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A B S T R A C T  

Commercial high methoxyl citrus pectin was fractionated on Sepharose 2 
B/Sepharose 4 B. Fractions were used to calibrate GPC by light scattering 
and membrane osmometry. The angular dependence of light scattering of  
the fractions was interpreted in terms of a two-component system giving 
reliable Mw/M n ratios for the major molecularly dispersed component 
which forms coils of  considerable stiffness in solution. A minor parti- 
culate spherical component was identified which was rich in neutral 
sugars. Structural parameters of this component were determined by 
comparison of  the experimental scattering behavior with master curves. 
fl-Elimination of the fully esterified pectin was carried out to reveal the 
chemical nature of  the particulate component. 

I N T R O D U C T I O N  

Different elution profiles of a series of pectin samples under identical 
GPC conditions have been often used to attribute differences in some 
pectin properties to differences in their molecular weights (Beach et al., 
1986) or to discuss changes by enzymatic and/or  chemical degradations 
(Thibault, 1983; Michel et al., 1985; Ngyen et al., 1985; Rombouts & 
Thibault, 1986). In order to convert an elution profile into a molecular 
weight distribution (MWD) curve, a calibration of GPC is necessary. 
Since well-characterized standards for pectins are not available, Deckers 
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et al. (1986) proposed an HPLC procedure using monodisperse pullu- 
lanans and polydisperse pectin samples. 

Rapid progress in the field of polysaccharide characterization has 
been achieved by coupling GPC with a low-angle laser light scattering 
(LALLS) detector. The idea is to measure directly the MWD of a 
polymer. The theoretical background is described by Yu and Rollings 
(1987). Also in pectin studies the coupling of GPC with light scattering 
detection has been used. Whereas Hourdet and Muller (1987) employed 
a commercial LALLS equipment in our previous investigations we 
preferred wide-angle measurements (Anger & Berth, 1986). 

This contribution deals with this problem using a commercial high- 
methoxyl citrus pectin. The task involves pectin characterization by light 
scattering which has not been solved sufficiently up to now using unfrac- 
tionated fruit pectins. Light scattering regularly gives weight average 
molecular weights 33w of several millions (Smith, 1976; Berth et al., 
1977, 1982; Chapman et al., 1987). They can be considerably reduced 
by centrifugation (Berth et a/., 1977; Kawabata & Sawayama, 1977; Jor- 
dan & Brant, 1978; Plashchina et  al., 1985; Axelos et al., 1987; Saway- 
a m a  et  al., 1988), but even then they exceed comparable M w values from 
sedimentation analysis (S~iverborn, 1945; Devine, 1974). The latter are 
far more consistent with number average values M n in the range of 
40 000 to 80 000 determined by membrane osmometry (Owens et al., 
1946; Glikman & Orlow, 1950; Pals & Hermans, 1952; Devine, 1974; 
Fritsche et  al., 1977; Berth et  al., 1980). Thus light scattering should not 
be considered to be a reliable method of molecular weight determination 
for pectins without special care (Panchev et  al., 1988). As already 
pointed out (Berth et al., 1977; Berth, 1988) high molecular weight pec- 
tin molecules, rich in neutral sugars, play an important role in light scat- 
tering measurements but they have only weak effects on intrinsic 
viscosity [r/] and Mn- 

It has been accepted now that neutral sugar side chains are highly 
branched and concentrated on only a small percent of the uronic acid 
residues, giving 'hairy regions', whereas the major parts of the pectin 
molecules are present as homogalacturonans giving 'smooth regions' (De 
Vries et al., 1982, 1986). According to De Vries (1985) commercial fruit 
pectins consist of a homogalacturonan and a rhamnogalacturonan with 
side chains of arabinogalactans, apart from minor amounts of xylo- 
galacturonans. By r-elimination with subsequent GPC the 'hairy regions' 
could be separated (De Vries et al., 1983; Thibault, 1983; Rombouts & 
Thibault, 1986) since all esterified galacturonans were degraded to small 
fragments. 



