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SUMMARY 

A liquid chromatograph is described that uses gas pressure on water to force 
eluents through the column, A macroporous polyacrylate resin is used in conjunction 
with methanol-water or basic aqueous eluents for separation of mixtures of phenols. 
The elution characteristics of twenty-one phenols are described. Several separations 
of actual mixtures are shown to demonstrate the separation capabilities of this system, 

INTRODUCTION 

Recently a series of macroporous resins has become available. The surface 
area of these resins is at least one order’ of magnitude greater than microporous 
resin.992. The different structure of the absorbent results in compounds with low 
dielectric strength adsorbing at much faster rates I. The larger pore size allows large 
molecules to be chromatographed such as a-amylase which has a molecular weight 
of IOO, 000a. POLLLO AND KUNIN discuss some of the variables influencing the adsorp- 
tion of protein to macroporous resins4. 

The macroporous XAD series of resins from Rohm and Haas have been used 
to extract phenols, alkyl sulfonic acid, dyes, steroids, vitamin B-12, and fulvic acid 
from waste streamsg. XAD-I has been used to concentrate organic material from 
seawater”. XAD-z and XAD-7 have been used to extract and partially separate 
organic matter from potable water a, XAD-z has been used to extract drugs and 
metabolic products from urine 7-13. ZAIKA et al. have studied the separations of amino 
acids, carbohydrates, and nucleotides on XAD-z14* lG. 

In this paper a macroporous polyacrylic resin, Rohm and Haas X.4D-7, is 
used for the column chromatographic separation of mixtures of phenols. This resin 
does not require a stationary liquid phase; hence bleeding is not a problem even at 
high pressures. It is muclr lower in cost than the superficially porous supports com- 
monly used in high-speed liquid chromatography. Finally, this macroporous resin 
is reasonably eflicient so that good chromatographic separations can be achieved 
in a fairly short time. 

EXPERIMENTAL 

The lipid cltromatograjdt 
A schematic diagram of the liquid chromatograph is shown in Fig. r. Except 
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where noted, all tubing that carries air or water is I/+in. Synfles nylon tubing 
,No. N3-4203 from Globe Machinery and Supply Co., Des Moines, Iowa. This tubing 
carries a pressure rating of 1500 lbs. The tubing is connected to r/4-in. pipe fittings 
with Gyrolock connectors No. 4CM4 from Woke Inc. All tubing carrying elucnt is 
Teflon@ tubing No. To63ogr from Chromatronis. 
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Fig. I, Schcmstic diagram of liquid clwomatogrslph. 

A helium tank was filled wilh air at pressures up to 2200 lbs. for use as a source 
of air pressure. When the liquid chromatograph is operated at pressures greater than 
60 lbs., a high-pressure regulator, MaUleson Scientific Co. Model No. 930-2 is -used. 
For pressures less than 60 lbs., a low-pressure helium regulator is used. This is con- 
nected to the water reservoir with nylon tubing. The water reservoir is an oxygen 
tank that was modified by drilling a water outlet hole near the bottom tapped for 
x/4&x NPT threads. The fitting at the top was fitted with a connector to go to 
x/4-in. NPT threads. To fill the water reservoir, valve No, I is opened, releasing air 
in the reservoir. Simultaneously, valve No. 2, which is connected directly to the 
distilledwater line, is opened, Valves Nos. I, 2, and II are all Hokevalves No. 321zM4B. 
Valve No. II controls the flow of water purging the eluent selection valve, No. 9, The 
check valve is Woke No. 6rx3F4B. The water line going from A to B is made up of 
I/4-in. stainless-steel fittings: six tees, one elbow, and six 6-in. nipples. Water inlet 
valves Nos. 3 through S are Noke valves No. 3222H@. 

