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Abstract—Size exclusion chromatography (SEC) is a powerful wool for the determination of molecular
size of compounds. However, the conducted SEC analysis of 3§ humic substances (HS) sampies demon-
strated. that it has some severe pitfails for the moieculur weight characterization of HS resulting from a
lack of appropriate standards. To overcome this probiem. a new approach to calculation of molecuiar
weight from the SEC data was developed. It is based on the correction of the expenmentally determined
distribution coefficient (X,) values according to the predictive equations denived either from the data on
charge density and hydrophobicity of the analyte or from the vaiues of ils characteristic structural par-
ameters. Verification of both predictive equations using model compounds has displaved much better
prognostic potential of the polynomial equation developed with a use of integral structura! parameters of
the analyte. Application of this predictive equation to synthetic polvelectrolytes gave sauisfuctory estimates
for all the polymers with K, >0.15. The model calculation for an averaged sample of HS allowed to esu-
mate a difference between the ideal and experimental values of KA Kg) by a valve of 0.02. The corre-
spondent correction of the SEC-data of 3§ HS sumples showed overestimation of the values of molecular
weight of HS determined by the stundard data handling technique. The obtatned model estimations are 10
be verified along with the further development of the model bused on the adjustment of the modet
assumptions to specific polyelectraiytic properties of HS. 0 [998 Elsevier Science Lid. All nghis reserved
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INTRODUCTION

Determination of the molecular weight or size of
humic substances (HS) remains an unresoived pro-
blem in humic chemistry. This s a result of the
complexity of chemical composition and irregularity
of the structure of humic macromolecules. These
factors render direct application of ull the classical
methods of melecular weight determination subject
to artefacts. As a consequence the results are often
contradictory. Particular criticism has been directed
against the data provided by siz¢ exclusion chroma-
tography (SEC) (De Huaan er uf., 1987; De Nobili vt
al., 1989; Swift,. 1989). Nonetheless, the recent lit-
erature {(Chin er-al., 1994; Wung & Benoit. 1996}
demonstrates a distinct renewal of the interest to
the usage of SEC for molecular weight determi-
- nation of HS. This can be explained by the growing
knowledge about the polyelectroiytic properties of
HS, which permits application of more rigorous
concepts of polymer chemistry to the description of
the elution behaviour of HS on SEC columns (Chin
et al., 1994). Systematic studies on the sources of
artefacts are required with respect to both exper-
imental design and data analysis to understand and
develop approaches tc minimize probiems associ-
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ated with the application of SEC analysis to mol-
ecular weight determinations of HS.

The research objectives of the current study were:
1) to illustrate the role of artefucts in SEC of HS:
{2) to elucidate the factors causing distortions of
the elution behaviour of organic analytes in aqu-
eous media by conducting a series of SEC analyses
on an extensive set of the model compounds repre-
senting structural subunits of HS, (3) o develop a
method for quantifying the deviation of experimen-
tal SEC parameters of the organic analyte from the.
ory and explore applicability to both synthetc
polyeiectrolytes of known structure and HS.

MATERIALS AND METHODS

Prepuration of humic substances solutions

SEC determinations were conducted using 35 HS
samples isolated from fresh water, fresh water sediments,
soil and peat. The HS preparations were stored as sol-
utions at C-<concentration of 500~1000 mg!™'. The exact
content of total organic carbon (TOC) in the solution wus
determined by organic carbon analysis (see betow). For
the SEC-anulysis portions of the stock solutions of HS
were diluted with a buifer identical in composition to the
SEC mobile phase (0.028 M phosphate buffer) to a finul
C-concentration of |-Img (™"
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Preparation of model compound solutions

All the individual compounds used in this study as low
molecular weight structural subunits of HS were purchased
from Aldrich Chemicals or Fluka. All the reagents were of
a grade “pure for analysis” or “purissimo”. For the SEC
analyses, the compounds were dissolved in MilliQ-water at
a C-concentration of ca. 500 mg!~'. Portions of these
stock solutions were diluted in 0.028 M phosphate buffer
to obtain a final C-concentration of 1-2mg1~".

Molecular weight determination

All the SEC determinations were conducted according to
the described procedure (Frimmel er al. 1992). For this pur-
pose a liquid chromatography system consisted of a solvent
pump (Shimadzu LC 9A, Germany), a packed column, a
UYV-VIS detector with variable wavelength, and a high sen-
sitivity on-line DOC detector (Grintzel, Germany), com-
prised of a cylindrical UV thin-film reactor and non-
dispersive IR-detectors (Siemens Ultramat 3, Germany) for
the continuous determination of organic and inorganic car-
bon was used. Samples were injected using an automatic
injection system (Abimed, Bic 231, France) equipped with
a rotary injector valve (Knauer, Germany) and 2 ml sample
loop. Data acquisition, processing and presentation were
processed according to Rhothron (Germany) on an Atari-
compatible computer. The UV-absorbance of the analyte
was quantified at a wavelength of 254 nm. The SEC column
was a 25 x 200 mm BIAX (Chrom, Germany) with a col-
umn packing of Toyopearl HW-50S resin (Japan), with a
nominal fractionation range {polyethylenglycol calibration
by the supplier) of 100-20000 g/mol. Phosphate buffer
(0.026 M) was used as an cluent at a flow rate of
1 ml min~".