Molecular weight distribution of pectins by calibrated GPC 41 

Together with the chemical heterogeneity a heterogeneity in archi- 
tecture was observed (Berth, 1988). A combination of techniques are 
required to adequately describe a complex polymer of this type. 

In this contribution, GPC on Sepharose 2 B/Sepharose 4 B is used for 
pectin fractionation. The fractions are studied by light scattering, 
capillary viscosimetry, and membrane osmometry. Light scattering 
measurements are focused on the angular dependence, and only in some 
cases are concentration dependencies and Zimm plots (Zimm, 1948) 
discussed, r-Elimination is used to explain the light scattering behavior. 
Information on the neutral sugar/galacturonic acid ratios within the 
fractions is obtained as Eq value derived from the UV spectra of 
sulphuric acid solutions. In order to interpret the angular dependencies 
in terms of structural parameters the experimental curves are compared 
with master curves (Dautzenberg & Rother, 1988). Membrane 
osmometry is used to determine Mn values in order to estimate the 
heterogeneity Mw/Mn. Radii of gyration calculated according to the 
Flory theory are compared with those from light scattering. Finally the 
problems of MWD determination are briefly discussed. 

EXPERIMENTAL 

Citrus pectin (Koch Light, UK) with a degree of esterification of about 
60 to 70% and a galacturonan content of about 70 to 75% was used as 
the source material. Neutral sugar contents were analyzed by gas 
chromatography using TMS derivatives after acid hydrolysis. The yield 
from 10 mg of pectin was 0.37 mg arabinose, 0"88 mg galactose, 0.71 mg 
glucose, and 0.10 mg rhamnose. 

GPC was performed on Sepharose 2 B/Sepharose 4 B with a 0.037 M 
phosphate buffer of pH 6.5 as eluent. Details are given elsewhere (Berth, 
1988). The pectin concentration was monitored continuously using a 
differential refractometer (Knauer, FRG). The carbohydrate recoveries 
were about 90%, expressed as galacturonan after calibration with galac- 
turonic acid (Serva, FRG). Fractions (10 ml) were collected to determine 
the intrinsic viscosities [7?] at 25-00 + 0-01°C (Viscomatic, Fica, France) 
and the molecular weights by light scattering. The photometer Sofica 
(Fica, France) was equipped with a helium-neon laser (Zeiss Jena, GDR) 
of wavelength 632 nm. Prior to the light scattering measurements the 
fractions passed through a membrane filter of pore size 0.45 /~m 
(Sartorius-GmbH, FRG). For each GPC run only one filter was used, and 
the fractions passed through it in the direction of decreasing number of 
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fraction. All excess scattering values Ro are related to the blank eluent 
which had passed through the membrane first. 

To obtain a sufficient quantity for subsequent measurements 
(osmometry, light scattering, Fig. 6) two neighboring fractions were 
combined and the corresponding fractions from several GPC runs were 
collected. After lyophilization the samples were redissolved in distilled 
water, desalted by repeatedly passing through a column of about 120 ml 
Epidex B-2 (MLW, GDR) with water as eluent, and lyophilized again. 

All symbols in connection with light scattering have their usual 
meaning (Huglin, 1972). This also covers calculations of M w, z-average 
of R G and second virial coefficients A 2 calculated from Zimm plots of 
K.c /R  o against sin2(0/2)+ kc. To calculate the optical constant K the 
following values were used: n0=1.334, On/Oc=O.150 ml g-l, 
NL=6.023×1023 mo1-1 and R B = 1 2 . 0 x l 0  -6 cm -l  (Millaud & 
Strazielle, 1979). Using the Guinier plot ln(Ro/K, c) against sin2(0/2) in 
~t w was taken from the intercept with the ordinate at zero angle (Kerker, 
1969). Rc was derived from 

P( 0)0--' 0 = exp( - h2R~/3) 5 with 

31AI 
R ~ = - -  

(4~/)].) 2 

where A is the initial slope. 
To compare the experimental scattering curves with master curves 

light scattering intensities were measured at 31 fixed angles between 30 
and 150 °. 

