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Summary 
The effect of  column temperature on solute retention 
was investigated for 10 PCBs with different degrees of  
planarity (degree of  ortho position substitution). The 
variation of  retention values (ln k) with temperature was 
measured using two solvents, n-hexane and di- 
chloromethane, as mobile phase: retention decreases as 
temperature increases. The relationship between I n k  
values and temperature (l/T) exhibits a good linearity. 
The AH ~ values calculated are in the -2  to -5  kcal mole- 
1 range: they are very similar for compounds with the 
same degree of  ortho-substitution and are significantly 
higher for non-ortho substituted congeners. High tem- 
perature significantly improves separation efficiency 
(plate number significantly increases): this effect is the 
dominant factor controlling chromatographic resolu- 
tion, which improves with increasing temperature. Op- 
erating at 40 ~ an efficient separation of  planar PCBs 
was obtained with low solvent consumption. 

Introduction 
In HPLC analysis, increasing temperature is one of  the 
most powerful parameters in improving resolution, op- 
timizing selectivity and shortening analysis time [1- 
10]. The beneficial effects of  higher column tempera- 
ture has led to the development of  HPLC at high tem- 
peratures (HTHPLC) [11-13], where the column tem- 
perature is kept between the solvent's normal boiling 
point and its critical temperature (usually in the range 
20-200 ~ Both theoretical analysis [11] and experi- 

mental results [ 12-13] showed the beneficial effect of  
high temperatures in improving LC efficiency, speed 
and performance. Transport properties (diffusivity and 
viscosity) and chromatographic efficiencies in 
HTHPLC approach those in SFC [ 11, 14-15]. However, 
the practical applications of  HTHPLC are still limited: 
the reasons for this are the lack of  systematic studies into 
the retention behavior of  different stationary phases at 
high temperatures and the complex modifications to 
conventional HPLC equipment required for operation 
with superheated liquids [ 1-13]. 

The present paper discusses the effect of  column tem- 
perature on retention behavior in a limited temperature 
range (20-70 ~ in order to take advantage of  the ben- 
efits of  higher temperature and reduce the complexity of  
the experimental set-up. The paper is not devoted to the 
rigorous study of  retention process thermodynamics, 
but to elucidate how temperature controls HPLC se- 
paration and how this parameter can be used to optimize 
analysis conditions. 

The HPLC system studied consisted of  porous graphitic 
carbon (PGC) [16] employed to separate poly- 
chlorobyphenyls (PCBs) under adsorption chromato- 
graphy conditions (n-hexane and dichloromethane were 
used as solvents) [17, 18]. It has been widely reported 
that solute retention on PGC is determined both by 
dispersive forces and specific, polar, electronic interac- 
tions with the rc electronic structure of  the graphite [5, 
16-23]. As a consequence, this stationary phase exhibits 
an unique selectivity to steric changes in the solute 
molecule that disturb its electron density and attach- 
ment to the graphite surface; thus it is highly selective to 
positional and stereo isomers [20-25]. Therefore, PGC 
has been widely employed in analyzing PCBs [24-32]: 
non-planar congeners (poly-ortho substituted com- 
pounds) are separated from the co-planar toxic mole- 
cules (non-ortho and mono-ortho substituted PCBs) 
[33-35], whose concentration determines the toxic im- 
pact of  an environmental sample [ 17]. The use of  high 
temperature is proposed as an alternative means for 
enhancing separation performance in order to overcome 
the drawbacks of  the methods reported to date for PCB 
analysis: i.e., broad elution profiles [27-32], elution 
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Figure 1 
Chromatographic peaks of a non-ortho substituted congener (PCB 
126) eluted with dichloromethane at different column temperatures: 
20 ~ 40 ~ and 60 ~ 

Table I. Molecular structure of  the PCB congeners studied. 

