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The effects of purification/clarification by ultracentrifugation and/or membrane 
filtration were studied by light scattering, GPC plus off-line capillary viscometry 
and GLC sugar analysis using a high-methoxyl citrus pectin as model substance. 
The emphasis of light scattering measurements was put on analysing the angular 
dependence of the scattered light. For that reason the interpretation of the 
measured data involved the use of master curves in addition to Zimm or Guinier 
plots. The benefits and limitations of this method of data treatment for complex 
systems are discussed both in theory and practice. 

Due to the natural heterogeneity of pectins, purification or classification 
modified the original sample by removing the high molecular weight and dense 
tail, leaving a physically and chemically heterogeneous polysaccharide. 

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

The application of static light scattering to a concentra- 
tion series of  commercial pectins has revealed that the 
data obtained are very sensitive to the conditions chosen 
for clarification (Part 1 of this series). This suggested 
more basic studies of the effect of the purification process 
(membrane filtration and ultracentrifugation) using a 
more sophisticated interpretation of  light scattering data 
by means of master curves (Dautzenberg & Rother, 
1988, 1992). The method was developed in particular for 
the interpretation of strongly curved scattering curves 
that result from large particles. In this case neither the 
Zimm procedure (Zimm, 1948) nor the Guinier plots 
(Kerker, 1969) is appropriate and does not allow correct 
extrapolation to zero angle. The master curve inter- 
pretation works by comparing the measured scattering 
curve with theoretically calculated curves. The latter are 
obtained for different structural models such as spheres 
of homogeneous density and Gaussian coils, respec- 
tively, having different polydispersities. From a fitting of 
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the experimental curve with one out of a set of  theoretical 
curves one can draw conclusions about the structure size, 
polydispersity and polymer density within the particles. 
This paper is concluded with some restllts of glycoside 
analysis by GLC and gel-permeation chromatography 
(GPC) plus viscometry. 

EXPERIMENTAL 

Details of the pectin sample used, membrane filtration 
and light scattering technique are described elsewhere 
(Part I of this series). 

Ultracentrifugation was carried out in a preparative 
ultracentrifuge type VAC 602 (MLW, Germany) at 
50 000 rpm for 4 h. Supernatants were carefully isola- 
ted from the precipitate by means of a syringe. 

Samples of  the air-dried precipitate and the lyophi- 
lized supernatant were taken for the glycoside analysis 
by G L C  after hydrolysis in trifluoroacetic acid or 
sulphuric acid. Galacturonic acid was determined 
colorimetrically (Kravtchenko el al., 1992). 

GPC on Sepharose Cl-2B/Sepharose CI-4B, the 
determination of the Eq values, and viscosity measure- 
ments were described previously (Berth, 1988). 
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DATA ANALYSIS 

From the fluctuation theory (e.g. Tanford, 1965) one 
obtains for the Rayleigh ratio of the scattering intensity 
of a monodisperse solution the simple expression: 

K ' C -  P ' ( 0 ) [ 1 +  2Bc+ 3Cc2 + ' " ]  (I) 

where the Rayleigh ratio is defined by R0 = Io/(Io x r2), 
I0 = net scattering intensity relative to the solvent 
measured at the scattering angle 0, I0 = intensity of the 
primary beam, r = distance between the scattering 
volume and the observer, K is a constant factor which 
contains the optical parameters of  the system, c =  mass 
concentration of the polymer in g ml ~, P(O) = 
intraparticular scattering function, M = molecular 
mass, and B and C are second and third virial coeffi- 
cients. For polydisperse systems, light scattering yields 
the weight average value of the molecular mass Mw and 
the z-average of the intraparticular scattering function 
Pz(O) of  the scattering species. Describing the poly- 
dispersity by a normalized mass distribution function 
pw(M) these quantities are defined by 

J; Mw = Mpw(M) d M  (2) 
• ) 

P:(0) = MP(O, M)pw(M) dM. (3) 

In the framework of the Rayleigh Debye approx- 
imation, which describes the angular dependence in 
terms of a pure interference effect between the scattered 
light from different centres of the scattering particle: 