To characterize molecular weights (MW) of HS, the
SEC column was calibrated by four sets of the standards.
The first one was composed of polydextranes (PDX)
(MW, gmol™" 083K, 44K, 99K. 214K, 435K,
2000 K), mono- and oligosaccharides (MW, g mol™": 180,
342, 504), glycerol (MW, g mol™': 92) and methanol (MW,
g mol™": 37). Blue dextrane (MW, g mol™": 2000 K) served
as a void volume (V) probe, methanol served as a per-
meation volume (V) probe. The second calibration set
was composed of sodium polyacrylates (PA) (MW,
gmol™: 0.855K, 1.25K, 1.77K, 40K, 7.5K, 16K) and
their saturated monomeric unit-propionic acid (MW,
gmol™": 74). The third set was composed of sodium poly-
methacrylates (PMA) (MW, g mol™": 167K, 25K, 69K,
9.83K) and their saturated monomeric unit-butyric acid
(MW, gmol": 88). The fourth set was composed of
sodium polystyrene sulfonates (PSS) (MW, gmol™:
137K, 18K, 671K, 80K, 86K, 134K, 169K) and
benzene sulfonic acid (MW, g mot™": 158). All the stan-
dard kits were purchased from the Polymer Standard
Service (Mainz, Germany).

For construction of the calibration curves the distri-
bution coefficient (X,) was calculated for each standard by
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the following equation:
Ky = (Ve ~ Vo)/(Vp — Vo) )]

where V, is the elution volume, ¥ is the void volume, ¥,
is the permeation volume, (V,-V5) is the volume of the sol-
vent inside the gel bed. For the SEC column under
study ¥y determined by exclusion of blue dextrane was
equal to 26.0 ml, V,, determined by exclusion of methanol
was equal to 66.9 ml. The calibration curves were obtained
by plotting the observed Ky value of the marker against
the logarithm of its molecular weight {logMW). Molecular
weights of HS and model compounds were determined by
comparing their Ky values with the corresponding cali-
bration curve.

Organic carbon analysis

Content of organic carbon in the stock solutions of HS
was measured using & Shimadzu 5000 TOC analyser by
the standard procedure described elsewhere (Sugimura &
Suzuki, 1988). The carbon analyser was calibrated with
potassium hydrogenphthalate standards at C-concen-
trations ranging from 10 to 500 mg I™":

RESULTS AND DISCUSSION

Results of SEC-analysis of HS and polymers of
different partial charge

The typical UV- and DOC-elution profiles of HS
observed under the chosen experimental conditions
are shown for the IHSS FA in Fig. 1. All the HS
under study were characterized by a broad, mono-
modal distribution (in some cases with shoulders
and small sidepeaks). The elution volumes (V) of
the HS samples differed greatly depending on their
origin (water, sediment, soil or peat) and fractional
composition (humic acids (HA) versus fulvic acids
(FA)). The corresponding Ky values, averaged for
each group of HS samples, are summarized in
Table L. It can be seen that the obtained Ky values
ranged from 0.1 to 0.3. According to a magnitude
of the corresponding Ky value, the molecular weight
values of the HS samples under study could be
put in the following order: peat HS>soil
HA > sediment HS >soil FA >aquatic FA. The
given sequence reflects natural differences in mol-
ecular weight values intrinsic to each group of
humics. To quantify these differences numerically,
the convertion of the Ky values into corresponding
molecular weight values via calibration of the SEC-
column is needed.
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Fig. 1. SEC chromatogram of [HSS FA.
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Table |. Experimental Ky values for HS samples of different origin
{confidence level 0.95, n-number of the samples is given in the table)

HS sample L

Aquatic FA (5 = 9) 0.27 £ 0.02
Fresh water sediment HS (n = 2) 0.16 £ 0.01
Soil FA (n = §) 0.22+0.02
Soil HA (n = 8) 0.16 £ 0.01
Peat HS {» = 8} 0.14 £ 0.04

Aécording to the practice of SEC, the most im-
portant prerequisite for obtaining a true value of
the molecular weight of an analyte is the right
choice of the calibrants-substances of the known
molecular weight and structure. In the ideal case.
the calibrant and the analyte have to be autheatic,
This is obviously not achievable for HS, which are
known to be random, acid groups containing poly-
electrolytes of natural origin. That is why the usual
practice is to use the standard calibrants-polydex-
tranes and polyethylenglycols-for quantification of
the SEC-results of HS, neglecting the polyelectroly-
tic character and structural peculiarities of HS (De
Nobili et al., 1989).

