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Effect of radial gradient of temperature on the performance of
large-diameter high-performance liquid chromatography columns
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Abstract

The performance of a large-diameter chromatographic column can be drastically reduced when the solvent enters the
column at a temperature different from that of the wall of the column. A radial temperature gradient inside the column will
affect the physical properties of the solvent and the chromatographic behaviour of the solute resulting in a deformation of the
band profile. A mathematical model is proposed to take into account the effect of a radial gradient of temperature in a
large-diameter column on the chromatographic peak shape under linear conditions. The model is then compared with
experimental results in preparative columns of different sizes. A good agreement between experiment and theory has been
found showing a serious effect of thermal conditions on separation quality, depending on the column size. It is also
demonstrated that a small difference of temperature can be helpful to compensate practical effect of frits and distribution of
the sample at the extremities of the packed bed. Finally, it demonstrates the necessity to perform efficiency measurement
under different thermal conditions to have a good comparison between columns.  1998 Elsevier Science B.V.
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1. Introduction volumes, the injection volume, or the detector cell
volume [1–13]. In the last decade the effect of

The sources of band broadening in a chromato- certain conditions of solvent and column temperature
graphic column have been thoroughly investigated on variation of column efficiency has been studied
over the years [1–23]. The increase of the band [14–18]. These changes in efficiency were attributed
width can be due to the column itself because of bad to the change of temperature inside the column due
packing procedure, poor distribution of the sample or to viscous heat generation. This source of band
heterogeneity of the bed. It can also be due to an broadening was intensively studied and mathematical
external source of band broadening such as dead models were developed to calculate the temperature

profile in two dimensions in an adiabatic analytical
column [14–18]. This problem can be easily solved
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a temperature difference between the column wall 2.1. General description of the model
and the solvent inlet DT on the column efficiency
[19–22]. In preparative size equipment a temperature A chromatographic peak under linear conditions
difference can be generated by solvent mixing can be modelled by a Gaussian distribution. The
(exothermic or endothermic), modification of the peak is then defined by a set of two values: the
solvent storage temperature or of the column room retention time corresponding to the apex of the peak
temperature, and heating of the solvent due to heat and the variance of the distribution corresponding to
generated by the pump, for example. Because the the broadening of the peak. In order to calculate peak
thermal conductivity of the porous bed is rather shape in non-homogeneous columns, Yun and Guio-
small compared to that of stainless steel [14–18], chon [23] considered the chromatographic column
and because the flow velocity inside the column is equivalent to a set of concentric homogeneous
small with little radial mixing (plug flow), the annuli. Each annulus is considered equivalent to a
transfer of heat in the chromatographic bed is slow column. This model assumes that there is no radial
and radial temperature gradients can be observed diffusion of the sample along the column. They
[20,22]. These radial gradients are responsible for could then calculate the chromatogram in each
broadening of the sample band inside the column by elementary column and hence the total chromato-
changing the local velocity and the retention parame- gram (Fig. 1). If one uses such an annulus model,
ters [19–22]. coupled with the analytical solution of the thermal

The purpose of this paper is to extend the mathe- balance equation in the column, one can calculate the
matical model that allows the calculation of the chromatographic peak under non-isothermal condi-
temperature profile in a chromatographic column to tions.
the determination of the analytical chromatogram of In a large-diameter column when the solvent
a single solute in a preparative size column. The entering the column is at a different temperature
calculation results are then compared to experimental from that of the wall of the column (in this paper this
data. is described by DT, which is the difference between

the temperature of the column at the wall and the
temperature of the solvent at the inlet of the column,

2. Theory which is then positive when the wall is warmer than
the solvent), the temperature gradient that exists

In order to calculate the chromatographic peak inside the porous bed is steepest close to the column
shape resulting from a column with a radial gradient wall [14–22]. The annulus model was modified to
of temperature it is necessary to solve the mass take this observation into account. Instead of a
balance and thermal balance equations for the col- constant radial step to define the relative position of
umn. The mass balance equation under non-iso- each annulus, we have maintained constant area
thermal conditions in a chromatographic column has annuli. The closer to the column wall the thinner is
not yet been solved. A numerical solution necessita- the annulus. This allows a better modelling of the
tes the resolution of a set of differential equations area in which the temperature gradients are steepest.
under non-steady-state conditions. This calculation is The temperature in each annulus can be considered
not trivial and requires a large computer capacity. constant and equal to the averaged temperature
The situation can be simplified if the concentration across the bed length in the annulus. The two
of the sample within the column and its heat of parameters of the Gaussian distribution can then be
adsorption are small, when one can solve the two calculated at the defined temperature. The calculation
balance equations separately. The thermal balance of the main chromatogram is then straightforward.
equation has been intensively studied and an ana-
lytical solution can be found in the literature [14– 2.2. Temperature profile in a large-diameter
18]. We propose here a model to calculate the column
chromatographic peak of a single solute under linear
conditions when the column is not used under 2.2.1. Analytical solution
isothermal conditions. To calculate the temperature profile inside a
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Fig. 1. Principle of the annuli method for the calculation of a chromatogram in a radially non-homogeneous column.