A diagram of the eluent tanks is shown in Pig. 2. Each tank is made from 
s-in. schedule So steel pipe, 12 in. long. In the flange of the tank, eight 3/S-in. holes 
were drilled 7/16 in. from the edge and equally spaced around the tank. The same 
diameter holes were drilled in the lid to match. The three holes for air outlet, eluent 
outlet, and water inlet were drilled 1.75 in. from the edge equally spaced around 
the lid. The lid was bolted oc with 3/S x 2 r/4 in. bolts and the bolt head was spot- 
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welded in place. The lid was removed, after which the holes in the lid were enlarged 
to 7/16 in. The air escape valve is Woke No. 3222MzB A r/4&1. O-ring is placed on 
the Kel-F@ connector (see Pig. 3), which is screwed iuto the lid so that the O-ring is 
on the inner side of the lid. Nylon tubing connects to the water inlet using connectors 
described earlier, 

7/K” d LID (SIDE VIEW1 7/16”d 

BOLT IN 

I/EvlOLE 

6dOOVE FOR 
&S” O.RINQ 

b 
6.563” 

4 

*.’ STEEL TANK (SIDE VIEW) 

Fig. 2. Diagram of olucnt tank. 

a The eluent goes in a 2.5-l plastic bag, Matheson Scientific No. 12657-10. The 
liner’ from the plastic bag cap was removed and a o.775-in-diameter hole was drilled 
in the center. The Teflon2 hat (Fig. 4) was put back into the cap replacing the liner. 
When the cap was screwed back on to the plastic bag, the Teflon@ hat was heldin 
place. A short piece of Chromatronix tubing connects the Teflon@ hat and the Kel-I? 
connector. The plastic bag.is placed in the steel tank and bolted tight. Teflon@ tubing 
then connects the Kel-I+ connector to the eluent selection valve, No. g, which is 
a six-way valve, No. R60VG.K. VaZve No. IO is No. CAV-303IR and the sample 
injection valve is No. SV-8031K. All these parts are from Chromatronix. A small 
sample loop was made and calibrated by filling the loop with I M HCI, collecting 
the contents of the loop and titrating this with 0.01 M NaOH. The volume of the loop 
was found to be 35.1 ,ul. 

A Chromatronix Model 200 UV detector was used to monitor the effluent. 
Roger Gilmont Instruments, Inc. No. 3201 size No. I flow meter was used. Adaptors 
were machined of Kel-I?’ following the Chromatronix design for the GI-C glass con- 
nector to allow attachment of Chromatronix fittings. A ro-ft. length of Chroma- 
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Fig. 4. Teflon=’ hat. 
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tronix tubing, No. ‘soG3012, was used to produce back pressure and prevent gcas 
desolubilization. For a flow-rate of 1.0 ml/min the pressure drop across this tubing 
is 34 p.s.i. Most of the time this was sufficient. For the rare times when it was not, 
a Pischer and Porter needle valve, No. 79.+Gog, was used by fusing a Chromatronix 
No. Gr-C glass connector to the needle valve. This allowed the needle valve to be 
connected to the Teflone’ tubing being used. 

The plastic bags will hold about 2.5 1 but it works better if they are filled with 
no more than 2 1. The bags contain a plasticizer which causes the eluent to become 
contaminated. Pilling the bags with methanol and letting them stand for a week 
before use eliminates the contamination. 

After a plastic bag has been placed in the steel tank and the lid bolted down, 
all air must be removed from the tank. To remove the air surrounding the plastic 
bags open the water inlet valve letting water into the eluent tank. Simultaneously 
open the air release valve at the top of the eluent tank. As soon as water starts to 
come out the air release valve, close it. To remove any air present initially in the plastic 
bag, turn the eluent selection valve to that tank while simultaneously turning valve 
No. IO to waste position, Leave it in this position until eluent goes through valve 
No. IO. This eliminates most of the air. Any air remaining will 
operating pressure is very low (less than 25 to 30 psi.) or the 

stay there unless the 
bag is almost empty. 
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Discussiog$ of design 
The construction materials for the liquid chromatograph were chosen for their 

resistance to corrosion. Only I&l-I?@, glass Teflon@ and polyethylene contact the 
liquid so a variety of acids and solvents can be used. 

