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Sumaxy 

A review is given of the factors affecting the performance and 
the scale up of chromatographic colums. The industrial separation 
of fatty acid derivatives and the application of G.L.C. as a possible 
separation method for fatty acids are also reviewed. 

The design and construction of a sequential continuous 5 
chromatographic refiner (SCCR-2) for high temperature (up to 210°C) 
preparative scale G.L.C. separation is described. Counter-current 
operation was simulated by sequencing a system of inlet and outlet 
port functions around twelve fixed, 2.21 an diameter and 61 cm long 
stainless steel columns. 

The separation capabilities of the SCCR-2 unit have been 
investigated using mixtures of different fatty acid esters. The 
feed mixtures selected had separation factors in the range of 1.44- 
2.8 and required equipment operation in the range of 105-210°C, while 
using OV-275 (a cynosilicone liquid phase) on Chromosorb P, as 
chromatographic packing material. 

Fatty acid derivatives; ethyl caprylate/ethyl caprate (separation 
factor (S.F.) 1.9, 105°C), ethyl caprate/ethyl laurate (S.F. 1.44, 
160°C), ethyl laurate/methyl myristate (S.F. 1.54, 185°C) and methyl 
myristate/methyl stearate (S.F. 2.8, 206°C) were separated on the SCCR-2 
unit. Purities of greater than 993 ave been achieved for both product 
streans at feed rates of up to 80 an’ h ~ and at an operating, 
temperature of 105°C. Lower throughputs; 50, 25 and 20 am"H ~ at 
operating temperatures 160, 185 and 205°C respectively were used to 
retain the purity in excess of 98.0% for both products. 

The experimental results of the separation of binary mixtures at 
different temperatures have been canpared with the results of a plate 
model canputation procedure, Results achieved from the theoretical 
study indicated partial agreement with the experimental findings. 
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CHAPTER 1 

INTRODUCTION



INTRODUCTION 

Work presented in this thesis is part of an extensive 

research project in gas liquid, liquid/liquid and gel 

permeation chromatography. This programme was initiated 

by Professor P.E, Barker early in the sixtiés(1-18) and was 

continued in the Chemical Engineering Department at the 

University of Aston in Birmingham. The programme has been 

substantially sponsored by a series of grants from different 

sectors of industry. 

A general and brief description of chromatographic 

methods may be summarized as follows. Chromatography is 

traditionally a batch wise separation technique, in which 

a given sample (solute) is distributed between a static 

solvent phase, normally of large surface area, and a mobile 

carrier phase according to a particular partition coefficient 

ratio. However, the separation of various solutes is achieved 

by differences in the partition coefficient for each solute 

between the two phases just mentioned. Although chromato- 

graphic methods have only been effectively used as a scientific 

tool for about 35 years, chromatography has become firmly 

established in all branches of science as a highly versatile 

means of obtaining anlytical identification of chemical 

compounds and mixtures. Of the various chromotographic 

methods, gas chromatography has become the most popular 

anlytical technique and is probably the most important 

single analytical tool in existence at this time (19). 

Elution gas/liquid chromatography. is currently the most



useful method of gas chromatographic analysis. 

A natural outgrowth of the impressive success of 

analytical gas chromatography is the desire to develop 

practical methods for the isolation of pure materials on 

a large scale, It has been estimated that preparative 

gas chromatography may be economically competitive with 

conventional processing techniques such as distillation, 

vacuum distillation, extraction, and crystallization for 

certain high purity, heat sensitive materials (20). Gas 

chromatography has several important advantages that makes 

it an interesting possibility for high purity separations. 

- A high separation factor is available because the 

normal relative volatility differences between solutes are 

present and a highly selective partitioning phase may 

normally be chosen for a given separation. 

- The short residence times in gas liquid chromotography 

compared to other mass transfer processes is a vital factor 

in processing heat sensitive materials. 

- It is possible to collect a large number of high purity 

fractions or to isolate a trace component in a mixture. 

However, there are certain disadvantages in using 

gas chromatography which limit its use to the types of 

separation where a great deal of difficulty is experienced 

by other separation process currently being used such as 

distillation and extraction.



- Solute and solvent concentrations within the column 

are quite low compared to other more conventional separation 

processes. The solute primarily moves through the column as 

a "low density" gas phase which is further diluted by an 

inert carrier gas fluid. 

- Current column packing materials are costly and require 

replacement and reconditioning very frequently. 

If proper equipment design and operation is achieved, 

gas chromatography may be expected to be competitive with 

conventional separation processes in certain purification 

problems in the chemical, food, fragrance and flavours, 

petrochemical, and pharmaceutical industries. Gas chroma-— 

tography is not expected to replace conventional separation 

processes, where favourable solutes with relative volatilities 

and vapour pressures exist and where heat sensitive substances 

are not a particular problem. 

Efficient preparative scale sample purification by gas 

chromatography can only be performed when the factors affecting 

the sample production rate are thoroughly understood. The 

difficulty of preparing large diameter columns without loss 

of efficiency is still of fundamental importance today, and 

several approaches haye been attempted to overcome this 

problem, Golay (21) attributed the decrease in efficiency 

of large diameter columns to radial velocity fluctuations. 

Preparative work is dependent on achieving efficient sample 

separation under quite different (much higher) conditions of



solute concentrations, These higher concentrations cause 

changes in the separation factor and solute distribution 

coefficients. Also, the higher concentrations along with 

large diameters of preparative columns, cause heats of 

adsorption and desorption, and heat transfer rates to 

become important. When sizeable temperature changes and 

gradients occur, separation factors (SF) and distribution 

coefficients will be greatly influenced (21). 

Abcor Ltd. (22) have developed a production scale 

G.L.C. process using large diameter columns (30-120 cm), 

Dupont Co. have reported a unit capable of separating a 

wide range of substances at high purity (23). Others have 

reported a success by smaller units (24,25). 

Various schemes have been attempted to improve the 

column utilization and therefore the feed throughput of a 

production scale G.L.C. process, Of the many schemes that 

have been developed, the "repetitive injection" batch 

Operated process, and the "continuous counter-current" 

schemes haye attained the most success, In counter current 

schemes the mobile phase fluid (carrier gas), and stationary 

phase fluid are moyed counter currently, whilst a continuous 

feed mixture is introduced at some point in the separating 

section. The feed components with the least affinity for 

the stationary phase fluid trayel preferentially with the 

mobile fluid, whilst the more strongly adsorped components 

move in the opposite direction with the stationary phase.



Consequently, continuous product off take is possible. Since 

the early 1960's Barker and co-workers actively developed 

these processes (1-18, 26-34). Many of the units now being 

operated by Barker and co-workers for both gas liquid and gel 

permeation chromatographic separations are based on a concent 

developed by Barker and Deeble (12). This scheme is based 

upon counter-current movement which is simulated by sequencing 

a system of inlet and outlet port functions around a closed 

loop of columns. The first unit of this type was called 

the 'Sequential Continuous Chromatographic Refiner', SCCR-l. 

