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ABSTRACT 

A variety of fruit and vegetable by-products were extracted to recover and evaluate their pectins. 
Pectins were studied by high-performance size-exclusion chromatography with differential refractive index 
(d.r.i.) and differential pressure (d.p.) detection. Computer-aided curve fitting of chromatograms was 
employed to identify pectic components. For each kind of pectin, the experimental chromatograms from 
both detectors could be fitted by a linear combination of the same five macromolecular sized species. 
Combination of data from the d.r.i. and d.p. detectors enabled component and global intrinsic viscosities to 
be obtained. Universal calibration of the column set with a combination of broad dextran and narrow 
pullulan standards enabled component and global molecular weights to be obtained. Weight-average 
intrinsic viscosities, ranged from about 0.75 to 5.9 dL/g, whereas weight-average molecular weights ranged 
from about 61 to 182 x IO' for the various pectins. Polydispersities of the pectins ranged from about 3 to Il. 
Analysis by combining intrinsic viscosities with molecular weights and previously determined radii of 
gyration for the components led to the conclusion that the pectin components were aggregates. 

INTRODUCTION 

Previously, we found that analysis of various pectins’,2 by high-performance 
size-exclusion chromatography (h.p.s.e.c.) with differential refractive index detection 
(d.r.i.) gave chromatograms that could be reconstructed from a linear combination of 
five macromolecular sized species. The chromatograms were reconstructed from com- 
ponents by computer curve fitting. In other work, we found that with appropriate 
column calibration and by connecting differential pressure (d.p.) and d.r.i. detectors in 
series3, that intrinsic viscosities (i.v.) and radii of gyration (R,) could be determined 
simultaneously by h.p.s.e.c. In this paper, we combine d.r.i., d.p. detection, an alternate 
form of universal column calibration, and computer-aided curve fitting to obtain 
molecular weights and intrinsic viscosities of pectin components and the respective 
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lope, when it differs from experimental, is shown on the chromatogram. The least- 
squares minimization is accomplished by a non-linear approach utilizing the Gauss- 
Newton iteration techniq&. The number of component peaks is estimated prior to the 
Gauss-Newton iteration. Three parameters can be iterated for each component peak; 
location of maximum, height at maximum, and width. We have found experimentally, 
after investigating a large variety of pectins over their full size range, that a linear 
combination of usually five but occasionally three or four Gaussian peaks consistently 
gave the best fits. In its most general form ABACUS does not give a unique solution to 
the best fit; therefore, certain safeguards were observed. Those parameters judged to be 
the best were those which (a) gave lowest values for the sum of the least squares residuals 
between calculated and experimental curves for d.r.i. and d.p. detectors, (b) gave 
maximum overlap between envelopes of calculated and experimental chromatograms, 
and (c) required the minimum number of peaks. It was found that parameters deter- 
mined for d.r.i. chromatograms consistently gave the best fits for the corresponding d.p. 
chromatograms. After correcting for the dead volume between detectors, only peak 
heights have to be iterated because of the different sensitivities ofthe two detectors to the 
various pectin components. Values of 0.274 and 0.116 mL were used for the quarter 
bandwith at half height for the macromolecular sized components and those in the low 
molecular weight tail, respectively. Determination of these values has been previously 
described2. 

The dead volume between d.r.i. and d.p. detectors was measured as 125 k 1 ,uL by 
matching the front sides of chromatograms from a narrow P-50 pullulan standard. The 
point-by-point digitized data from both detectors was normalized (divided) by their 
respective chromatogram areas. Each set of points was entered as a two-dimensional 
array (normalized height against volume) in a Lotus l-2-3 spreadsheet (Release 2.01, 
Lotus Development Corp., Cambridge, MA) and plotted together using the graphing 
software of the spreadsheet. Various estimates of the dead volume were subtracted 
point-by-point from the volumes of the d.r.i. trace until the front side of d.r.i. chroma- 
togram was superimposed on the front side of the d.p. chromatogram. 

Colrtmn calibration. ~ Previously, we have obtained congruent calibration curves 
by plotting log R, against column partition coefficient, K,, for a series of narrow 
molecular weight distribution (m.w.d.) pullulan and broad m.w.d., dextran standards 
(i.e., dextrans with polydispersities ranging from 1.39 to 2.91)5. Such a calibration curve 
was used to obtain radii of gyration for pectin samples’~3.5. The more usual form of 
“universal calibration”7,8 Involves plotting log [q] M against K,,, where M is the 
molecular weight of the macromolecule and [q] is the i.v. In Fig. 1 is a congruent plot for 
narrow m.w.d. pullulan and broad m.w.d. dextran standards, obtained by plotting log 
[q] M against K,,. We found that plotting peak positions for both pullulans and dextrans 
gave points which were not congruent when the weight average molecular weight of 
dextran exceeded 110 x 103. The plot became congruent only when the K,, was chosen 
to correspond with the point on the dextran chromatograms where M, elutes. The 
method of matching K,,‘s with M,‘s for dextrans and of data reduction, has been 
described elsewhere’. Unlike the dextrans, in the case of chromatograms for the narrow 