The Eq values were derived from the UV spectra, at 315 and 297 nm, 
of the carbohydrate solutions after addition of concentrated sulphuric 
acid. Details of the determination are given elsewhere (Berth, 1988). 
Prior to fl-elimination 60 mg of the pectin was fully esterified using a 
solution of diazomethane in ether (Berth et al., 1980). T h e  air-dried 
pectin was dissolved in 20 ml phosphate buffer (see above) and stored 
for 4 h at 80°C. After cooling to room temperature 15 ml of this solution 
were used for GPC. 

For osmometry the samples were dissolved at room temperature using 
the same phosphate buffer. In some cases the solutions were dialyzed 
against the buffer to remove residual buffer salt. All measurements were 
carried out at 37°C in 3 or more pectin concentrations (c). The instrument 
(Knauer, FRG) was equipped with a membrane of type SM 115 39 
(Sartorius-GmbH, FRG). ~t n was calculated in the customary manner 
(Stuart, 1953 ) according to 
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R . T  
M.= 

where R = universal gas constant, T = temperature in °K, ~r = osmotic 
pressure expressed by cm water column, and p = density of the solution. 

RESULTS AND DISCUSSION 

Experimental results 

Following previous studies Fig. 1 shows the elution profile of citrus 
pectin on Sepharose 2 B/Sepharose 4 B together with the Eq values to 
describe the galacturonic acid/neutral sugar ratio. The shaded area 
describes the distribution of the compact pectin of high molecular 
weight and rich in neutral sugars within the eluent (Berth, 1988). The 
angular dependence of the scattered light is plotted according to Zimm 
in Fig. 2 for the fractions related to Fig. 1. By reason of the low con- 
centrations given by GPC no dilution or extrapolation to zero concentra- 
tion was carried out. The derived molecular weights M w and radii of 
gyration R o are listed in Table 1 together with the respective intrinsic 
viscosities [r/] and number average molecular weights Mn by membrane 

4.2 [Eq 
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0.1- 
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Fig. 1. Elution profile of citrus pectin, Eq values of the fractions and the distribution of 
compact pectin molecules (shaded). 
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Zimm plot of the angular dependence of the scattered light of the fractions 
according to Fig. 1. 

osmometry. Mw/M n ratios are added. An example of a complete Zimm 
plot using the fraction 7/8 is given in Fig. 3 to illustrate the characteristic 
shape for the fractions 3 to 8. 

An assessment of all these data will easily reveal their inconsistency. 
Points to be criticized are as follows: Firstly, the Mw/Mn ratios are too 
high to be accepted without doubt for GPC fractions of a series of 
homologous polymers. Moreover molecular weights Mw by sedimenta- 
tion analysis on comparable pectin fractions were observed to be much 
lower (Harding & Berth, 1989) with Mw/M n ratios of about 1.2, and 
thus suggesting that the M n values are far better than Mw from light 
scattering. Secondly, both the continuously decreasing Mw with increas- 
ing elution volume V e at nearly unchanged R c values and the course of 
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TABLE 1 
Molecular Weights h4 w and Radii of Gyration R G by Light Scattering, Intrinsic Visco- 

sities It/] and Molecular Weights M. by Membrane Osmometry 

Number of Elution [r]] Mw x I0 -~' R G M, Mw/ M n 
fraction volume (ml g- i) (nm) 

(mO 

3 110 112.2 200 - 
4 120 240.0 100 109 
5 130 346.7 66.7 173 
6 140 638.3 40.0 202 
7 150 732.8 16.7 188 
8 160 803-5 10.0 197 
9 170 822.2 5.00 182 

10 180 798.0 2.86 170 

11 190 785.2 2.08 168~ 
12 200 724.4 1.667 173 

13 210 636.1 1.351 162 
14 220 613-8 0.714 149 

15 230 530.9 0.571 152 ] 
16 240 431.5 0.512 160 ) 