Its viability has been demonstrated by the continuous 

separation of 1.1.2-trifluoro-1.2.2-trichloroethane (Arklone-P) 

and 1.1.1-trichloroethane (Genklene ) which was achieved at 

2 nr, However, the equivolume feed rates at up to 1400 cm 

use of the SCCR-1 unit to separate non-volatile materials 

was limited by the lack of any heating facilities and the 

air used as a carrier gas. The second unit SCCR-2, based on 

the same principle, was developed to work at temperatures of 

up to 210° C, and was the equipment used in this research. 

The SCCR-2 machine is made up of 12 stainless steel 

columns, each 61 cm long and 2.54 cm in diameter. The 

promising results of S. Liodakis (16) for separating organic 

mixtures such as methyl chloroacetate/ethyl lactate (separation 

faccor (SE) 155) 105° C) using SCCR-2 equipment led to an 

attempt to perform a higher temperature separation in the 

range of 100-206° c. The work reported in this thesis was



initiated with the aim of achieving that goal using mixtures 

of industrial importance, such as fatty acid derivatives, 

with moderate to high boiling points. Besides the 

experimental programme a mathematical simulation was also 

to be part of, this research programme.



CHAPTER 2 

LITERATURE SURVEY



2-1 SCOPE 

Following the work of James and Martin in 1952 (35) 

chromatography has developed into an accepted analytical 

and preparative technique. Although a large portion of 

the published work has been mainly devoted to analytical 

techniques, it is necessary to be restrictive in the 

summary of relevant literature, Hence, after the intro- 

duction of the basic terminology, whose origins inevitably 

lie in the analytical field, this survey will be concerned 

with the development of theoretical models of the column 

chromographic process. 

Scale-up of the chromatographic process is next 

reviewed in two sections: batch chromatography, and 

continuous chromatography. 

Finally, a review of fatty acid separations in industry 

and the future of gas chromatography, as an alternative 

technique will be discussed. 

2.2 BASIC TERMINOLOGY 

The following has been included to proyide a hasic 

understanding of the subject area. Further details may be 

found in several general texts (36,37). 

2.2.1 The Basic Process 

The principle of gas liquid partition chromatography 

(GLC) is that an inert carrier gas is passed through a 

column which is packed with solid support on which a liquid



stationary phase is impregnated. The mixture of solutes 

to be separated is usually introduced with the carrier as 

it enters the column as in the case of GLC analysis units 

and in conventional static bed preparative scale chromato- 

graphic units. It is the difference in the selective 

retardation of the compounds to be separated by the 

stationary liquid phase as they move in the column under 

column conditions that causes their bands to travel at 

different rates. Consequently they will be separated and 

are eluted in the order of least retarded first. ElG. 2a 

shows a typical elution curve for two fully resolved 

components 1 and 2. 

The ordinate represents detector response and the 

abscissa represents either time or volume. The first sharp 

peak is obtained for unabsorbed gas, while the second and 

third peaks have undergone the chromatographic process. 

Also t= "elution" or "retention time" for an 

unabsorbed component, which is a measure 

of the gas hold-up in the column (dead 

volume of column). 

t, = “elution" or "retention time" for a 

component. 

tp = tpt, "adjusted retention time", which 

Measures the effect of the chromatographic 

process of a component.
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The "distribution" or "partiition coefficient", K, 

is defined as the equilibrium ratio of the solute concentration 

in the liquid solvent to the concentration in the gas phase 

and is a measure of the affinity of a solute for a solvent. 

The ratio of "partition coefficient" of component 2, 

to that of component 1 defines the "separation factor", SF, 

of solutes 1 and 2. 

BD Thus, SF = eC 2a) 
ZL 

and since the larger value of K is placed in the numerator, 

as the "separation factor", SF, approaches unity, the 

separation becomes more difficult. 

Further definitions, relationships and theoretical 

aspects of the basic elution G.L.C. chromatographic theory, 

as well as for the other types of chromatography can be found 

in general texts (37,38). 

In general, separation in elution chromatography is 

achieved through differences in migration rates of solutes, 

governed by thermodynamic equilibrium. However, the 

effectiveness of a separation is also dependent on the degree 

of overlap of the solute zones, which is governed by column 

dynamics, It is obviously desirable to keep the solute 

zones narrow to reduce or eliminate overlap. 

Solute zone broadening theories involve factors that 

contribute to zone spreading and therefore are briefly 

reviewed in the following sections.
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243 THEORY OF ZONE SPREADING 

2.3.1 The Plate Model 

The theoretical plate model was introduced into 

chromatography by Martin and Synge (39) because of its 

effectiveness in describing distillation processes. Their 

early work was later expanded by Mayer and Tompkins (40) 

and Glueckauf (41). 

It is necessary to make a number of simplifying 

assumptions when the plate model is used, which may be 

listed as follows: 

(1) the solute exchange process is thermodynamically 

reversible such that instantaneous equilibrium is 

achieved. 

2) the partition coefficient is constant throughout the 

column and independent of concentration; i.e. linear 

chromatography. 

(3) longitudinal diffusion may be neglected, 

(4) mobile flow is discontinuous. The flow is usually 

achieved by stepwise additions of volumes of mobile 

phase equal to the mobile phase volume per plate. 

By reducing the plate volume to an infinitesimal value, 

Glueckauf (41) obtained a continuous model. The elution 

curve exhibited a Poisson distribution which approximated 

to a Gaussian distribution for greater than 100 plates. 

The standard deviation (c) of the Gaussian distribution (a 

direct measure of zone spreading is given by:
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o = YHL (2.2) 

where H is the height equivalent to a theoretical plate 

(HETP) and Ly is the distance migrated. Equation 2.2 

eeore that H varies directly with o?, and an important 

statistical property of o* is that independent. contributions 

to it are additive, 

2 

fe. = )2t (2.3) 
M 

Thus contributions to the plate height may be 

determined independently and summed to give an overall H 

value. 

Although plate height is an empirical quantity, and 

plate theory does not deal with the mechanisms which deter- 

mine it, such aspartition phenomena, molecular diffusion and 

flow patterns through packed beds, it has considerable 

value in the comparison of the efficiency of chromatographic 

columns, and has gained almost universal acceptance in this 

area. In practice, H is used to describe the summation of 

all the contributions to peak dispersion (¢7), which are 

generally caused by; finite mass transfer rates, longitudinal 

molecular diffusion and eddy diffusion caused by the hetero- 

geneous nature of the packing (42). 