chromatographic column, we have used the ana- generated by viscous dissipation. Assuming a steady
lytical solution developed by Poppe et al. [17] state, the non-compressibility of the solvent and a
extended to the case when the column wall is at a negligible resistance of heat transfer at the column
temperature different from that of the solvent enter- wall, one can solve Eq. (1). The temperature T at
ing the column [18]. This model is based on the any set of co-ordinate (r,z) can be calculated, using
following thermal balance equation in a porous the following equation [18], as a function of the
chromatographic bed in cylindrical co-ordinates: temperature of the solvent at the column inlet T , thes

temperature of the column wall T and the columnw
2 2 radius R :≠T ≠ T ≠ T 1 ≠T] ] ] c

] ] ] ]]rC 5l 1l 1S Dp lon 2 rad 2≠t r ≠r≠ t ≠r
2r≠T ≠p

]] ] T(r,z) 5 T 1 D ? 1 22 v r C ? 1 v ? (1) 5 S Dws m pm s R≠z ≠z c

] i5` 2(T 2 T )2 8in which rC is the average heat capacity per volume s wp ]] ]]]1O 1S 3 Dfor the heterogeneous system, T is the temperature, r a Da ii51 i
is the radial distance from the column axis, z is the r] ]

]J a ?axial distance from the column inlet, l and l S D0 ilon rad Rc 2are, respectively, the longitudinal and the radial ]]]]? ? exp(2a j ) (2)6iJ (a )1 iaverage effective heat conductivities of the column
content, r is the density of the mobile phase, C ism pm with
the heat capacity of the mobile phase, v is thes 2RDPsuperficial flow velocity and p is the pressure. c

] ]]D 5 v . ? (3)]s LThe left-hand term corresponds to the accumula- 4lcol rad
tion of heat in the column, the first and second terms

]
lon the right hand side of the equation correspond to, rad

]]]]j 5 z ? (4)2respectively, the axial and the radial conductions of v r C Rs m pm
heat, the third term corresponds to the heat con-
vected by the flow of solvent through the chromato- J (x) and J (x) are Bessel functions of the first kind0 1

graphic bed, and the last term represents the heat and, respectively, of zero and first orders.
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Table 1 phase (l ), the thermal conductivity of the solidf
Values of a , roots of J (x)50i 0 phase (l ) and the porosity of the bed (e ) [15]:s tot

i ai
(3l 2 2e (l 2 l )] s tot s f

1 2.4048 ]]]]]]l 5 l ? (5)rad f (3l 1 e (l 2 l )f tot s f2 5.5201
3 8.6537 This equation shows that the assumption made by
4 11.7915

Poppe et al. is reasonable since the thermal con-5 14.9309
ductivity of the silica is very small.6 18.0711

7 21.2116
8 24.3525 2.2.2. Relaxation length
9 27.4935

Poppe et al. [17] defined a specific value of the10 30.6346
position z in the column, for which the term in the11 33.7758

12 36.9171 exponential function in Eq. (2) is reduced by a factor
13 40.0584 e for the first term of the infinite summation. This
14 43.1998 value is called the relaxation length l , and can berelax15 46.3412

calculated using Eq. (6):16 49.4826
17 52.6241 r Cv m pms 218 55.7655 ] ]]l 5 ? ? R (6)]relax c619 58.9069 lrad
20 62.0485

]
? ? ? ? ? ? The ratio r C /l can be considered equivalent tom pm rad
i11 a 13.14159 . . .i the inverse of a thermal diffusivity. The multiplica-
The different values between two consecutive values of i tend to tion of that term by the square of the radius gives a
the value p (3.14159 . . . ) when i becomes large. time. This value corresponds to the time necessary

for the wall temperature to influence a distance
equivalent to the radius of the column. The relaxa-The a values are positive solutions of the equa-i

tion length can then be defined as the length requiredtion J (x)50 (see Table 1).0

for the chromatographic bed to be influenced by theThe average radial thermal conductivity in a
column wall temperature over a distance, from theporous media is difficult to know with accuracy. It is
wall, corresponding to the value R /œ6.commonly stated, by analogy with mass transfer, that c

Fig. 2 shows the value of l calculated forthe effective thermal conductivity is the combination relax

different column radii and for various solvents withof a static term (conduction) and a dynamic term
the linear velocity kept constant. The value for an(convection) [14,17]. In liquid chromatography the
analytical-size column (4.6 mm I.D.) is only a fewvelocity of the mobile phase is usually very low (few
centimetres, which is much less than the averagecentimetres per minute), hence the static thermal
column length. For a larger I.D. the relaxation lengthconductivity of the porous media can be a good
is much greater. This means that in a small-diameterapproximation of the effective radial and axial
column the wall temperature rapidly influences thethermal conductivity. The bed is a mixture of a
chromatographic bed; this is not the case in a large-porous solid and a liquid, as a consequence the
diameter column where only a fraction of the solventdetermination of the thermal conductivity of such a
is influenced by the wall temperature.mixture is not easy. Poppe et al. [17] take, as a first

approximation, the solvent thermal conductivity,
justifying that by the low thermal conductivity of the 2.2.3. Average axial temperature
silica and the large value of the porosity. An In a large-diameter column the radial temperature
alternative to that solution is to use a model such as profile will not change drastically over the entire
the Maxwell model (Eq. (5)), allowing the calcula- length of the bed [19–21], so one can calculate a
tion of an average thermal conductivity of the porous mean temperature averaged over the column length
media knowing the thermal conductivity of the fluid at a given radial position. This integration leads to
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Fig. 2. Relaxation length (Eq. (6)) for different solvents and various column diameter at constant velocity (0.0585 cm/s).