_ 1 V "  sin _q_: r 0 (4) 
P(q) - N2 ~ q. r!i ' 

s i , j  

where Ns = number of scattering centres in the particle, 
rij = distance between the scattering centres i and j, 
q -  4~/2 sin 0/2, and 2 = wavelength in the medium. 
By a series expansion of the sine term it follows from 
eqns (3) and (4) that, whatever the shape and internal 
structure of the scattering particles is, 

Pz(q) = 1 - .{ ( S 2 ) : q  2 Jr- . . . .  (5) 

where (s~): is the z-average of the square of the radius of 
gyration. Introducing eqn (5) into eqn (1) gives the well- 
known formula commonly used in analysing light 
scattering experiments on polymer solutions: 

2 0 
k - c _  ! 167c~( s )zs in  2 + 2 B c +  (6) 
Ro Mw f- 3),2 M ~  2 "'" 

Normally, data are plotted as a Zimm plot (Zimm, 
1948) in which k • c/Ro is plotted against sin 2 0/2 + k • c, 
where k is arbitrarily chosen in order to attain an 
appropriate spreading of the data (see Huglin, 1972, 
and Part I of this series). The extrapolations to zero 

concentration and zero angle yield values of  Mw from 
the intercept on the ordinate as well as B and (s2)z from 
the slopes of the extrapolated curves. For coil-like 
structures of flexible polymers this procedure works 
well. The situation changes drastically for large 
(>100 rim) and more compact particles. The scattering 
curves then become strongly curved, particularly in the 
small angle range, and the extrapolations in a Zimm 
plot may show large uncertainties. On the other hand, 
scattering curves of such systems contain more struc- 
tural information because the scattering function is 
known at a higher range of the argument and reflects 
the structure type and the polydispersity of the scatter- 
ing system. An assessment of these structural details as 
well as a reliable determination of the mass and size of 
the scattering particles may be achieved by a data 
analysis which is based on a comparison of the experi- 
mental scattering curves with theoretical ones which are 
calculated for various basic structural types (Dautzen- 
berg & Rother, 1988, 1992). The intraparticular scatter- 
ing functions P(O) are known for a great variety of 
structures (see, e.g. KerkeL 1969). Using these expres- 
sions and assuming a distribution function for the 
molecular mass, P_,(0) can be calculated according to 
eqn (3). 

However, even for monomodal distributions such as 
the Schulz-Zimm or the logarithmic distribution (cf. 
Part I of this series) Pz(q) depends on two parameters 
(size and polydispersity). Fortunately, in the Rayleigh- 
Debye approximation the intraparticular scattering 
functions depend on the product of q and the size 
parameter. Therefore, in a double logarithmic plot the 
change of the size parameter corresponds only to a shift 
along the abscissa and the size dependence of Pz(q) may 
be represented by a single curve. One then obtains for a 
given structure type a set of scattering curves for differ- 
ent polydispersities. As was shown by Dautzenberg & 
Rother (1992) the choice of a particular distribution 
function has no essential influence on the shape of the 
scattering curves so that the structural type, and, for 
compact particles, the polydispersity can be clearly 
assessed if the experimental scattering function is known 
in a sufficiently large angular range. Since the experi- 
mentally available quantity Ro/k .  c is proportional to 
Mw one can compare these curves directly with the 
theoretical ones in the double logarithmic plot because a 
change of Mw corresponds only to a shift of the curve 
along the ordinate. Having fitted the experimental curve 
with a section of an appropriate theoretical curve one 
obtains directly the size parameter and the value of Mw 
from the position of the experimental curve relative to 
the theoretical one. 

However, it must be stressed that the application of 
this kind of data interpretation is justified only for 
highly diluted systems where the virial terms can be 
neglected or, in the case of data, extrapolated to zero 
concentration. Moreover, one must be aware that the 
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interpretation is not unique because, as in the case of  
spheres, a deviation from the spherical shape, or an 
internal density gradient would correspond to an addi- 
tional polydispersity. 

Since, in the double logarithmic plot the shape of the 
scattering function does not depend on Mw, and the size 
parameter  'shifts" the experimental curve only along the 
model curve, this procedure is called a 'scaled repre- 
sentation' or "interpretation by master curves'. 