The following section will deal with the various rate 

theories advanced to evaluate these effects.
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2.3.2 Zone Broadening Rate Theories 

2.3.2.1 Van Deemter Theory 

Much theoretical work has been carried out to 

express the behaviour of a chromatographic column in 

terms of H.E.T.P. Lapidus and Amundson (43) were the 

first to introduce mass transfer and diffusion terms into 

a model, and their theory was developed by Van Deemter, 

Zuiderweg and Klinkenberg (44) who derived the following 

expression, relating the column parameters to the H.E.T.P, 

  

2y'D, cn den any 
= 2.\d + += : a Ad, 72 GaKy"p, * 

a = packing characterization factor for eddy diffusion 

such that eddy diffusivity, E, = Aud, 

a5 = mean particle diameter 

y' = labyrinth factor to allow for toruous flow path 

DL = mobile phase molecular diffusivity 

D = stationary phase molevular diffusivity 

d, = thickness of stationary phase liquid film 

u = interstitial gas phase velocity 

Ki = BL/K-F = mass distribution coefficient 

Fa = fractional volume of mobile phase 

Fs = fractional volume of stationary phase 

K = partition coefficient 

The equation may be written in shortened form: 

H=A + B/u + Cyu (2.5)
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A, B, and Cy are the eddy diffusion, axial diffusion, and 

mass transfer resistance terms respectively, stationary 

phase mass transfer being assumed the controlling factor. 

Van Deemter (44) introduced a further term (C,) to allow for 

resistance to mass transfer in the mobile phase. Equation 

2.4 has been applied extensively to the field of gas chromato- 

graphy and was responsible for the significant improvements 

obtained in column performance therein. It is shown graphically 

in Fig. 2.2 that at low gas velocities the axial diffusion 

term is significant and therefore high molecular weight 

carrier gases are desirable to minimize H. At higher gas 

velocities the dependence of H on ) disappears and the 

mass transfer resistance terms become controlling. 

2.3.2.2 Random Walk 

The original Van Deemeter equation has been extended 

and modified by many workers (45-49). Considerable work 

has been carried out by Giddings on the mechanisms of zone 

broadening, details of which are given in his well known 

text (36). Using the individual molecular processes occurring 

in a chromatographic column he developed a "random walk" 

model (49). The basic concept of this model is that the 

solute molecules, although moving randomly have an equal 

chance of moving forward or backward. It is convenient to 

define an average (root mean square) step length (2), although 

actual molecular displacements differ widely in length. This 

random molecular movement results in a statistical spread of 

the molecules in the form of a Gaussian curve. The variance
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FIG. 2.2 GRAPHICAL REPRESENTATION OF THE VAN DEEMTER 

EQUATION 
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o?, is equal to %' n', where n' is the number of steps 

taken. Each process occurring in the column has its own 

value of 2' and n’ which may be summed to give a total 

variance: 

o aoe =H (2.6) 2 = 2 
Total Yo at 

Giddings (36) evaluates the contribution to plate height 

from longitudinal mobile phase diffusion as; 

1 2y DL 

H= = (2727)   

By using the same Einsteinian relationship for diffusion 

(50) the stationary phase diffusion was calculated as 

EN 9 (esg) 
MT R 

  (2.8) 

obstructive factor within solid particles =<
 W 

a u retention ratio 

Simple kinetic. mechanisms describing the adsorption- 

desorption process can be formulated as a random walk and 

Giddings (36) obtained: 

2 
= 

D 
s 

-u 

  H = 2R(1-R) (2.9) 

Diffusion processes occurring in the mobile phase 

are significantly more complex than those in the stationary 

phase, This is because of the complex nature of the flow 

channels, and the velocity inequalities, both transcolumn
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and longitudinal occurring in the mobile phase itself. 

The mechanisms leading to this zone spreading within the 

mobile phase originate from. 

ans Transchannel effects caused by a higher velocity 

in the centre of a channel than at the wall, 

2s Long-range interchannel effects. 

3. Transcolumn effects. 

4. Transparticle effects caused by the stagnant mobile 

phase trapped in the porous solid support particles. 

Ble Short range interchannel effects. 

The resulting mobile phase mass transfer term is: 

  

W.d 7.0 
H=—28 (2.10) 

m 

We i = 2W 2 WwW Ee (Five values) Wy We /2 

‘= (distance between velocity Se 

We= (distance between extreme and average velocity) u 

The eddy diffusion contribution was determined by using 

the classical theory of solute molecules being locked in 

fixed stream paths, again consider the five mechanisms giving: 

H = 2),d (2,11) 
iP 

he 2 
Ae dW, Wi /2 (2.12) 

i 

Wy = structural parameter
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Summing all the plate height contributions from the random 

walk approach we have: 

    
  

du = Weds? eu a 21 (1-R) Pager: 4, H = 204,45 ]y'D,ty.De~—g | +2R(1-R) S—+ = 
s Tm 

(2,13) 

or H=a+B+ecutcu (2.14) 
u s ‘m e 

This is of the same general form as equation 2.5 

except for the inclusion of a mobile phase resistance to 

mass transfer term (Cu). Giddings (36) has shown that 

the eddy diffusion and mobile phase mass transfer terms 

are not independent and therefore their variances not 

additive. Combining these two contributions in one term 

leads to the general equation 

1-1 =a) (2-15) 
m 

isol
 Ml 

c
l
o
 = 

if Cou Se & + 

The value of the contribution to H of the coupled term is 

always less than that obtained from either of the component 

part (see Fig. 2.3). 

A major criticism of the random walk model is that 

it is based on a fixed number of steps for all participating 

molecules, while in reality, particularly in reference to 

sorption-desorption kinetics, a variable number of steps 

are taken. Giddings (36) recognised the limitations of the 

random walk approach and developed the more powerful
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a Hy =W\dgu/ Dm 

A classical Eqn. 
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Hyp = 2A) dp 
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generalized non-equilibrium theory of zone broadening, which, 

unlike the microscopic random walk theory, considers bulk 

properties of the chromatographic system. 

2.3.2.3 Generalized Non-equilibrium Theory 

The non-equilibrium theory is based on the fact that 

sorption/desorption processes require a finite amount of 

time to occur. The theory, with a physical representation 

of non-equilibrium, is illustrated in Fig. 2.4 and shows 

the stationary phase concentration has a lag in its 

equilibrium value, whilst the mobile phase concentration 

will always be ahead of its equilibrium concentration. The 

degree of non-equilibrium, indicated by the gap between the 

related curve of Fig. 2.4, is a function of the rate of mass 

transfer between the phases and can be minimized by having 

the zone migrating slowly, thus preventing rapid concentration 

changes. 

The generalized non-equilibrium theory is only used 

to calculate the C terms of equation 2.14 (36), which for 

practical chromatography, using high mobile phase 

velocities, are the most significant non-equilibrium contri- 

butions. (see Fig. 2.3). The stationary phase contribution 

may be represented in the following way for most stationary 

phases: 

H.= 9'° 
(1-R) .d?.u 

a ae (2.16) 
s
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q' = configuration factor dependent on the shape 

of the stationary phase layer. 