the following equation where j correspond to j for given axial position. In other words, instead of aL

z5L : relaxation length corresponding to an exponentialcol

decay of the temperature difference at a given radial
T̄(r) 5 T 1 Dw position (R /œ6), one can determine a radial posi-c

tion for a given length of the column where the
i5`

2 temperature has a defined value. One can define d as2(T 2 T )r 2 8 s w
] ]] ]]]? 1 2 1O 15 S D S 3 D the ratio of the difference of the temperature at aR a Dac ii51 i

given set of positions (r,z) with that at the centre of
r

the column (T ) to the difference between the]J a ? 2 (0,z)S D0 i R [1 2 exp(2a j )]c i L temperature at the wall (T ) and the column centre:w]]]]]]]]]? (7)62J (a ) a j1 i i L
(T 2 T )(r,z) (0,z)
]]]]d 5 (8)Eq. (7) exhibits the same characteristics as Eq. (2) (T 2 T )w (0,z)and will be used to calculate the average temperature

in the elementary column corresponding to the Eq. (6) establishes a linear relation between the axial
annulus located at the desired radial position. position (l ) and the square of the radial positionrelax

2It is more accurate to determine the axial average (R /6), so one can expect a similar relation betweenctemperature at a radial position that gives the correct the width (R 2r ) of the zone where the temperaturec dretention time. This calculation is not explicit and gradient is located and the column length.
requires an iterative procedure. The increase in the Fig. 3 represents the evolution of the distance
calculation time required is not compensated by any from the wall of the column as a function of the
significant gain in the accuracy of the result. square root of the axial position (z) for a value of d

equal to 0.1 in an 11-cm I.D. column eluted with a
mixture of methanol–water (50:50, v /v) at 200 ml /2.2.4. The wall temperature effect
min. The data were determined from temperatureTo evaluate the width of the zone influenced by
profiles calculated at different axial position in thethe wall temperature, one can calculate a radial
column using Eq. (2), Eq. (3) and Eq. (4). Theposition for which the temperature in the chromato-
column length is taken to be equal to 25 cm which isgraphic bed corresponds to a certain value T at a(r,z)
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Fig. 3. Wall temperature effect as a function of the column length. Width of the zone from the wall where 90% of the temperature gradient is
located as a function of the column length (d 50.1 in Eq. (8)). T 5348C; T 5208C; flow-rate5200 ml/min; solvent, methanol–waterw s

(50:50, v /v).

smaller than the relaxation length (around 5 m) for distance from the wall. Because the linear velocity of
that particular diameter column, and the linear the solvent is constant, the rate of heat transfer is the
correlation is calculated assuming that the distance same for all diameters. Fig. 5 shows that the profiles
from the wall tends to zero when the axial position are almost superimposable for large-diameter col-
tends to zero. This figure shows that the penetration umns, but the analytical-size column profile is quite
distance of the wall temperature effect increases different. According to Eq. (6) the relaxation length
linearly with the square root of the column length. It is much smaller than 25 cm for the 4.6-mm I.D.
also indicates that the first term of the infinite column and greater than the column length for the
summation is dominant and that the other terms can other diameters. For the former, the influence of the
be neglected to calculate the relaxation length. wall temperature extends to a distance perpendicular

to the column wall greater than one radius, which is
2.2.5. Influence of the column diameter not the case for the wider columns. Fig. 6 represents

Using Eq. (7) we have calculated the average schematically the zone which is influenced by the
radial temperature profile in a column 25 cm long at column wall. It shows the boundary between the
a given linear velocity of the solvent (0.035 cm/s) zone little affected by the wall (to the left of the
for different internal diameter values and 148C figure, where the temperature is within 10% of the
difference between the column wall (warmer) and the incoming solvent temperature) and that significantly
solvent temperature (Fig. 4). This figure represents affected. It also shows the approximate radial tem-
the different profiles as a function of the fractional perature profile at certain positions along the column.
column radius expressed as a percentage. For an The figure assumes that the temperature of the
analytical column the profile is almost flat over the solvent inlet (at the left of the figure) is lower than
entire cross-section of the column. One can note that that of the column wall and also that the heat
the main part of the temperature gradient represents a generated by viscous dissipation is important. For an
smaller percentage of the radius when the column analytical column of diameter 4.6 mm the outlet of
diameter increases. Fig. 5 represents the same results the column is located at the right extremity of the
as Fig. 4 but the radial position is expressed as a figure. In this case the effect of the temperature is
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Fig. 4. Average temperature inside a column for different internal diameters as a function of the percentage of the radius. Constant linear
velocity, 0.035 cm/s; T 5348C; T 5208C; column length510 cm; solvent, methanol–water (50:50, v /v).w s

not noticeable because it is compensated over the ary conditions for such columns. At the limit when
column length. For a larger-diameter column, with the diameter is very large compared to the column
the same linear velocity as the narrower one, the length the elution is mainly controlled by the solvent
position which corresponds to a length of 25 cm temperature (left of the figure).
moves to the left of the figure with increasing
diameter. It can be seen that the radial temperature 2.2.6. Influence of the flow-rate
profile is increasingly dependent on the inlet bound- As defined by Poppe et al. [17] the relaxation

