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SUMMARY 

An experimental high-performance size exclusion chromatographic procedure 
to obtain apparent molecular weights and their distribution for low-molecular-weight 
lignins was developed. Polystyrenes and lignin model compounds were utilized for 
calibration of the molecular weights. Values found in this study for weight and 
number average molecular weights for steam-exploded aspen lignins agree well with 
values reported by other workers using different solvent systems and calibration 
methods for similar lignins. In addition, possible associative effects were estimated by 
using one model compound with a free phenolic group and a carbonyl group, ac- 
etovanillone. The mobile phase and concentration range were optimized to minimize 
associative effects. The procedure used proved to be reproducible and to give good 
resolution of paucidisperse components. An examination of the application of Kirk- 
wood-Riseman theory to the elution behavior of low-molecular-weight polystyrenes 
and lignin model compounds, is also included. 

INTRODUCTION 

Ligninsl+ are irregular phenylpropane polymers which comprise, together 
with cellulose and hemicelluloses, the cell wall of plant materials. Their precursors are 
the compounds 4-hydroxy-3-methoxycinnamyl (coniferyl) alcohol, 4-hydroxy-3,5- 
dimethoxycinnamyl (sinapyl) alcohol and p-hydroxycinnamyl (p-coumaryl) alcohol. 
The proportions of each alcohol depend on the species and on the location in the cell 
wall. In this work we investigated hardwood lignins which are composed mainly of 
polymers of coniferyl and sinapyl alcohols. The major type of bond present links the 
central carbon atom @-position) of the side chain to the aryl group through an ether 
(El-0-Calkyl aryl ether), although many other types of bonds are also found linking 
monomeric precursors. Unlike other natural polymers, lignins cannot be degraded to 
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give structurally intact precursors, Due to the presence of many reactive sites in the 
molecule, hydrolysis reactions are often coupled to condensation reactions. 

Lignins are the major renewable source of phenolic compounds, There are 
methods of separation of the three major polymeric components of wood which lead 
to lignin polymers of low molecular weight, high solubility in simple organic solvents 
and high reactivity 7r8 . Such materials may be of industrial importance in the future. A 
more detailed knowledge of the relationship between the structural features of lignins 
and their physical and chemical properties is a prerequisite for commercial appli- 
cation, whether as a source of phenolic compounds or as a replacement for phenol in 
thermosetting resins. The understanding of the macromolecular properties of lignins 
requires a detailed knowledge of the molecular weights of these polymers and of their 
distributiong,“. 

The lignins investigated in this work were obtained from a process called steam 
explosion. The basic method was discovered by Mason” and is applied commercially 
to the manufacture of hardboards. More recently, however, it was found that the 
steam explosion method could be applied in the separation of the polymeric com- 
ponents of hardwoods such that the resulting cellulosic fraction was almost 
totally nutritive to ruminants12 or could easily be converted by enzymatic or acid 
hydrolysis into glucose’3. In this method, chips of hardwood are subjected to steam at 
pressures of 500-1000 p.s.i., and temperatures of around 2OO”C, for very short resi- 
dence times (less than 1 min), after which the steam pressure is suddenly released, 
turning the chips to a mass of brown fibers. Chemically this is an acid hydrolysis 
process, the acid (mainly acetic) being generated by the hydrolysis of the acetyl 
groups of the xylan hemicelluloses. Coupled to the chemical process, the mechanical 
shock aids the depolymerization and enables most of the repolymerization reactions 
to be avoided. The product is a finely divided mass of fibers consisting of depolymer- 
ized and now water-soluble hemicellulose, aqueous-alcohol-soluble lignin and low- 
molecular-weight, but crystalline, cellulose14,15. 

The products of steam explosion have been characterized by several research- 
ers. Marchessault and St.-Pierre15 have inves ti g ated lignin obtained by methanol 
extraction of moist (50% water) exploded aspen (Populus tremuloidps), followed by 
aqueous fractional precipitation. These authors characterized the lignin using ele- 
mental analysis, infrared, proton and carbon-13 NMR of unacetylated materials, as 
well as size exclusion chromatography. Chum et al. l6 have investigated lignin ob- 
tained by ethanol extraction of moist exploded aspen after removal of the hemicellu- 
loses by aqueous extraction. A complete functional group analysis (phenolic hydroxy, 
aliphatic hydroxy, methoxy, carbonyl) based on chemical analyses and on quantita- 
tive carbon-13 NMR of the acetylated materials was described. Also, Glasser et a1.l’ 

have reported the characterization of a sodium hydroxide-extracted lignin from 
steam exploded aspen. 

Size exclusion chromatography (SEC) has been employed to yield information 
on the molecular weights of lignins and their distributiongPiO. In many instances, data 
from different authors in different solvent systems do not agree. McCarthy and CO- 
workers1*,19 have investigated associative effects, which have been found to mask 
the molecular weight distribution. Such effects and a resulting bimodal elution profile 
were eliminated by increasing the ionic strength of the solvent, e.g., by adding LiCl 
or LiBr to dimethylformamide or aqueous sodium hydroxide as mobile phase. Obi- 
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aga and Waymanzo have also improved the calibration procedures for lignins, using 
equilibrium ultracentrifugation in conjunction with SEC. However, compared to 
high-performance SEC (HPSEC), the procedures mentioned above are quite time 
consuming. 