The ultimate source of pressure for the liquid chromatograph is high-pressure 
air, The air puts pressure on water, which puts pressure on the’ eluent. This is an 
indirect system but for reasons of safety it was decided to have liquid rather than 
gas under pressure in all the parts of the system where this could reasonably be 

. accomplished. 
Originally, helium was used as the source of pressure but it was discovered 

that water vapor seeped into the helium tank. Rather than return the tank to be 
refilled with helium, which would then be contaminated with water, it was decided 
to keep the tank and fill it with air. The local fire department refilled the tank when- 
ever necessary with pressures of about 2400 lbs. The maximum pressure that can 
be placed on the eluent for this liquid chromatograph is 500 lbs., which is the pressure 
rating of the Chromatronix parts used. 

There are several advantages of an air pressure system over a pump. These 
have been discussed elsewherelO~ 17. 

Reagents 
The adsorbent, XAD-7, a macroporous resin from Rohm and Haas, was ground 

in a Model 4-E Quaker City mill and sieved dry. The resin that passed through the 
3z5-mesh screen was placed in a 250-d beaker filled with methanol, stirred, and al- 
lowed to settle. Any resin that did not settle to the bottom in 5 min was discarded. 
This procedure was repeated several times and that which remained was used. 

The phenols were obtained from several sources and were the best grade avail- 
able. They were used without further purification. 

The aqueous solutions were either 0.05 M NaOH, 0.05 M NaHCO,, 0.05 M 
Na&O, or combinations thereof so as to yield the desired pH. 

Choice of flow-vatc 
The flow-rate used in all cases was I ml/min. ,Using this flow-rate, the height 

of a theoretical plate for the XAD-7 was 3.5 mm as determined using phenol and 
3.8 nun using o-chlorophenol. 

Distribzclz’on coe@icients 
Distribution coefficients were determined for many phenols by eluting a phenol 

from a 2.S mm x 13 cm column at ambient temperature with some combination 
of water and methanol at I ml/min and measuring the retention volume. The volume 
of solution injected was 35.1 ,ul, The amount of phenol injected varied from IO to 
30 /cg. Using the same column containing the same resin, the interstitial volume, 
V,, was determined by eluting a I Y0 solution of acetone in methanol with 100 y; 
methanol and measuring the retention volume of the acetone peak. Acetone w:1s 
used for the measurement of V,, because it appeared not to be retained under the 
conditions of elution. The weight of resin used was measured by waiting until the 
retention volumes of many phenols were measured, extruding the resin, and weighing 
it. From these data, the distribution coefficient, D, was determined by using the 
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formula, V = V, i_ Dg where g is the weight of air dried resin in grams and V is 
the retention volume. 

RESULTS 

w,tev-~rccllan?aol? syslena . . _ 

Distribution coefftcients were determined for several pllenols between SAD-7 
resin and liquid pleases containing various combinations of water and methanol. 
The results are summarized in Kgs. 5-7, where log D is plotted as a function of log 

41 I I I I 
50 55 60 65 70 

PERCENT METHANOL (LOG SCALEI PERCENT METWANOL (LOG SCALE) 

Fig. 5. Distribution coofficicnts of methyl-substituted phenols on hmborlyst XAD-7 in wator- 
mcthsnol solutions of varying pcrcont. A = Phenol; I3 = p-crcsol; C = m-crcsol; D = o-cresol; 
E = 3,s~dimothylphenol; F = z,G-dimethylphcnol; G = 3,~,~trimothylphonol. 

Fig. G. Distribution coefficients of bromo-substituted phenols on hmberlyst XAD-7 in water- 
methanol solutions of varying percent. A = 
D 

Phonol; B = o-bromophenol; C = p-bromophenol: 
= rit-bromophenol; E = z,+dibromophenol; P = pontabromophenol. 