Class PCB n. Structure 

di-ortho 52 2,2' ,5,5' 
101 2,2',4,5,5' 
153 2,2',4,4',5,5' 
180 2,2',3,4,4',5,5' 

mono-ortho 157 2,3,3' ,4,4', 5 
167 2,3',4,4',5,5' 

non-ortho 81 3,3 ',4,5 
77 3,3',4,4' 

126 3,3',4,4',5 
169 3,3',4,4',5,5' 

back-flushing requirement [25], high consumption o f  
elution solvent [24, 26] and low chromatographic perfor- 
mance for the most highly retained planar PCBs [29-32]. 

Experimental 
S t a n d a r d  S o l u t i o n s  

Standard solutions o f  individual PCBs (10 ppm w/v in 
isooctane) and solid biphenyl were obtained from All- 
tech Italia (Milan, Italy). 

H P L C  A p p a r a t u s  

The HPLC apparatus was a Waters 484 (Millipore, Mil- 
ford, Massachusetts, USA) equipped with a UV detector 
Waters 501 (Millipore, Milford, Massachusetts, USA). 
The column used was a 100 x 4.7 m m  I. D., 7 #m particle 
size Porous Graphitic Carbon (PGC) (Hypercarb,  
Shandon Scientific, Ltd., UK). The column was placed 
in a water jacket,  the temperature o f  which was main- 
tained constant to -+ 0.5 ~ Eluents were n-hexane and 

dichloromethane (HPLC grade from J.T. Baker B.V., 
Deventer, the Netherlands). Both solvents are usually 
employed in the prel iminary steps o f  the PCB analysis 
[15] (extraction, clean-up) and are highly volatile, so 
that they can be easily evaporated before GC analysis. 
PCB retention data were measured at different tem- 
peratures using pure n-hexane and dichloromethane as 
mobile phase, at a flow rate 1 mL min -1. All measure- 
ments were repeated twice; studies on measurement  
precision showed a 0.2 % reproducibility. Chromato- 
grams were acquired using the Chrom-card DOS Rel 
1.30 software (Fisons Instruments, Milan, Italy). 

The temperature ranged from 5 to 70 ~ for n-hexane 
and from 5 to 50 ~ for dichloromethane,  measurements 
being made at approximately 10 ~ intervals. The col- 
umn was equilibrated at each new temperature for two 
hours before data collection. In order to maintain the 
mobile phase in liquid form at a temperature near to or 
higher than the boiling point o f  the solvent (69 ~ for n- 
hexane and 40 ~ for dichloromethane) a back-pressure 
was introduced incorporating a suitable restrictor (a ca- 
pillary 20 m m  long and 0.18 m m  ID) at the column 
outlet. 

Results and Discussion 

PCB congeners with suitable molecular  structures were 
selected in order to represent 3 classes o f  substitution - 
non-ortho, mono-or tho and di-ortho chlorinated com- 
pounds - as described by their molecular structures 
reported in Table I. Also biphenyl was investigated as a 
reference molecular  structure. 

With the weaker solvent, hexane, reliable retention va- 
lues 0c in the range 1-20) were measured at different 
temperatures for the less retained congeners: di-ortho 
(PCBs 52, 101, 153 and 180), mono-ortho (PCBs 157 
and 167) and less retained non-ortho (PCB 81) sub- 
stituted congeners,  other than for biphenyl. With the 
strong solvent, dichloromethane,  retention data were 
measured for mono- and di-ortho congeners. The ex- 
perimental data, obtained by eluting PCBs with n-hex- 
ane and with dichloromethane,  show that with increas- 
ing temperature there are two fundamental effects: i) 
retention decreases giving lower lc values; ii) chroma- 
tographic peaks exhibit a decreasing width correspond- 
ing to higher separation efficiency. 

Both these effects are greater for planar, more retained 
congeners: they are shown in Figure 1, which reports the 
chromatographic peak o f  non-ortho substituted PCB 
126 obtained at different column temperatures (20, 40 
and 60 ~ respectively) eluting with dichloromethane. 