Fig. 5. Average temperature inside a column for different internal diameters as a function of the distance from the wall. Same conditions as
Fig. 4.
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Fig. 6. Representation of the effect of the temperature of the column wall on the internal temperature profile in the column. The dotted lines
represent the radial temperature profile. The solid lines represent the limit of the zone influenced by the wall temperature.

length can be expressed as a function of the flow-rate negligible, but when the flow-rate is small the
by replacing the velocity and the column radius by penetration distance is large.
the volumetric flow-rate Q :v

2.3. Non-isothermal chromatogram
r CQ m pmv

] ]]l 5 ? (9)]relax 6p l 2.3.1. Elementary columnrad

The column is divided into a number of concentric
The relaxation length increases with the flow-rate. annuli. Each annulus is defined by two radial posi-
This means that the length required to observe a tions corresponding to the internal and the external
certain wall temperature effect (d 50.1, for example) cylinder delimiting the annulus. An average radius
at a given radial position increases with the flow- can be calculated for each annulus by a geometric
rate. One can define a time t , corresponding to theth average of the two values. For that average radial
time required for heat to diffuse from the wall over a position one can calculate an average temperature
distance for which d takes a value of 0.1 for a given along the annulus using Eq. (7). This temperature
radial position r :0.1 allows the calculation of the physical properties of

] the solvent such as viscosity h and density r, and the
lrad2 properties of the solute like the retention factor k9]]t 5 (R 2 r ) / (10)S Dth c 0.1 r Cm pm and the diffusion coefficient D . To obtain anm

analytical solution of the thermal balance equation,The time required by the solvent to reach a position z
Poppe et al. [17] had to assume the physical prop-in the column is a function of the linear velocity in
erties were independent of the temperature in thethe column. The equality of the elution time and the
domain of calculation. However, one can find in thetime required for heat to diffuse from the wall leads
literature or measure experimentally the variation ofto Eq. (11), expressing the width of the wall
the physical properties with temperature. Simpletemperature effect as a function of the axial position
mathematical correlations can be used to fit the dataz and the flow-rate for a value of d equal to 0.1:
in a narrow range of temperature (10–208C). It is

]] 2 then possible to calculate a radial profile of viscosity,l pRrad c2 ]] ]](R 2 r ) 5 ? z ? (11)c 0.1 density, diffusion coefficient and retention factorr C Qm pm v
with the calculated radial temperature profile. This is
then in contradiction with the assumption of theThis equation shows that, when the flow-rate tends to
temperature model. For the viscosity, for example, aan infinite value, the effect of the wall temperature is
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polynomial of the first order can be used to fit data in v L hKs col p
]]]the range 20–408C. The viscosity profile will be of DP 5 (14)2d pthe same shape as the temperature profile, but

reversed as seen in a mirror placed perpendicular to with K the parameter of the bed permeability (600pthe column axis (the viscosity decreases when the for spherical particles and 1000 for irregular); and dptemperature increases). The combination of the dif- the particle diameter.
ferent profiles will result in a radial velocity profile The retention time t can then be calculated byR, jinfluencing the shape of the chromatographic peak. the following equation knowing the variation of the

The division of the column into concentric annuli retention factor with the temperature:
is such that the cross-sectional area of each annulus

9t 5 t [1 1 k (T )] (15)is constant. This means that the main mass flow can R, j 0, j j

be divided and distributed equally into each annulus,
2The variance of the distribution s for theassuming that the pressure is homogeneous over the tot,t, j

column j can be evaluated by the estimation of theentire section of the column. The mass flow at the
column efficiency using a model such as the well-inlet of the column is divided by the number of
known Knox model. This model relates the reducedannuli and transformed into a volumetric flow with
plate height h, to the reduced solvent velocity y :the local value of the solvent density for each

elementary column.
B1 / 3 ]h 5 Ay 1 1 Cy (16)
y

2.3.2. Elementary chromatogram The values of the parameters A, B, and C can be
An analytical chromatogram can be characterised experimentally determined by repeating analytical

by a Gaussian distribution assuming that the injected injections at different flow-rate and temperature.
quantity is small enough. The general equation for a These parameters were measured at 258C and are
Gaussian distribution centred on the value t can beR considered constant in the range 20–408C despite the
expressed as follows: variation of the temperature in the column that may

affect the column efficiency [24]. The A term, which2(t 2 t )1 R describes the state of the packed bed, should be]]] ]]]f(t) 5 exp 2 (12)] 2S DŒs 2p 2s fairly invariant with temperature, and the B term istot,t tot,t

not significant at normal values of flow-rate. This
2 leaves the C term (for the inter-phase mass transfer),where s is the variance of the distributiontot,t

which can be to some extent temperature dependent.expressed in the same units as t .R

