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SUMMARY 

The mechanism of peak broadening in paper chromatography is investigated 
by comparing the peak widths obtained in chromatography with those caused only 
by diffusion, for a set of amino acids of widely differing RF values and with eight kinds 
of Whatman paper. 

The results show that longitudinal diffusion occurs both in the mobile and the 
stationary phase in paper chromatography. 

The mass transfer term is composed of a contribution of unevenness of flow 
throughout the paper and a contribution of the slowness of attainment of the partition 
equilibrium between the mobile and the stationary phase. The resistance to attain- 
ment of equilibrium resides predominantly in the mobile phase. 

INTRODUCTION 

The main features of peak broadening in chromatography, especially gas 
chromatography, can be described adequately by the VAN DEEMTER equation. 
However, in the course of years some modifications proved necessary, in particular 
concerning the eddy diffusion and 
on the Van Deemter equation have 
especially, by SIE AND RIJNDERS~. 

authors, is : 

n” T 

mass transfer 
been given by 
The equation, 

terms. Important- improvements 
GIDDINGS, PRETORIUS eE nl. and, 
proposed by the last mentioned 

Hz+ = 23 t1 + C~ZL + CSlC -t_ Cp(u) 21 

where 
H = height equivalent to a theoretical plate 

(1) 

a = standard deviation of the solute distribution in the chromatography 
column 

I = distance travelled by the solute 

* Address : Crocsestraat 77a, Utrccht, The Netherlancls. 
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24 = flow rate of the eluent 
The four terms in this equation account for peak broadening by longitudinal 

molecular diffusion, resistance to attainment of the partition equilibrium (this 
resistance residing both in the mobile and the stationary phase) and unevenness of 
flow throughout the column cross-section, respectively. 

It has been shown2e3 that in paper chromatography longitudinal molecular 
diffusion occurs both in the stationary and the mobile phase and that, accordingly: 

I 
d&f = 232 - 

26 
= BRpt = Iay~DnzRp + 2ysDs(1 - n,)} t (2) 

where 

Y = 

D = 

Rp = 
t = 

tortuosity factor 
cliff usion coefficient 
ratio of the distances covered by the solute and by the eluent 
diffusion time 

The three mass transfer terms are equal to : 

CMU 
k2 ~2,~” dp8 

= 0.01 T;--+ /2)2 DM%b = 0.01 (I - RF)’ ~~%t. 

k cszc = 2.--___z‘ = 
+z 

3 (1 + kP Ds 
2 RF(1 
3 

- RF) g zc 

(3) 

(4) 

(5) 

where 

k = 

dp = 
df = 
K = 

L = 

A = 

ratio of the amounts of solute in the stationary and the mobile phase, at 
equilibrium 
diameter of the support particles 
thickness of the layer of stationary fluid 
dimensionless constant depending on the flow profile (IO-~-IO-~ in 
packed columns) 
dimension characteristic for the flow profile 
dimensionless constant depending on the packing geometry ( m 0.03 in 
packed columns) 

Only a limited number of investigations into peak broadening in paper chroma- 
tography in general and into the mechanism of the mass transfer term in particular 
have appeared. The last mentioned studies are reviewed briefly below. 

By determining N as a function of zc, the present authors found3 the combined C 
terms to be equal to 4-10 set (Whatman No. I paper, butanol-acetic acid-water 
eluent, amino acids, 21.5~). They did not attempt to estimate the relative importance 
of the three contributing terms. 
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By the same method, MALLIK AND GIDDINGS 4 found 1-4 set for the mass 
transfer term (Whatman No. 31 ET, butanol-acetic acid-water eluent; amino acids, 
2S”). Arbitrarily, they equated this term to CS. 

STEWART~ repeated these experiments, found S set for the mass transfer term 
and, again arbitrarily, equated this term to CM. 

In later work he demonstratedO the occurrence of a large CF(ZL) term and 
expressed as his opinion that this term governs the mass transfer term*. 

In view of these conflicting statements we thought it worthwhile to try to 
unravel the mechanism of the mass transfer term in paper chromatography, by the 
same method as proved to be successful in thin-layer chromatography*. 