MATERIALS, METHODS .4ND THEORETICAL 

Instrumentation 
The HPSEC of lignins and elution standards was performed on a Beckman/Al- 

tex IOOA solvent pumping system with a Beckman/Altex Model 420 system computer 
control and manual injection using a Beckman/Altex Model 210 injection valve (Beck- 
man/Altex, Berkeley, CA, U.S.A.). Detection was made at 280 nm with a Waters 
Model 450 variable wavelength detector. A bimodal kolumn system was constructed 
by connecting in series three PSpherogel columns (300 x 8.0 mm I.D.) obtained 
from Rainin Instrument Company (Woburn, MA, U.S.A.). These columns were 
connected to the injection port in the order of increasing pore size, 100, 100 and 500 
A. The mobile phase consisted of ultra-high-purity dioxane and chloroform from 
Burdick & Jackson Labs., (Muskegon, MI, U.S.A.). Because of the likelihood of 
peroxide formation, the dioxane was used fresh for each chromatographic series. The 
mobile phase was mixed in the appropriate proportions, filtered and deaerated by 
bubbling with helium before chromatography. The mobile phase flow-rate was 1.0 
ml/min, with UV detector attenuation at 0.02-0.40 a.u.f.s. Chromatography was 
performed with 50-~1 injections of 0.2-0.4 % (w/v) lignin solutions. Elution data were 
recorded on the Beckman/Altex Model C-RlA data processor with electronic inte- 
gration. The hard copy elution diagrams were manually entered into the computer 
memory and stored on tape using a Tektronix Model 405214 computer (Tektronix, 
Beaverton, OR, U.S.A.) and digital tablet. Extended BASIC computer programs 
were written to allow superposition of chromatographic data and elution data plotted 
with molecular-weight calibration. 

Elution standards and model compounds 
The polystyrene standards were obtained from Beckman/Altex. Acetovanil- 

lone (AV) (Chydroxy-3-methoxyphenylethanone) was obtained from Aldrich (Mil- 
waukee, WI, U.S.A.) and was purified by recrystallization. 1-Benzyloxy-2-methoxy- 
benzene (BMB) (0-benzylguaiacol) was prepared from guaiacol and benzyl chloride 
(Aldrich) following the procedure of Leopoldzl, and was recrystallized from hexane. 
[1-(4-Benzyloxy-3-methoxyphenyl)-2-(2-methoxyphenoxy)ethanone] (BMME) (o- 
guaiacylacetovanillone-0-benzyl ether) was prepared by boiling under reflux ,in 
acetone w-bromoacetovanillone-0-benzyl ether (obtained by bromination of O- 
benzylacetovanillone), guaiacol and potassium carbonate for 1.5 h. The mixture 
was added to water, and the emulsion extracted with chloroform. The combined 
chloroform extracts were washed with 1 M sodium hydroxide solution to remove 
excess of unreacted guaiacol. After removal of the solvent under reduced pressure, the 
remaining oil crystallized upon standing. Purification was carried out by recrystalli- 
zation from acetone or ethyl acetate (talc. for C23HZ205; C 73.0%, H 5.82%, OCH3 
16.4 %. Found: C 72.05%; H 5.82%; OCH, 15.9%). l-(4-Benzyloxy-3- 
methoxyphenyl)-3-hydroxy-2-(2-methoxyphenoxy)propan-l-one (BMHMP) was ob- 
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tained by reacting the previous compound, BMME, with formaldehyde and purifying 
it according to Weinstein and Gold22. 

Lignin samples 
The aspen lignin used in this work was isolated from steam-exploded aspen 

wood supplied by Iotech Corp. (Canada). Aspen chips were subjected to steam explo- 
sion at 240°C for 55 set of residence time. A modification of the procedure described 
by Marchessault and St.-Pierre1 s was used to separate the lignin fraction from the 
other polymers and contaminants (extractives). Water extraction for 3 h removed the 
soluble hemicellulosic fraction (wood:water ratio 11: 1). After filtration, the insoluble 
lignocellulosic fraction was washed twice with water, and the solid stirred with etha- 
nol under nitrogen (same wood:liquid ratio). The filtrate and ethanol washings were 
combined, and the ethanol removed under reduced pressure. The yield of ethanol- 
extracted steam-exploded aspen lignin (EESEAL) was 18 % based on the original dry 
weight of the wood (78 ‘A yield based on Klason lignin). The crude lignin extract was 
purified by continuous carbon tetrachloride extraction to remove the fatty acids and 
alcohols which were also extracted by ethanol. The statistical functional group distri- 
bution of this lignin was: C,.,H,,,0,:s(OH),~2(OCH3)1.216. 