E f f e c t  o n  R e t e n t i o n  

Chromatographic retention is an equilibrium process in 
which a molecule o f  solute in the mobile phase is trans- 
formed into a molecule o f  solute in the stationary phase 
[35]. The behavior o f  the retention factor as a function o f  

194 Chromatographia Vol. 51, No. 3/4, February 2000 Original 



temperature is related to the thermodynamics of sorp- 
tion enthalpy and entropy, determining the sorption of 
solutes during the chromatographic separation: 

Ink = ln~  - AH ~ / RT+ a s  ~ / e (1) 

where In K is the natural logarithm of  the retention 
factor, AH ~ and AS ~ are standard enthalpy and entropy 
change when a solute molecule transfers from the mo- 
bile to the stationary phase, R the gas constant and �9 the 
phase ratio of  the chromatographic system [35-37]. 

Snyder theory is commonly used to describe retention in 
liquid-solid chromatographic systems [35]: it was ori- 
ginally developed for oxide adsorbents [35, 38] and 
subsequently applied to non polar adsorbents such as 
ODS silica gel [2] and PGC [5, 16]. According to this 
model, solute retention is the result of a competitive 
adsorption mechanism of solvent and solute molecules 
distributed between the bulk liquid and adsorbent layer 
[35-38]. Therefore, AH ~ and AS ~ values involved in the 
retention process are the result of  adsorption of a solute 
molecule (exothermic process) and desorption of cor- 
responding solvent molecules (endothermic process) 
[2-4, 7, 36]. 

The effect of  temperature on retention can be experi- 
mentally evaluated by plotting the log of retention factor 
against the reciprocal of  absolute temperature (van't 
Hoffplots, reported in Figure 2 for PCBs 157 and 169). 
When such relationships were calculated from the ex- 
perimental data, straight lines were obtained across the 
temperature range examined: the relative standard de- 
viation between experimental and calculated values is 
lower than 0.2 %, corresponding to the reproducibility 
of the experimental measurements. Linearity of such 
plots indicates that: 

- AH ~ and AS ~ values are constant, independent of  
temperature, 

- only one constant binding process is involved in the 
chromatographic retention, 

- no change in the conformational form of solute mo- 
lecule occurs in the temperature range examined. 

In such cases of linear van't Hoffplots, the slope com- 
puted by the best fitting straight lines can be used to 
calculate the enthalpy change AH ~ as the solute trans- 
fers from the mobile to the stationary phase, while the 
intercept results in a quantity related to the sum of both 
the entropy and phase ratio term [2-4, 7]. Tables II and 
III report these values for PCBs eluted with n-hexane 
and dichloromethane, respectively. 

It can be seen that retention decreases as temperature 
increases, so that the retention enthalpy is negative, 
ranging from-1 to -5  kcal mole -1. The rather low values 
indicate that the effect of  temperature on retention is 
moderate: AH ~ = -4 kcal mole results in a 2-fold de- 
crease in ~c for a 30 ~ temperature increase. The values 
obtained are comparable to values obtained in RP sys- 
tems [7], significantly lower than those in NP s~stems 
where values less negative than -20 kcal mole- were 
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van't Hoffplots for a non-ortho substituted (PCB 126) and a mono- 
ortho substituted congener (PCB 157) eluted with dichloromethane. 

computed [36]. This result can be explained by consider- 
ing that retention on graphitic columns is controlled by 
weaker forces than those involved in retention on oxide 
adsorbents. In fact, retention on PGC is determined by 
London-dispersion interactions (stronger with those pla- 
nar molecules which can accommodate themselves better 
on the flat surface of PGC) and polar, electronic interac- 
tions - in particular intramolecular interactions of elec- 
tron pair donor-acceptor and dipole-induced dipole type 
with the extended n-electron cloud present on the gra- 
phite surface [5, 16, 19-22]. On oxide adsorbents reten- 
tion is dominated by the possibility of  the solute molecule 
forming hydrogen bonds with -OH groups in the ad- 
sorbents, resulting in high enthalpy changes [36]. 

Intercept values computed from Eq.(1) are related to 
entropy changes in the retention process, since the phase 
ratio term should be constant, all PCBs being eluted on 
the same stationary phase. For all the PCBs studied very 
similar values (ranging from -2 to -5) were computed 
with large associated errors so that nothing could be 
concluded about the entropy change in retention. It can 
be only noted that the negative values of AS ~ support the 
concept that adsorption, and consequent loss of freedom 
for the solute molecule, is the physicochemical process 
underlying retention on PGC [7, 36]. 