In this method, the contribution of longitudinal molecular diffusion to peak 
broadening is determined in separate experiments and subtracted from the peak 
broadening obtained in chromatography, leaving: 

The relative importance of the three mass 
investigating the dependence of the left hand side 

(4) and (5)) * 

ESPERIRlENTAL 

(6) 

transfer terms can be estimated by 
of eqn. (6) on RI;I (compare eqns. (3), 

Chemicals 
The following chemicals were used : 

(I) L-CC,?-diaminobutyric acid ; (2) L-ornithine ; (3) L-aspartic acid ; (4) L-glutamic 
acid; (5) L-threonine; (6) L-oc-aminobutyric acid; (7) L-methionine; (S) L-valine; (9) 
L-norvaline. 

All amino acids were purchased from Fluka and were “chromatographically 
pure”. 

Chromatography papers: Whatman No. W I, W 2, W 3 MM, W 4, W 17, W 20, 
W 31 ET and W 54. 

Procedwe 
Values of 6, RF and 6% c h ram were taken from previous worl@. Values of &uff 

were determined as described earlier”. 

RESULTS 

The mean values of cr8diff and their go %.-probability intervals are shown as a 
function of & in Figs. I and 2. The, mean values of I, RF, c&I~~~~, c&& (recalculated 
for a diffusion time equal to the elution time in the chromatography experiments) and 
b??hmn -&&/Z are given in Table I. 

* The work of MALLIIC AND GIDDINGS and of STEWART suffers from some minor imperfcctirjns : 
( r) The use of raccmic mixtures of amino acids which introduces the possibility. of excessive peak 
broadening by partial separationof the antipodes’. (2) The visual and therefore subjective method 
of cletdrmining peak widths. (3) In one case O, the short prestituration period (I h), which may letid 
to changes in the composition ‘pf the elucnt during chromatography. 
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Fig. I. Mean values of &,iIf and their go yO probability intervals as a function of RIP. Diffusion 
times are : Whatman No. WI, 74040 see ; W2, 74700 set; W3 MM, 75000 see; W-1, 75Goo sec. 

DISCUSSION 

The,values of c+diff and o~chrom are mean values of two and three determinations, 
respectively. They have therefore an approximately normal distribution, so that the 
usual statistical methods can be applied. 
(r) &MY 

In the first place it was ascertained, by means of BARTLETT'S tests, that the 
variances of crediff for a particular chromatography paper are homogeneous. 

According to eqn. (2) a linear relationship exists between o2diff and RF, as the 
diffusion coefficients of the amino acids are almost equals. This relationship was 
calculated by the method of least squares, allocating equal statistical weights to the 
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2000 
W 31 ET 

1000 
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26x 

I?&. 2. R!lcan values of t$dlff and their 90% probability intervals as a function of Rp. Diffusion 
times are: Whattnan No. W 17, 73500 see; W 20, 69300 set; W 31 ET, 76500 set; W 54, 75600 sec. 

values of ~+difr. The corresponding straight lines are shown in Figs. I and 2. From 
their slopes and intercepts, together with the calculated2 values of D&J and Ds and 
the known diffusion times, YM and ys can be calculated. These values are given in 
Table II. 

We note the following points: 
(a) The calculated lines represent the measurements very well, passing through 

‘67 out of the 72 90 yO probability intervals. 
(b) Seven out of the eight ys values are positive. The possibility of obtaining 

this result if, in reality, ys is zero is only 1.5 /o O lo. This proves again that in paper chro- 
matography longitudinal diffusion in the stationary phase contributes to peak 
broadening. 

(c) Apart from the negative ~.CJ value found for W 17, the ys values are not 
significantly different. The mean value is 0.03 -J= 0.03~. Assuming that, in reality,-ys 
for W r7.is equal to )S;S, we obtain y&f = 0.46 for this paper*. 