The mobile phase diffusion expression is again a 

function of the five mechanisms discussed in the random 

walk theory (section 2.3.2.2) and if several simplifying 

assumptions are made equation 2.10 is again produced. 

However, the advantage of the non-equilibrium model lies 

in its ability to include various geometries, so a balance 

has to be made between the assumptions made and complexity 

of mathematics therebyinvolved. The final relationship 

for H derived from non-equilibrium theory becomes: 

2y.U.D a,*.u D = m ay 2B iL: Tm a1 

phe. Tonge Fe eed Dad, Wed Fu (2.17) 

  

The models outlined in the preceding text have 

provided a firm theoretical background for the molecular 

processes occurring in chromatographic columns. 

Additional contributions to the plate height 

encountered in large diameter columns are reviewed 

briefly in the following section. 

2.4 LARGE SCALE CHROMATOGRAPHY 

In the previous sections, theories of chromatography 

have been reviewed. However, most of the theories are 

derived for analytical columns. Their applications in 

separations at the laboratory preparative or production 

scale level, are only possible if factors governing scale



up can be identified and accounted for. Hence, included 

in the following sections, is a survey of such factors. 

As studies on continuous chromatographic processes are 

extremely limited, findings for batch chromatographic 

processes are employed as a practical guide line to high- 

light the most important factors on scale-up. 

2.4.1 Factors Affecting Scale-up 

2.4,1.1 Flow Dynamics in Packed Columns 

The random walk approach of Gidding (36) outlined 

in Section 2.2.3.2 indicates five mechanisms by which 

velocity inequalities may occur in packed columns, Of 

these the transcolumn term is of particular importance for 

production chromatography when large diameter columns are 

employed. This is because substantial velocity differences 

often occur between the central and outer regions of large 

diameter columns due to effects associated with the column 

wall, To account for such uneveness in flow velocity, an 

extra term Ho is incorporated into the Van Deemter plate 

height equation 2.14: 

Hie (Rt Crue ay asa (2,18) 
u m Ss c 

Giddings (51) used his non-equilibrium theory to 

evaluate a plate height contribution, based on a parabolic 

velocity profile, and found good agreement with experimental 

results for 0.6 cm and 5,1 cm diameter columns (52), The
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contribution may be expressed as; 

SS ees 
c 2 (96.7'.D_) (2.19) 

Go constant W 

Huyten (53) extended the study to columns with 7,5 cm 

diameter, similar observations being made by Friscone (54), 

A similar expression to equation 2.18 was obtained by Higgin 

and Smith (55) and Rijinders (56). In contrast, Hupe (57) 

and Volkov (58) have observed maximum zone velocities at 

the centre of their packed columns. This was attributed 

to the fact that the higher packed density in the central 

sections of a column leads to faster mass transfer rates. 

Bayer, Hupe and Mack (59) based their derivation on this 

observation and obtained an empirical expression for Ho as: 

r 0-58 
a c 

Hy = 2.83 misnce (2.20) 
u 

r= column radius 

which gave good experimental agreement for columns between 

1.3 cm and 10.2 cm diameter. The band spreading caused by 

the non-uniform velocity profile can be reduced by lateral 

diffusion, ,Littlewood (60) and Sie and Rijinders (61) 

described the lateral diffusion as being composed of molecular 

diffision (yD,,) and "convective" diffusion (a! a5) arising 

from repeated mixing and separation of mobile phase streams. 

They obtained 

0.5I'd 7u 
Cc 

one yD, FaTd gu (2,21) H
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a’ = constant for packing geometry 

I' = complicated double definite integral of the 

velocity profile gradient (62) 

dg = internal column diameter 

All of these expreceicnee however, predict a fall-off 

in efficiency with increased diameter, differing only in 

degree. Pretorius and de Clerk (63) suspected these 

correlations and maintained that the 'wall effect' and the 

particle to column diameter ratio are the factors governing 

the velocity profile. The resultant profile they developed 

is of a 'w' shape with maximum velocity being experienced 

several particle diameters into the bed, and the plate 

height expression was found to be: 

M'd?u 
Hy a One (2,22) 

ae 

d, = radial diffusion coefficient 

where 

a es 
M= (zG5) exP (> Toa”? (2,23) 

Pp 

This indicates that the plate height increases with 

2 : qd, at constant a" reaches a maximum at = = 0.5, and 

Cc e 
then decreases with increasing do: The results of Spencer 

and Kucharski (64) and Knox (65) give support to the 

above hypothesis. This effect could be due to the fact 

that if the column diameter is so large that radial equili- 

brium is not achieved, the plate height becomes independent 

of diameter (51, 52). This ‘infinite diameter' effect was
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discussed by Knox and Parcher (66), who considered that 

adverse wall effects could be overcome by choosing a 

column of sufficient diameter that the sample was eluted 

before the solute had time to diffuse to the wall. The 

authors also suggest a technique whereby only the central 

portion of the eluted solute band is removed. 

To summarise, the effect of column diameter on 

operating efficiency is still a debatable subject. However, 

the majority of opinion indicates a loss of efficiency when 

columns are scaled to the production level, 

2.4.1.2 Temperature Effect 

One of the accepted requirements for efficient 

analytical chromatographic operation, is a uniformly heated 

column. The same requirements have been assumed to be 

necessary for preparative or large scale chromatographic 

columns. This cannot be true in practice, because of the 

combined effects of the heat of solution of the larger 

samples and the finite rate of heat transfer across large 

diameter columns, The variation in temperatures of columns 

of diameter 2.5 cm and 50 cm. have been demonstrated by many 

workers (31, 57, 67-70). They conclude that the excess 

heat generation increases with increasing flowrate, sample 

size and decreasing partition coefficient values, The 

first two factors are believed to be of paramount importance 

in preparative and production chromatography. The results 

of Rose et al (68) indicated that heat transfer properties
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could be of primary importance in the design of preparative 

and production columns. 

The solute zone migration velocity was established 

to be dependent upon the local column temperature (51) 

which subsequently introduced a further plate height term 

(H,) to allow for thermal fluctuations across the columns: 

mass 
x! c 

H, = a,. (AT) 3002D~ (2.24) 
m 

at = constant of value 0.004 

AT = Temperature difference between the centre and wall. 

2.4.1.3 Finite Concentration Effects 

Feed concentration and band width are closely linked 

variables, and an increase in either leads to a marked 

reduction of the column efficiency in terms of the number of 

theoretical plates (70,71). Thus, in analytical chromatography 

the sample size is so small that the chromatographic process 

is conducted essentially at infinite dilution. In contrast, 

the large sample sizes used in preparative or production 

scale chromatography create finite solute concentrations 

in the column which in turn change the shape of the eluted 

peak and separation process, requiring a major change of 

the basic chromatographic theories discussed in section 

263) (72).
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Basically at finite solute concentration, chromatographic 

behaviour is affected by three major effects: the absorption 

isotherm, the sorption and enthalpic overloading effects. 