17 250 367-3 0.363 153 
18 260 316.2 - - 

19 270 234.4 0.222 133 
[ 

20 280 199'5 0"208 150 J 

21 290 169"8 -- -- 
22 300 147.9 -- -- 

23 310 118-9 -- -- ] 
24 320 86.1 -- -- 

121 300 15-5 

63 630 17.5 

60830 8.9 

39860 - 

27 000 8.0 

20 350 

15 720 

[r/] wi th  Ve a re  no t  cons i s t en t  wi th  a p o l y m e r  f r a c t i o n a t i o n  a c c o r d i n g  to  
h y d r o d y n a m i c  vo lume .  Th i rd ly ,  the  s t rong  angu la r  d e p e n d e n c e  o f  the  
s ca t t e r e d  light e v e n  at  f r ac t ions  wi th  re la t ive ly  low m o l e c u l a r  weights  
d o e s  no t  a g r e e  wi th  gene ra l  e x p e r i e n c e  fo r  o t h e r  p o l y m e r  systems.  

It  is a d i s a d v a n t a g e  o f  the  Z i m m  p r o c e d u r e  tha t  the  p r o d u c t  o f /~ t  w an d  
the  sca t te r ing  f u n c t i o n  P(O) is p lo t t ed  against  s in2(0/2) .  C o n s e q u e n t l y  
the  sca t te r ing  cu rves  a re  f la t ten ing  wi th  s teadi ly  inc reas ing  m o l e c u l a r  
weight .  Us ing  a G u i n i e r  plot ,  

In Ro = l n ~ w + l n P ( O )  
K . c  
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Fig. 3. Zimm plot of the fraction 7/8. 

both quantities have been decoupled so that the scattering function, 
independent of all changes in V e and Mw, can be immediately observed. 
This is shown in Fig. 4. All values of A~t w or R G derived from Fig. 4 do 
not differ markedly from those in Table 1. The tendency of P(O) to 
change steadily, as seen by the strongly curved lines within the whole 
angular range up to 50 ° and then the steadily flattening character above 
50 °, is obvious. The curved low-angle range below 50°C remains nearly 
unchanged for all the fractions. This may indicate bimodal systems of 
altering heterogeneity, confirming previous results. The strong increase 
of the scattering intensity within the low-angle range is likely to be due to 
small amounts of very large particles, whereas the major component of 
molecularly dispersed pectin mainly determines the wide-angle range. 
The very similar curvature within the low-angle range suggests a nearly 
identical particle component of the same size level in all fractions. A 
formal interpretation of the scattering curves as a one-component system 
does not give relevant information concerning both parts of the mixture. 
Therefore we shall give an interpretation in terms of a two-component 
system. 

Interpretation of the light scattering data in terms of a two-component 
system 

It was the aim to separate the scattering curves into the contributions of 
both components in order to achieve their individual characterization. As 
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t 
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Fig. 4. 

,1 

Guinier plot of the angular dependence of the scattered light of the fractions 
according to Fig. 1; o --  original citrus pectin (0.1% solution). 

a criterion for the separation it was assumed that osmometry has given the 
true molecular weights of the molecularly dispersed pectin. Even if we 
take into account a molecular weight distribution within the GPC 
fractions no angular dependence of the scattering curves is expected for 
molecules with M n values given in Table 1. To eliminate the contribution 
of the particulate component we used the following algorithm: Fraction 3 
was assumed as representative for the particulate component. The 
scattering curve of fraction 3 was multiplied by a factor k'~(k'i< 1) and 
then subtracted from scattering of the fractions i = 7,..., 20 by varying k'i 
until the condition of angular independence required above had been 
fulfilled. 
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Characterization o f  the molecularly dispersed component 
Figure 5 illustrates the good quality of the results obtained. Molecular 
weights derived are listed in Table 2 together with the k' i values and the 
normalized k i value which are related to unit concentration. The Mw/M , 
ratios are now much more normal than before (Table 1) for GPC frac- 
tions. The physical meaning of the k i values is that they are a measure of 
the mass contribution of the particulate component, implying again that 
fraction 3 exclusively consists of this component. It amounts to less than 
1% in fraction 8 and decrease steadily to extremely small concentrations, 
but even then strongly affecting the low-angle light scatteringbehavior. 