However, the recent investigations of Chin er al.
(1994) introduced poiystyrene sulfonates (PSS} as
alternative calibrants for the SEC-analysis of HS.
The authors stated that due to the polyelectrolytic
nature and acidic character, the SEC-characteristics
of PSS (hydrodynamic radii. viscosity etc.) are
much more similar to HS than those of polydex-
tranes or polyethyleneglycoles. Therefore, usage of
these calibrants was supposed to provide a much
more realistic evaluation of molecular weights of
HS. This was confirmed by comparison of the
obtained results with the data of other molecular
weight determination techniques. Unfortunately, the
authors have not conducted any comparative stu-
dies on synthetic polyanions other thun PSS. From
our point of view, without these studies the choice
of PSS (from a broad variety of other polyanions)
as the most appropriate calibrant for the SEC-
analysis of HS is not convincing.

The main problem here is that under the same
gel-chromatographic conditions (concentration of
the analyte, pH, ionic strength and composition of
the eluent), the elution behaviour of a polyanion
will be strongly dependem on its charge density.
We have demonstrated this by the SEC-analysis of
the homoiogical series of polyacrylates (PA), poly-
methacrylates (PMA), polystyrene suifonates (PSS)
and non-ionic polymers-polydextranes (PDX)
(Fig. 2). The charge densities (2) of the polymers
under study were roughly estimated with a use of
the following expression:

Z = (number of ionogenic groups per mole/
molecular weight} - 10°

The corresponding values were 138 for PA. (1.6
for PMA, 5.4 for PSS and 0 for PDX. As it can be
seen from Fig. 2, all the four polymers series were
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characterized by a different slope of the correspond-
ing molecular weight - X, dependence. The mini-
mum slope was observed for a series of
polydextranes as non-ionic polymers, All the series
of the polyanions were characterized by the steeper
slopes, the vaiues of which increased with increasing
charge density of the polyanions,

The obtained results show that the usage of the
calibrants of the four polymer series differing in the
charge density would have brought four different
sets of the molecular weight values of HS. The
smaller the charge density of the chosen calibrants,,
the higher the value of moilecular weight will be. In.
our case, the highest values of molecular weights
will be obtained with a PDX-calibration curve, the
lowest ones-with a PA-calibration curve. To dis-
cover which of the calibrants provide the most
appropriate evaluztion of the molecular weights of
HS, we come back to the consideration of the main
factors impacting the elution behaviour of the poly-
electrolytes on the SEC column.

Description of the elution behaviour of the organic
analyte on the SEC column in aqueous medium as a
Junction of its charge and hydrophobicity

To set the scene for the forces {other than diffu-
sion and dispersion) influencing the elution beha-
viour of an organic analyte on the SEC column, we
have to consider analyte-gel interactions occurring
in the aqueous medium. We postulate that these in-
teractions serve as a main source of artefacts in
SEC of water-soluble organic compounds (Yau
et al. 1979; Belen'kii and Vilenchik, 1983).
Fractionation is assumed to occur on the gel which
is absolutely inert to the solute. In reality, it is not
possible to create a hydrophilic gel which would
be completely inert in aqueous medium (Dubin,
1988). In practice, a vast majority of hydrophilic
gels whose spatial structure is based on ether
bridging (polydextranes. polysaccharose, Bio-Rad,
Toyopearl) are weakly negatively-charged due to
partial hydrolysis of the ether sites in aqueous med-
ium. In addition. the cross-linked structure of-the
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Fig. 2. Calibration curves of the Toyoperl HW-50S cal-

umn by the kits of sodium polystyrene sulfonates (PSS},

polydextranes (PDX). sodium polymethacrylates (PMA),
sodium polyacrylates (PA,).
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gel creates hydrophobic sites on its surface (Dubin,
1988). According to these chemical features of the
gel, it is likely that an organic analyte with func-
tional groups will experience both electrostatic and
hydrophobnc interactions with the gel. In case of a
negatively charged analyte, for example a deproto-
nated organic acid, the electrostatic interactions will
be repulsive and can be accompanied with an effect
of “overexclusion”—the analyte wiil be eluted from
the column earlier than would be expected from a
value of its molecular weight alone. The larger the
partial charge of the analyte is, the stronger this
effect will be. On the other hand, the hydrophobic
interactions with the gel can cause a retardation of
the analyte on the SEC column-in addition to the
mere molecular weight effect. The larger the hydro-
phobicity of the analyte is, the stronger the retar-
dation of the analyte by the gel will be.

With these considerations in mind, a value of
Kg(exp), determined from the experimentally
observed clution volume of the charged organic
analyte from the SEC column can be represented as
a function of the three parameters: molecular
weight of the analyte (MW), its charge (Z) and
hydrophobicity (H) (Eq. 2):

Ky =Ko/ MW+ K f(D) + Ko f(H) (D)

where K,f(MW) corresponds to the distribution
coefficient of an ideal (nonionogenic and hydrophi-
lic) analyte of molecular weight MW. This term of
the equation can be designated as an ideal distri-
bution coefficient X3. To facilitate quantitative esti-
mation of X3, we have assumed, that nonionogenic,
hydrophilic molecules of sugars and polydextranes
satisfactory fit the given requirements to the ideal
analyte. In this case for PDX the obtained plot of
Molecular weight vs. Xy (Fig. 2) can be referred to
as an “ideal” calibration curve of the given SEC-
column. As a consequence it can be used for esti-
mation of the “ideal” value of X4 (X3 ) of nonideal
(charged and/or hydrophobic) analyte of the known
molecular weight MW.