2.4.1.3.1 Absorption Isotherm 

This effect assumes that, if the partition coefficient 

is a function of solute concentration, i.e. non-linear 

isotherm, then the elution volume is given by (73) 

a 8g Vp = Vu =p Vg- (sa), 2525) 

Vp = retention volume of component R 

Vy = column mobile phase volume 

solute concentration in stationary phase Q 

u 

¢ = solute concentration in mobile phase 

Vg column stationary phase volume 

It is also assumed for the case of a linear absorption 

isotherm that the fundamental retention equation for a 

chromatographic system is: 

Va = Vy + KV, (2,26) 

K = equilibrium partition coefficient 

Fig. 2.5 shows the effect of the three commonest types 

of isotherm on the shape of the solute peak, For the 

Langmuir isotherm, Fig. 2.5(b) the partition coefficient 

decreases with increasing concentration, resulting in a 

lower elution yolume, The eluted band has a sharpened 

leading edge and a diffuse trailing edge, In contrast for 

anti-Langmuir types, Fig. 2.5(c), the partition coefficient 

increases with increasing concentration, resulting in a
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higher elution volume. This produces a diffuse front and 

sharpened trailing edge. The vast majority of chromatographic 

systems exhibit non-linear isotherms. Operation in the non- 

linear region requires an extra column length to compensate 

for the decrease in resolution. However, the gain in through- 

put obtained by operating at high solute concentrations 

in many cases outweights the detrimental effects of the 

peak skewing. 

2.4,1.3.2 Sorption Effect 

The influence of the variation in gas velocity with 

the shape of the chromatogram was described by Bosanquet 

(74,75). This results from the movement of molecules into 

or out of the gas phase as the solute boundary progresses, 

Conder and Purnell (76,77) modified equation 2.24 to 

include the sorption effect as follows 

me a ag 
Vp = Vy t Vg (1 Ovens e (2.27) 

j = James and Martin gas phase compressibility factor 

where Xy equals the mole fraction of the solute in the gas 

phase as measured at the column outlet. As the concentration 

increases the mobile phase flow increases giving a reduced 

retention yolume. This effect tends to give a sharp forward 

front and diffuse tail to the elution peak as the solute 

zones of high concentration move faster than those at a 

lower level, The resultant effect of high concentration 

on band broadening is therefore dependent on whether the 

effects of the absorption isotherm and of sorption are 

naturally supporting or opposed. If opposed, a ‘stationary
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front' can be formed, the bandwidth becoming independent 

of column. length (78). 

2.4.1.3.3 Enthalpic Overloading 

At finite solute concentrations, the heats of absorption 

and desorption of the solute in the stationary phase become 

significant, and general local temperature variations occur 

throughout the column due to the inability of the column 

to rapidly attain thermal equilibrium. These local temper- 

ature variations are particularly marked in large diameter 

columns because of the inherent low thermal conductivity 

of most packings and result in different isotherm character- 

istics between the column wall and interior regions (57,67). 

The resultant eiaced peak will be distorted and broadened. 

This effect which was named by Higgins and Smith (55) as the 

‘enthalpic overloading effect'. 

2.5 PRACTICAL SOLUTIONS TO THE SCALE-UP PROBLEM 

2.5.1 Methods of Packing 

The low efficiencies in large diameter columns are 

very often the result of a poor method of packing, Hence, 

many workers have sought to achieve a packing technique 

giving both high and reproducible column efficiencies. 

Dry packing is the conventional method in gas chromatography, 

and although disagreement exists concerning the best method 

such as 'mountain packing’, fluidization, 'bulk packing', 

typical values of H.E,T.P. between 1 and 3 mm have been 

obtained (53-59),
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To summarise, a gain in efficiency with careful 

packing of chromatographic columns is possible, but opinions 

differ on the best packing technique to use. More 

comprehensive reviews about packing methods may be found 

in the literature (64). 

2.5.2 Use of Multiple Columns 

Utilizing several columns in parallel has the obvious 

advantage of allowing each individual column to be of 

narrow bore, while the total quantity of solvent phase 

remains substantial. Thus, the previously discussed 

large scale column effects are avoided without reduction 

in capacity. However, the method of multiple columns 

has not gained wide acceptance because of the difficult 

and tedious effort involved in balancing the array of 

parallel columns. Difficulty is also experienced in even 

distribution of sample and gas flow through the inlet 

manifold. Hence, parallel columns have not found wide 

acceptance (64). 

2.5.3 Repeated Feed Injections 

In analytical elution chromatography, a small sample 

of feed is injected and eluted subsequently, As the 

solute bands only occupy a small part of the available 

column packing at any one time, column utilization is 

poor and unacceptable for preparation and production 

purposes,
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To maximise column utilization, a repetitive method 

of sample feeding has been commonly employed. The batch 

samples are injected at as frequent time intervals as the 

total on-column width of the preceding sample permits 

without extensive overlap. In practice a limit'must be 

made to the rate of injection if excessive overlap of 

successive samples is to be avoided, and considerable work 

has been carried out in this area, Two different approaches 

have been developed based on repetitive injection. The 

first where the eluted profiles are completely resolved 

and successive injections do not overlap, and second 

technique in which the solute bands are allowed to overlap 

and the central impure portion is 'cut out' and recycled 

(63). Gordon (79-81), indicated that significant gain in 

throughput may be obtained by the latest 'cut out' method 

when high purity products are required. Conder in his 

review (82) has reported that it is always preferable to 

overlap the component bands rather than to avoid the need 

for cutting by increasing column length and resolution, 

and that an optimum recovery value exists at 60% of 

the injected sample The remaining contaminated 40% is recyled. 

(83), 

2.6 RECENT WORK ON PREPARATIVE AND PRODUCTION SCALE 

BATCH CHROMATOGRAPHY 

Ryan (84) reported a design study for a gas chroma- 

tography plant capable of separating 50 million Kg/Yr, of 

a p-xylene/m-xylene mixture with 99% pure products, The
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design was based on twol1.4ft diameter, 14ft long columns 

operating with alternate feed injection and on a packing 

that had a separation factor of 1,3 for the isomers. With 

the aid of flow distributors within the column, Cavel et 

al (85) were able to successfully scale-up throughput 

in direct proportion to cross sectional area when increasing 

diameter from 1 to 30 cm. For the 30 cm diameter, a single 

injection of 1475 cm of a hydrocarbon mixture (n-C (C74 9) 

was fully resolved. The column length was 2.44 m. ELF French 

petroleum company has reported the installation of ten 

batch units in Europe and the United States each with a 

capacity of 200 Tons/year (86,87). 