The value of this parameter for small molecules inIt is necessary to determine the value of both tR
2 reversed-phase chromatography is small, and there-and s for each elementary column. To calculatetot,t

fore the small expected change on the C term withthe retention time it is necessary to evaluate the
temperature may safely be ignored. The column plateretention time of an unretained compound t . This0, j

number N is then calculated by the followingtime can be evaluated for each elementary column col

equation:using the elementary cross-section S (constant), thej

column length L , the total porosity e and thecol tot 2 2N 5 L /(hd ) 5 t /s (17)col col p R, j tot,t, jsuperficial velocity of the mobile phase:

The combination of Eq. (17) and Eq. (16) allows theL e Scol tot j determination of the variance of the Gaussian dis-]]]t 5 (13)0, j vs tribution:

The mobile phase velocity in each elementary col- dp2 2 1 / 3]s 5 t (Ay 1 B /y 1 Cy) (18)umn is deduced from the viscosity and the volu- tot,t, j R, j Lcol
metric flow-rate with the Darcy equation assuming
that the pressure is radially homogeneous. Once the retention time and the variance of the
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distribution are calculated the chromatogram of a LC-50 column with an internal diameter of 5 cm and
sample in an elementary column is defined. a stroke length of 50 cm. The maximum bed lengths

for the two columns were 10 and 25 cm, respective-
ly; the actual bed length was determined by the2.3.3. Total chromatogram
quantity of packing used in the preparation of theThe calculation of the total chromatogram is
columns. Each column was equipped with a jacketstraightforward. The concentration profile as a func-
connected to a thermostatted water bath (Julabo MV-tion of the time and the injected concentration for
F25 (heating, 2.2 kW; cooling, 0.17 kW); Ateliereach elementary column (i.e. the chromatogram) is
Cloup, Champigny s /s Marne, France). The flow-ratedefined by the following equation:
was selected to ensure a turbulent flow in the jacket.

2 The solvent was pumped through the 5-cm I.D.C (t 2 t )inj R, j
]]] ]]]C (t) 5 exp 2 (19) column with a two-head pump (EKM2 Piston 8 mm,] S Dj 2Œs 2p 2stot,t, j tot,t, j 220 ml /min maximum flow-rate; Lewa, Sartrouville,

France) and with a three-head pump for the largerThe main chromatogram is then calculated by the
I.D. column (EK3 F808TV/C4 1500 ml /min maxi-summation of all the C (t) functions modified by thej mum flow-rate; Lewa). A heat exchanger was placedvolumetric flow-rate in each elementary column.
after the pump and consisted of a coil (1 /4 inch I.D.)
placed in a thermo-regulated bath (Heto DT, 1.2 kW
for 5 cm I.D. column (Atelier Cloup); and a TH30SI

3. Experimental (heating, 2 kW; cooling, 1.5 kW) for the 11-cm I.D.
column (Maton, Lesquin, France)). The sample was

3.1. Set-up manually injected with a 5-ml syringe through a
three-way Whitey valve placed after the heat ex-

Two dynamic axial compression columns (Proch- changer. The chromatographic signal was detected
rom, Champigneulles, France) were used (Fig. 7): with a UV detector (Dynamax UV-1 for the 5-cm
one of 11 cm internal diameter and with a 15-cm I.D. column (Rainin, Woburn MA, USA) and Spectra
piston stroke length; the other with a conventional 100 for the 11-cm I.D. column (Thermo-Separation

Physics, Les Ulis, France)). The chromatograms were
recorded with Prochrom data acquisition software for
the 11-cm I.D. column and with Peak 96 software
(Hewlett-Packard, Evry, France) for the 5-cm I.D.
column. All solvent lines were insulated. The tem-
perature was measured with PT100 probes connected
to a digital display unit (IT2020 Serv’instrumenta-
tion, Urigny, France). The probe on the solvent line
was located on a T-connector immediately before the
sample injection valve to avoid influencing the
sample profile. The temperature of the column wall
was taken at the outlet of the column jacket. The
temperature at the inlet of the jacket was periodically
measured. Because stainless steel is a good heat
conductor, the temperature of the column wall can be
considered equal to the temperature of the jacket
outlet stream, assuming that the flow-rate in the
jacket is large enough to ensure a good heat transfer
and that the difference between the inlet and the

Fig. 7. Experimental set-up. outlet temperatures of the jacket is small. Ex-
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perimentally that difference was always less than from 20 to 348C. The wall temperature was then
28C. lowered to 258C to allow the solvent to reach higher

temperatures. For the 5-cm I.D. column, the solvent
temperature was controlled at 258C and the column3.2. Chemicals
wall temperature was changed from 20 to 348C.
Three sample injections were made for every valueThe eluent used was methanol–water (50:50, v /v).
of the temperature when it has stabilised. The systemThe methanol used was technical-grade purity (SDS,
was left to equilibrate for at least 30 min per degreePeypin, France), the water was HPLC grade, pro-
of change before any injection. In the following, theduced using ion exchange, activated carbon and
difference in temperature between the column wallreverse osmosis cartridges (Millipore, Molsheim,
and the solvent inlet will be referred as DT. AFrance). The packing material was a reversed-phase

˚ positive value of DT indicates a higher temperatureC , 15-mm average particle size, 100-A pore size18

for the column wall than the solvent line.(Amicon, Beverly, MA, USA). The sample used for
efficiency determination was a mixture of uracil
(Fluka Chemical 94220 No. 282505-689; Sigma–