logK, .«

oan
L 4

Fig. 3. “Experimental” AKX, versus logK.. for the

uncharged analytes {see Tabie 2).
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To express Ky f(Z) via experimental parameters,
we have assumed that under conditions of the same
solution pH and ionic strength, the charge density
intrinsic to the molecules of low molecular weight
carboxylic acids is determined only by the number
of carboxyl groups per molecular weight of the acid
{Acoon)- In this case K, f(Z) = f(Acoon. For esti-
mation of the numerical values of Acoon the fol-
lowing expression can be used:

Acoon = (number of carboxy! groups per mole/
molecular weight) x 10°.

To express K4 f{H) via experimental parameters, we
have taken into consideration that the most devel-
oped and widespread measure of hydrophobicity of
erganic compound is a logarithm of its octanol-
water distribution coefficient log X,., (Hansch and
Leo, 1979).

Thus equation 2 can be transformed to:

Ka{exp) = K3 + f(Acoon) + f(log Kow)  (3)

A rearrangement of eq 3 by means of a transfer of
K3 into the left side of the equation and follow up
change of the marks makes it possible to obtain on
the left hand side the expression for deviation
between the “‘ideai” (determined [rom the PDX-
calibration curve for the non-ideal analyte of the
known molecular weight) and experimental K4
(determined by eq 1): K3 = K(exp) = AK,. Thus,
the numericai value of AKy can be calculated for
each analyte, if its elution voiume and molecular
weight are known. AK, determined by means of the
above described calculation technique will be
referred to in the further parts of the paper as “ex-
perimental” AKy. On the other hand, AKX, can be
expressed as a function of charge and hydrophobi-
city of the analyte, as it follows from eq 3:

— Ka(exp) = AKy = f(Acoon) +/(log Kow) (4)

It can be easily shown that for charged, highly
hydrophilic analytes (fUlog Kow) approaches 0) a
value of AK, is a function of Acoon only, whereas

0.5
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Fig. 4. “Experimental” AKXy versus charge density (dcoom)
of the hydrophilic analytes (see Table 3).
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Table 2. List of uncharged organic compounds used for calculation
of the retationship 4K, versus log X,,. from Fig. 3

Compound log Kow
Glucose =324
Glycerol -2.57
Methanol =0.74
1.4-Dioxane ~0.42
Ethanol =032
Acetone =0.24
2-Propanocl =0.1

2-Butanol 0.74
2-Pentanol 1.25

for hydrophobic, nonionogenic analytes ( A4coon)
approaches 0) a value of AKy is a function of
log K, only. Thus, by plotting the values of “ex-
perimental” AKy against 4coom and log Ko, re-
spectively, for a series of model compounds, both
relationships can be determined {rom SEC data.

Determination of AK Acoon. 108Ksw} from the
SEC data of individual orgunic compounds

A set of uncharged organic compounds of known
hydrophobicity (Table 2) was analysed by SEC to
establish a shape of the relationship between AK,
and log Kow- The values of log Kou for these und
further calculations were taken from Leo et al.
(1971) and Sangster (1989) or, as specifically noted,
calculated with the use of ACDLabs Program. By
applying the above described calculation scheme to
the experimental data. the value of “experimental™
A K, was calculated for ¢ach compound. The
obtained numerical values of AKy were plotted
against log Kow. The corresponding relationship is
given in Fig. 3.

It can be seen that AK, is directly proportional
0 log Ko (© = 0.97) in the range of log Kow
values from —0.5 up to 1.3 and equals 0 at all the
values of log Kow less than =0.5. The obtained data
display that for the SEC system under study hydro-
phobic interactions with the gel can cause retar-
dation of the analyte on the column only if it has a
value of log Kow> =0.5. From Fig. J it cun be seen
that the retardation on the gel (negative deviation
of the experimental K, from the ideal one) is satis-
factorily approximated with the following equation
(r =097

Tabie 1. Liwt of the charged hydrophilic compounds used for calcu-
lution of the relutionship AKX, versus A non from Fig. 4

Compound Acoon . log K.w
Gilucuronic acid 51} —1.65 +£0.52°
Quinic acid 521 =201 £04*
Maleic ucid 4.62 =0.56
Gluesric acid 9,50 ~1.62 + 0.49*
Pimelic acid 12.50 0.37 £ 0.2*
Tarwric wid 1133 ). 76

Malic acid t4.93 ~0.3
Glutaric ucid 15.15 =347
Suerinic acid 16,95 —0.59
Malenic acid 19,23 ~0.91

Ohalic ucid it =062

*The vulues of lag K. culculied with a use of ACDLabs LogP
program.
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AKy = -0.38 log Kow — 0.26 (5

The found relationship displays an existence of the
specific sorption on the gel {negative slope of the
plot), the effect of which is strengthened with
increasing hydrophobicity of the analyte.