2.7 CONTINUOUS CHROMATOGRAPHY 

2.7.1 Introduction 

The word continuous is used here to refer to the process 

of feed introduction and products withdrawal continuously. 

However, the main advantage in choosing a continuous 

operation over a batch type scheme is that it allows the 

utilization of the whole chromatographic column for the 

separation process, Fig. 2.6(a,b). Greater throughputs 

higher purities and lower costs are normally found in 

continuous mass transfer processes when compared with the 

equivalent batch processes. 

Many workers have sought to design and perfect 

chromatographic systems capable of operating in a continuous



Ane 

BIG. 2.6 CHROMATOGRAPHIC CONCENTRATION PROFILES OBTAINED 
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mode. The achievement of a mechanical system based on 

the principle of counter-current gas/liquid chromatography 

may be classified into fixed bed, moving bed, and simulated 

moving bed or pseudo moving bed (Fig.2.7). The following 

summary will be restricted to the moving bed systems. How- 

ever, other systems have been covered as in recently 

pulbished reviews (29,30). 

2.7.2 Moving Bed Systems 

2.7.2.1 Counter Current Flow 

The development of continuous chromatographic processes, 

based on this principle has taken place in three stages; 

moving packing, moving column, and pseudo-moving column or 

simulated moving bed. 

2.7.2.1.1 Moving Packing 

Counter-current movement in a chromatographic column 

can be achieved by having the packing move downwards under 

its own gravity against the mobile phase. A typical 

apparatus for moving packing was that used by Barker and 

co-workers (1-4,7,28) (Fig.2.8). A vertical copper column 

of 2.5 cm diameter was fed with solvent-coated solid 

support from a hopper (Fig. 2.8a). The solids flowed 

under gravity and the rate of flow was controlled by a 

rotating table at the column base. Vibration of the column 

wall ensured steady flow of packing, The feed mixture was 

introduced somewhere near the middle of the column, The



FIG. 2.7 CONTINUOUS MODES IN CHROMATOGRAPHY 
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relative flowrates of the phases (packing and the carrier 

gas) could be adjusted to let the strongly adsorbed feed 

component travel with the packing into the heated stripping 

section, to be removed at the product 2 off take. The 

least strongly adsorbed component was removed at the product 

1 port. 

Barker and co-workers successfully used this equip- 

ment to achieve the separation of several binary mixtures 

involving benzene, cyclohexane and methylcyclohexane. With 

air as a carrier gas and operating the separating section 

at ambient temperature, high separated product purities 

371. yarious were obtained at throughputs of up to 30 cm 

other moving bed schemes have been reported on smaller 

diameter units (88-93), The Philips Petroleum Co, (94) 

report the construction of a unit of 15 cm diameter and 2.5 m 

long for the separation of a 30% cyclohexane and 70% benzene 

mixture at 225 em? min7!, 

An industrial unit has been developed by the Union 

Oil Co., Los Angeles, California using activated carbon 

adsorbent, flowing down through a streamof hydrogen gases 

(95,96). Even packing densities and accurate solid flow 

control proved difficult to achieve, To overcome such 

problems, a new approach based on the rotation of a circular 

column past fixed inlet and outlet ports was developed,
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2.7.2.1.2 Moving Column Systems 

One of the solutions to the aboye mentioned problems 

is to let the mobile phase flow in the opposite direction 

to the rotation of the columns Fig, 2.9, Three novel 

mechanical designs were set up by various workers, The 

schemes differ in the flow direction in the stripping/purging 

sections and the means of controlling the flow direction 

generally within the column, In the designs of Pichler (97)i¢ 

Gulf Research and Development Corporation (98), Luft (99), 

and Glasser (106), the carrier gas flow rates within the 

column were controlled by pressure drop, Barker (6) removed 

the restrictions by placing cam-operated locks between the 

carrier gas inlet port and the product 1 off-take., As the 

gas flow was unidirectional, the length of the packed column 

stripping section was kept to a minimum, 

A prototype machine was constructed by Barker and 

Huntington (8-lo), and consisted of eight 3.8 cm square 

cross-section chambers linked through external valves to 

form a circle of diameter 1.5m, The gas flow in and out 

of the columns was through 180 gas passages equally spaced 

over the chamber face, and automatic self-sealing valve 

controlling each one of these passages, Gas sealing was 

achieved by means of '0' rings, set in the torroid face, 

The '0' rings were sealed against the face by means of 

spring loaded plates. The performance and the operating 

characteristics of this prototype machine appeared in
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several publications (8-10), 

The limited separating power of this prototype machine 

led Barker, in collaboration with Universal Fisher Group, Ltd., 

Guilemin (101) to construct a new compact circular chroma- 

tograph. The machine consisted of a cylindrical net of 44, 

2.5 cm diameter by 22.8 cm long, stainless steel tubes 

linked alternately at top and bottom to give a closed loop. 

The tube bundle rotated at speeds between 0,2 and 2,0 r.p.h. 

The transfer of gas between tubes was controlled by cam 

operated poppet valves. 

Several publications give experimental performance 

data which showed a marked improyement of the separating 

power of this machine (26,27,32), One of the main disadvantages 

of compact circular chromatography is the difficulty of sealing 

at high temperature, 

2,7.2.1,3 Pseudo Moving Bed or Simulated Moving Bed 

The problems and the difficulties which have already 

been outlined in moving bed/fixed port circular chroma- 

tographic machines, were dealt with by many workers and 

research projects. Universal oil producs has developed a 

pseudo-moving bed, counter flow, continuous chromatographic 

group of processes that are beginning to find significant 

industrial application. Generally known as Sorbex (102, 

103), individual variants include Molex for recovering 

n-paraffins from light napthas, Parex used to separate 

p-xylene from other Cy hydrocarbons, and Olex which



= 49 

separates n-olefins from olefin n-paraffin mixtures, 

The processes use molecular sieve adsorbents and operate 

in the liquid phase. Several other workers designed 

various units working on similar principles for different 

typesof separations (104-106) , 

Barker et al, have also achieved counter current 

movement by using a programmed sequencing of selenoid 

valyes (11-14,107), or pneumatic valves (15,16 ,33)4) the: 

sequential type of gas chromatography has undergone two 

stages of development. These are reflected in the SCCR-1 

unit (11,14,31) and the SCCR-2 unit (15,16,33), the 

equipment was used in these research studies, This 

equipment will be described in more details later, The 

SCCR-1 machine performance and mode of operation has been 

described in a series of publications (11-14,31), 

Simulated moving-bed units are by no means limited 

to gas liquid chromatographic separations, Barker et al 

have reported the design and operation of various types 

of equipment for liquid solid chromatographic separations, 

These units in operation include, a unit for continuous 

fractionation of a dextran polymer by gel-permeation 

chromatography (18,34,108) and L.S.c, (Liquid Solid 

Chromatography) for the separations and purification of 

carbohydrates (109),
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2.7.2.2, Cross Current Flow Systems 