Specific effects of  solute and solvent on retention can be 
singled out separately. 

Solvent Effect 

The effect of  the solvent can be studied by comparing 
the retention data of biphenyl eluted with the two sol- 

1 vents. A more negative AH ~ value (-3.5 kcal mole- ) is 
obtained with n-hexane than with dichloromethane (-  
1.38 kcal mole-l). This result can be explained in terms 
of  the different strength of  the two solvents: di- 
chloromethane, is more strongly adsorbed on the sta- 
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Table II. Intercept (A) and slope values (AH~ from which AH ~ is derived) of relationship Ink vs. 1/T (Eq. 
(1)): elution with n-hexane (flow rate 1 mL min-1). 

Congener A a AH~ a r 2 AH ~ 

Kcal mole 1 
Biphenyl -5.4 -+ 0.5 1750 + 160 0.963 -3.5 + 0.3 
52 -4.3 -+ 0.3 -1010 -+ 100 0.974 -2.0 + 0.2 
101 -4.6 + 0.6 -1090 -+ 180 0.930 -2.2 -+ 0.4 
153 -3.7 + 0.2 -761 -+ 73 0.972 1.4 -+ 0.1 
180 -3.2 + 0.2 -732 + 65 0.982 -1.4 + 0.1 
157 -5.0 + 0.6 -1840 + 190 0.956 -3.7 + 0.4 
167 -2.9 + 0.3 -972 -+ 91 0.962 -1.9 -+ 0.2 
81 -2 + 1 -1810-+370 0.933 -3.6-+0.7 

aErrors are expressed as confidence intervals at P = 95 %. 

Table Ill.  Intercept (A) and slope values (AH~ from which AH ~ is derived) of relationship Ink vs. 1/T (Eq. 
(1)): elution with dichloromethane (flow rate 2 mL minq). 

Congener A a -AH~ a r 2 AH ~ 

Biphenyl -3.1 + 0.6 -695 -+ 17 0.999 
157 -3.4 + 0.1 -927 -+ 30 0.996 
167 -3.7 + 0. i -996 + 52 0.990 
81 -4.4 + 0.1 -2053 -+ 31 0.999 
77 -5.1 + 0.2 -2302 + 75 0.997 
126 -4.7 + 0.1 -2346 + 41 0.999 
169 -4.6 + 0.4 -2530 + 110 0.996 

Kcal mole -1 
-1.38 + 0.03 

1.84 + 0.06 
-1.9-+0.1 
-4.08 + 0.06 
-4.6-+0.1 
-4.66 -+ 0.08 
-5.1 -+ 0.2 

Errors are expressed as confidence intervals at P = 95 %. 

t ionary  phase  and c o m p e t e s  m o r e  eff ic ient ly  for  ad- 
sorp t ion  sites than does  the weake r  n -hexane  [35, 36, 
38]. The  solvent  desorp t ion  process  is more  en- 
do the rmic  wi th  d i ch lo rome thane  and mos t ly  c o m p e n -  
sates for  the exo the rmic  solute adsorp t ion  process ,  re- 
sult ing in less negat ive  re tent ion enthalpy. Analogous ly ,  
for  all the P C B s  investigated,  the A H  ~ values  ob ta ined  
wi th  n -hexane  are m o r e  negat ive  than those obta ined  
wi th  d ich loromethane .  