The master curve interpretation of experimental scat- 
tering curves is also helpful in correctly analysing data 
obtained on bimodal systems consisting of a compact  
particulate and a molecularly dissolved component.  The 
precondition for doing so is that the contributions of 
both components  are pronounced in the scattering 
curve. Due to the strong angular dependence of their 
scattering curves, large particles dominate the scattering 
behaviour within the small angle region. As a first step, 
their structural parameters can be estimated by the 
master curve interpretation and then their scattering 
contribution can be separated from the measured curve. 
The remaining curve should then be analysed by means 
of a Zimm plot, giving a first approximation to the 
parameters of  the molecularly dispersed component  so 
that its contribution can be subtracted from the original 
curve. As an iterative procedure it leads to reliable 
information on both components.  

RESULTS AND DISCUSSION 

Figure l(a) illustrates the effects of the two most 
common clarification procedures on the size distribu- 
tion curves measured by GPC. Centrifugation removes 
about 10% of the original sample and filtration through 
a 0.2 l*m pore size membrane filter removes approxi- 
mately 15%. Compared with the original material puri- 
fication has particularly reduced components with large 
hydrodynamic volumes which are eluted close to the 
void volume of GPC. The higher intrinsic viscosities 
found l~r the supernatant after ultracentrifugation (Fig. 
l(b)) indicate unambiguously the preferred loss of  
particulate matter. This is in good agreement with 
previous results (Berth, 1988; Berth et al., 1990; Berth & 
Lexow, 1991) where we have identified compact  struc- 
tures rich in neutral sugar components which are 
present in the first stages of polysaccharide elution. The 
extinction quotients Eq also given in Fig. I(a) were 
derived from UV spectra after addition of highly 
concentrated sulphuric acid. Eq increases after purifica- 
tion, showing that the galacturonic acid to neutral sugar 
ratio increases although, as before, neutral sugars 
remain distributed along the elution volume axis in a 
characteristic manner (Berth & Lexow, 1991). 

The sugar analysis by GLC (Table 1) reveals all the 
neutral sugars, typically present in fruit pectins, both in 
the supernatant and the macroscopically inhornoge- 
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Table !. Citrus pectin from Koch-Light--glycoside composition 
( m o l % )  

Glycoside Original Supernatant Precipitate" 

GalA 88.32 89.19 63.9/) 
Rha 1-68 1-49 930 
Ara 4.79 4.56 488 
Gal 441 4-26 550 
GIc 0'60 0-32 14-35/' 
Xyl 0 16 0 16 0.45 
Man 0-09 007 1.64 

"About 10% of the original. 
) ) /'No starch hemicellulose'./cellulose'. 

neous precipitate. Although the sum of both does not 
correspond perfectly to the original in the first column, 
this result classifies the precipitated carbohydrate as 
pect in  either covalently bound to or mixed with cellu- 
loses/hemicelluloses. The high rhamnose content 
suggests the enrichment of "hairy regions' released by fl- 
elimination (Berth et al., 1990). Table 1 provides 
considerable support for relating all concentration data 
to the total carbohydrate: contrary to the often used 
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practice of  considering only the galacturonic acid 
content. The latter method ignores the copolymeric 
nature of  pectins, which is of  decisive influence on their 
physicochemical and functional properties (Berth & 
Dahme, 1991). The optical properties of  the different 
monomers are significantly similar, allowing pectins to 
be treated as homopolymeric polyelectrolytes from the 
viewpoint of  light scattering and concentration deter- 
minations via refractive index measurements. 

Consequently, we used a calibrated differential 
refractometer for determining the recovery rates when 
we 'clarified' a solution containing initially 5 mg ml -~ 
of the air-dried original substance by ultracentrifugation 
and/or successive filtration through membrane filters of  
decreasing pore size. ('Successive filtration' means 
filtering the solution through a 5.0 pm pore size filter at 
first followed by filtration through 1.2/~m pore size 
filters and so on.) Results are given in Table 2 and 3. 

The corresponding light scattering data are collected in 
Figs 2 and 3. The same data are presented as Zimm, 
Guinier and master plots. The Zimm plot of  the original 
solution after successive filtration through pore sizes from 
5.0 down to 0.2 pm shows a set of  slightly upward curved 
lines (Fig. 2(a)). While the common procedure of  extra- 
polation to zero angle leads to Mw ~ 11.7 million for 
curve 4 (0.45 llm), the three lower curves are hardly 
expected to give accurate molecular parameters since even 
small uncertainties in the extrapolation are associated 
with vastly different results. The Guinier plot (Fig. 2(b)) 
reveals the strongest curvature and the highest scattering 

level for the largest pore size filtrate and systematically 
reduced values for the smaller pore size filtrate. This indi- 
cates, together with the first column in Table 2, the 
progressive loss of  small amounts of  the largest species. 