The EESEAL was subjected to fractionation based on differential solubility as 
a function of pH. EESEAL (3 g) was dissolved in 150 ml of methanol containing 0.1 
M tetraethylammonium perchlorate (supporting electrolyte for prior electrochemical 
studies) at pH 7.0 or 12.0 (adjusted by adding sodium methoxide). The solutions were 
stirred under nitrogen for 2 h. The methanolic solution was added to 300 ml of 
deaerated aqueous 0.5 M hydrochloric acid at about 2°C. The very fine precipitate of 
the acid-insoluble (AI) fraction was then isolated by centrifugation and the super- 
natant was retained. The acid-insoluble fraction was washed several times by resuspen- 
sion in water followed by centrifugation and drying in a vacuum desiccator over 
P,O,. The supernatant solution was saturated with KC1 and then extracted three 
times, with ethyl acetate (100 ml each time). The combined ethyl acetate extracts were 
washed with saturated aqueous sodium chloride solution, dried with MgSO, and the 
solvent evaporated under reduced pressure. The final product, the acid-soluble lignin 
fraction, was a glassy brown material. Yields of the acid-insoluble lignins were be- 
tween 73 and 67 %, whereas the yields of the acid-soluble lignins were 14 and 25 %, for 
fractionations carried out at pH 7 and 12, respectively. 

Mobile phase selection 
The mobile phase chosen was a binary system of dioxane and chloroform. 

These solvents are considered good in high pressure liquid chromatography (LC) 
because of their low viscosity, low UV cutoff ( < 240 nm) and a low vapor pressure. 
They are also known to be compatible with cross-linked styrenedivinylbenzene co- 
polymer packing materials like PSpherogel 23. Also, the solvent strength and solubility 
parameters are similar to those of benzene24, a known “good” solvent for poly- 
styrenezs. It was imperative that the mobile phase chosen was a good solvent for both 

!! 
e polystyrenes and the lignins (see Discussion). Lignin solubitility was examined as 
e parameter of choice for the dioxane-chloroform proportion. Dioxane and chlo- 

roform solutions were prepared in ratios from lo:90 to 90: 10 (v/v), in steps of 10 %; 
t$re maximum solubility of the lignin crystals was obtained between 70:30 and 50:50. 
The 50:50 mixture was chosen as the mobile phase. 
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Calculation of column parameters 

The elution volume external to the column bead pores is defined as V,, and that 
volume accessible to all molecules is I’,. The volume occupied by the pores is Vi = 
V, - V0 and the volume displaced by the bead material, V,, is equal to the geometrical 
column volume, V,, minus Vt26. For the chromatography system discussed here these 
parameters were: V, = 35.80 ml, V0 = 15.98 ml, V, = 41.90 ml, Vi = 19.82 ml and 
V, = 6.1 ml. 

Elution theory 

The classical approach td the treatment of elution behavior by SEC is to 
attempt to correlate some function of molecular weight f(M), or molecular size, to a 
function of the solute elution volume, f(V). The elution volume parameter is thought 
to reflect, in part, the geometry and volume of the pores in the column packing 
material. When defined as K,,, this parameter is equal to (V, - Ve)/( V, - V0)26. The 
elution volume parameter F(v), defined as 

F(v) = (by3 - v;‘“)/( vy - vy3> 

has been suggested by Himmel and Squire 27,28 for native proteins eluting from TSK 
semi-rigid organic gels. Here the gel pores are described as an assembly of cones, 
crevices and cylinders. When considered simply, the parameter f(M) may be chosen as 
log M or 1!4l’~. Data calculated from several empirical relationships based on these 
parameters are shown in Table II. 

Treatment qf small molecule elution 
The correlation of gel elution data with small molecules to some appropriate 

parameter of molecular size is both difficult and poorly addressed in the literature. 
Molecules of very small size (less than M = 300) that are rigid and similar in shape 
can be treated according to a constant molecular parameter such as the molecular 
weight, molecula’r volume2g or the longest axis length. The latter approach was 
shown to work well with polynuclear aromatics3’. However, as a result of the com- 
plexity of the solution conformation of polystyrenes greater than distyrene, a direct 
examination of the molecular dimensions is difficult. When small molecules and oli- 
gomers are non-rigid and non-uniform in molecular conformation, as well as in the 
degree of and the effect of solvation and solvent draining, these parameters must be 
considered in evaluating elution behavior. 

As a first approximation, polystyrenes of degree of polymerization, DP < 200 
appear to be excellent SEC models for the low-molecular-weight lignins. Both series 
of polymers are polyaromatic with similar solubilities. The basic chemical repeating 
unit of polystyrene is styrene (A4 = 104). However, the widely recognized unit for 
computing polymer dimensions for polystyrene is the C-C single bond3r. The basic 
unit length, I,,, is then 1.54 A. Since there are two of these units per styrene monomer, 
the unit molecular weight is M, = M/2 = 52. The value u is defined as equal to 
M/MO and is the number of mass elements (or bonds) per polymer chain. 

The statistical theory of linear polymer systems has been widely discussed31 
and allows the calculation (by summing dimensions over all possible conformations) 
of important macromolecular parameters such as the average end-to-end distance, 
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h,,, and the radius of gyration, R,. The radius of gyration is an excellant molecular 
parameter on which to compare the elution behavior of unlike solutes by SEC32. 
Furthermore, the effective hydrodynamic radius, R,, may provide a further improve- 
ment in elution prediction as this parameter includes the contribution of the as- 
sociated solvent to RG, Here, R, = &Rs33. 