4. Results and discussionAldrich, L’Isle d’Abeau, St Quentin Fallavier,
France) and acetophenone (Sigma A-1890 No.

4.1. Effect of the temperature difference on column84H3402; Sigma–Aldrich) diluted in the elution
performancesolvent. The isopropanol used in the packing pro-

cedure was technical grade (SDS).
The existence of a temperature difference between

the column wall and the solvent at the inlet of the3.3. Procedures
column may be due to many causes, as discussed
earlier. That difference introduces a temperatureEach column was prepared with a mixture of
gradient in the column which may influence thepacking material and 2-isopropanol with the ratio of
velocity profile and hence the solute elution band in1 volume of packing material to two volumes of
the column. The calculation of the temperaturesolvent. The bed was compressed to 25 bar for the
profile inside a chromatographic bed using the11-cm I.D. column, and 40 bar for the 5-cm I.D.
equations presented in the theoretical part of thatcolumn.
paper shows that the temperature difference imposedThe column dead volume was estimated with the
at the inlet of the column does not vary drasticallyretention time of the uracil (0.22 or 0.1 mg/ml
along the column when the diameter of the column isdepending on the column I.D.). The uracil is a

| large. By controlling the temperature of both thenon-retained compound (k9 0) and the5
solvent line and the column jacket we have investi-acetophenone is retained with a capacity factor close
gated the effect of such a temperature difference onto 2.7 depending on the temperature conditions. The
the chromatography of a single compound in col-efficiency of the column, N , is measured bycol

umns of different size.injection of acetophenone (1.2 or 0.5 mg/ml depend-
Fig. 8 represents the efficiency and theing on the column I.D.), and measurement of the

asymmetry of the acetophenone measured in thewidth of the peak at half height according to the
11-cm I.D. column as a function of the difference offollowing equation:
temperature. The sample is eluted with methanol–2tR

]] water (50:50, v /v) at 200 ml /min. Eq. (20) is onlyN 5 5.54 ? (20)S Dcol W1 / 2 valid when the peak is symmetrical and can be
modelled by a Gaussian distribution, hence theThe asymmetry of the peak was measured at 10% of
values of efficiency shown on Fig. 8 correspondingthe peak height. For the 11-cm I.D. column, the
to values of asymmetry far from unity are nottemperature of the column wall was first maintained
accurate, but are useful to estimate the loss ofat 348C and the solvent temperature was changed
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Fig. 8. Effect of DT on column efficiency measured at half height of the peak (Eq. (20)) and asymmetry measured at 10% of the peak height.
˚Solute, acetophenone, injection 2 ml at 1.2 mg/ml; column, 10 cm3110 mm I.D.; packing, C , 15 mm, 100 A; solvent, methanol–water18

(50:50, v /v) at 200 ml /min.

performance. This figure shows that the efficiency of constant efficiency and hence a plateau on the left
the column reaches a maximum for a positive value part of Fig. 8. These observations lead to the
of DT (around 38C) and is sensitive to a small change conclusion that the section of the column influenced
in the DT value. The efficiency of the column can be by the column wall temperature is smaller than the
divided by a factor of two if the temperature section influenced by the solvent. This can be
difference is increased only by 38C; it is clear that explained by reference to Fig. 4, which shows the
measurements of efficiency for wide-diameter col- radial temperature profile in a 11-cm column under
umns should be carried out under carefully con- the same temperature conditions as the experiment.
trolled operating temperatures (as, indeed, should be This profile shows that the centre of the column is
their operation). One can also note that the efficiency eluted at the solvent temperature and represents more
maximum corresponds to a symmetrical peak. The that 60% of the column radius. The rest of the
chromatograms corresponding to three specific val- cross-section is influenced by the temperature gra-
ues of DT are shown in Fig. 9. The peak corre- dient. Chromatogram 2 was obtained with a slightly
sponding to a positive value of DT exhibits a lower flow-rate (184 ml /min) but is presented here
shoulder in front of the peak. In that case the peak to show that a ‘normal’ peak shape can be obtained
width becomes important affecting the value of the with a null DT.
asymmetry. When the DT becomes very large the Fig. 10 represents the effect of DT on the
shoulder separates from the peak and a valley efficiency of the column and the symmetry of the
appears between the two peaks. When the minimum peak calculated for the conditions used for Fig. 8.
of the valley drops below the half height of the main The parameters of the calculation are summarised in
peak (the second) the measured efficiency using Eq. Table 2.
(20) increases again. The apparent retention time of Fig. 10 exhibits the same profile as Fig. 8. The
the shoulder corresponds to a section of the column efficiency reaches a sharp maximum corresponding
influenced by the wall temperature that is warmer to a symmetrical peak. The main difference between
than the solvent. When the DT is negative the peak is these two figures is the value of DT for which the
tailing. The model used to calculate the efficiency is maximum of efficiency can be observed. The calcu-
then no longer valid which leads to an apparently lated data show that the maximum is obtained for a
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Fig. 9. Chromatograms obtained for three values of DT. Same conditions as Fig. 8. First peak uracil, second peak acetophenone.
Temperature as indicated on the figure.