In contrast to the balues of ys, those of y&r do show significant differences. They 

* The corresponding straight line is clotted in Fig. 2. It still passes through eight out of the 
nine probability intervals. 
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TABLE I 

PEAK BROADLNING IN PAPER CHROMATOGRAPHY 

2.02 

2.13 

3.2s 
2 

;::7 

8.43 
10.40 
11.2s 

II.GI 

0.055 

.%OS4 
0.13s 
0.209 

0.197 
0.330 
0.438 
0.442 

0.4% 

o.oG2 0.018 

0.097 0.014 
0.087 0.016 

0.179 0.029 
0.114 0.032 
0.187 0.037 
0.225 0.04G 

0.245 0.043 
0.248 0.066 

0.02 19 I.75 
0.03SS 1.3G 

0.0215 3.01 
0.02s2 4.01 
0.0174 4.36 
0.0179 G.54 
0.0172 9.5s 
0.0179 8.64 
0.0156 IO.89 

0.078 0.052 0.015 
0.063 0.061 0.012 

o-135 0.075 0.01s 
0.188 0.122 0.024 
0.196 0.111 0.03G 
0.310 0.153 0.033 
0.429 0.134 0.044 
0.410 0.239 0.046 
0.488 0.21G 0.052 

0.0214 

0.0357 
o.orsg 
0.0245 
o.or72 
o.orS3 
o.oog4 
0.0223 
0.0150 

Amino Wr7 (tezrrtion = xspo set) Wg, (1 elution = 15.500 set) 
acid 
NO. t RF &hW,L 8dif.f (c&hronr- I RF b2clrtorn &ff_f (&Iwm’ 

@dfff)/l n2dfff)/i 

(cm) (cm2) (c1d) (cm) (cm) (Cm*) (cm=) (cm) 

I 3.91 0.147 
2 4.41 0.160 
3 G.66 0.250 
4 s.gs 0.323 

2 s.og 0.305 
12.56 0.451 

g 12.91 o&36 
14.64 0.52G 

9 14.21 0.535 

:-:4s7 . 2 

0.249 
o.ags 

0.311 
0.500 
0.300 
0.6s~ 

o-704 

0.004 o.oGao 
0.006 0.039s 
0.009 0.0360 
0.014 0.0317 
0.010 0.0372 
0.027 0.037G 
0.03s 0.0203 
0.032 0.0444 
0.046 0.0463 

0.94 o.oGg 0.028 

1.0s 0.070 0.043 
1.84 o.ras 0.041 
2.87 0.187 0.085. 
2.58 0.178 o.oGq. 

4.76 0.310 0.104 
5.86 0.405 0.10s 
G.24 0.406 0.130 
6.52 0.452 0.091 

0.017 
0.017 
0.022 
0.023 
0.025 
0.041 
0.038 

0.043 
0.032 

0.0123 
0.0240 
0,oogg 
0.0217 
0.0154 
0.0131 
0.0121 
0.0138 
o.ooSg 

range from one to two times the value found for cellulose powders for thin-layer 
chroillatograph~rs. 

In the first place it was investigated, by means of BARTLETT'S tests, whether 
the Variances 0% dechrom for a particular chromatography paper are homogeneous. 
Four of the eight tests gave significant results on the IO yO probability’ level. This 
strongly suggests that the variances are not homogeneous (the chance of obtaining 
the above mentioned results if the variances are, in reality, homogeneous is only 
5*10-6%). 

Reasoning that tile VarianCe Of@ c h rom probably depends mainly on the magni- 
tude of o’chron,, log var (o’chrom) was plotted VS. log 02&pOm and the best straight line 
through the points was determined assuming that the accuracies of log var (C+chr()m) 
and log G”chrom are unlmownll. It appeared that var (02&rOm) is proportional to 
(02chrom)2*1. From this graph var (02chrO& was read and combined with var (cr2d& to 
yield var (o”chrom --c&ff)/k 

It can be seen from Table 1 that the values of (62chrOm-02dlff)/~ d&kaSe wllen 

22~ increases. This suggests that a large part of the mass transfer term stems from the 
CMU term, which is, according to eqn. (3) proportionalto (I-&)). 