We will develop this parameter R, for polystyrenes of 2 < DP < 30 (4 < g < 
60), as this is the range of interest here for SEC elution behavior. From the Kirk- 
wood-Riseman34-36 theory the frictional coefficient, f, described for random coil 
macromolecules is dependent upon, in part, the fricfional contributions of each mass 
element, [; then 

f = (37+‘2/8)67VRo 
I + (9z3”qR,)/4e[ (1) 

where 9 is the viscosity of the solvent. 
The term (97~~/~~R,)/405 is assumed small in the treatment of large polymers 

(i.e., [T 2 100); however, we must include it to consider the low-molecular-weight 
polymers of interest here, If one assumes the frictional contribution of each element is 
6~$,,, then 

f= 
(3r+/8)6~~R, 

1 + 0.153 (7r/o)l’2 a/?/z,, 
(2) 

where a is the interaction parameter which describes the segment effective exclusion 
volume and /I is the effective length per segment (usually w 31,,). Also f = 67tqR,, 
where R, is the effective hydrodynamic radius, therefore: 

R, = 
(3~“~/8)R, 

1 + 0.153 (71/~)“~ a/?/Z,, 

The relation parameter, &, is equal to RJR,. For high polymers (a > lOOO), & = 
0.66534. However, for the low DP oligomers here, we find: 

5f = 
0.665 

1 + 0.271a~/a”21,, 
(3) 

For polystyrenes in ideal solvents, I,, = 1.54 A, /I = 5.02 A and 01 = 12’. Eqn. 3 
becomes : 

5r = 
0.665 0.665 f+ 

1 + 0.564/(r’” - 0.564 + c?‘* 
(4) 

Continuing3’, we can write 

R, = a/hs’12/61’2 (5) 
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and : 

(3rr”‘/8)~&“~/6~‘~ 

Re = 1 + 0.153 (n/a)“2 @/Z,” 

Collecting terms and solving for R,, we obtain: 

Re = l/ZaV + (~1’2/0.271a/3) 

255 

(6) 

For polystyrenes in all solvents we expect I,, = 1.54 A and /I z 3 1,, z 4.62 A. A 
specific form of eqn. 7 is: 

R, = 
1.25 a~ 

0.814 a + d/2 

For polystyrenes in ideal solvents, a = 1 and: 

R, = 
1.25 CJ 

0.814 + c+’ 

(8) 

The interaction parameter a is also equal to AM” where x is not greater than 0.10 and 
A is determined experimentally. For polystyrenes in a good solvent2’, a = 0.521 
M”.oss = 0.734a0.0s6. Eqn. 8 becomes: 

R, = 
0.918a1.0*6 0 0125 Mo.586 

0 ~~97~0.086 + oO.5 = (0.424jMo.4’“) + 0.139 
(10) 

Ideally, values for c( must be determined experimentally. Here, values have 
been estimated from literature data for polystyrenes in solvents similar to that chosen 
for this study. It is also important to note that portions of Kirkwood-Riseman theory 
are based on the earlier work of Flory38, where the system is considered ideal (a = 1) 

and [, is constant only for polymers of cr > 1000. It has been suggested33, however, 
that the limit of fit is unknown and may apply to very low values of cr. 

It now becomes important to compare “actual” values of R, found through 
molecular volumetric estimation with those found from Kirkwood-Riseman treat- 
ment (eqn. 10). As this is only possible for reasonably small oligomers, we will use PS 
1 and PS 2. 

Steam exploded lignin is believed to be essentially linear (DP < 5) since acid 
hydrolysis cleaves the branching a-ether bonds7. This generates a significant problem 
for calculation of statistical solution conformations for high DP lignins, how- 
ever, as the concept of end-to-end distance is altered3g. Also, the question of ap- 
propriate values for MO is not insignificant. For the lignin model compounds BMB, 
BMME and BMHMP, eqn. 3 must be used to describe g,. R, is then calculated from 
&. If we assume that i,, for these compounds is also 1.54 A (the C-C bond distance) 
then /? z 3 la, x 4.62 A. As a first approximation, we will assume that for BMB, 
BMME and BMHMP the number per molecule of C-C or C-O single bonds separat- 
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Log M 

Fig. 1. Comparison of elution time and log M of low-molecular-weight polystyrenes at a flow-rate of 1 .O 

ml/min in different solvent systems. Closed squares, open squares and half-open squares correspond to 
data from dioxane-chloroform (10:90, 50:50 and 9O:lO. v/v). 