null DT, but the experimental data give a positive to the wall moving faster than the one in the centre
value for the DT optimum. This positive value of DT of the column. In order to obtain a symmetrical peak
required to obtain the maximum of column efficiency under such thermal conditions it is necessary to have
has been observed in our early work [19] and also by an elution profile at the inlet of the column that is
Brandt et al. [20]. A positive DT corresponds to a bent in the opposite direction of the radial tempera-
wall warmer than the solvent, and hence should ture (i.e. velocity) profile. This can be explained by a
introduce a radial profile of velocity: the solute close distribution effect of the sample across the entire

Fig. 10. Calculation of the effect of DT on column efficiency measured at half height of the peak (Eq. (20)) and asymmetry measured at
10% of the peak height. Calculation conditions as indicated in Table 2.
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Table 2
General set of parameters for the calculation of the chromatogram under non-isothermal conditions

Column 10 cm3110 mm I.D.
Packing 15 mm spherical
Thermal conductivity (W/m/ 8C) 1.4
Knox parameters A50.88; B52; C50.043

Solvent Methanol–water (50:50, v /v)
23Viscosity (Poiseuille) (13.507–0.039875T ) 10 (K)

3Density (kg/m ) 1.1086–0.00066T (K)
Specific heat (J /kg / 8C) 3768.4
Thermal conductivity (W/m/ 8C) 0.6

Solute Acetophenone
Retention (experimental) 0.0183 exp(21500/T )
Diffusion coefficient Wilke and Chang equation

Correlation and values from Ref. [25].

section of the column. Coq et al. [13] demonstrated a plateau around isothermal conditions. This be-
the distribution effect due to the change in cross- haviour can be related to the viscous heat generation
section when the sample is entering the column. If that becomes less negligible when DT is null. The
the flow is considered as a series of parallel streams, heat generated in that case tends to give a parabolic
a molecule of sample in the central stream reaches shape to the radial temperature profile which affects
the column (after the inlet frit) before the one located the peak shape and hence the peak symmetry.
in the stream close to the wall. This difference of
travel time is due to the difference in the distance 4.2. Flow-rate effect
which each molecule must cross before entering the
column. The one in the centre needs to cross the frit The influence of flow-rate was studied on the 5-cm
only axially while the one located close to the inlet I.D. column, packed to 22.5 cm length. Three flow-
tube wall must not only cross the frit axially, but rates were used: 75, 110, 165 ml /min. For each
needs also to travel radially to reach its inlet flow-rate value, the efficiency of the column was
position. This phenomenon also occurs at the outlet measured for the acetophenone peak at different
of the column. As a result, the sample injection band values of DT. Fig. 11 represents the experimental
is not perfectly flat as it emerges from the inlet data obtained, and can be compared to the data
distributor. calculated for the same conditions with the mathe-

The calculated values assume a perfect solute matical model (Fig. 12). The two sets of data
distribution at the inlet of the column and, as a (experimental and calculated) are quite similar. Once
consequence, the maximum efficiency is obtained for again the experimental position of the maximum
isothermal conditions (the distortion of the band due efficiency is obtained when the DT is positive, which
to heat generated by viscous dissipation is very small is not the case for the calculated data. As expected,
in the case studied). Experimentally, it is very the maximum values of efficiency are greater at
difficult to get rid of the distortion of the elution small flow-rates. The position of the maximum
profile due to the distribution of the solute and, as a efficiency is not significantly influenced by the flow-
consequence, a positive DT is necessary to obtain the rate and remains at a DT value around 28C.
maximum efficiency of the column.

Other differences can be observed between Fig. 8 4.3. Column length effect
and Fig. 10, but can be related to the approximations
made for the calculation, such as constant A, B and The 5-cm I.D. column was packed to a length of
C terms in the Knox equation measured at 258C 10 cm and the measurement of column efficiency
introducing a difference in the number of theoretical was conducted at a flow-rate of 75 ml /min using the
plates calculated. The calculated asymmetry exhibits same conditions as described in Section 4.2. Fig. 13
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Fig. 11. Effect of the flow-rate on the column efficiency as a function of the DT. Solute, acetophenone, 2 ml at 0.5 mg/ml; column, 22.5
˚cm350 mm I.D.; packing, C , 15 mm, 100 A; solvent, methanol–water (50:50, v /v).18

Fig. 14 present, respectively, experimental and calcu- a diameter column. Thus the influence of the wall
lated data obtained under these conditions. In both temperature on the local velocity of the sample is
figures one can observe that the optimum efficiency greater for the longer column because the solute
is sharper when the column is longer. This is due to travels a greater distance under the radial velocity
the fact that, for the column length employed, the gradient, resulting in a larger broadening effect of
radial temperature gradient is almost constant in such the sample elution band. As already mentioned, a

Fig. 12. Calculation of the effect of the flow-rate on the column efficiency as a function of DT. Calculation conditions as indicated in Table
2, except for the column dimensions, changed to 22.5 cm350 mm I.D. to match experimental conditions.
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Fig. 13. Effect of the bed length on the column efficiency as a function of DT. Solute, acetophenone, 2 ml at 0.5 mg/ml; column, 50 mm
˚I.D.; packing, C , 15 mm, 100 A; solvent, methanol–water (50:50, v /v) at 75 ml /min.18

positive DT is necessary to obtain the maximum the deformation of the band due to the extremities of
efficiency. This is not observed for the calculated the column. For both lengths, the deformation is the
data. One can note that the DT required for optimal same, but the time available for the sample at the
efficiency for a short column is larger than for the wall to catch up with the sample in the centre of the
long column. As noted above, the need for a column depends on the length of the column. When
difference in temperature is a direct consequence of the column is short it is necessary for the sample

