
Carbohydrate Polymers 8 (1988) 257-269 

On the Molecular Weight of Pectic Substances and its 
Relation to Their Gel Strengths 

I. N. Panchev, N. A. Kirtchev, Chr. G. Kratchanov & T. Proichev 

Higher Institute of Food and Flavour Industries, 26 Lenin Blvd., Plovdiv, 4002, Bulgaria 

(Received 18 October 1987; accepted 30 October 1987) 

ABSTIL4 CT 

A study has been made on the possibility of determining the molecular 
weight Mw, the second virial coe~cient A 2 and the radius of gyration by 
measuring the light scattering of pectin aqueous solutions. The experi- 
mental data were processed on a computer by using an algorithm, 
accounting ]'or the effect of microgel formations in the pectic solution. A 
tendency towards a decrease in Mw when decreasing the degree of esterifi- 
cation for a certain type of pectin was established and was confirmed by 
the change in the intrinsic viscosity [~7]. This fact is explained by degrada- 
tion during deesterification. 

The dependence of the gel strengeh of the pectic preparations on their 
degree of esterification, molecular weigh~ Mw and purity (p %) was also 
studied as well as the dependence of the gel strength on the intrinsic 
viscosity Pl], the degree of esterification and the purity p %. The passive 
multifactor experiment method was used to obtah~ regression models 
which were tested for an optimum in the factors influencing the gel 
strength. The optimal value for the degree of esterificat~on was obtained at 
57-58% which confirmed the view that within this range the pectin 
macromolecules possess maximum conformational flexibility. 

INTRODUCTION 

Pectic substances (PS) find application in the food industry most often as 
gelling components. Therefore, valious aspects of the gel strength (GS) 
of pectic substances have been studied but for a number of reasons con- 
siderable problems still exist in this respect. Above all there are specific 
difficulties in determining the characteristics of the PS due to their com- 
position, origin and methods of extraction as wall as to the variety of 
existing methods for the quantitative evaluation of the GS. In order to 
assess and predict the properties of pectic substances it is necessary to 
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know the molecular weight of the pectic substances, the degree of esteri- 
fication of the carboxyl groups and the way in which they are distributed 
along the entire length of the pectin macromolecule (Bettelheim, 1970; 
Rees, 1972; Nelson, 1977; Pilnik, 1980; Biemiller, 1986). Despite the 
opinion, widely accepted in the literature, that the increase in the mol- 
ecular weight of the pectic substances results in an increase in their gel 
strength, this remains a controversial issue and the methods for solving it 
are still to be found. This is due on the one hand to the heterogeneous 
composition of the pectic substances which include neutral sugars and 
ballast substances, and on the other hand to the marked ability of the 
pectic substances as linear polymers with a semisolid chain to form 
aggregates (microgels) in aqueous solutions (Sorochan et al., 1971; 
Jordan & Brant, 1978; Senkievitch et al., 1979; Berth et al., 1982; 
Plashchina et al., 1985). The experiments for determining the charac- 
teristics of the pectic substances according to their molecular composi- 
tion consist mainly in applying the classical methods of 
ultracentrifugation, osmometry and viscosimetry (Glikman & Orlov, 
1951; Smidsrod & Haug, 1971; Berth et al., 1977, 1980; Fishman et al., 
1986) as well as light scattering (Sorochan et al., 1971; Smith & Stainsby, 
1977; Jordan & Brant, 1978; Senldevitch et al., 1979; Berth et al., 1982; 
Plashchina et al., 1985). The basic problem in interpreting the fight scat- 
tering data to determine Mw is how to eliminate the contribution of the 
microgel formations to the intensity of light scattering AR(0). To solve 
this problem some authors (Smith & Stainsby, 1977) apply the method 
of enzyme disaggregation of the pectin aggregates, others (Robinson et 
al., 1982) suggest the use of aqueous solutions containing carbamide, 
taking into account the destructive impact of carbamide on the hydrogen 
bonds responsible for the formation of microgels. Kratochvil (1982) 
suggests as a solution to this problem the use of experimental data 
obtained at scattering angles larger than 50 °. Plashc!dna et al. (1985) 
combine the light scattering method with ultracentrifugation. 

The aim of the present work was to study the opportunity for deter- 
mining Mw of pectic substances by the method of light scattering and to 
interpret quantitatively the relationship between the gel strength, Mw, the 
degree of esterification and purity of pectic substances. 