Solute Effect 

Speci f ic  effects o f  P C B  molecu l a r  s tructure on A H  ~ can  
be s ingled out; they  are independen t  o f  the elut ion sol- 
vent  ( compare  Table II  vs. Table III):  

- or tho-subs t i tu t ion  in the PCB molecu le :  A H  ~ values  
are ma in ly  con t ro l led  by  or tho-subst i tu t ion degree  o f  
P C B  molecules .  T h e y  are v e r y  similar  for  congener s  
be long ing  to the same  or tho-subst i tu t ion class and 
increase wi th  a decrease  in the or tho pos i t ion  sub- 
st i tution degree,  a cco rd ing  the fo l lowing  order:  

d i -or tho > m o n o - o r t h o  ~ b iphenyl  > non-o r tho  

- n u m b e r  o f  chlor ine  a toms  present  in the PCB mole -  
cule: wi th in  the same  or tho-subs t i tu t ion  class, A H  ~ 
values  increase wi th  an increase in the n u m b e r  o f  
chlor ine  substi tuents:  

4 C 1 < 5 C 1 < 6 C 1 < 7 C 1  

- para-subst i tu t ion in the P C B  molecule :  A H  ~ values 
increase for  P C B s  wi th  chlor ine a toms  in the para-  
pos i t ion  as c o m p a r e d  wi th  P C B s  wi th  substi tuents in 
the meta-pos i t ion ,  e. g., P C B  77 vs. PCB 81. 

This order  co r responds  to the retent ion strength o f  PCB 
molecu les  on  P G C  s ta t ionary  phase  wh ich  is control led  
by  the p lanar i ty  o f  the mo lecu l e  (i. e., degree  o f  or tho-  
substi tution) and its e lec t ronegat iv i ty  (i. e., n u m b e r  o f  
chlor ine a toms  present  on the b iphenyl  r ing) [16, 1 9 -  
22]. 

The effect  o f  or tho-subs t i tu t ion  on the value o f  AH ~ is 
shown graphica l ly  in Figure  2, where  v a n ' t  H o f f  plots 
are repor ted  for  a non-o r tho  substi tuted (PCB 169) and a 
m o n o - o r t h o  subst i tuted c o n g e n e r  (PCB 157) eluted wi th  
d ich loromethane :  the s traight  lines ob ta ined  diverge at 
h igher  1/T values,  since the plot  o f  the p lanar  PCB 
exhibits a slope (co r respond ing  to A H  ~ = -5 .1  kcal  
mole  -1) h igher  than that  o f  the m o n o - o r t h o  PCB 157 
(AH ~ = - 1 . 8 4  kcal  mo le  1). This  dif ference in AH ~ value 
de termines  the effect  o f  tempera ture  on select ivi ty e: for  
congeners  be long ing  to the same or tho-subst i tu t ion 
class A H  ~ values  are v e r y  similar  (Tables II  and III)  and 
therefore  select ivi ty e is m o r e  or  less independent  o f  
temperature .  For  P C B s  be long ing  to different  classes, 
w h e n  v a n ' t  H o f f p l o t s  show a divergent  pat tern  at h igh 1/ 
T values  (Figure 2 for  the pair  PCB 169/PCB 157), 
values decrease  sl ightly at h igher  temperatures .  
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E f f e c t  o n  E f f i c i e n c y  

The effect of  temperature on chromatographic effi- 
ciency was evaluated by computing plate number values 
N for peaks of  non-ortho substituted congeners (PCBs 
77, 81, 126 and 169) eluted with dichloromethane at 
different column temperatures (20, 40 and 60 ~ re- 
spectively). The results obtained (Table IV) show that 
separation efficiency significantly improves at higher 
temperatures [35-37]: a mean increase of  15% is 
achieved in plate number when the temperature in- 
creases by 20 ~ This effect is related to the decrease in 
peak width, as shown in Figure 1 (chromatographic peak 
of PCB 126 eluted with dichloromethane at 20, 40 and 
60 ~ respectively). This result is ascribed to the strong 
influence of temperature on transport and kinetic prop- 
erties of the chromatographic system. With increasing 
temperature, mobile phase viscosity decreases and dif- 
fusion coefficients, which control mass transfer ki- 
netics, increase [35-37]. The result is that optimum flow 
rate at the minimum plate height is higher and the slope 
of  the van Deemter curve at high flow rate is lower, so 
that it is possible to operate at higher flow rate without 
sacrificing efficiency [2, 11, 12]. 