TABLE I 

ELUTION STANDARDS 

No. Name M x 10-a v, = I, 

(min) 

1 PS 3000.00 15.97 

2 PS 275.0 15.95 

3 PS 148.00 15.98 

4 PS 288 30.10 16.05 

5 PS 87 9.000 17.95 

6 PS 27 2.820 20.50 

7 PS 9 0.936 24.35 

8 PS 7 0.728 24.15 

9 PS 6 0.624 25.60 

10 PS 5 0.520 26.18 

11 PS 4 0.416 26.94 

12 BMHMP 0.408 26.38 

13 BMME 0.378 27.45 

14 AV2 0.332 i 25.44 

15 PS 3 0.312 27.89 

16 BMB 0.214 29.08 

17 PS 2 0.208 29.18 

18 AV 1 0.166 27.60 

19 PS 1 0.104 30.89 

20 Benzene 0.078 33.10 

21 Methanol 0.034 33.78 

22 water 0.020 35.80 
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TABLE II 

DATA FROM LINEAR REGRESSION 

Function Relative error* Correlation** 
coefficient 

log M vs. Kd 0.100 - 0.9967 
1!4”~ vs. Kfi” 0.134 -0.9957 
~0.50 vs, Kli3 

h!P vs. F(“d) 
0.361 - 0.9838*** 
0.320 -0.9767*** 

IW’:~ vs. K d 0.395 - 0.9643*** 
- _~~ _~~~~ 

* Calculated as the standard deviation. (T = [l/(N - I)]“* [(M,,,,. - M,~u,)/M&‘z. 
** Calculated for the linear portion of the elution curve (Nos. 4-19, except AV 1 and AV 2). 

l * Distinct curvature is observed. 

ing the aromatic rings is equal to 6. This argument is similar to that developed for 
polystyrenes (above). For BMB, BMME and BMHMP, 0 and Iw, are: 3 and 71, 7 
and 54 and 7 and 58 respectively. We will also compare values of R, found for lignin 
model compounds (BMB, BMME and BMHMP) from direct molecular volumes to 
values of R, for polystyrenes found from statistical treatment. Calculations from 
molecular models (Framework Molecular Models; Prentice-Hall, NY, U.S.A.) led to 
the estimation of the molecular volume of model compounds with A4 < 400. Assum- 
ing these small oligomers may be treated as spheres, the geometrical radius is R = 
(3 V/47~)l/~ and the radius of gyration is defined as R, = (3/5R2)“2 (ref. 40). R, is then 
found from RG and cf. 

RESULTS 

Polystyrene oligomers of DP l-6 were chromatographed in three solvent sys- 
tems for a comparison of column packing swelling and elution aberrations. These 
solvent systems were dioxane-chloroform (10:90, 50:50 and 90:10, v/v). Examination 
of these elution data (Fig. 1) shows that changes in elution time are minimal with over 
50 % dioxane mixtures. This may reflect an equilibrium condition for solvent interac- 
tion with the styrene-&ivinylbenzene copolymer gel, resulting in pore size stability. 
Dioxane-chloroform (50:50, v/v) was therefore chosen as the mobile phase. 

The elution behavior of 14 polystyrene standards and 5 model compounds is 
presented in Table I. These data were plotted as various functions of molecular 
weight (IV, M ‘13, M”.50) vs. functions of elution volume [Kd, GJ3, F(v)]. Calculated 
data from the five plots showing the highest correlation coefficients are in&ded in 
Table II. A standard deviation of IO % in A4 was found for log M vi. Kd. This 
function 3 and M1j3 vs. KA’3, showed no evidence of curvature throughout the included 
volume. The other three functions showed severe curvature over this molecular 
weight range. A plot of log M vs. Kd for the data in Table I is shown in Fig. 2. The 
solid squares indicate the elution of the model compound acetovanillone, which ex- 
hibits association. This anomalous behavior is examined in the Discussion. The ex- 
cluded volume appears to be 15.98 ml from the chromatographic data of the three 
high-molecular-weight polystyrenes examined. The estimation of V, was made from 
the detection of water in water-saturated mobile phase injected as a sample. Also, 
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Fig. 2. Plot of log M and elution volume parameter, Kd. Open squares from left to right are the elution 
standards (l-22) from Table I. The linear regression equation for these data is Kd = 1.47 - 0.324 log ti. 
Closed squares represent acetovanillone monomer and dimer. 

elution at this volume, 35.80 ml, was observed routinely with lignins and some model 
compounds. 

Acetovanillone (AV), a possible lignin degradation product, was subjected to a 
series of experiments designed to test for association behavior in this solvent system. 
The concentration dependence of association was found by injecting 50 ~1 of ac- 
etovanillone from serial dilutions in mobile phase, yielding 500-5 mM samples. 

% Acetovanillone’bime;’ b) and ‘hime;’ (e-01 

0 2 4 6 8 IO 12 

i O 
___\___ 

/ 

. 

\‘.\.\\ . 0 

.;:/ \ 

. 

” 85 89 93 97 

% Acetovanillone “monome;’ (0-0) 

Fig. 3. Association study of acetovanillone from molar to millimolar sample concentration. The sample 
percentage was taken from electronic peak integration. 
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259 

ELUTION TIME < minutes 1 

Fig. 4. The apparent molecular weight distribution and elution profile of EESEAL upon serial dilution in 
the dioxane<hloroform (50:50, v/v) solvent. Molecular weight calibration alignment is taken from the 
linear regression data in Fig. 2. 

These data are shown in Fig. 3. It is apparent that AV is 99.3 % monomeric at sample 
concentrations below 10 mM. 