MATERIALS AND METHODS 

The pectins used in the experiments were obtained from apples, grape- 
fruit, l~mon and orange peels, carrots, sunflower heads, etc., by the 
methods proposed by Kirtchev et al., (1988). The gel strength of the 



Molecular mass of pecac substances 259 

pectic preparations was determined by the Tart-Baker method on stan- 
dard 65% jellies (Baker, 1926). The degree of esterification (DE) and the 
polyuromc acid content were determined titrimetrically (Owens et al., 
1952). The solutions used to determine Mw were prepared by leaving the 
necessarj amcunt of pectin to swe~ in water for 24h and then stirring it 
until the pectin was fully dissolved. The initial solutions had a 0.5% con- 
centration of pectin and contained 0.15 M NaCl to make possible the 
screening of the electrostatic repulsion of COOH- groups according to 
the methods given in Smidsrod & Haug (1971). After dialysis was 
carried out at + 4°(2 for 48 h through a cellophane membrane to the 
solvent, the initial solution was centrifuged for 90 min at 17 000 revolu- 
tions per minute in a JANETCKY 24 lab. centrifuge. The solvent and 
the solution were dedusted using Millipore membrane filters with -" pore 
diameter of 0.45/,m and 0.22 ~m. The initial pectic solution was p r e  
pared in the cuvette for measuring the light scattering and the concen- 
trations were determined by weight and by measunng the refractive 
index with a laboratory interferometer manufactured by Carl Zeiss Jena 
in 1973. 

The intensity of light scattering of the working solutions and of the 
solvent were measured within the 40 to 150 ° range on a FP$-3M auto- 
matic nephelometer manufactured in the Academy of Sciences of the 
USSR in 1975, using a light wavelength of ~ - 546-1 nm. The nephelo- 
meter was calibrated with spectroscopically pure benzene and the light 
scattering intensity value of benzene at 90°C R~0= 16.3 x 10 -s cm -~ 
was used for the calculations in accordance with Eskin (1986). 

The increment of the refractive index dn/dc for pectic solutions was 
determined from the analytical formula of n =f(C%) by the method of 
least squares, running the LIN programme borrowed from Johnson 
(1980) on a SM-4 computer. In accordance with the results given in 
Prochazka et al. (1983) for solutions containing aggregate (microgel) for- 
mations the function of light scattering is expressed by the equation 

KC Ao+AI  C+(Bo+B~C)x+(Co+C~C)x 2 
(1) 

AR(0) 1 +(Do + D, C)x 

where C is the concentration of the polymer, g cm-3; x iS sin 2 (0/2); 
AR(0) is the intensity of light scattering for an angle 0 and; K is an 
optical constant calculated from the equation 

K=2 r2n° {dni 2 (2) 
NA A 4 ~dc] 



260 L N. Panchev, N. A. Kinchev, C. G. Kratchanov, T. Proichev 

in which no is the refractive index of the solvent; dn/dc is the increment 
of the refractive ip.dex; NA is the Avogadro number and; ~ is the wave- 
length (rim). Ao, A l, Bo, Bt, Co, Cl, DG, D l are experimental constants 

1 Al 
(AO=Mw ; 2 =A2) 

A 2 is the second virial coefficient 

inn" d ( K C / A R ( O ) )  d(sin2(O/2)) = Bo  - A o D o  = k'(~r,)](3Mw) (3) 

0 - - ~ 0  

16~t 2no 2 
K'=  ,2 (4) 

A 

( r  2)1/2 is the radius of gyration of the macromolecule 

Bo - r ' q  r-Y X + ( z,, (5) 

Co = K'2((i2i)'(r~z2))](9Mw) (6) 

where (r~l) 1/2 is *.he radius of gyration of the macromolecule after 
excluding the effect of the microgel formations in the solution and ( r22)1/2 
is the radius of gyration of the microgel formations. The coefficients of 

eqn. (1) were calculated usin[, experimental data for light scattering of the 
solutions for the particular kind of pectin by optimizing the objective 
function 