To establish the.form of the relationship between
AKs and Acoow. @ set of carboxylic acids with
log Kow<— 0.5 was used (Table 3). The range of
log Ko values close to or less than —0.5 were cho-
sen according to the observations described above.
The obtained relationship is given in Fig. 4. It can
be seen that the plot of AKXy versus Acoow is well
approximated with eq 6 (~* =0.991):

AKy = 0.07log Acoon — 0.0203 {6)

The positive slope of the relationship exhibits the
effect of overexclusion., which increases with the
charge of the anaiyte.

The results obtained from the two relationships
make it possible to present AKy(dcoon. log Kow)
by the following equation:

AKy = 0.0710g Acoon — 0.3805 log Kow — 0.276 (7)

Theorstically, eq 7 can be.used for a prediction of
AK, of an organic analyte of known Ac¢coon and
log Kow - This value of AKy will be referred to in
the further parts of the paper as “calculated™ AK,
{to distinguish it from the earlier introduced “exper-
imental™ AKy). The predicted value of “ecalculated™
AK, will be meaningful only in cases where our in-
itial assumptions about electrostatic and hydro-
phobic solute-gel interactions being the only source

Table 4. List of the compounds used for verification of the predic-
tive model AXy = f{{coon. log Ka)

No Compound Acoou log Kyw
1 Cinnumic acid 4.76 213
2 Benzy! alcohol 0.00 0.99
3 3.5-Dihydroxybenzoic acid 6.49 1.3¢
4 2-Butanel 0.00 0.71
5 3,4.5-Trihydroxybenzoic acid 5.38 =0,2%
6 3.4-Dihydroxybenzoic ucid 6.49 1.4
7 4-Hydroaybenzoic actd 1.25 1.58
3 Hydrocinnamic acid 6.67 1.84
9 | 4=-Dioxane 0.00 =0.42

10 2-Propanol 0.00 =0.1

11 Acetone 0. -0.24

12 Benzoic acid 8.20 L 187

13 Ethunal 0.00 —0.32

14 Phenylucetic ucid 7.35 141

15 Hexanoic acid 8.62 1.92

16 Vuleric acid 9.80 0.99

17 Isovaleric acid 9.80 K

[H] Methucrylic acid 11.63 093

9 Crotonic ucid 11.63 072

20 Butyric acid 11.36 «0.79

2 Luctic acid 1L11 .62

X Maleic acid 3.62 —0.56

n Terephthalic acid 12.05 0.3

4 Acrylic acid 13.89 0.37

i Phehulic acid 12.0% 0.26

26 Propionic acid 13.51 0.29

2 Acetic acid 16.67 =0.17

3 Adipic acid 13.70 0.08

by Glutaric acid 15.15 =0.47

30 Malic aeid 14.93 ~0.3

3 Succinic ucid 16.95 -0.59

n Oxulic acid nxn —0.62
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Fig. 5. Comparison of the values of “experimentail” AK,
and AKXy calculated as fldcoon, log Kew) by ¢q-7 for 32
low molecular weight model compounds (see Table 4).

of artefacts in SEC ‘analysis of organic compourids
in aqueous medium are true. Therefore, the applica-
bility of eq 7 for predictive calculations had to be
verified by-comparing the values of *“‘calculated”
and “experimental”™ AKXy for a large set of relatively
hydrophobic carboxylic acids (log K, > — 0.5).

The model compounds included both aliphatic
and aromatic carboxylic acids and their hydroxy-de-
rivatives (Table 4). The chosen compounds can be
considered as the simplest structural subunits of
humic substances which are known to be a mixture
of high molecular weight polyhydroxy-polycar-
boxylic acids both of aromatic and aliphatic charac-
ter (Hayes et al., 1989).

A comparison of the “experimental™ and “calcu-
lated” values of AKX, is given in Fig. 5. where the
values of “experimental” AK, are plotted in the
increasing order versus the corresponding ordinal
number of the model compound in Table 4.

It can be seen that the values of “‘experimental”
AKy are positive (effect of overexclusion) for the
whole set of aliphatic acids, and negative for the
whole set of aromatic acids (sorption on the gel).
The curve in the range of positive values allows a
linear relationship and has a very small siope,
whereas in the range of the negative values the
slope becomes much steeper -and reaches the maxi-
mum values for aromatic acids. The curve of the
“calculated™ AK, values approximates a general
trend in the change of “experimental” AKX, of ali-
phatic acids. However, the difference in the position
of the “calculated” and “‘experimental” curves in
the plot shows a general underestimation of the in-

. fluence of log K., or overestimation of the impact
of the acidity on the-elution behaviour of the ana-
lyte in the framcwo,rk of the developed predictive
model” . .-

It can be concluded that the applicability of the
propesed model is very limited. Generalisation of
‘the model requires abandoning our initial assump-
tion that electrostatic and hydrophobic interactions
are the only factors influencing elution behaviour of
the organic solute on the SEC column in aqueous
medium. Instead, the whole spectrum of possible
analyte-gel interactions has to be taken into con-
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sideration. To achieve this goal, we decided to use
the chemical structure of the analyte for the descrip-
tion of the vast variety of possible interactions,