The chromatography of EESEAL is shown in Fig. 4. This figure also illustrates 
the superposition of chromatograms from three serial dilutions of this lignin from 
0.45 to 0.15 % (w/v). With an injection volume of 50 ~1, the sample loading is 125-4.1 
mnoles (assuming M = 2000). The excellent agreement in the elution curves indicates 
that chromatography was performed at sample loads low enough to eliminate as- 
sociative effects. Lignin curves are presented with molecular calibration generated 

1.0 

5 0.6 

r 0.4 

2 
0.2 

0 

0.6 

0.4 

.- 
X 

0.2 

0 

1.0 2.0 3.0 4.0 

Log Mi 

Fig. 5. The cumulative weight average (W) and molecular weight frequency distribution (0) of the 
EESEAL shown in Fig. 4. 
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ELUTION TIME ( minutes) 

Fig. 6. The elution profile of fractionated EESEAL into acid-insoluble (--) and acid-soluble (-. .) lignin 
fractions, from methanolic solution at pH = 7. 

from the plot of log M vs. Kd for the compounds in Table I. Fig. 5 shows the results 
from hand integration41 of the lignin curve shown in Fig. 4. The weight-average 
molecular weight, R,, and the number-average molecular weight, ii-i,, were found to 
be 1980 and 925, respectively. The ratio &?,Jn;i, = 2.14. 

The chromatograms of the two fractions of EESEAL -the acid-insoluble and 
acid-soluble lignins, prepared as described in Materials, methods and theoretical, from 
methanolic solutions at pH = 7 and pH = 12 are shown in Figs. 6 and 7, respectively. 
The fractionation procedure employed separates the high-molecular weight acid-insol- 
uble fraction from the low-molecular-weight fraction, which demonstrates paucidis- 
per&y. These components are seen to increase when the fractionation is carried out 

APPARENT MOLECULAR WEIGHT (x l&3-‘) 

I- 

I I 
e 5 10 15 28 25 38 35 40 

ELUTION TIME (minutes 1 

Fig. 7. The elution profile of fractionated EESEAL into acid-insoluble (--) and acid-soluble (. .) lignin 

fractions, from methanolic solution at pH = 12. 
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Fig. 8. Comparison of calculated values for R, found statistically with elution volumes for the polystyrene 
standards (PS I to PS 288 from left to right). Several model compounds are also plotted with values found 

by direct volume measurement (solid circles with error bars for uncertainty in molecular volume). These 
model compounds. from left to right. are: PS 1, BMB. PS 2. BMME and BMHMP. 

at pH = 12. Average molecular weight values found for the AI fraction are shown in 
Table III. 

Although the lignins examined in this study were described in terms of ap- 
parent molecular weights found from direct polystyrene calibration, it is worthwhile 
to compare the elution of lignin model compounds when described in terms of the 
effective hydrodynamic radius, R,. Fig. 8 shows the comparison of values of R, 
calculated by several methods from the known molecular weights of polystyrenes of 
0 < 600 when plotted against the elution parameter, Kd. R, values for styrene and 
distyrene, as well as BMB, BMME and BMHMP, are also plotted in Fig. 8 (as solid 
circles). For these compounds, values of R, were found by volumetric approximation 
of R,, followed by the definition of & in terms of several specific assumptions (see 
Theoretical). The agreement observed in Fig. 8 for these values of R, is quite good. 

DISCUSSION 

The HPSEC of polystyrenes and lignin model compounds on $Spherogel col- 
umns in dioxane-chloroform (50:50, v/v) proved to be well-behaved and reproduc- 
ible. The highest correlation coefficients from these data were obtained by plotting log 
M vs. Kd_ The standard deviation from this function was +O.lOM. Acetovanillone 
was found to elute early (the solid squares in Fig. 2). Unlike the model compounds 
BMB, BMME and BMHMP which contain protected phenolic hydroxy groups and 
benzyl groups and appear to chromatograph predictably, acetovanillone behaves as if 
the solvent is a “poor” solvent. Because acetovanillone contains an unprotected phe- 
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nolic hydroxy group and an a-carbonyl group, the segment-segment contacts are 
preferred to solvent-segment contacts. This condition may lead to an increased effec- 
tive molecular volume and early elution. However, we have also shown that at low 
molar concentrations these associative effects are largely minimized (see Fig. 3). 

The steam-exploded aspen lignins examined in refs. 15-l 7 are different due to 
the different methods of isolation and purification, and also to the different explosion 
conditions employed. The results of the various molecular-weight distributions from 
those references are assembled in Table III, and are compared with our present data. 
The data of Marchessault and St.-Pierrei and ours agree reasonably well. The more 
severe explosion conditions in our case justify the higher mW and &Zn observed. As 
expected, the method of extraction of lignin greatly influences its polydispersity. 
Solvent extraction leads to materials with polydispersities of 2-2.5, whereas larger 
values (z 3) are found in the higher-yield extraction by sodium hydroxide. 

It does seem from all of these data (Table III) that on the column materials 
employed and in the various mobile phases used, association is not a major effect. The 
good resolution of the various oligomers achieved in the chromatograms of the acid- 
soluble fractions in the present work is gratifying. 