Unfortunately, the extrapolation of the curved small 
angle region data in Fig. 2(b) involves large uncertain- 
ties with respect to the absolute intensity and the initial 
slope also. That is why we applied the interpretation 
of the measured data by means of master curves 
(Fig. 2(c)). All experimental curves (crosses) could be 
fitted perfectly with theoretical curves for spheres of  
homogeneous density. Results are listed in Table 2. It 
shows the decreasing Mw and am as well a s  ($2)~/2 values 
for the remaining percentages of  the solute according to 
the first column. The decreasing polymer densities p 
suggest the preferred removal of  more dense particles. A 
loss of  12% in matter between 5-0 and 0.2 Itm pore size 
(column l) is accompanied with a reduction to almost 
one-fifth of  the initial value (column 6). 

In order to assess better the process of  filtration it 
might be worthwhile to consider the molecular charac- 
teristics of  the retained matter. This is not directly 
available, but can be obtained from the difference of the 
scattering curves related to the actual mass contribution 
from Table 2. Consequently, we have subtracted the 
curves in question (Fig. 2) this means '5 .~1 .2 /~m,  
'1.2-0-8/~m', e tc . - -and obtained Fig. 4. The loss in 
material was taken into account by introducing a factor 
q(q < 1) on the basis of  the data in Table 2 (first 
column) for the scattering curve to be subtracted. The 

Table 2. Results of filtration on the original pectin sample solution in phosphate buffer, pH 6"5 (Co = 5 mg ml i) 

Recovery related to 
the air-dried original 
(%, w/w) 

Pore size of 
membrane filter (l~m) 

Results of master curve interpretation from Fig. 2 (model: spheres of homogenous 
density) 

3, am (nm) Mw p (g ml I) (s2)~/2 (nm) 
x2 Mw2 X2 P2 

91-25 
90"50 
90-25 
89'60 
86-50 
80"50 

Unfiltered 
5.00 0.600 186 1.673x l0 s 1.023x 10 2 356 
1.20 0"600 162 8'983x 107 7.396x 10 3 309 
0.80 0.600 148 5.175x 107 6.371 x I0 3 281 
0'45 0-600 107 1.160x107 3.739x 10 3 205 
0"20 0"600 68 1-793x 106 2"243x 10 3 130 

Table 3. Results of filtration on the uitracentrifuged pectin solution in phosphate buffer, pH 6"5 (Co = 5 mg ml ~) 

Recovery related 
to the air-dried 
original (%. w/w) 

Pore size of Structure features Mw (extrapolated 
membrane filter from Zimm plot) 

(ffm) 

Results of master curve interpresentation 

84.80 
83"00 
80"00 
79"50 
74"00 
59-00 

Unfiltered 
5"00 Bimodal spheres n.d. 
1.20 Bimodal spheres n.d. 
0.80 Bimodal spheres n.d. 
0.45 Bimodal spheres 100 000 
0.20 Bimodal spheres 36 000 

3, = 0"6, am = 66 nm, xzMw_. = 3.411 x 105 

3,, 0"6, am 302 nm, x2Mw, = 4.002 x 106 

n.d. = not determined. 



Static light scattering studies on pectin. Part II 191 

2.04 

" O0 

0. OC 

E-6 

2 

(a) 

18. 

I - + 

2 - x 

16 , (  5 - 

15 .c 

.... F ~ ~ . - .... ~ -  ~ 

1 2 . 0 ~  . . . .  