Description of the elution behaviour of the organic
analyte on the SEC column as a function of its
characteristic structural parameters

To develop a new model which includes a link
between the structure of the organic compound and
the deviation from its ideal elution behaviour, we
had to modify‘equation 4 by the following way:

K3 = Kalexp) = AKy = f(CSP) (8

where fICSP) is the lunction of characteristic struc-

* tural parameters which contribute the most to gel-

analyte interaction under the given experimental
conditions, Under the assumption that this function
can be described by a linear combination of the
variables of structural parameters, we can write the
following equation:

AKd=b+AX1+BX;+CX3+... (9

where 5 is a free member of the polynomial
equation, A. B, C are linear coefficients, and X;, Xa,
X5 are variables of structural parameters of the ana-
lyte. In this case, a search of the best fit of
equation 9 in relation to the observed experimental
data can be conducted by the method of linear re-
gression. Application of this method includes gener-
ation of the different sets of the variabies of
structural parameters. calculation of the corre-
sponding lincar coefficients and statistical analysis
of the observed results.

To gencrate the set of structural parameters two
possible approaches were considered: (1) an exact
description of the structural formula of the com-
pound by the method of chemical topography, (2)
description of the structure in terms of integral
characteristics referring to atomic ratios between
main constituent atoms of the analyte and their dis-
tribution between the most abundant structural
fragments. Taking into consideration that a vast
majority of natural polyeiectrolytes, including HS.
have neither stoichiometric composition nor a
strictly defined structural formula, we have decided
to use the second approach for generating the set of
structural parameters governing the elution beha-
viour of the analyte on the SEC column.

The following parameters were taken into con-
sideration: atomic ratios (C/Q, C/H, (N + S)yC);
distribution of oxygen between carboxyl, hydroxyl
and phenolic groups (COOH/O, OH/O. PhOH/O);
distribution of carbon between aliphatic and aro-
matic structures (Cy)/Cqr. Cur/C). carboxyl groups
(COOH;C).

The set of the analytes was expanded up 1o 63
compounds, following the goal to encompass a
much broader range of structural subunits of HS
and to reduce the statistical uncertainty in the cai-
culations. It is of particular importance that in this
set of analytes, amino acids were included as the
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Table $. List of the compounds used for & development of the pre-
dictive model AK, =/ (CSP)

No Brutto-formula Compound
1 C:H O, 3.4-Dihydroxybenzoic acid
3.5-Dihydroxybenzoic acid
2 CoH,404 Syringic acid
k] CrHOs 1.4.5-Trihydroxybenzoic acid
4 C7H,0, 3-Hydroxybenzoic acid
4-Hydroxybenzoic acid
5 CoH 1002 Hydrocinnamic acid
6 CoHO:N Phenylalanine
7 C4H40; V.4-Dioxane
8 CyHO Acetone
9 CrHZ0- Benzoic acid
10 CiHO Ethanol
11 CiH, IOZNS Methionine
12 CaHrOy Phenylacetic acid
13 CaH Oy 4-[4-(2-Carboxybenzoyl)-
phenyllbutyric acid
14 CoH 0N Leucine
15 CyH;10, Glucose
16 CHOy Glyceroi
17 CH,O Methanol
18 CuHaO, Acetylsalicylic acid
19 CaHaOh 2-Methoxybenzoic acid
(] C,H. .ONS Valine
h C.H20- Hexanoic acid
n CoHi20.N-S: Cystine
23 CyHOaN Proline
24 C.HqN01 Threonine
25 C H OWN Senine
26 CuHTO:N Alnm'ne
27 CiH,0.N Gilyane
23 CyH 1502 Isovaleric acid
Yalenc acid
) C,H|:Oﬁ Qumic acd
3 C.HWO4 Crotonic acid
Methacrylic acid
H CuH 140+ Glucuronic acid
32 C.H,O: Butyric acid
1 CaH Oy 2-Carboxyphenylacetic acid
¥ CoHa0, 2-Carboxycinnamic acid
35 CaH 0y Benzylmaionic acid
1.2-Phenylenediaceuc acid
36 C:H.0; Lactic acid
» CHWOUN Glutamic acid
» CHAAN Aspartic acid
39 C.H.O, Maleic acid
4 CuHOu Phthalic acid
Terephthalic acid
4| C;H 0O Acrylic acid
42 C:H»On Glyonylic acid
43 CyHLO. Propionic acid
4 C:H.Oy Gilycolic acid
45 C;H.O; Acetic acid
46 CoHioOn Glocaric acid
47 CH\0. Formie acid
48 CaH 004 Adipic acid
49 C1H|:04 Pimelic acid
50 CgHIOa Glutaric acid
M C3iHaO, Glutaconic acid
2 CaHuO4 Tartaric acid
53 CHaO- Citric acid
54 C4H0°g Malic acid
55 CiH, O, Succinic acid
56 C)H.0. Malonic acid
57 C;H:0, Onalic acid

simplest models of heteroatom containing structural
subunits of HS. It must be also specifically men-
tioned that given the chosen approach to describe
the structural features of the model compounds by
the linear combination of their integral structural
parameters, all the data obtained for the stoichio-
metric isomers (identical brutto formula), needed to
be averaged prior to their use in mode! calculations.
This explains the specific layout of Table 5, where

to each group of stoichiometric isomers only one
ordinal number is assigned.