J. Ch'OmatOg., 35 (IgGS) 257-2GS 
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W3MM (tetut.~o,c = 24360 set) W4 (totut(on = 18240 set) 
‘_ 

RP 62clwom a2dlff (6%,*0n,- 2 RF &hro’,,~ &Llff (&,ronr- 

&lff)ll &lff)lJ 

(CW (cnz2) (cm’) (cm) (cm) (cm?) (cm21 (cm) 

2.49 
2.39 
4.34 
5.79 
5.85 
9.05 

II.37 
II.70 
12.87 

o.ogG 0.079 
0.092 0.092 
0.167 0.092 

0.22 4 0.158 
0.225 0. I45 
0.350 0.192 
o-438 0.150 
0.452 0.269 

0.496 0.266 

0.014 0.0261 
0.012 0.0335 
0.014 o.or81 
0.020 0.023g 
0.028 '0.0200 
0.036 0.0173 

0.034 0.0102 

0.034 0.0201 

0.032 0.0183 

3.58 0.132 0.142 
3.48 0.124 0.329 
5,68 0.209 0.116 
8.21 0.291 0.314 
7.24 0.267 0.227 

II.95 0.425 O.34.I 
X3.53 0.501 0.248 
14.66 0.522 0.287 

14.68 O-544 0.275 

O.OI2 
0.013 
o.oog 
0.020 
0.013 
0.021 
0.025 
0.032 
0.018 

0.03G2 
o.ogr1 
0.0188 

0.0359 
0.0295 
0.0268 
0.0165 
0.0174 
0.0175 

L 

(cm) 

G2chrorn 

(cma) 

(&hro,,r- 1 

&Hff) 11 

(cm) (cm) 

&z Lff 

(cm") 

(b%lWJ7?‘- 

6’dl/f) /I 
(cm) 

5.17 
I 5.79 

8,76 
XI.07 
10.20 
14.06 

15.63 
i 16.~2 
16.82 

6.196 0.303 
0.211 0.430 
oe.332 0.260 
0.402 0.251 

0.387 0.262 
,0.510 0.326 

0.593 0.228 

o-584 0.305 
0.638 0.295 

0.005 
0.008 
0.010 
0.011 
0.010 
0.018 
0.015 
0.013 
0.018 

0.0575 2.94 0.111 
0.0730 3.05 0.115 
0.0285 5-35 0.204 
0.0217 6.14 0.233 
0.0247 6.54 0.249 
0.0219 9.18 0.349 
0.0137 11.88 0.452 
0.0182 II.50 0.438 
0.0165 13.42 0.51I 

0.135 0.007 

0.135 0.008 
0.105 0.007 
O.I42 0.010 
0.156 o.oog 
0.149 0.012 
0.135 0.014 
0.175 0.015 
0.257 0.020 

0.0435 
o.oq17 
0.0184 
0.0215 
0.0225 ” 
0.0150 
0.0102 
0.013g 
0.0~76 

Therefore, the best linear relationship between (o”chrOm --s2di~p)/L and (I -RP)~ 

was calculated by the method of least squares, allocating to the values of (@chrom- ’ 

02dlff)/t statistical weights, inversely related to their variances (see Figs. 3 and 4). 

We note the following points : 

(a) All intercepts are positive, four of them even significantly larger than zero. 

This shows that in paper chromatography the mass transfer term does not stem 

exclusively from the Cfir%l term, in contrast to the situation in thin-layer chromato- 

graphy. 

Our data do not permit us to decide whether the Cssb or the Cn(zt)zc term is 
* mainly responsible for the remainder of the mass transfer term. However, as STEWART 

has shown0 that the flow profile term is very important in paper chromatography, 

we tentatively equate the mass transfer term to CMZL -I- CP(/U)ZL. As will be shown 

below this assumption leads to reasonable values of il and K in eqn. (5). 

(b) In the calculation of C~~/(I--RF)~ from the slopes it must be realized that 

in paper chromatography the. flow rate of the eluent is not constant throughout the 

elution time, but is gradually decreasing. The mean flow rate is equal to8 : 
: 

(7) 

Jc CirromaEog., 35 (x968),257-2C8 
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TABLE II 
VALUES OF yfif AND ys IN PAPER CHROMATOGRAPHY 