0.00 0.25 0.50 0.7~ 1.00 

(b) 

f E - o 5  

4. oo I 

3 . 0 0  A = 

m n n m d m l ~  

2.00 • • • • mm • • • 

.... i >'"'"" .... ~ ~ ~ ~ ~ ~  ~o~ 
- - .  

o ,  oo o, 25 o. 50 0.75 

(a) 

i ; 

2 

3 0 

4 • 

5 

l l n ~  
K c  

+4"+ 1 + 

+ 2 x % 
+ 3 - [] 

1 3 . O - -  ~ [] 4" + + 5 

x ~ ~ + 4 + 

4- + 4-4"1-4,H-+ 

m u • • n n u n u m u n m n 

*J..o - • • • 

1 o .  o . . . .  
o.oo o.25 0.50 0.75 Loo 

(b 

~ -- 7 .oa 

-- 6.83 

; -- 6 .TG 

-- 6.39 

-- 5.86 

l o g  R ~  

K c  

L 
l o g  q 

(c) 

Fig. 2. Light scattering data obtained for citrus pectin in 
phosphate buffer after filtration through membrane filters of 
successively diminished pore size (3x each); 1, 5-0 tin1; 2, 
1.2 t~m: 3, 0-8 l~m; 4, 0.45 itm; 5, 0"2 #m. (a) Zimm plot: (b) 

Guinier plot: (c) master plot. 

resulting master curves could also be interpreted in 
terms of a monomodal  system of polydisperse spheres 
of  homogeneous density. Results in Table 4 indicate 
filtration through 5-0 and 1.2 #m retains the extremely 
dense and high molecular weight species (possibly cell 
wall debris) while the subsequent filtration steps remove 
also smaller and increasingly better solvated species of 
the population. 

x x x x X x  x 

x 

x x × x X x  x x x ×  - - - i  5,54 

x ×××× x x x 
x 

x x x x x XXxx:'i4~ a - -  5 . 3 4  
x x x 

x x x x XXxxx~ 3 --5,33 
x ~x× 

x x x x xwj<:.,~4mm~ 

x x Xxx x x x x Xx× 4 - - 4 . 7 5  
x × x ~xxxxx~ 

x x x x x x x x x x x x x x Xxxxx><~q~)<~l, X 5 --4.50 

log ' %  
K e  

l o g  q 

(el 

Fig .  3 .  Light scattering data obtained t\)r citrus pectin m 
phosphate buffer after ultracentrifugation and filtration 

through (for further details see Fig. 2). 

These findings require a more basic consideration. 
Obviously we are always faced with a smaller amount  of 
a particulate matter containing system. Such systems 
are difficult to handle (e.g. Kratochvil, 1972). Their 
light scattering behaviour is dominated by the large 
particles of mass fraction .v2 (cf. Part I of  this series), 
whereas the concentration terms of the Rayleigh Debye 
formula normally consider the total polyrner concen- 
tration c. Under these circumstances the resulting 
weight average molecular weight represents an average 
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log q 

Fig. 4. Calculated master curves for the retained by filters 
proportion from Fig. 2 and Table 2: 1, 5.0 1.2/tm; 2, 1.2 

0.8/,m; 3, 0.8 0.45 ILm: 4, 0.45-0.2/tm. 

value over rather different species with little in common.  
Therefore, the average value need not have any physical 
meaning. Systems of  that nature are more adequately 
represented when they are interpreted on the basis of  a 
bimodal distribution according to Mw = xl Mw, + x2Mw~_ 
where the index '1' denotes the molecularly dispersed 
proportion and x I Jr- x 2 = 1. As long as .vt Mw, << x2Mw,_ 
we can neglect the contribution of the molecularly 
disperse proport ion and assign the experimentally found 
intensities t o  x2Mw, - (although xt >> x2). This is the case 
for pore sizes of  0.8 #m and over with certainty, and 
Mw as well as p should be replaced by x2Mw,_ and x2p2, 
respectively. Assuming x2 = 0.01, Mw_, increases by two 
orders of  magnitude, approaching values which were 
obtained definitely (Table 4). Consequently, systems are 
extremely sensitive to all changes in x2Mw2, while the 
other term forms only the weakly scattering back- 
ground. Changes concerning this proportion can hardly 
be observed. There is no reason for assuming the filtra- 
tion yields physically homogeneous pectin solutions. 
The effect of  filtration consists of  narrowing the distri- 
bution of the particulate matter  and hence the distribu- 
tion of the whole pectin sample. 

Considering analogously the effect of  filtration on 
solutions pretreated by ultracentrifugation (Table 3 and 
Fig. 3) we are faced with a lower initial recovery rate 
and - -wha t  requires particular emphas i s - -a  significantly 
increased loss after filtration through 0-2 #m pore size. 
It looks as if the centrifugation step has generated much 
larger aggregates. In contrast to the original solution the 

reduction in pore size from ! '2 to 0"8 #m has no addi- 
tional effect. 