Where: ciP, is the quarter width at half height of the ith component peak from that 

differential pressure chromatogram: A,,, is the height at peak maximum c:lt‘ the rth 

component peak from the ditrexential pressure chromatogram: 13, ir the weight fraction 

of the ith component; II,,, is the height at peak maximum of :ht: /rh ~:c>mponent peak 

from the refractive index chromarogram: r_i A P,, IS the di!Terential pressure’ prt\duced h: 

the mobile phase; L+’ i>+ iht: Lveight of iqjected $amplc. 
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Each component’s percentage of the specific volume (%qSPi) was calculated 
according to Eq. 3. 

% yI,pi = (277)’ X Opi X hpi X 

Where the integral in the denominator of Eq. 3 is the area from the d.p. 
chromatogram of the injected pectin sample3. 

Number-, weight-, and Z-average global properties were calculated according to 
Eqs. 446, respectively. 

(4) 

X, = CWiXi (5) 

CWiXi* x, = ___ 
~WiXi 

(6) 

Here X represents molecular weight or intrinsic viscosity. In a previous paper’, global 
average radii of gyration were calculated by replacing X with R, in Eqs. 4-6. 

RESULTS AND DISCUSSION 

Figs. 2-4 contain the respective chromatograms for pomegranate, carrot, and 
garlic skin pectins obtained with d.r.i. and d.p. detectors. These chromatograms are 
representative of the pectins investigated. With the aid of on-line d.r.i. and d.p. 
detection, it is possible to continuously determine the intrinsic viscosity of a polymer as 
it is eluted from the column4. Computer-aided curve fitting to obtain mathematically 
resolved components, also serves as a method of obtaining the intrinsic viscosity as a 
function of elution volume, because the smoothed envelope of the experimental chro- 
matogram is reproduced as well (see Figs. 2b4b). In Figs. 5a-5c, the superimposed, 
smoothed i.v., d.r.i., and d.p. curves are plotted as a function of partition coefficient. At 
the front and tail ends of the chromatograms, i.v. almost parallels the x-axis. As 
indicated by the K,, values at the front and tail ends of the chromatograms, the sample 
of pomegranate pectin elutes well within the fractionating range of the column set. In 
Fig. 5b, iv. superimposed upon the mathematically resolved components is plotted 
against K,, for the d.r.i. detector, whereas 5c contains comparable data for the viscosity 
detector. The data of Figs. 5b and 5c show that i.v. is initially constant with elution 
because pure component 1 elutes. As component 2 starts to elute along with component 
1, the overall iv. decreases because the i.v. ofcomponent 2 is less than that of 1 (Table I). 
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Fig. 3. Chromatograms of carrot pectin; injected concentration 2.60 mg/mL. For all other conditions see 
Fig. 2. 
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Fig. 5. Pomegranate pectin. (a) Superimposed curves of intrinsic viscosity (i.v.), differential refractive index 
(d.r.i.), and differential pressure (d.p.) as a function of K,,. Calculated from reconstructed chromatograms 
shown in Figs. 2a and 2b. (b) Intrinsic viscosity superimposed upon fitted components from d.r.i. (c) Intrinsic 
viscosity superimposed upon fitted components from d.p. 

Further decreases in the overall i.v. occur with the sequential elutions of components 2 
and 3, because 3 has an i.v. which is less than 2. Since components 3, 4, and 5 have 
comparable values of i.v., the overall i.v. tends to parallel the x-axis during the elution of 
these components. Table I contains the intrinsic viscosities of components from the 
other sources of pectin which were investigated. 

Table II contains the percentage of total specific viscosity (%qsPi) contributed by 
each component of the pectin sample as calculated from Eq. 3. On average, about 75% 
of the sample viscosity is contributed by components 1 and 2, about 94% by the three 
largest components. Thus relative errors in viscosity tend to be greater for the two 
smallest components than for the three larger ones. Furthermore, there tends to be 
greater relative erors in number-average intrinsic viscosities as compared to weight- or 
Z-averages (Table III). 

According to Eq. 7, which is a modified form of the Einstein viscosity equation’, 
the product of intrinsic viscosity and M are proportional to the mean square radius of 
gyration raised to the 3/2 power. 

[q]M = A(R,')t (7) 

For any particular polymer-solvent system held at constant temperature, A is a con- 
stant. Thus, the product of the intrinsic viscosity and M must remain constant if R, were 
to remain constant. At constant R,, a change in i.v. must result in an opposite change in 



TABLE II 

Percentage specific viscosity oi pectin components 
LII~ ---^ _..._. _-..-.-.--. -.____. 