. . 

4 I I I 1 I -I 
45 50 55 60 65 TO 7s 
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Fig. 7, Distribution coefficients of chloro-substituted phenols on Amberlyst XAD-7 in water- 
methanol solutions of varying percent. A = Phonol; B = o-chlorophenol; C = #-chlorophenol; 
D = nr-chlorophenol; E = 4,G-dichlorophenol; F = 3,5-dichlorophcnol; G = z,3,64richloro- 
phenol; H = z,3,4,54zetrachlorophenol; I = pentachlorophenol. 
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methanol concentration. Since the graphs are linear, 
sented by an equation of the form, 

each compound 

1ogD = alog% MeOH -I- b 

1x3 

can be repre- 

0) 

where a is the slope and b is the intercept. The slope and intercept of all phenols 
measured are given in Table I. 

TAJ3LE I 

VALUES OF a AND 6 FOR EQN. I FOR SOME PHENOLS 

Corrapolrrrd -a b -5. 

Phenol 
o-Bromophcnol 
p-Bromoplicnol 
vd3romophonol 
z,+Dibromophonol 
Pontabromophcnol 
odzlorophenol 
p-Chlorophcnol 
wdhlorophcnol 
2,4-Dichlorophonol 
3,5-Dichlorophenol 
2,3,6-Trichlorophcnol 
2,3,4,5-%trachlorophenol 
Pontachlorophenol 
p-Cresol 
m-Cresol 
o-Cresol 
3,5-Dimcthylphonol 
2,G-Dimcthylphenol 
3,4,5-Trimctl~ylpheno1 
2,4,G-Trimethylphenol 

3.663 7.479 
4.885 IO.II2 

5.253 I 0.885 
5.389 I 1.146 
6.250 13.021 

10.749 21.884 
4.558 9.387 
4.992 10,286 

;*z;; 
10.241 

G:3gS 
12.183 
13.213 

6321 13.150 
7.441 15,528 

13.65 27.23 
4&S 9.366 
4.543 9.245 
3.425 7.365 
4,512 9,405 
4.130 8.809 
5.053 ro.48G 
5.016 10.503 

Conditions for column chronistographic separation of various phenol mktures 
can be predicted from the data in Table I. Using these data it is also possible to derive 
an equation relating the resolution achieved in separating any two compounds with 
the percentage of methanol in the eluent. Some of the symbols used in the derivation 
are illustrated in Fig. 8. The symbols not illustrated are defined below, 

W = p/2 
N =number of theoretical plates 
v, = interstitial volume of the column. 

al, u2 = value of u for compounds I and 2, respectively, as defined in eqn. I 
b,, b, = value of b for compounds I and 2, respectively, as defined in eqn. I 

D = distribution coefficient 
g = grams of resin used in the column 

c = percent methanol in a water-methanol solution 
V = retention volume 

1 The usual formula for resolution is 

R 
2d 3 

WI -I- wz (2) 



Fig. 8. Typicsl clution curve illustrating various symbols. 
..-. ., .j. 
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It can be shown that: 

d= v,-vv, . 
1v=/91/2 

B = 2(w) 

Substituting f!le values of d, IV. and p into eqn. 2 gives the result: 

RIEMANAND WALTON~~ have shown that 

Substituting this into eqn. 3, gives the result 

Solving eqn. I for V and substituting into eqn. 4 yields the following equation 

The validity of eqn. 5 was proved by eluting a mixture of phenol, nb-bromo- 
phenol, and 2,4dibromophenol with varying percentages of methanol. The column 
used was the same length, and contained the same weight resin as was used in de- 
termining the distribution coefficients. The resolution was measured between the 
first two compounds, phenol and nt-bromophenol, and the last two compounds, 
m-bromophenol and z,+dibromophenol. The experimental and theoretical values 
are shown for each pair of compounds in Figs. g and IO. 