In cross-current flow systems, the chromatographic 

bed moves perpendicular to the direction of the mobile 

phase flow within the bed. This system may be classified 

into two distinct forms, helical and radial, 

2.7,.2.2.1 Helical Flow Columns 

Martin (110) suggested this type of column and 

provided a theoretical analysis for its operation, which 

is based on an annular packed column. The feed enters at 

the top and the paths trayelled by different components 

are in the form of helices. Denelli (111, 112) converted 

this concept to a working unit, 

Several other working units based on this principle 

have been reported; for the gel permeation chromatographic 

separation of dextran (108), and a gas liquid chromatographic 

application in separating volatile organic compounds (113- 

115)3 

2.7.2.2.2 Radial Flow 

In this type of column, the feed travels from the 

centre to the circumference of an annular packing. This 

scheme was initially proposed by Moiser (116) and developed 

by Sussman and his co-workers (117,118), By relative 

rotation of the packing and the feed inlet, the paths taken 

by different components of the feed will be different, 

depending on the retention volume of the component, and so
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continuous separations can be achieved, In this system 

either the feed injection and collection system can be 

rotated and the feed system static, this method being 

preferred. Sussman et al used this latter scheme for gas 

liquid chromatographic separation of binary hydrocarbon 

3 1 
mixtures at throughputs up to 18.9 cm ho (117,118).



CHAPTER 3 

SEPARATION OF FATTY ACIDS
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3.1 INTRODUCTION 

A very important application of gas chromatography 

is the analysis of fatty acids. The best illustration of 

the importance of this application is the fact that the 

first paper on Gas Chromatography, by James and Martin (35) 

dealt with such a problem. One year later, Cropper and 

Heywood (119) extended the use of gas chromatographic 

separation to include the methyl esters of the fatty acids. 

Many researchers followed these pioneers and by 1958 more 

than fifty papers dealt with the analysis of fatty acids 

and their esters by gas chromatography. Thus, the background 

of GLC methods applicable to fatty acids can be found in 

any of several books on the GLC technique (90, 120-122). 

The following treatment will be dealing briefly with 

the problems arising from the analysis of free fatty acids 

and their esters, in addition to the industrial separation 

of these compounds. 

3.2 ANALYTICAL SEPARATION OF FATTY ACIDS 

3.2.1 The Analysis of Free Fatty Acids and the Problems 

Arising 

Gas liquid chromatography was first applied to 

unesterified aliphatic fatty acids of 1-12 carbon atoms, 

using DC-550 silicone fluid as a stationary phase, 

Difficulties were found in getting a good resolution. The
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tailing effect was one of the major problems, and it was 

solved by adding stearic or phosphoric acid to the liquid 

phase. Beerthuis et al. (123) eliminated the tailing 

effect by increasing the column temperature. 

During the early times of chromatography, no specific 

liquid phases such as Silicone or Apiezone grease were 

used. Thus, the introduction of the polyester liquid 

phases in 1958 by ORR and Callen (124, 125) were an 

important step in giving the necessary separation efficiency. 

However, other phases have been introduced with different 

physical and chemical properties (126-133), but the problems 

facing the separation of unesterfied fatty acids remain 

intact. These problems include; adsorption of the acids 

in the chromatographic bed, dimerization of the acids in 

the liquid phase, the relative low volatility of unesterfied 

fatty acids and the long elution times of the acids. 

Although, several methods have been proposed to minimize 

the effect of these problems, such as deactivation of the 

support material by acid washing, injecting a low concentration 

of formic acid in the carrier gas, or the addition of a 

non-volatile acid into the liquid phase, but the major 

problems have still not been solved (134-137). 

Separation of free fatty acids has been limited by 

the high boiling points of the acids and by many other 

unsolved difficulties some of which are mentioned above.
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These problems have resulted in poor peak shapes, and are 

more pronounced when it comes to high molecular weight 

fatty acids. Generally the solution put forward has been 

to convert the fatty acids to their methyl or ethyl esters. 

This allows the elution at lower temperatures, as the 

boiling points of the esters are usually (20-30°C) less 

than those of the free acids (138). 

3.2.2 G.L.C. of Fatty Acid Esters 

While the separation of free fatty acids was achieved 

in the early works of James and Martin (139, 140), probably 

the earliest report relevant to the usual practice of 

separation of methyl esters was that of Cropper and Heywood 

(141,142). James and Martin (143) soon showed a reasonable 

separation of the Ci-Cig saturated esters of related iso 

and anteiso acids, and of some unsaturated esters on 

Apiezon grease. 

Many reports soon followed, and with the introduction 

of polar stationary phases, the separation of various 

isomers was achieved (124, 132, 144-146). However, 

polyesters are the principal phases for use with fatty 

acid esters, and EGS, DEGS and BDS, probably find greatest 

use (133). While a wide range of modified polyesters are 

offered by different manufacturers, the polar siloxanes 

phases have found some use, and at the present time this 

would seem to be the principal area of development, especially
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where isomer separation is involved. 

The cyanoethyl polysiloxanes were used by Litchfield 

et al. (147) for the partial separation of the Cig isomers. 

Scholfield and Dutton (148) using the same phase also 

reported the separation of fatty acid esters. A range of 

organosilicone polymers liquid phases were reported by 

Supina (149) under different trade names, with a variety 

of physical and chemical properties. 

In 1974, the most polar Cynoalkyl Siloxane (OV-275) 

appeared, and is reported to be stable up to 275°C (133). 

This material is variously suggested to be a di-8- 

Cyanoethyl polysiloxane or a co-polymer with 

y-Cyanopropyle groups. No information was available 

either in the literature or direct from the dealers and 

the manufacturer. 

Ottenstein et al. (150), who extensively studied the 

separation of methyl elaidate/methyl oleate esters have 

shown that OV-275 is superior to other liquid phases in 

terms of resolution. This phase was used to pack the 

columns in the SCCR-2. 

3.3 INDUSTRIAL SEPARATION OF FATTY ACIDS 
  

Methods of separating and isolating fatty acids are 

extremely important, for many of the key industries, such 

as food, pharmaceutical, paints, paper, etc.
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The following summary will be devoted to the common 

methods of separation such as distillation, crystallization 

and the future of chromatographic methods for fatty acid 

separations. 

3.3.1 Distillation 

One of the most important processes in making 

Commercial fatty acids is by distillation. A fatty acid 

mixture of known composition and acids of high purity 

could be made in this way (151). 