To remove these traces and then confirm the calculated Mw in Table 2 
experimentally six isolated pectin fractions prepared with the same GPC 
equipment were filtered through membrane filters of pore size 0.1 /am. 
The filtration steps were repeated until rather constant scattering 
intensities were achieved. The results are shown in Fig. 6. They justify 
the interpretation of the scattering curves above. Therefore after the 
preparative removal of the particulate traces, light scattering measure- 
ments at only one angle, e.g. 90 °, are sufficient to determine Mw and A 2. 
Results obtained are summarized in Table 3. Our A 2 values exceed those 
reported by Plashchina et al. ( 1985) which is likely to be due to the larger 
heterogeneities for their samples. The high loss on filtration (particularly 
for fractions 13/14 and 15/16) indicates that an additional fractionation 
of the molecularly dispersed pectin cannot be avoided. This is also re- 
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Calculated scattering curves of the molecularly dispersed pectin component in 
GPC fractions. 
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TABLE 2 
Molecular Weights ,~ . ,  k' i and Normalized k i Values (see the text), and Radii of Gyration 

RL, 1 According to the Flory Theory 

Number o f  k i Mw x 10 -5 k i R[,7] (rim) 
fraction 

7 3"39 X 10 -2 6"06 1"98 x 10 -2 60 
8 1-95 x 10 -2 3"29 0-94x 10 -2 51 
9 7"00 X 10 -3 2"78 2"87 X 10 -3 48 

10 3"87 X 10 -3 2"29 1"38 X 10 -3 45 
11 2"71 × 10 -3 1"63 8"65 × 10 -4 40 
12 l '90X 10 -3 1"37 5'38X 10 -4 37 
13 1"75 X 10 -3 1"07 4"49 X 10 -4 32 
14 1"00 X 10 -3 0"94 2"39 X 10 -4 31 
15 7.92 X 10 -4 0'74 1"71 X 10 -4 27 
16 5-69 X 10 -4 0"53 1"12 X 10 -4  23 
17 4"85 x 10 -4 0"45 8"68 x 10 -5 20 
18 3"85 x 10 -4 0.42 6"33 x 10 -5 19 
19 3-44 x 10 -4 0"29 5"49 x 10 -5 15 
20 2"59 X 10 -4 0"28 4"19 x 10 -5 14 

Fig. 6. 

In K -~-#c 
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Experimental scattering curves of GPC fractions after filtration through 
membrane filters of pore size 0.1 prn. 

flected by the molecular weights in Fig. 7 which were found to be too 
low. 

This figure collects all the molecular weights above by plotting their 
logarithm against the elution volume. It demonstrates obviously that 
apart from the Zimm interpretation of the light scattering all data are 
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TABLE 3 
Molecular Weights Mw and Second Virial Coefficients A 2 by Light Scattering and Loss 

of Pectin after Filtration Through 0.1/~m Pore Size Membranes 

Number of Mw A 2 x 102 Loss after Mw/Mn a 
fraction filtration 

(%) 

13/14 62 500 (0) b 12 0.98 
15/16 52 350 (0.4) b 9 0"86 
17/18 45 450 (0"9) b 2 1"14 
19/20 31 750 0"8 -- 0 1"18 
21/22 22 200 1"3 0 1"09 
23/24 16 650 2"4 0 1"06 

a/~ n see Table 1 without filtration. 
bOnly apparent values because of the fractionation at filtration. 

log Iit X.i- 

\ 

"--....%. ~..~_\ 

S- ~ x  

~i ~ 260 ~ VetmD 
2 '12 22 number of fraction 

Fig. 7. Calibration line log h~ against the elution volume Ve. +, M,, by light scattering 
interpreted as one-component system; e, Mw of the molecularly dispersed pectin by light 
scattering interpreted in terms of a two-component system; o, ~t w after filtration through 

membrane filters of pore size 0-1/~m; x,/~n by membrane osmometry. 

