one pattern to the other (for instance, quartz in the Turkish enrichment has mainly occurred at the periphery of silicate
bentonite), the amount of nonclay inorganic minerals remained layers.
unchanged upon activation. This observation was further Adsorption of BSA. Thermal AnalysedJpon adsorption of
confirmed by?°Si and?’Al solid state NMR spectra (data not BSA, the DTA curve of each sample is dominated by essentially
shown). two exothermic signals between 200 and 6880(Figure 4a),
Thermal Analyse€£ach sample exhibits a major endotherm which correspond to the oxidation of the adsorbed organic
at 100°C (Figure 2a), which corresponds to montmorillonite  matter. For both the Turkish and Greek bentonites, the first
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Figure 5. H-3C cross-polarization magic angle spinning nuclear magnetic
resonance spectra, recorded with a recycle delay of 3 s and 1888
transients for pure bovine serum albumin (BSA) and with a recycle dealy
of 2 s and 6000 transients for BSA-adsorbed bentonites. *, spinning
sidebands.
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Table 4. Carboxylic (COO~) and Carbonyl (N—C=0) 13C Chemical
Shifts (0) of Pure BSA and of Three BSA-Adsorbed Bentonites

0 200 400 600 800 1000 sample

T /°C dcoo” ON-c=0

Figure 4. Differential thermal analysis (a) and thermogravimetry (b) curves BSA 181 175.9

. . . G not observed 174.2

of the four bovine serum albumin-adsorbed bentonites. GA 180 1735
TA 180 174

Table 3. Weight Percent Amounts of BSA Adsorbed on the Four
Bentonites, from TG Analysis

carbonyl group, which also slightly broadens. Such shifts to

bentonite BSA bentonite BSA . . - .
low frequencies upon adsorption of proteins on solid surfaces
G 8.7 T 6.7 have been related to the adoption of more extended secondary
GA 105 TA 95
structures (1417).

exotherm is more intense in the activated sample than in the p;scussion
unactivated one. For the Turkish bentonite, the second exotherm
has the same intensity before and after activation. In contrast, Bentonites are universally used in wine-making for the
for the Greek bentonite, the second exotherm is significantly adsorption of proteins from wines. However, whereas natural
more intense in the activated sample than in the unactivatedbentonites often contain calcium in their interlayer spaces, it
one, indicating a more energetic oxidation process. Endothermshas been shown that bentonites containing sodium can adsorb
for dehydration are still observed at 106G, but with slightly ~ almost twice the amount of proteitX). Therefore, the primary
weaker intensity than before adsorption, and endotherms for purpose of the N&CO; activation of a raw bentonite is to enrich
dehydroxylation, at 650C, are now partly covered by the tail ~ the latter in N& ions.
of the exothermic signals. These observations on DTA curves Results of the elemental analysis clearly confirm a significant
can be consistently related to the weight loss cunFégufe increase in the NC&2 " ratio for the two bentonites. However,
4b). For each sample, the initial weight loss due to dehydration our measure of the variation of the basal spacing, witfC0a
is immediately followed above 25T by the weight loss due  activation, clearly shows that it does not systematically lead to
to the oxidation of BSA (Table 3). For both the Turkish and a significant interlayer Naenrichment. Indeed, for the Turkish
Greek bentonites, the weight loss due to the oxidation of BSA bentonite, under controlled humidity?{Po = 0.79), thedoo:
is higher for the activated samples than for the unactivated ones distance of the activated sample remains the same as that of
which is consistent with the positive effect of the activation on the unactivated one. A decrease in this value is observed for
the adsorption efficiency. the Greek bentonite only after activation, indicating that
Solid-State NMR13C CP-MAS NMR spectra of GBSA, interlayer C&" ions have been more replaced by NThese
GA—BSA, and TA-BSA are displayed ifrigure 5, along with observations are confirmed b$Na MAS spectra, which
the spectrum of pure BSA. Different peaks can be resolved in unambiguously show that upon activation, the significant
the spectrum of BSA. However, upon adsorption on bentonites, increase in the sodium content mainly consists of the Na
the spectrum of BSA is characterized by a significant decreaseenrichment at the edges of the interlayer spaces. It is likely,
in the signal-to-noise ratio and a loss of resolution of all signals however, that a N&Ca* exchange partly occurs even for the
except those of carboxylic and carbonyl groups, which prevents Turkish bentonite, because XRD patterns recorded under
a detailed analysis of all the different signals. It must be noted ambient conditions show a similar modification of the 001 peak
that the higher loss of resolution observed for the spectra of for the two bentonites.
G—BSA and GA—BSA can undoubtly be related to the Both GA and TA adsorb higher amounts of BSA than G and
paramagnetic effect due to the higher iron content of these two T, respectively, which confirms the increased efficiency pro-
samplesTable 1). The C=O region in the spectrum of GBSA vided by NaCO; activation. However, our results clearly show
resembles that of pure BSA, although with a broadening and that adsorption has not proceeded similarly for the Greek and
shift to lower frequenciesT@ble 4). In contrast, for both GA Turkish bentonites. As indicated by TG-DTA analyses, adsorp-
BSA and TA-BSA, two peaks, shifted to lower frequencies, tion already occurs before MaO; activation, and*C NMR
are now resolved for the carboxylic and carbonyl groups. shows that it is accompanied by a weak unfolding of the protein
Moreover, for GA—BSA, the shift is more pronounced for the backbone. It is interesting to note that sdé6 NMR observa-
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tion of the loss of helicity of BSA adsorbed on bentonite is in