All the model compounds were anaiysed by the
above described SEC procedure. The obtained data
on elutior volume were used for caiculation of cor-
responding values of experimental Xy . The values
of X3 were calcuiated from molecular weight of the
anaiyte. The obtained data were used for calcu-
lation of “experimental™ A K, value for each ana-
lyte. A set of the obtained values of “‘experimental”
AK,4 was arranged according to increasing value of
AKy and plotted against ordinal numbers of the
compound in the sequence of Table 5. The curve of
the vajues of “‘experimental” AKX, is given in Fig. 6.

The search of the best fit for the curve of the “ex-
perimental” AKXy was conducted by a method of
muitiple regression including all the above described
structural variables. The results of this procedure
for the selected structural parameters which gave
the best fits among all the tested ones are given in
Table 6. Application of the Fisher ctiterium to the
obtained polynomial equations (Tabie 5) showed
that starting with the fit describing the distribution
of oxygen among the functional groups of model
compounds (C,0, PhOH;O, COOH,;0) and ratio of
hetercatoms to carbon (N + 8);C the difference
between the “experimental™ and “‘calculated”™ curves
of AKy values was getling statistically insignificant.
The addition of the further parameter (C/H) was
accompanied with an increase in correlation coeffi-
cient from 0.9191 to 0.9225. The graphic represen-
tation of the polynome with the highest correlation
coefficient (the last fit from Table 6) is given in
Fig. 6. The polynomial equation can be written as:

AKy =0.21 - |.24PhOH/0O - 0.18C/0
+0.35COOH/Q - 0.47(N + S)/C

+0.07C/H (10)

Theoretically, eq 10 can be used for a prediction of
AKy (“calculated™ AKy) of an organic analyte of
known oxygen distribution and elemental compo-
sition.

Recalling the starting point of our research, we
explored the applicability of the above described

LK.}

0.6 e

G 5 10 i35 20 235 3 3L 40 45 0 S5 &0
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Fig. 6. Comparison of the values of “experimental™ AKX,

and AKX, calculated as ICSP} by eq {0 for 63 low molecu-

lar weight model compounds (12 of them are stoichio-
metric isomers, see Table §). ,
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Table §. Results of the application of multiple regression with the given structural variables for a search of the best fit for a curve of the
values of “experimental” AX, and their statistical estimation. (F - calculated (calc) or tabulated (tabl) value of Fisher-criterium, » - degrees
of freedom, confidence level ~0.95).

T

b OH,;0 C/o COOH/O (N + §)C C/H Foan Foau " LA R

0.13 131 - - - - - - - - 0.3423
0.44 -1.32 -0.15 - - - 4.16 1.64 55 4 0.6775
0.23 -1.13 =0.17 0.32 - - 4.00 1.65 54 53 0.8388
0.24 ~1.17 —0.18 0.37 -0.53 - 3.97 1.65 53 52 0.9191
0.21 —1.24 -0.18 0.3% -0.47 0.07 1.09 1.66 52 51 0.9215

model to synthetic polyelectrolytes, which were used
as the simplest macromolecular structural analogues
of HS and to HS themselves.

Application of the dgveloﬁed 'pred:'ctive equation to
synthetic polyelectrolytes and HS

The developed eq 10 was applied to calculation
of AKy for a set of synthetic polymers of known
composition, structure and molecular weight
(sodium polyacrylates, polymethacrylates and poly-
styrene sulfonates) which were already used in the
previous experiments. The values of “calcuiated™
AK4 were found to be 0.35, 0.25 and 0.09 for PA,
PMA and PSS, respectively. These values were used
for caiculation of the corresponding values of
ideal K4 (K3) by the equation:

K3 = Kalexp) + AKy (an

The obtained values of K were used for calculation
of the molecular weight of the corresponding ana-
lyte by the equation of the calibration curve of
polydextranes from Fig. 2:_

log MW = ~3.08K, +4.66 (12)

The calculated values were compared with the true
values of the molecular weight of the analysed poly-
mers (supplied by the manufacturer, determined by
light-scattering technique) and with the determined
ones from the calibration curve of the polydex-
tranes according to the standard procedure (PDX).
The obtained results are presented in Fig. 7. It can
be seen, that the model provides adequate estimates
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Fig. 7. Comparison of the calculated {using polynomial eq 10) and true values or molecular weight of
*PA, PMA and PSS. -
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for all the polymers under study with the values of
K4 not less than 0.15. For the lower values of X4
the model estimates remain adequate for the poly-
electrolyte of the least charge density-PSS-and
become inaccurate with the increase of the charge
density for PMA and PA, in particular. For the
two last palyelectrolytes the value of the calculated
molecular weight was much less than the true one.
These results could be expected from the specific
protolytic properties of polyelectrolytes related to
an abrupt increase in a value of pK of acidic groups
with an increase in dissociation degree of the polya-
nion (Tenford, 1965). The described phenomenon
can cause ah overestimation of the contribution of
the structural parameter COOH/O to the deviation
of the experimental values of K; from the ideal
ones. This effect wiill be larger, the higher the
amount of the acidic groups per molecular weight
of the polyelectrolyte is.