consistent  with each other  giving a well-established calibration line. This  
calibration line in connect ion  with the elution profile permits  one  to 
derive the M W D  curve (Fig. 8) of  the pectin studied. T he  value 
/~n = 44 600  of  the original pectin is in good  agreement  with this M W D  
curve. In this plot  the heterogenei ty of  the pectin fractions was ignored 
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f{M) [%] 
10 

Fig. 8. Molecular weight distribution of this h.m. citrus pectin without respect to its 
heterogeneity. 
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Fig. 9. Mark-Houwink plot. $, [r/] from Table 1, Mw from Table 2; x, [r/] and ,~w after 
filtration through membranes of pore size 0.1 Mm. From Anger and Berth (1986). 

taking into account all carbohydrate under the elution line and using a 
calibration straight line which holds only for molecularly dispersed 
pectin. This point will be discussed in a further paper. The  compromise 
above is chosen in favor of the major component.  

According to our explanation light scattering alone does not allow one 
to determine either the dimension or the shape of the pectin molecules 
forming the major fraction. Information about the shape is obtained from 
the Mark-Houwink plot in Fig. 9. The  slope of the straight line section of 
log [r/] against log Mw with a = 0"89 is a characteristic feature of linear 
polymers with stiff chains forming coil-shaped structures. This slope is 
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higher than reported previously (Anger & Berth, 1986) because the 
interpretation of light scattering as a two-component system reduces the 
molecular weights due to the slight but measurable contribution of the 
particulate component in the wide-angle range. The curvature at 
molecular weights above 105 does not vanish, indicating a molecularly 
dispersed branched pectin fraction. 

Based on this concept R[~] values (Table 2) were calculated according 
to Flory's theory 

where 

and 

= [r /]"  M 

R-~ ] = h-~/6 

= ~o(1 - 2"63e + 2"86e 2) 

with 

e = 2(a - 0"5) and #0 = 2-68 x 1023 

despite the deviation from 0 conditions. 
This treatment can only cover the region of proportionality between 

log[r/] and log ~t  w, and it provides values which are much smaller than 
those in Table 1. 

The polymer homologous series described here is likely to be 
identical with the homogalacturonan fraction of De Vries. 

Characterization of the particulate component 

Structural parameters. Now we will focus on the particulate component. 
The separation of the scattering curves into two parts was carried out 
assuming that the particulate component can be described by the scatter- 
ing curve of fraction 3. Therefore more detailed information about 
changes of the structural parameters with the number of the fraction is 
not available on this basis, but the mass fraction of the particulate com- 
ponent can be estimated (see the values of ki in Table 2). These results 
show that only traces of the particulate component are present in the low 
molecular weight fractions. 

To get information about the structural parameters of the particulate 
component, we measured the scattering intensity at 31 angular positions 
and analyzed the scattering curves in more detail. For the interpretation 
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of the scattering curves a recently developed method (Dautzenberg & 
Rother, 1988) was used, based on a comparison of the experimental 
curves with theoretically calculated master curves. For computation of 
the theoretical curves a special logarithmic distribution function 
(Hartmann & Dautzenberg, 1983) was used, which separates the 
influence of the size parameter a m and the polydispersity or. In the frame- 
work of the Rayleigh-Debye-approximation the size parameter a m 
generally occurs in the scattering functions as a product with the scatter- 
ing parameter h(h = 4~/2.  sin 0/2)). Therefore the am-dependence of the 
scattering curves may be represented by a single curve. In a double logar- 
ithmic plot log R o / K .  c versus log (a  m . h) a variation of a m corresponds 
only to parallel shifts along the x-axis. Consequently the two-dimensional 
dependence on a m and o is reduced to a set of scattering curves with dif- 
ferent values of o. Such master curves were calculated for spheres of 
homogeneous density, and Gaussian coils (Dautzenberg & Rother, 
1988). 