perfect agreement with a recent FTIR analysis, which empha-
sizes the importance of electrostatic interactions between the

clay surface and the protein side-chain functional groups, in
the adsorption process (21). After activation, the Turkish
bentonite, for which XRD has shown that interlaye”Cens
have only weakly been replaced by Nins, simply adsorbs
more BSA proteins, with no changes in the profile of the

oxidation exotherm compared to that of the unactivated sample.
In contrast, the activated Greek bentonite, which has undergone

a higher interlayer N&#C&" exchange, exhibits a DTA profile
with a much more intense oxidation exotherm at high temper-
atures. Therefore, the increase in the interlayet bantent in

GA is accompanied by an increase in the strength of adsorption

of BSA in GA—BSA. Furthermore!*C NMR spectra indicate

that the higher the increase in the strength of adsorption of BSA,

the lower the chemical shift of the BSA backbone carbonyl peak.

Gougeon et al.

their removal from wineAm. J. Enol. Vitic.2001,51, 147—
154.

(6) Moreno-Arribas, M. V.; Puyeo, E.; Polo, M. C. Analytical
methods for the characterization of proteins and peptides in
wines.Anal. Chim. Acta2002,458, 63-75.

(7) Ferreira, R. B.; Parra-Periera, M. A.; Monteiro, S.; Loureiro,
V. B.; Teixeira, A. R. The wine protein3rends Food Sck002,
12, 230—239.

(8) Saywell, L. G. Clarification of winelnd. Eng. Chem1934,26,
981-982.

(9) Weiss, K. C.; Lange, L. W.; Bisson, L. F. Small-scale fining
trials: effect of method of addition on efficiency of bentonite
fining. Am. J. Enol. Vitic2001,52, 275—279.

(10) Vernhet, A.; Leveau, J.-Y.; Cerf, O.; Bellon-Fontaine, M.-N. Role
of electrostatic interactions Baccharomyces carnsiaeadhesion
to the inner surface of champagne bottlBefouling 1992,5,
323—-334.

Therefore, together these results indicate that the increase in (11) Blade, W. H.; Boulton, R. Adsorption of protein by bentonite

the interlayer N& content is accompanied by an increase in
the strength of adsorption of BSA, and this is characterized by
an increase in BSA unfolding. The observed broadening of the
13C NMR spectrum of the two Greek samples, due to iron that
can be located both in interlayer spaces and within layers,
interestingly brings a further argument in favor of the protein
unfolding. Indeed, the paramagnetic effect of iron is strongly

dependent on internuclear distances. Therefore, and given that (13)

this broadening is particularly pronounced for the aliphatic
region of thel®3C NMR spectra, it can be assumed that protein

side chains have necessarily come near the surface of the clay

as a result of a loss of helicity of BSRY).

CONCLUSION

In this paper, two natural bentonites from Greece and Turkey
were studied by X-ray diffraction, thermal analysis, and solid
state NMR, before and after MaOs; activation. Although

activated bentonites adsorb more BSA proteins than unactivated
ones, our results have shown that cation exchange mainly occurs

at the edges of the bentonite silicate layers.

Together, these results show that the multiple-technique
analysis of enological bentonites can bring useful new insights
in the mechanism of adsorption of proteins on bentonites.
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