In using eqn. 5, it is suggested that one decide what is the minimum resolution 
that, is needed. Then find the percentage methanol that the eluent must have to give 
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Pig. g, Resolution of phenol and m-bromophcnol on Amborlyst XAD-7 in water-methanol solu- 
tions of varying percont. x , Predicted values; 0, expcrimcntal values. 

l?ig. 30. Resolution of m-bromophenol and z,+dibromophenol on Ambcrlyst XAD-7 in water- 
methanol solutions of varying percent. x , Predicted values; o , experimental values. 

this separation. If a higher percentage of methanol is used for the oluent, the resolution 
will not be as good as desired. If a lower percentage of methanol is used, the separation 
will take longer than necessary. 

Eqn. 5 will give the resolution between any two consecutive compounds being 
eluted provided the composition of the eluent remains the same during the entire 
elution. There are times-x&en it would be advantageous to separate several compounds 
by gradient or stepwise elution. Eqn. 5 is no help in this situation. However, by looking 
at the graphs as shown in Figs. 5-7, one can get a clue as to what will work. An 
illustration of this is the separation of chlorophenols, for which a sample separation 
is shown in Pig. II. . . 

Aqzceozcs systm 
The distribution coefficients were determined for the three mononitrophenols 

and phenol as a function of pH in completely aqueous solutions. A graph of the results 
is shown in Fig. 12. In each case for low pH values the distribution coefficient de- 
creases with increasing pH. The explanation for this is that in aqueous solution 
the distribution coefficient of any phenol in the molecular form must be fairly high. 
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TIMF mln 

Fig. I I. Separation of chloro-substituted phenols. A = Phenol, 1z.G jcg; I3 = o-chlorophenol, 
36-G pg; c= In-chlorophenol, 41.4 pg; D = 

phenol, 93.8 jig: P = impurity; G 
z,q-dichlorophcnol, 83.8 pg; E = 2,3,Mrichloro- 

= 2.3,4,3-totrachlorophcnol, 29.5 pg. Rosin: Gmborlyst SAD-?, 
appros. 350 mesh. Column: 29 cm X 2,s mm. Flow-rate: I ml/min, Volume of sample: 3&r ~1, 

II I I I I I I 8 9 IO II I2 
1 

I3 
PU 

Fig. 12. Distribution coefficient of nitro-substituted phenols on Amberlyst XAD-7 in aqueous 
solutions. A = o-Nitrophoaol; 33 = p-nitrophenol; C = m-nitrophenol; D = phenol. 

The decreasing slope represents the decreasing portion of the phenol in the molecular 
form. S, 

An examination of Fig. 12 indicates that it should be possible to separate the 
three mononitrophenols and phenol. Starting with an eluent of pH x0.0, o-nitro- 
phenol comes through first followed by p-nitrophenol. Changing the pH of the eluent 
to 12.7, phenol comes through very rapidly followed by ?rz-nitrophenol. A chromato- 
gram showing this separation is shown in l?ig. 13. 
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After some experiments had been done with 0.05 M sodium hydroxide in 
60 YO methanol, it was noticed that the resin had been chemically altered so that 
the sepsrations with aqueous sodium llydroside could not be repeated. It is believed 
that the ester group on the resin was partially hydrolyzed. To avoid the possibility 
of hydrolysis, no eluent should be used that contains mixtures of a strong base and 
a non-aqueous solvent. In changing from a strongly basic aqueous eluent to a non- 
aqueous eluent containing methanol, a solvent such as water should be interspersed 
between the two eluents. 

pm,. - pH 10.0 ------------JcpH I;?.f- 

J 
SOLVENT BLANK 

I I I I I 
0 5 IO 15 20 25 30 

TlME,min . 