For sufficiently large particles (a  m > 1 0 0  n m )  the experimental curve 
can be assigned in many cases to a master curve in an unambiguous 
manner and for spheres the polydispersity of the scattering system can 
also be assessed. Placing the experimental scattering curve on the 
theoretical one yields Mw and am, and from these parameters we obtain 
the polymer packing density in the particles by the simple relation 

3 (NA -- Avogadro's number). M w = 4 a r / 3 p .  N A . a m 

In Fig. 10 the scattering curves of the original sample and of the 
fractions 3/4, 5/6, 7/8 and 13/14 are given as master plots. The 
similarity of all the curves justified the choice of the scattering curve of 
fraction 3 for the separation procedure. The experimental values 
correspond to the crosses, while the full lines represent the sections of 
appropriate theoretical scattering curves of polydisperse systems of 
spheres with particle parameters given in Table 4. The agreement 
between the experimental points and the theoretical curves is excellent. 
An assignment of the experimental curves to scattering curves of 
Gaussian coils leads to differences in the scattering intensities of about 
50%. Consequently the analysis of the scattering curves confirms the 
compact structure of the particles. Information about the anisometry of 
the particles cannot be obtained, because, e.g. the scattering of a mono- 
disperse system of ellipsoids of revolution corresponds to the scattering 
of a polydisperse system of spheres. Nevertheless the determination of 
the particle parameters by master curves allows very small changes in the 
particulate component to be detected. 

In Table 4 the particle parameters of the investigated samples are 
listed. It must be mentioned that only the product of the mass fraction of 
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Fig. 10. Experimental scattering curves and master plot for: 1, original sample; 2, 
fraction 3/4; 3, fraction 5/6; 4, fraction 7/8; 5, fraction 13/14; 6, original sample after 

esterification and fl-elimination. 

TABLE 4 
Structural Parameter of the Particulate Component 

Sample o am amax Xp. M w Xp. p Xp 
(nm) (nm) (g ml -  t) (p = 0"1 g ml -  i) 

Original sample 0"6 122 50 2"2 × 107 4'8 × 10 -3 0"05 
Fraction 3/4 0.6 132 54 4.5 × 108 7.8 × 10 -2 1 
Fraction 5/6 0.7 106 31 3"7 × 108 1.2 × 10-~ 1 
Fraction 7/8 0"7 107 34 1-3 × 107 3"2 × 10 -3 0"03 
Fraction 13/14 0'7 112 33 9.3 × 105 2.6 × l0  -4 0.003 
Original sample after 0'7 112 33 7"4 × 106 2.1 × 10-3 0-02 

fl-elimination" 

~See next section. 
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the particle component Xp and Mw of the particles and also the product 
Xp. p can be determined, because in the data evaluation as concentration 
the total polymer concentration was used. 

Assuming that the fractions 3/4 and 5/6 consist predominantly of 
particles (Xp = 1), we obtain for the polymer packing density p = 0.1 g 
ml- ~. Using this value the mass fraction of the particulate component in 
the other samples may be estimated (see last column in Table 4). The 
original sample contains only 5% particles. The amount of particles in a 
fraction decreases drastically with increasing function number: in the 
fractions 13/14 only 0"3% of the polymer is present as particles. 

The values obtained for the particle radii show that no remarkable 
differences could be observed. However the slight decrease of a m from 
fraction 3/4 to 5/6 indicates some fractionation by GPC. 

This effect is not so clearly expressed in the case of lower molecular 
fractions, because they contain only very small amounts of particles. The 
polydispersity of the systems increases slightly in the direction of low 
molecular fractions. The radius a m derived from light scattering data is 
correlated with the size in the maximum of the distribution function by 
the relation ama x = exp(-  25- 0 "2) am. The values of area x are also given in 
Table 4. 

Chemical  composition. In order to identify the chemical nature of the 
particulate component the original pectin sample was fully esterified 
(degree of esterification about 95% without changes of the elution profile 
compared with the original one) and then degraded by fl-elimination. 
This was accompanied with a decrease of It/] to about 20 ml g-~ instead 
of 345 ml g-~ initially thus indicating a complete degradation of the 
molecularly dispersed homogalacturonan fraction to low-molecular 
weight fragments. The scattering intensities of a 0"1% (w/v) solution were 
diminished to about a quarter due to fl-elimination, indicating a partial 
degradation of strongly scattering material. This was accompanied by a 
slight increase of o and a decrease in the particulate component of 2% 
instead of 5% before (Table 4). 