SCV?lflk C~ornporwn~ ~Vimhcr 

Pomegranate 
Carrot 
Beer 
Orange 
Artichoke 
Colocasia 
Mxndarin orange 
Mango 
Grapefruit 
Pea \kin 
Garhc 3kin 
Garlic foliage 

Average 

molecular weight (e..y., an increase in i.v. would require a decrease in molecular weight). 
Previously Fishman cf ul.’ found that the respective components 1. 1, and 3 of carrot. 
beet. orange, artichoke. colocasia. mandarin orange, and mango pectius h:td simil:rr 
values of R,. The same was true for the component 1 R, of grapefruit_ pea. anti garlic 
skin. 

Nevertheless. the molecular weight order of component 1 u’as carrot > beet - 
orange - colocasia > mango ,P mandarin orange (Table IV). whereas the i.\ .‘s ucre jn 
reverse order. Furthermore, c~omponent ! molecular weights u’crc in the order. ys1.1~ 

TABLE III 

Glubal averaee intrinsic vciscosIties’ 

Pomegranate 
C’arrot 
Beet 
Orange 
Artichoke 
~.‘olocasia 
Mandarin orange 
Mango 
Grapefruit 
Pea skin 
Garlic skin 
Garlic foliage 

dL;g. ’ Number average ’ Weight average. “Z-average 
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TABLE IV 

Molecular weight of pectin components ( x IO’) 

Sample Component Number 

1 2 3 4 5 

Pomegranate 214 + 6 106 f 8 36.8 5 5.6 3.7 + 0.9 0.30 + 0.06 
Carrot 415 + 21 125 + II 41.7 + 4.0 6.8 + 2.3 1.06 f 0.49 
Beet 383 f 33 120 + 12 59.8 k 8.6 9.7 + 3.8 0.50 f 0.08 
Orange 404 f 8 95 f 6 41.5 + 5.3 7.0 k 2.3 0.80 + 0.I2 
Artichoke 263 + 14 109 * 3 56.0 k 5.5 16.5 + 3.3 1.71 f 0.29 
Colocasia 356 i: 35 120 & 6 49.9 & 0.7 16.9 f 0.9 0.72 f 0.13 
Mandarin orange 184 + 2 62 f 1 28.4 + 2.2 3.1 * 0.7 0.40 + 0.09 
Mango 342 + 10 111 +4 52.7 k 5.2 12.9 k 6.1 0.92 f 0.41 
Grape fruit 362 k 33 96 & 7 53.6 k 1.7 22.8 + 1.7 1.37 f 0.61 
Pea skin 237 + 5 103 * 5 51.0 + 7.7 12.9 i 1.7 3.95 + 2.04 
Garlic skin 444 f 22 III f 10 51.8 k 1.7 25.8 + 3.1 6.40 f 4.69 
Garlic foliage 391 * 1 88 f 7 38.6 + 1.9 29.3 + 15.3 2.20 f 2.32 

Average 338 + 93 104 * 18 41.3 * 9.8 13.9 + 9.2 1.69 + 2.14 

skin > grapefruit > pea skin whereas the i.v.‘s were in reverse order. Comparison 
revealed that the molecular weights of components 2 and 3 of mandarin orange were 
lower than those of carrot, beet, orange, artichoke, colocasia, and mango, whereas the 
i.v.‘s were higher. These results are evidence that pectin components with similar values 
of R, and different values of i.v., must be aggregated to different extents. Furthermore, 
these results are in agreement with previous studies in this laboratory that citrus 
pectins233.‘0.1 I and tomato pectins’ are aggregated. 

Table V contains number, weight- and Z-average molecular weights of the 
various pectins calculated from equations 46, where wi and X, refer to the weight 

TABLE V 

Global average molecular weights ( x 10’) 

Sample 

Pomegranate 10 + 2 
Carrot 18 + 5 
Beet 17 + 2 
Orange 16 + 2 
Artichoke 31 * 4 
Colocasia 18 + 2 
Mandarin orange 7+1 
Mango 22 + 6 
Grapefruit 27 + IO 
Pea skin 39 & 2 
Garlic skin 37 * 10 
Garlic foliage 22 + 9 

107 * 5 156 i 3 11 
182 i 3 369 2 9 10 
141 + 10 259 + 19 8 
120 + 2 271 + 10 8 
96 k 4 155 k 6 3 
89 & 2 199 * 17 5 
61 f I 115 + I 9 

101 * 5 196 k 3 5 
94 * I 200 k 18 4 
88 & 1 138 + 5 3 
95 i_ 3 237 i 21 3 
76 5 6 205 + 2 3 

” Number average. b Weight average. ’ Z-Average 