Fig. 14. Calculation of the effect of the bed length on the column efficiency as a function of DT. Calculation conditions as indicated in Table
2, except for the column dimensions, changed to 50 mm I.D., variable length and flow-rate (75 ml /min) to match experimental conditions.
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close to the wall to go faster than when the column is ture is far more critical for columns of moderate
long where it has the time to compensate the delay. diameter than for large-scale production columns.
Therefore, the velocity of the sample must be
increased when the column is short, and to attain this
the temperature of the wall must be warmer than for 5. Conclusion
a long column to allow that difference in velocity.

The calculation of the internal temperature profile
4.4. Diameter effect in a column shows that for a small-I.D. column

(analytical), even if the solvent is at a temperature
Fig. 15 corresponds to chromatograms calculated different from that of the column oven, the sepa-

for several I.D. columns with the same linear ve- ration will be controlled by the temperature of the
locity. The temperature of the column wall is 148C column wall. For a larger-diameter column, as used
warmer than the temperature of the solvent at the for preparative chromatography, a difference in
inlet of the column. The internal average temperature temperature between the wall and the mobile phase,
profiles are shown in Fig. 4. One can note that the DT, can be a real problem. Because the heat transfer
peak corresponding to the analytical column (4.6 mm in the packed bed is quite slow, a radial temperature
I.D.) is quite symmetrical despite the value of DT. gradient will exist in the column and this reduces the
The retention time of that peak indicates that it is column efficiency. The experimental data and the
eluted at a temperature close to that of the column mathematical model presented in this paper show
wall temperature. The chromatograms corresponding that precautions must be taken when a large-diameter
to larger-diameter columns present a varying degree column is used. The effect of DT on a column
of deformation. The percentage of the peak repre- performance is closely related to the flow-rate, the
sented by the shoulder decreases when the column length and the diameter of the column. It is thus
diameter increases. This reflects the greater propor- necessary to control both the temperature of the
tion of the solvent which passes through the column mobile phase and of the column wall to ensure good
uninfluenced by the wall temperature for the larger reproducibility and good column performance.
columns, and indicates that the control of tempera- A positive DT of a few degrees may be used to

Fig. 15. Calculated chromatograms for different column I.D. with a constant linear velocity of the solvent (0.035 cm/s). Same conditions as
Fig. 4; retention and physical properties of the solute and the solvent as indicated in Table 2.
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compensate a deformation of the elution band due to Roman
the inlet configuration of the column, and thus obtain
an optimal efficiency of the column. But this value

A, B, C parameters of the Knox equationof DT required is a function of the column parame-
C concentration of solute in the mobilejters, the flow-rate and the retention properties of

phase in an elementary column jeach solute of interest. It is therefore of critical
C concentration in the injectionimportance that the performance of a column should inj
]
C average specific heat of the heteroge-be measured over a range of DT values in order to p

find the optimum. Equally, the column should be neous system
operated at the optimum value of DT. C specific heat of the mobile phasepm

In a future paper the effect of DT on preparative d average particle sizep

separations under non-linear conditions will be pre- D diffusion coefficient of the solutem

sented. A mathematical model will be presented to f(t) function to fit the chromatographic peak
calculate the chromatogram of a binary separation h reduced plate height
under non-isothermal conditions and the predictions j index of an elementary column
will be compared with experimental results. J (x) Bessel function of the zero order0

J (x) Bessel function of the first order1
Nomenclature k9 j retention factor of solute in an elemen-

tary column j
Greek l relaxation lengthrelax

L column lengthcol
a solution of the equation J (x)50 N number of theoretical plates or columni 0 col
d reduced temperature in the column efficiency
D maximum increase of temperature in the p pressure in the porous bed

column axis at infinite length Q volumetric flow-ratev
DP pressure drop in the column r radial position
DT column wall temperature minus solvent r radial position for d 50.10.1

2inlet temperature r correlation coefficient for linear regres-
e total porosity of the columntot sion
l thermal conductivity of the mobile phasef R column radiusc]
l axial average thermal conductivity S cross section of an elementary columnlon j]
l radial average thermal conductivity t timerad

l thermal conductivity of the stationary t retention time of an unretained com-s 0, j

phase pound in an elementary column j
r mobile phase density t time required for the heat to diffusem th

r̄ average density of the heterogeneous from the wall
system t retention time of a retained compoundR

2
s variance of the chromatographic peak t retention time of a retained compound intot,t R, j

expressed in time an elementary column j
2

s variance of the chromatographic peak in T temperature (K)tot,t, j

the elementary column j expressed in T solvent temperature at the column inlets

time T column wall temperaturew

y reduced velocity in the column5u d / n linear velocity of the solvent0 p s

D W width of the peak measured at half ofm 1 / 2

j reduced length the height
j reduced length for z5L z axial co-ordinateL col
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