Chromatography paper 

WI 

w2 

W3MM 
W 4 
W 17 
W 20 

W 3r ET 
W 54 

0.62 & 0.16 0.03 j, 0.03 
0.60 -f o.I2 0.03 & 0.02 
0.44 & 0.14 0.04 f 0.03 
0.37 I- 0.17 . 0.04 $I 0.04 
0.87 & 0.27 - 0.09 & o.oG 
0.47 rt 0.15 0.06 & 0.02 
0.42 & 0.16 0.02 * 0.04 
0.36 &- 0.09 0.02 f 0.02 

where 
k = (Zff2 -~oo’)/~elution 

if = distance from the surface of the eluent in the tank to the solvent front 
20 = distance from the surface of the eluent in the tank to the starting point. 
From the known values of If, 2, and tclution, the values of k and il can be cal- 

culated. From the values of z? and the slopes of the lines in Figs. 3 and 4 CM/(I -RR)~ 
is obtained. The intercepts are equal to Cp(~)ti. Finally, from the values of Cm/(1 --RP)~ 
and of Dal*, and eqn. (3)) dp is found. These calculations are summarized in Table III. 

The values of Cz, in Table III are not significantly different. Their mean value 
is 0.080 & 0.010 cm (about twice the value found for thin-layer chromatography). 
However, just as was found for thin-layer chromatography, they are surprisingly 
large when compared with the estimated fiber diameter, 0.001 cm*. The reason for 
this discrepancy is probably the same as was postulated for thin-layer chromato- 
graphy*: the fibers are clogging together, thus forming large aggregates. 

According to eqn. (5) s at the low-velocity limit : 

whereas at the high-velocity limit 

The values of Cr;l(zb)zb in Table III are not significantly different. Their mean 
value is 0.007 & 0.003 cm. Accordingly, they do not depend on 21 so that conditions 
(ga,b) hold. Substituting into (ga) 0.08 cm for CE,, average values of IO-~ cm*sec-l 
and 0.5 for $7 and YMI respectively’and 3.10Bo CIII~~S~C-~ for DM, we get A % 0.015. 
Thus, the order of magnitude of il is the same as in packed columns. Substituting into 
(gb) 0.007 cm for CP(U)ZL, 0.6 cm for Z (the average lateral distance on the paper 
,between maxima or minima in the flow rateG), 0.1 for A and 0.08 cm for CE,, we get 
I- = s *IO_6, which is, again, of the right order of magnitude. 

(c) The effect of unevenness of flow is not nearly as important as in gas chro- 
matography where the Cp(zt) term is about IOO times larger than the CJ~ term. 

*- DIU = 3.07 x 10-O (cmQ*sec-1)3. 

:J. Chromatog., 35 (1968) 257-268 
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Fig. 3. Mean values of (C&.hrOm -$&/I and their 90% probability intervals, as a function of 
(1: -J?p) 2. 

In paper chromatography these terms are about equal for medium RF values; 
for small’Rp values C&&7 is even larger than C~(ZC)U. 

CONCLUSIONS 

Ak found previously, the contribution of longitudinal diffusion in the stationary 
phase to peak broadening in paper chromatography cannot be neglected. ’ 

The mass transfer term is composed of ,a contribution due to the slowness of 

J. Cirrowzatog., 35 (1968) 257-268 
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5oc 
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Ji 
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OO 0.2 0.4 0.6 0.6 

Fig. 4, h!Tcan values of (gQCtIrom --o%~r)/Z and tlwir go”/6 p robability interteals, as a function of 
(1 -Rp)3. 

attainment of the partition equilibrium between the mobile and the stationary phase 
(caused mainly by the slowness of diffusion in the mobile phase) and a contribution 
due to the unevenness of flow throughout the paper. 

The values of the effective particle diameter dP calculated from the values of the 

J. C?wonzatog., 35 (1968) 257-268 
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former contribution are much larger than the diameter of the cellulose fibers. This is 
probably caused by the fibers clogging together, thus forming larger aggregates. 

The values of the flow profile parameter I< and the packing geometry para- 
meter A, calculated from the latter contribution are of the same order of magnitude 
as the values given by SIE AND RIJNDERS for packed columns. 

Plate heights in paper chromatography are larger than in thin-layer chromato- 
graphy on cellulose powder for the following reasons : 

(I) the values of yM are one to two times as large as in thin-layer 
graphy ; 

(2) the effective values of Cz, 
chromatography; 

(3) in paper chromatography, 
peak broadening. This effect does 

are about twice the values found in thin-layer 

chromato- 

unevenness of flow causes a large contribution to 
not occur in thin-layer chromatography. 
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