CELF= E ~ ,j - Z~) 2 - > min (7) 
i=1 j=l 

where 

(8) 
1 + + x8 Y2j) 

in which Yliis the concentration C,.g cm-3; Y2] = sin2(O/2); i ffi 1, 2 ... n 
is the number of the concentration C; j = 1, 2. . .  m is the number of tl,e 
angle 0; X 1 =Ao; X 2 ~A1; X3 = Bo; X4 = Bl; X5 = Co; X6 = Cl; X7 ffi Do; 
Xs = D1. Z[. are the experimental values for (KC/AR(O)) and Z~. are the 
theoretical values for (KC[AR(O)) calculated after the model of Brandt 
(1970). The minimum of the function CELF (Xl, X2 ...Xa) and the 
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values of the unknown constants were found using the modified simplex 
method of Nelder and Midl (Himmelblau, 1972). The program realiza- 
tion of the method was carried out using the PANLP program written in 
FORTRAN which is an adaptation of the FLEXSI program borrowed 
from Himmelblau (1972) and compiled for the particular problem on an 
SM-4 computer. 

The viscosimetric measurements of the studied pectic solutions were 
made at 25°C ushag a VPZ-3 capillary viscosimeter of the Ubbelohbe 
type in accordance with the methods proposed ha Tverdohlebova (1981). 
The characteristic viscosity [r/] was calculated on the basis of Huggms' 
equation 

1](p= [~]1 + KH[7]] 2 C 
C 

(9) 

where r/ce is the reduced viscosity of the solutions; C is the concentration 
and; K a is Huggins' constant. This was done using the REO program 
compiled by the authors and written ha FORTRAN on the basis of the 
MNK algorithm which was run on a SM-4 computer. 

To find the regression dependence of the gel strength of the studied 
pectins and the parameters influencing its value, a standard computer 
program for multiple regression written in FORTRAN IV and taken 
from IBM (1970) was used. The program was run on a SM-4 computer. 
The statistical evaluation of the regression coefficients and the adequacy 
tests of the model were made using the statistical criteria of Student and 
Fisher in accordance with Brandt (1970). The study of the gel strength 
maximum in accordance with the obtained mathematical model was 
carded out uskng a simplex method of optimization (Himmelblau, 1972). 

RESULTS AND DISCUSSION 

Tables 1, 2 and 3 give the experimental results for the studied pectins of 
apples, orange peels and celery, respectively. These experimental data 
are the average values of three parallel measurements. The data show 
that as a result of the acid deesterification of the initial pectic prepara- 
tions the molecular weight Mw and the intrinsic viscosity ([r/]) decrease 
with a decrease in the degree of esterification. The respective values of 
(,2 \1/2 and (r22-'-) 1/2 also decrease while the values of (r21) 1/2 decrease ~z2/ 
only slightly. This is most probably due to the disaggregation of the 
mi_.crogel formations in the pectin_ preparations. The values of (.2.z2/\1/2 and 
(r2) 1/2 are much greater than (r21) 1/2 and indicate that in aqueous pectic 
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solutions there is an association of macromolecules. The values of the 
function ~p ( a ) -  0.75 M2.A 2 (-~zl)3/2 calculated in accordance with 
Plashchina et al. (1985), indicate the poor tendency of the macromole- 
cules to swell and a considerable stability in relation to conformational 
transformations unlike flexible macromolecules showing Gaussian 
behaviour. 

The second virial coefficient (A 2) for all pectins studied does not show 
significant alterations with the changes in the degree of esterification. 
The low positive values of A 2 conform to the fact that the solvent used is 
one of the best for the natural polymer under consideration. As for the 
gel strength, the changes occurring along with the change in the degree of 
esterification cannot be classified as monotonously decreasing. There is 
a complex dependence of the gel strength both on the degree of esterifi- 
cation and on the M~. Besides the apple, orange and celery pectins 
(Tables 1, 2 and 3) the study also included pectins of different origin 
obtained from different initial samples by means of acid deesterification. 
The numerous values of the GS, Mw and DE as well as the difficulties in 
comparing the data with respect to their GS brought about the need to 
look for a formal mathematical model providing a functional connection 
between the studied parameters and gel strength of the form GS = F(x 1, 
x,.... Xn) type where xm, x2 ""Xn are independent variables whose effect, 
according to data both from experiments and from the literature, can be 
considered definitely established. The dispersion analysis of the effect of 
(r"~l)1/2, (~z22)1/2, (~z2)i/2, A2 showed a lack of a sufficiently well grounded 
regression relationship between the effect of these factors and the GS 
values. The model did not include the factor distribution of the carboxyl 
groups in the pectin molecule because acid deesterification was applied 
in obtaining the studied pectins which guaranteed statistically uniform 
distribution of the carboxyl groups. The method of the passive multi- 
factor experiment (Afifi & Azen, 1979) was used to study the effect of 
the DE, Mw and the purity p% (polyuron~c acid content) on the GS 
values. The separate independent factors x~ =DE%, x2=Mw and 
x3 = p% for the over 60 pectins which were studied changed within the 
following ranges: 