Fig. 13. Separation of nilro-substituted phenols. A = o-Nitrophenol, 1.3 ~6; B = p-nitrophonol, 
5.9 /46: C = phenol, 11.2 ,ug; D = nr-nitrophcnol, 0.93 ,~b. Column: 2.8 mm x 13 cm. OtAor 
conditions were tho same as in Fig. I I. 

QUANTITATIVE STUDIES 

Calibration cu~vc 
Varying amounts of phenol were injected on to a 2.8 mm x 13.7 cm column 

containing XAD-7 and eluted with 65 o/O methanol. A plot of peak height was found 
to be linear for 0.3 ,ug to 200 pg. The peak height for 0.3 rug was about four times the 
noise level, making the limit of detection about 0.2 ,ug. 

Quantitative study involving no solvent change 
A mixture of phenol, $-bromophenol, and 2,4-dibromophenol was injected 

on to a 2.8 mm x 13.7 cm column and eluted with 70 y. methanol. The amount 
of each phenol present was determined by comparing the height of the peak to a 
calibration curve for each phenol when eluted under identical conditions but without 
the other phenol present. A typical chromatogram of the separation is shown in 
Fig. 14. The results are given in Table II. 

* Quantitative study involving a solvent change ’ 
A mixture of phenol, o-chlorophenol, and 2,4-dichlorophenol was injected on to 

a 2.8 mm x 29 cm column and eluted with 60 ob methanol for the first’ 11.25 min 
followed by 63 “/o methanol. At min 18.75 the eluent was switched back to 60 % 
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methanol to equilibrate the column in preparation for the next injection. At min 
35, the baseiine had leveled off sufficiently to allow the next injection to be ,made. 
The amount of any phenol present was determined by comparing the height of a 
peak to a calibration curve for that phenol when eluted under identical conditions 
but without the other phenols present. 

016 ABSORBANCE 

TIME, min 

Fig. ~4. Separation of bromo-substituted phenols. Sample: A = Phenol, 10.7 pg B = p-bromo- 
phenol, 35.3 @g; C = 2,4-dibromophenol, 40.2 116. Eluont: 70% methanol. Column: 2.8 mm x 
13 cm. Othor conditions were the same ils in Fig. II. 

TABLE II 
RESULTS FOR QUANTITATIVE STUDY INVOLVING NO SOLVENT CIIANGIE 

Conrfiound pg added /q fourzd Relalivc 
@YYOY (%, 

Phenol 
b-Bromophcnol 
z 4-Dibromophonol 

10.7 IO.9 +2.0 
35.3 360 
40.2 40.8 

Fig. rg. Separation of chloro-substituted phenols used in quantitative study. A 5: l?henol, 8 5 jcg; 
B = o-chlorophonol, 49.4 ,q; C = z+$-dichlorophonol, 120.5 ,ug. Column: 2.8 mm x z8 cm. 
Other conditions were the same as in Fig. I T. 
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/-,. 

A chromatogram of the mixture is shown in Fig. 15. The results are given in 
Table III. Normally, the height of the z,+dichlorophenol peak would be measured 
with respect to the baseline as it exists for elution of that compound. However, the 
baseline here is not well defined so the height was measured with respect to the base- 
line as established prior to the injection of the sample. 

TABLE III 

RESULTSFORQUANTITATIV~STUDYINVOLVING SOLVENT CHANGE 

Conzpound ,ug added /.q fouvzd RcZaZivc 
dYYOY (%) 

Phonol 8.50 8.61 
a-Chlorophonol 4904 51.2 
2,4-Dichlorophcnol 120.5 122.2 

In doing quantitative work, it is important that the sample is not dissolved 
in a solvent which would be a good cluent for the sample. For example, when phenol 
is eluted with 65 Oh methanol on a column of 2.8 x 500 mm, the maximum amount 
of methanol that can be present in the sample is 55 0/O. A higher percentage will 
cause the elution peak to be shorter and broader than it should be. 
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