Although the empirical relationship log M VS. Kd describes reasonably well the 
elution behavior of intermediate-molecular-weight polystyrenes, i.e., S.D. = + 10 % 
M, the comparison of polymers of different structures by molecular weight alone 
cannot always allow correct elution prediction. A more generic parameter for elution 
behavior, such as R,, should be a better comparative measure. However, the calcu- 
lation of values of R, for polymers of model compounds of lignins or even poly- 
styrenes of low CT is not straightforward. Fig. 8 demonstrates the results of one such 
comparison. From light scattering data, the relationship R, = 0.31@.50 was es- 
tablished for polystyrenes from M = 40,000 to 5 x lo6 in a good solvent at 25”C42. 
At high values of 6, <r = 0.665. The upper solid line in Fig. 8 was then calculated from 
the values of M in Table I. A statistical approach for the calculation of R, (eqn. 5) 
and tr (eqn. 3) yields eqn. 8 (see Theoretical). The lowest solid curve in Fig. 8 was 
found using eqn. 8 with a = 0.521 MO. OS6 This value for a was determined from . 
viscosity data for polystyrenes of 40,000 < M < 5 x lo6 in benzene25, which is 
considered a “good” solvent for the polystyrenes. The upper and lower solid curves 
in Fig. 8 superimpose at high values of M, e.g., 9000 and 30,100. This is very satis- 
factory as the upper curve is generated largely from experimental data and the lower 
from a statistical solution-conformation treatment. The dashed line in Fig. 8 indicates 
elution data plotted with R, found from one limiting condition for R,, where a = 
1. This condition reflects the maximum contraction of the polymer in an “ideal” 
solvent, and is observed in Fig. 8 at values of M > 2000. A crossover point of the 
curve from eqn. 8 with a = 1 and the curve with a = Ah4” occurs at approximately 
u = 36. This point may reflect the limit in one or several assumptions in extending 
the high polymer theory to values of u lower than 36. It is doubtful that 1.” or /I are 
in error here as these parameters are primarily molecular weight independent and 
only slightly temperature dependent. However, failure in these assumptions a$ values 
of u = 1 or 2 probably leads to the deviation seen at low values of re, i.e., for styrene. 
The parameter a is highly dependent, however, on molecular weight and solvent. The 
assumption that a = 0.521 Mo.o86 at cr values less than 36 may prove incorrect. The 
solid circles with error bars in Fig. 8 represent the elution behavior of PS 1 and PS 
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2 as well as BMHMP, BMME and BMB. Here R, was calculated from volumes 
found from geometrical models and with & calculated using eqn. 4. The error bars 
represent the level of confidence in estimating possible conformations obtainable in 
solution. A difficulty arises in the assignment of a’(or MO) for BMHMP, BMME and 
BMB. Clearly, from Fig. 8, the fit of R, found volumetrically for PS 1 and PS 2 (for 
which MO is known) is good. However, the spread of data here shows the probable 
compounding of small errors which render distinction between good or ideal solvent 
conditions impossible. 

Although some observations have been made on the correlation of values of R, 

to elution volume of intermediate polystyrenes, more primary data are needed to find 
values of R, for the low-molecular-weight lignins. Light scattering measurements 
made in HPSEC solvents and values of intrinsic viscosity are needed to substantiate 
R, and CI, respectively. Alternatively, the lignin polymer may be fractionated by 
HPSEC, followed by the direct determination of molecular weight averages for these 
fractions by sedimentation equilibrium. We are presently fractionating these lignin 
polymers and plan to subject them to sedimentation equilibrium studies as well as 
careful characterization (analytical and spectroscopic). However, the absence of cur- 
vature in the data plotted with the empirical relationship log M vs. Kd indicates that 
this approach is a good first approximation to the true lignin molecular weights. 
Furthermore, good agreement was shown in values of R, found for low DP poly- 
styrenes and lignin model compounds by molecular volumetric estimation and statis- 
tical polymer theory. This indicates the validity of the application of Kirkwood- 
Riseman theory to polymer solution dynamics and HPSEC elution behavior. Eventu- 
ally, this approach may lead to the determination of polymer molecular weights from 
elution behavior based on column calibration in terms of R,. For now, the relation- 
ship of molecular weight to R,, specific for each polymer-solvent system, would be 
determined by a direct method. Hopefully, future extensions of Kirkwood-Riseman 
treatment will allow prediction of polymer solution conformation from chemical 
composition alone. 

ACKNOWLEDGEMENTS 

This work was supported by the Office of Alcohol Fuels of the Department of 
Energy under WPA No. 349 and by the Biomass Energy Systems Division of the 
Department of Energy, WPA No. 434. We also wish to thank Dr. Melvin P. Tucker 
for his assistance in the computer software development and the Iotech Corp., Ltd. 
for samples of wood. 

REFERENCES 

1 K. V. Sarkanen and C. H. Ludwig (Editors), Lignins, Occurrence, Formation, Structure, and Reactions, 
Wiley-Interscience, New York, 1971. 

2 K. V. Sarkanen, in B. L. Browning (Editor), The Chemistry of Wood, R. E. Krieger Publishing Co., 
Huntington, 1975. 

3 H. Nimz, Angew. Chem., Znt. Ed. Engl., 13 (1974) 313. 
4 K. Freudenberg and A. C. Neish, Constitution and Biosynthesis of Lignin, Academic Press, New York, 

1952. 
5 F. E. Brauns and D. A. Brauns, The Chemistry of Lignin, Academic Press, New York, 1960. 
6 E. Adler, J. M. Pepper and E. Eriksoo, Ind. Eng. Chem., 49 (1957) 1391. 
7 K. V. Sarkanen, in K. V. Sarkanen and D. A. Tillman (Editors), Progress in Biomass Conversion, 

Academic Press. New York, 1981. 