29.5% < x i ~< 74-3% 
1.7 x 104 <x2 < 1.74 × 105 D 

57.4% ~< x3 <~ 91.6% 

The results of the dispersion analysis of the multiple regression 
dependence GS ~ F (DE%, Mw, p%) are given in Tables 4 and 5. The 
evab~aon of the significance of the regression model coefficients and its 
adequacy was made using the statistical criteria of Student and Fisher. In 
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compliance with Himmelblau (1972) the absolute maximum for the GS 
was studied by means of a simplex method with imposed Ihnitafions in 
accordance with the intervals of change of the independent factors. The 
value of the absolute maximum GS-243*TB was obtained at 
DE - 59.3%, Mw- 73.5 x 103D (D-Dalton), and p-91 .6%.  This result 
indicates that the increase in the pectic preparatiom purity resulted in an 
increase in the GS which was to be expected, while with respect to the 
Mw the optimal value was obtained at a value different from the 
maximum of the M,,. Further investigation is necessary to clarify the size 
of the supramolecular formatiom on the GS. As for the optimum of the 
DE it was obtained at a value that corresponded to the relatively greatest 
conformation flexibility of the pectic macromolecuie. 

Studying the acid deesterification of apple pectins one of the authors 
(Kratchanov & Balaldreva, 1972) has found that the maximum stability 
of 65% sugar jellies is obtained at D E -  57-63%. In the work of Dufia 
and Vladimirov (1978) the maximum GS of different apple pectins was 
DE-59%.  The detailed studies on the conformation properties of 
pectic substances from the point of view of the theory of persistent poly- 
mer chains made by Plashchina et  al. (1985) showed that in the 52-61% 
range of the degree of esterification a maximum flexibility of the pectin 
macromolecule was observed and this was also the range of the 
maximum stability of high-sugar jellies. Fishman et  al. (1986) also con- 
sider that within the range of D E - 5 7 %  there is a maximum of the 
hydrophobic interaction and the formation of hydrogen bonds between 
the macromolecules. 

Since in most practical applications of the pectic substances it is easier 
to characterize their molecular weight indirectly using the values of the 
intrinsic viscosity [r/], we tried to find the functional relationships of the 
gel strength on the DE, [t/] and the purity, similar to those reflected in 
eqn (10) (see Table 4). 

The intervals of change of the DE and the purity remained the same 
because the same pectic preparations were used. The intrinsic viscosity 
changed within the following range: 

0.47dl ~< [r/] ~< 3.54 dl 
g g 

The results of the statistical analysis are given in Tables 6 and 7. 
The experimental data are adequately described by the following 

equation: 

Z(GS)-f(DE%, [T]], p%) 
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Z= -0"928 + 19"62Xl + 29"48x2 + 5"895x3- 0"1664x 2 
- 6.897x ] + 2.728xlx2- 0.031 34xlx2x a (11) 

The mdtiple correlation coefficient is RM = 0.9263. The experimentally 
calculated value of Fisher's criterion is For 36.26 at F~'r 
(7.38/a =0.99)=4.82. Therefore, 85.8% of the dispersions of experi- 
mental values can be explained by eqn (11). The tests for a maximum 
value of eqn (11) gave the following coordinates of the maximum gel 
strength: 

x ~max(DE) = 58.3% 

X2 max ([ ~ ])= 1"58 dl/g 

x3max (p) = 91"6% 

GS = 242 *TB 

Despite the good approximation of eqns (10) and (11) to the experi- 
mental data, they do not include additional factors which are directly 
related to the gel properties of the pectic substances, namely the cation 
composition of pectin, the acetyl content, the content of neutral sugars in 
the pectin macromolecule, etc. These additional data should be available 
for a more detailed simulation of the effect of various factors on the gel 
properties of pectic substances. 
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