Since the glucose found could result from starch or its high molecular 
constituents, fl-elimination was carried out in the presence of a-amylase 
BAN 240 (Novo, Denmark) at 70°C and pH 6"5. Thereby the scattering 
level was diminished slightly but the shape of the curve maintained. The 
reaction with iodine did not give unequivocal results. Thus traces of 
starch cannot be excluded but do not explain the scattering behavior 
observed. 

The elution profile is shown in Fig. 11. Similar to other authors' 
results (De Vries et al., 1983; Thibault, 1983; Rombouts & Thibault, 
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Fig. 11. 
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Elution pattern of the fully esterified citrus pectin after fl-elimination and Eq 
values of some fractions. 

Fig. 12. Guinier plot of the angular 
dependence of the scattered light of the frac- 
tions according to Fig. 11; o --  original citrus 

pectin (0.1% solution). 
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1986) the peak at the void volume with Eq<0-6 consists of relatively 
pure neutral sugar polymers whereas the next peak with Eq-0.8 
contains markedly galacturonic acid residues. Both peaks added up are 
equal to 5% of the total carbohydrate. The scattering curves of these 
fractions are given in Fig. 12. Obviously the shape of curve 3 coincides 
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nearly with the scattering curve of the original pectin and with the first 
two GPC fractions of the original pectin. 

All these curves are only shifted along the ordinate depending on the 
mass ratio of this component. These findings show that even traces of 
this extremely high molecular weight material decisively influence light 
scattering measurements. The decreasing initial slope of the scattering 
curves 3 to 5 in Fig. 12 also demonstrates that the light scattering 
technique is even sensitive enough to detect the fractionation of this 
material within the fractions 3 to 5. The scattering curves 10 to 15 are 
not discussed in detail. They suggest that the fractions consist of a high 
molecular weight and polydisperse material which was fractionated 
according to the molecular weight, and also a minor part with very high 
molecular weights. 

It should be mentioned that the first 12 fractions from Fig. 1 after 
esterification and fl-elimination yield the same fragmentation pattern in 
GPC, but with different proportions of the two neutral sugar peaks 
(Berth, unpublished). 

Proposal for the structure. Considering 

- -  the reduction of the light scattering intensity due to fl-elimination, 
which is slight in comparison with the reduction of [r/], 

- -  the distribution of neutral sugars within the eluent before and after 
fl-elimination, 

-- the fragmentation patterns of the fractions, and the original pectin 
both before and after esterification and subsequent fl-elimination, 

our results suggest that the particulate component is a heterogenous 
material composed of molecules which differ in chemical composition 
and structure. The minor part eluted at the void volume before and after 
fl-elimination represents extremely high molecular weight particles, with 
high polymer densities and spherical shape, consisting of highly 
branched neutral sugars without internal galacturonic acid blocks. 
Therefore it cannot be degraded by fl-elimination. Probably shorter 
galacturonan regions occur on the outside and have little effect on the 
viscosity but guarantee the polyelectrolyte character during ion exchange 
chromatography (Berth, 1988). Their influence on the intrinsic viscosity 
of the unfraetionated sample is only slight (Table 1 i. 

The major part as an intermediate between molecularly dispersed 
branched pectins and non-degradable spheres consists of reduced 
neutral sugar regions alternating with galacturonan regions thus realizing 
together with the branched molecularly dispersed species the middle 
peak with  Eq - 0"8 after fl-elimination and the variety of rich in neutral 
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sugars polymers in the original population. Consequently the molecules 
are more compact than a homogalacturonan, which is consistent with the 
flattening of the log[ r/] - log/kt w curve. 

This corresponds to De Vries' conception of 'hairy and smooth 
regions'. Based on the results of the t-elimination we agree with his 
model where the differences between molecules are due to the number 
of 'hairy regions' linked with each other by 'smooth regions'. 
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