HPSEC OF LIGNINS 265 

8 B. R. Allen, M. J. Cousin and G. E. Pierce, Pretreatmenr Methods for the Degradation oflignin, Final 
Report, Battelle Columbus Laboratories to National Science Foundation, Columbus, OH, 1980. 

9 D. A. 1. Goring, Pure Appl, Chem., 5 (1962) 223. 

10 D. A. I. Goring, in K. V. Sarkanen and C. H. Ludwig (Editors), Lignins, Occurrence, Formation, 

Structure, and Reactions, Wiley-Interscience, New York, 1971. 
11 W. H. Mason, U.S. Pat., 2,140,189 (1938). 
12 Optimization of Steam Explosion Pretreatment, Final Report, U.S. DOE Contract No. DEACOZ- 

79ET23050, Ioteeh Corporation, Ottawa:Canada, 1980. 
I3 Steam Expbsian a.1 a Pretreatment for Biomass Conversion, Final Report to Solar Energy Re.search 

Insritute, Contract No. IB-1-9343-I. lotech Corporation, Ottawa, Canada, 1982. 
14 R. H. Marchessault, S. P. Coulombe, H. Morikawa and D. Robert, Can. J. Chem., 60 (1982) 2372. 

15 R. H. Marchessault and J. St,-Pierre, in L. E. St.-Pierre and G. R. Brown (Editors), Future Sources oj 

Organic Raw Materials ~Chemrawn I, Pergamon, Oxford, 1980, p. 613. 
16 D. W. Sopher, H. A. Schroeder and H. L. Chum, in H. L. Chum (Editor), Electrochemistry Applied to 

Biomass, Solar Energy Research Institute, Golden. CO, 1981, SERl/PR-6221-1321. 
17 W. G. Glasser, C. A. Barnett and Y. Sano, Appl. Polym. Symp., (1983) m press. 
18 W. J. Connors, S. Sarkanen and J. L. McCarthy, Holzforschung, 34 (1980) 80. 
19 S. Sarkanen, D. C. Teller, J. Hall and J. L. McCarthy, Macromolecules, 14 (1981) 426. 

20 T. 1. Obiaga and M. Wayman, J. Appl. Polym. Sci., 18 (1974) 1943. 
21 B. Leopold, Acta Chem. Stand., 4 (1950) 1523. 
22 D. A. Weinstein and M. H. Gold, Holzfarschung, 33 (1979) 134. 

23 W. W. Yau, J. J. Kirkland and D. D. Bly, Modern Size-Exclusion Liquid Chromatography, Wiley, New 
York, 1919, p. 260. 

24 D. W. Van Krevelen, Properties of Polymers, American Elsevier, New York, 1976. 
25 C. Tanford, Physical Chemistry of Macromolecules, Wiley, New York, 1961, pp. 403405. 
26 Sephadex Filtration in Theory and Practice, Pharmacia Fine Chemicals, Uppsala, 1979, p. 32. 
27 M. E. Himmel and P. G. Squire, Znt. J. Pept. Protein Res., 17 (1981) 3655373. 
28 M. E. Himmel and P. G. Squire, J. Chromatogr., 210 (1981) 443-452. 

29 W. B. Smith and A. Killmansberger, J. Phys. Chem., 69 (1965) 4157. 
30 M. Duval, B. Block and S. Kohn, J. Appl. Polym. Sci., 16 (1972) 1585. 
31 C. Tanford, Physical Chemistry of Macromolecules, Wiley, New York, 1961, p. 152. 
32 W. W. Yau, J. J. Kirkland and D. D. Bly, Modern Size-Exclusion Liquid Chromatography, Wiley, New 

York, 1979, p. 288. 
33 C. Tanford, Physical Chemistry of Macromolecules, Wiley, New York, 1961, pp. 344-346. 
34 J. G. Kirkwood and J. Riseman, J. Chem. Phys., 16 (1948) 565. 
35 J. G. Kirkwood, R. W. Zwanzig and R. J. Plock, .I. Chem. Phys., 23 (1955) 213. 

36 P. L. Auer and C. S. Gardner, J. Chem. Phys., 23 (1955) 1546. 
37 C. Tanford, Physical Chemistry of Macromolecules, Wiley, New York, 1961, p. 168. 
38 P. J. Flory, NY, Principles of Polymer Chemisrry, Cornell University Press, Ithaca, NY, 1953, Ch XIV. 
39 B. H. Zimm and W. H. Stockmayer, J. Chem. Phys., 17 (1949) 1301. 
40 C. Tanford, Physical Chemistry of Macromolecules, Wiley, New York, 1961, p. 306. 
41 W. W. Yau, J. J. Kirkland and D. D. Bly, Modern Size Exclusion Liquid Chromatography, Wiley, New 

York, 1979, pp. 318-320. 
42 P. Outer, C. I. Carr and B. H. Zimm, J. Chem. Phys., 18 (1950) 830. 