E f f e c t  o n  R e s o l u t i o n  

The effect of  temperature on chromatographic separa- 
tion was evaluated by computing chromatographic re- 
solution Rs between two adjacent peaks. As examples, 
Rs values were calculated at various temperatures (20, 
40 and 60 ~ for two pairs of congeners belonging to 
the same class of non-ortho substituted compounds: 
PCBs 126-77 and 169-126. The computed results, in 
Table V. Show beneficial effects in separations can be 
obtained by operating at high temperatures; mean Rs 
values increase by more than + 15 % when the tempera- 
ture changes from 20 ~ to 60 ~ 

It must be noted that, within the temperature range stu- 
died, selectivity values, c~, for pairs of congeners are 
fairly constant (see Table V). It can, therefore, be in- 
ferred that the parameter determining the enhanced se- 
paration resolution is the chromatographic efficiency, 
which is significantly improved by operating at higher 
temperatures. 

These results were verified on a test mixture containing 
10 standard PCBs. An example of  a separation was 
obtained eluting with dichloromethane (flow rate 2 mL 
min -1) operating at 40~ Under these conditions 
(chromatogram shown in Figure 3) non-ortho sub- 
stituted congeners (PCBs 81, 77, 126 and 169) are effi- 
ciently eluted giving sharp and well-separated peaks at 
low retention times (6.5, 8.0, 11 and 22 min, respec- 
tively) consuming a solvent volume lower than 50 ml. A 
good separation, corresponding to an c~ value of 1.3, is 
achieved for the critical pair of  PCBs 77 and 81 (5 th and 
6 th peaks). 

However, under such conditions, di-ortho PCBs (no. 52, 
101,153 and 180) are nearly un retained and elute c lo-  
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Figure 3 
Chromatographic separation of 10 standard PCBs obtained operat- 
ing at 40 ~ 

Table IV. Plate number, N (-+ standard deviation values) computed 
for non-ortho PCBs eluted with dichloromethane (2 mL min -1) at 
different temperatures. 

Temperature N N N N 
~ 

PCB 77 PCB 81 PCB 126 PCB 169 
20 ~ 96 (+ 2) 276 (+ 8) 683 (+ 17) 978 (+ 24) 
40~ 190(+4) 456(+11) 786(+19) 1046(+26) 
60 ~ 279 (+ 7) 509 (+ 13) 804 (+ 20) 1155 (+ 29) 

Table V. Resolution Rs and selectivity ~ values (-+ standard deviation 
values) computed at various temperatures (20, 40 and 60 ~ for pairs 
of congeners eluted with dichloromethane (flow rate 2 mL min ~) 

Temperature R s  ~ R s  
~ 126/77 126/77 169/126 169/126 

20 ~ 1.04 1.73 5.17 2.07 
(+ 0.03) (+ 0.04) (+ o. 12) (+ 0.06) 

40 ~ 1.03 1.75 5.46 1.97 
(-+ 0.02) (+0.05) (+0.13) (+0.05) 

60 ~ 1.23 1.71 6.36 1.98 
(-+ 0.03) (-+ 0.04) (-+ 0.15) (-+ 0.05) 

sely to mono-ortho PCBs (isomers 167 and 157, at 2.7 
and 2.8 min., respectively). This drawback, due to the 
high strength of  the eluent dichloromethane, can be 
overcome by searching for binary gradient elution con- 
ditions: this topic is beyond the aim of  the present work 
and will be discussed in another paper. 

Conclusions 

Investigation of retention behavior of  PCBs on PGC at 
elevated temperatures has shown that temperature is a 
powerful means for controlling retention values, column 
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efficiency and chromatographic resolution. Therefore, 
this parameter is an operational variable that can be 
selected to optimize separation of  PCBs with different 
planarity/toxicity. 

The results obtained are particularly promising in: i) 
analysis of  multicomponent mixtures. The chromato- 
grams obtained give a number o f  crowded peaks, the 
separation o f  which is critical and requires good column 
performance; ii) analysis of  trace level components, 
where narrow peaks are required to increase the detec- 
tion limit; iii) separations in binary gradient elution 
conditions can further improve benefits obtained by 
operating at high temperatures in order to obtain an 
efficient separation of  all critical congener pairs. 
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