Once again we present the Zimm, Guinier and master 
plots for the same experimental data. Curves 1-3, corre- 
sponding to filtration through 5'0, 1.2 and 0.8 #m pore 
size filters show strongly curved Guinier and master 
plots, which is indicative of  large spheres alone or as a 
mixture. An experienced observer will realize a slight 
trend towards bimodal distributions when comparing 
Fig. 3 with Fig. 2. For reasons discussed in Part I of  this 
series the same data leads to flat and almost straight lines 
when plotted according to Zimm. The bimodal character 
is much more developed after filtration through 0.45 and 
0-2 #m pore size membranes. The presence of  tiny 
amounts of  high molecular weight particulate matter 
causes a downward curvature within the small angle 
region below 40" of the Zimm plot (see Part I) and corre- 
spondingly an upward curvature in the Guinier and 
master plots. This is because the scattering contribution 
of the particles is large at small angles, but becomes small 
in the wide angle region compared with the contribution 
of the molecularly dispersed major fraction. Evidently, 
filtration even when combined with ultracentrifugation 
cannot yield absolutely particle-free solutions. However, 
the ultracentrifugation brought an additional loss 
in polysaccharide matter together with an over- 
proportional reduction of the scattering level (compare 
Figs 2(b) and 3(b)). 
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Fig. 5. Scattering curve separation by means of master curves 
for curve 2 from Fig. 3. 1, measured curve: 2, sum of the 
model curves 3 and 4: 3, model curve for spheres 3,, = 0.600, 
ar, = 66 nm, Mw = 3.411 x 10s; 4, model curve for spheres 

,~,, = 0"600, am = 302 rim, Mw = 4"002 × 10 6. 

Table 4. Results of the master curve interpretation of the difference scattering curves according to Fig. 4 and Table 2 (molecular 
parameters of the particulate matter retained by filtration) 

Pore size (/~m) 6,, am (nm) M p (g ml i) ($2)~/2 (nm) 

5.00-1.20 0.600 224 3.461E + 10 1.225 426 
1.20 0.80 0.450 201 1.564E + 9 0.077 258 
0.80 0.45 0.600 177 1.643E + 9 0.095 338 
0.45-0.20 0.450 122 1.172E + 8 0.025 157 
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The quantitative interpretation of the scattering 
curves in Fig. 3 is difficult and requires some experience. 
Using the master plot technique we could fit the experi- 
mentally obtained curve 2 from Fig. 3(c) by the sum of 
model curves of  homogeneous spheres having (~,,- 0.6 
and a,n = 66 nm and am = 302 nm, respectively. Figure 
5 shows the single steps of curve separation where 
curves 3 and 4 stand for the individual models. Curve 2 
is the calculated sum of both. which shows best agree- 
ment with the experimental curve 1. This result suggests 
that even the particulate matter is not a homogeneous 
fraction. All the discussions above concerning the role 
of  the molecularly dispersed proportion and the mean- 
ing of the average parameters such as molecular weight 
and density are valid as well. A somewhat simpler 
interpretation can be made in the case of  curves 4 and 5 
in Fig. 3 when the contribution of the particle com- 
ponent almost disappears t\~r wide angles, and the 
scattering contribution of the molecularly dispersed 
fraction dominates. Neglecting the small angle curva- 
ture and extrapolating linearly the wide angle region 
data to zero angle (Fig. 3(a) or (b)) one obtains an Mw 
of about 36 000 for the 0'2 ILm and Mw ~ 100 000 for 
the 0.45 t im pore size filtrate, respectively. It cannot be 
stressed enough that these values hold when almost 36 
or 19% of the original polysaccharide was discarded. As 
they are obtained at finite concentration they must not 
be directly compared with previously reported sedi- 
mentation results (Harding et al., 1991a). In order to 
compensate for the concentration effect a B value of 
2.8×10 2 m l m o l g  2 (for M w ~ 3 6 0 0 0  at c - 2 . 9 4 E  
3 g ml i) is required, which seems unrealistic (Harding 
et al., 19915). It is more likely that filtration through 
0.2 Fm has already removed part of the molecularly 
dispersed pectin fraction (see also Berth et al., 1990). 