Keeping in mind the above discussed constraints,
it was of interest to conduct the model calculation
for HS. For this purpose eq 10 was solved with a
set of values given in the literature (see below) for
the structural variables under consideration for an
averaged (1:1 mixture of HA and FA) sample of
HS. The set was derived on the basis of the review
of the published data on atomic ratios (Steelink.
1985; Rice and MacCarthy. 1991) and distribution
of oxygen among the functional groups (Schnitzer
and Khan, 1972, Stevenson. 1982) intrinsic to HS.
and included the feilowing structural variables and
their values, respectively: C/O = 16, C'H = 1.0.
(N + 8)/C =005 OH/O=01 Ar=05 It
should be stressed that this data set is only one
possibility out of a broad variety, despite the fact,
. that according to our knowledge and the literature
cited above, it can be considered as rather represen-
tative to the general structural features of an aver-

Irina V. Perminova er al.

aged HS sample. The value of “calculated” AKX, for
the given structural variables was found to be 0.02.
This value is lower than for all the synthetic poly-
electrolytes under study. It is likely that the differ-
ence results from the presence of phenolic structures
in the molecules of HS. The estimated positive
value of AKy shows that the “calculated™ molecular
weight values of HS are less than those deduced
from the PDX calibration curve.

To demcnstrate this in practice, we applied the
obtained value of “calculated” AKX, to calculation
of the corresponding values of “ideal” K4 for the
analysed set of 35 HS samples. The estimated
values of “ideal” Ky were used for obtaining the
corresponding “calculated™ values of molecular
weight of HS samples from the PDX calibration
curve. The obtained results, including for compari-
son the molecular weight values of HS estimated by
all the four calibration curves, are given in Fig. §.
As it can be seen, the “calculated” molecular weight
values of HS are in the range of 4000 (o
15000 g mol™' in comparison to the range of 5500
to 21000 g mol~' which was determined from the
Ky(exp) values by PDX-calibration curve.

The obtained model estimates in relation to HS
are in general consistency with literature data,
where the overestimation of the molecular weight
vilues determined from the SEC-data using poly-
dextranes as calibration standards, is considersd
from the point of view of the polyelectroiyte theory
{De Nobili er ai., 1989; Chin es af., 1994), However,
given the limitations discussed above, the obtained
resuits can be considered as the first appreximation
to such a complex system as HS. The aim of
the conducted calculations was to demonstrate the
potential of the model. Its further development is
our immediate goal.
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Fig. 8. Molecular weight of HS samples averaged in each group of the same origin (number of the

samples’(n) are given), determined from Ky(exp) values by the calibration curves from Fig. 2 and from

calculated “ideai" K, values (see text). The shaded areas above the bars correspond to the standard de-
viation of molecular weight obtained for n HS samoles.



CONCLUSIONS

Thirty-five samples of HS of different origin were
analysed by means of SEC. The observed data were
quantified using four sets of calibration standards
composed of different polymers encompassing a
range of charge densities, A strong dependence of
the estimated moleculsr weights of HS on the
charge density of the molecule of the standard was
established. On the basis of the SEC analysis of a
broad range of low molecular weight compounds
(63 representatives of aromatic and aliphatic car-
boxylic acids, alcohols, sugars, amino acids), which
were considered as structural subunits of HS, two
approaches were evaluated for calculation of the
true molecular weight of the orgenic analyte from
the experimental SEC data. The first approach,
based on the consideration of electrostatic-hydro-
phobic interactions between an organic analyte and
the gel-matrix as the only source of distortions of
the ideal elution behaviour, was valid for a limited
range of aliphatic acids. The second approach,
based on establishing a relationship between elution
characteristics of the analyte and its structurai par-
Ameters, was applicable to a muchk broader set of
the low molecular weight compounds, On the basis
of the last approach a predictive model was devel-
oped, which was able to predict the SEC character-
istics of an organic analyte from its known integral
structural parameters (atomic ratios and distri-
bution, either carbon or oxygen among functional
groups). Such an approach is considered to be es-
pecially promising in relation to humic substances,
since integral characterization js the only possible
way to describe the structure of these extremely
complex natural matter. Exploration of the applica-
bility of the model for estimation of the “trye™ mol-
ecular weight of synthetic polyelectrolytes and
humic substances allowed conciusions to be made
about general consistency of the obtained estimates
with the expected ones. An analysis of the observed
discrepancies between calculated and experimental
data made it possible to define a direction of further
development of the model. It should become more
applicable to polyelectrolytes in general, and to
humic substances, in particular, .
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