For reason of completeness we have also obtained the 
difference curves for the ultracentrifuge supernatant 
after filtration. The complex character of  the resulting 
scattering curves (not shown) restricted their interpreta- 
tion. All the results discussed so far reflect the 
complexity of the subject and show that there is no 
simple experimental approach to the problem. Our 
work emphasizes a widespread problem in poly- 
saccharide analysis, particularly when studies are 
performed by high-performance size exclusion chroma- 
tography (HPSEC). The use of  HPSEC columns 
requires the injection of exhaustingly prepurified solu- 
tions, otherwise the columns can easily be blocked. This 
often means excluding considerable amounts of the 
original substance prior to loading. 

In a previous paper (Berth, 1992) we have shown that 
GPC can fail to separate particulate matter from the 
molecularly dispersed component,  Having ffactionated 
the unpurified sample and used a membrane filter of 
0"45/~m pore size to clarify the fractions prior to off- 
line light scattering measurements we developed an 
algorithm for the interpretation of the scattering curves 
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Fig. 6. Master curves obtained t\)r the GPC fractions accord- 
ing to Fig. l for the unpurified pectin after filtration through 

one 5"0 l~m pore size membrane filter. 

in terms of a two-component system (Berth et al., 1990). 
The molecular weights found for the particle-free 
proportion were in excellent agreement with the results 
of ultracentrifugation on comparable GPC fi'actions 
(Harding et al., 1991a). When the same procedure was 
applied using a 5"0 tCm pore size membrane we obtained 
the master curves given in Fig. 6 (see the GPC elution 
line in Fig. I also). They show the gradual transition 
from initially broadly distributed polydisperse systems 
of homogeneous spheres (fractions I, 2/3) to bimodal 
systems of narrowly distributed spheres with increasing 
elution volume/number of fraction. The first two curves 
could still be interpreted monomodally with f5, (1.8 
and 0"6 and am values of  254 and 158 nm, respectively. 
The scattering curve for fractions 18/19 for the GPC 
peak maximum (Fig. 1) was analysed analogously to 
Fig. 5 and gave the results shown in Fig, 7. From that it 
can be seen that the experimental curve was adequately 
represented by the theoretical curve of a mixture ot" 
spheres having radii am of 109 and 360 nm and poly- 
dispersities of  0.2 and 0' 15. As the entire angular range 
is determined by the large spheres one cannot obtain 
any information on the molecularly dispersed 
proportion. 

The increasing average radii of gyration, especially 
for the later stages of elution, together with an average 
molecular weight minimum along the elution volume 
axis (at fraction 20/21 of Fig. 1), indicate all but an ideal 
behavior. The bimodal distribution even for the parti- 
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Fig. 7. Scattering curve separation by means of master curves 
for the GPC fraction 18/19 from Figs I and 6. 1, measured 
curve; 2, sum of the model curves 3 and 4; 3, model curve for 
spheres ?;,, = 0.200, am = 109 nm, Mw = 2.76 × 10-s: 4, model 
curve for spheres (5,, - 0.150, a,,, = 360 nm, M,~ = 7.62 × 106. 

culate matter are consistent  with the results from [/- 
e l iminat ion on the same pectin (Berth et al., 1990) and 
data obtained by GPC plus light scattering on 'modif ied 
hairy regions" isolated from apple juice (Berth, unpub- 
lished; sample preparation: Schols ,  H., Agricultural 
University o f  Wageningen,  The Netherlands) .  It cannot  
be denied that 'hairy regions' due to their compact  
structure explain the occurrence o f  the particulate 
matter in pectins. 

The G P C  line in Fig. 1, together with the master  
curve col lect ion in Fig. 8, reveals the effect o f  the 
exhaust ing prepurification by filtration prior to loading 
the G P C  c o l u m n s  as is usual practice in H P S E C  studies. 
The pectin so lut ion was filtered through a filter series 
from 5-0 d o w n  to 0 .2 /~m pore size three times. To 
clarify the eluent we used a pore size o f  0.45 /~m. Master  
curves obtained under these condi t ions  are flat and 
show the normal  decrease in molecular  weights  with the 
e lut ion v o l u m e  an a lmost  ideal behaviour.  The 
scattering curves can be fitted by model  curves o f  
Gauss ian coils as well as small spheres (Dautzenberg  & 
Rother,  1988). This is consistent  with the fact that light 
scattering gives no  reliable informat ion  on the shape o f  
scatterers when there is only  a slight angular depen- 
dence. In this case another  way  o f  data plott ing 
(Guinier or Z imm)  is appropriate,  as is s h o w n  in Fig. 9. 

Consequent ly ,  all 'distortions" at G P C  and problems 
with light scattering data interpretation arise from the 
natural heterogeneity  o f  pectins and can only  be partly 
o v e r c o m e  by a rigorous 'prepurification' which modif ies  
the original sample.  The remaining slight angular 
dependence,  however ,  does  not  justify the conc lus ion  
that the sample obtained is chemical ly  and physically 
h o m o g e n e o u s .  To  check homogene i ty ,  addit ional  
studies are required. 

Even after previous studies by G P C  combined  with 
light scattering and v iscometry  we had to drop the idea 
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Fig. 8. Master curves obtained for the GPC fractions accord- 
ing to Fig. 1 for the sharply filtered prior to loading pectin 

solution. 
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Fig. 9. Guinier plot of  selected fractions from Fig. 8. 3, 
M,,, - 9.53 x 106; 4, Mw = 5.24 × 106; 5, Mw -- 1"94 × 106; 6, 
Mw =9"14× 105; 8, M w = 4 ' 2 4 x  lOt; 10, Mw = 2 " 0 2 x  105: 
12, Mw = 1-30× 105: 14, M w - 7 " 3 0 ×  104; 16, M w =  
5.20 × 104; 18, Mw = 3.94 x 106; 20, Mw ~ 2'75 × 104; 22, 

M,, = 2.21 × 10 4. 

o f  pectins as linear polymer  h o m o l o g o u s  series 
contaminated  with some  high molecular  impurities. 
Pectins appeared much  better represented by an 
extremely broad molecular  weight distribution between 
a few thousands  and hundreds o f  mill ions.  As the 
molecular  weight increases, so does  the average degree 
o f  branching by neutral sugar side chains.  Correspond-  
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ingly, species change their conformation from rods 
(Harding et a[., 1991a; Berth, 1992) at low molecular 
weights to compact  spheres at the top of the molecular 
weight distribution. We have explained the variety of  
architectures at any stage of the distribution on the 
concept of  alternatingly arranged smooth and hairy 
regions (de Vries et al., 1982) where the size of  hairy 
regions can vary even intramolecularly. The high mole- 
cular nature of  hairy regions (Schols et al., 1990: 
HiiBlin, 1991) and even their bimodal distribution were 
confirmed elsewhere (Schols et al., 1990), albeit the 
pectins chosen in the latter studies as standards for 
calibrating HPSE led to an underestimate of molecular 
weights due to the much more compact  nature of the 
hairy regions (Berth, unpublished). 

We do not agree with the definition of pectins as 
'highly branched species of  microgel-like structure 
independent of  their degree of esterification" as was 
concluded from simultaneous static and dynamic light 
scattering measurements after filtration through 1.2 Itm 
pore size membrane filters (HfiBlin, 1991). This model 
overemphasizes, according to the theory of light scat- 
tering, the largest species within the population and 
cannot explain the viscosity behaviour of  pectins and 
their Mark Houwink plots (Pals & Hermans, 1952: 
Hourdel & Muller, 1987, 1991; Axelos et al., 1989). 
Sphere-like or microgel-like structures were observed 
though, even when sharper filtration conditions had 
been applied (Chapman et al., 1987). 

The present contribution strengthens our previous 
argument thai pectins have a broad and overlapping 
size and density distribution due to their chemical 
heterogeneity. 'Purification" or clarification under these 
circumstances cuts off the long high molecular weight 
dense tail, but still leaves a heterogeneous mixture of  
strictly individual composition. This makes it possible 
to understand why general correlationships between the 
average molecular weight and intrinsic viscosity and gel 
strength (Sfiverborn, 1945: Devine, 1974: Smith, 1976) 
could not be found unless the series is prepared from a 
single sample by degradation (Berth et al., 1977), 
esterification (Plashchina et al., 1985: Berth et al., 1982) 
or GPC. Data from different sample series could never 
be mixed (Berth & Lexow, 1991). 

The problem of association will be the subject of  Part 
11 ! of  this series. 
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