The most widely used distillation procedure in this 

field, is the fractional distillation of methyl esters 

under reduced: pressure. Even under these conditions high 

temperatures are required ®200°c causing many fatty acids 

to under go polymerization, cylization and other intra 

and inter molecular reactions (151). Unsaturated fatty 

acid esters are the most susceptible, since they contain 

highly reactive double bonds (152-154). An extensive 

review of the industrial separation and processing of 

fatty acid esters was published by Muckerheide (153). 

3.3.2 Crystallization 

Solvent processes such as liquid-liquid extraction 

have been used without success in the fatty acid industry, 

since the mutual solubility of mixed fatty acids in 

solvents usually results in an inefficient separation (155).
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In contrast, crystallization is considered as a classical 

procedure for the separation of fatty acids, particularly 

for the acids having very close hoiling points (acids 

with the same chain length and different degree of 

unsaturation). 

Several procedures have been applied to the specific 

problems in fatty acids separation such as, crystallization 

of lead salts, crystallization of lithium salts and low 

temperature crystallization (152, 154-156). However, the 

latter method is the most popular in the fatty acids 

industry. 

The efficiency of fatty acid separation by 

crystallization methods is subject to three limiting 

factors, namely: 

- the separation is not always so complete 

- dissolved acids act as excellent solvents for 

those which crystallize, cooled solutions come 

to equilibrium very slowly and must be held at 

the crystallizing temperature for several hours. 

- complete separation of mother liquor from crystals 

is incomplete even after thorough washing with 

cold solvent. 

However, fatty acids can be separated by several 

other methods of very limited application to the industry
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such aS counter-current distribution (153, 157) and urea 

fractionation (158). 

3.4 THE FUTURE OF CHROMATOGRAPHIC. METHODS FOR LARGE SCALE 

FATTY ACIDS SEPARATION 

The most important advances in separation procedures 

are concerned with chromatographic methods. Gas liquid, 

and liquid-liquid chromatography are the main interest of 

development since their introduction by James and Martin. 

These interests vary from the analytical laboratory scale, 

to the production scale. 

There have been many attempts to extend the analytical 

potential of gas chromatography to the production scale 

by many workers. Rose et al. (159, 160) have reported the 

use of a batch G.L.C. unit for the separation of fatty 

acid esters at production rates of up to 100 emp, 

Another batch unit to separate saturated from unsaturated 

fatty acid esters was reported by Scholfield (161). 

On the industrial scale ELF Co. (French Petroleum 

Company) as previously mentioned (section 2.6) has 

reported the installation of ten batch units in Europe 

and the United States for the separation of essential 

oils and fatty acids, with a capacity of 200 fons/year 

(86:, S7)Rs 

Recently, Szepsey et al. (105) reported a continuous 

preparative unit for the separation of higher boiling
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saturated and unsaturated fatty acid esters (Cy 6-Co9) at 

a feed rate of 5 emp, 

Fatty acid separation has been studied on a 

continuous G.L.C. system by Barker et al., and some results 

have already been published (15, 16, 33), while more 

recent results are recorded in this thesis from Chapter 7 

onwards. 

A direct comparison between the conventional 

purification methods and chromatography is difficult at 

the moment through lack of economic and technical data. 

The chromatographic techniques show promise, however, 

in the separation of fine chemicals, especially those 

that do not lend themseives to conventional purification 

methods.



CHAPTER 4 

THE DESIGN AND OPERATION OF THE SEQUENTIAL 

CONTINUOUS CHROMATOGRAPHIC SEPARATOR SCCR-2
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4.1 PRINCIPLE OF OPERATION 

Fig. 4.la shows the distribution of a binary mixture 

within the system soon after start up. The carrier fluid 

enters the column and flows through the solvent coated 

packing. The least strongly sorbed, component 1 is 

preferentially moved towards the product 1 off take, Pl. 

A discrete section of closed loop is isolated by locks 

Bl and B2, these locks advancing concurrently with the 

carrier gas (Fig. 4,lb), The rate of port~advancement 

is less than the velocity of the! hess strongly sorbed 

component through the packing, but greater than that of 

the more strongly sorbed component 2. Consequently 

component 2 is being held preferentially on the solvent 

coated packing while component 1 is. continually removed 

with the carrier fluid from Pl. A separate gas supply 

is required to desorb the slower moving species, 

Component 2 and thereby regenerate the section of stationary 

phase packing between locks Bl and B2 issuing from P2. 

Fig. 4.lc shows the fully established operating 

condition where the locks Bl and B2 now containing 

Component 2 is being purged to give product 2 and regenerate 

the packing ready to receive the advancing component 1, 

at present issuing from Pl. It can be seen that the 

position of the feed is advanced by the same distance 

around the loop so that it is still diametrically opposite 

the isolated loop.
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4.2 DESIGN AND CONSTRUCTION 

The development of the Sequential Continuous 

Chromatographic Refiner (SCCR), has been well documented 

in previous publications (1-18, 26-31). The SCCR-2 

machine used in this research was built to overcome the 

temperature/corrosion limitations in the SCCR-l1 machine 

used by Deeble (13) and Bell (31). The SCCR-2 equipment 

was initially used by Liodakis (16) to separate a mixture 

of relatively volatile fatty acid esters. 

The SCCR-2 equipment consists of twelve stainless 

steel columns (61 cm in length, 2.54 cm O.D) packed with 

15% OV-275 (a Cyno Silicon liquid phase), coated on 40/60 

mesh chromosorb P-AW-DMCS as a support. The columns are 

housed in an oven operating up to 220°C. A control box 

controls the opening and closing of the stainless steel 

and PTFE air operated diagram poppet valves at preset 

time intervals. 

A full design specification of the chromatograph 

has been given by Liodakis (16). The following brief 

description is a precise of the above specifications 

highlighting the major characteristics of the Sequential 

Continuous Chromatographic Refiner. 

4.2.1 The Column 

The SCCR-2 has twelve stainless steel columns of



= 56.—- 

2.54 cm O.D, 2.21 cm internal diameter and 61 cm long. 

The columns were evenly spaced on a pitch circle diameter 

of 75 cm. This provides a distance between column centres 

of 19.8 cm. Two stainless steel end flanges were silver 

soldered to the outer wall of each tube. A support for 

the packing inside the column was provided by a fine 

stainless steel gauze, of 76 mm (200 B.S Mesh) aperture 

size, silver soldered on both ends of the flanges of the 

tubes. A PTFE gasket was fitted between the end flange 

of the tube and the end fittings to prevent gas leakage. 

Fig. 4.2 shows the end fittings made from stainless steel 

which were designed to reduce the internal dead volume. 

A "k in B.S.P." parallel male stud stainless steel coupling 

was silver soldered into the centre of the top of the end 

fittings to receive the 0.64 cm O.D line from the 

appropriate transfer yalve. To permit connection within 

the respective inlet/outlet gas diaphragm valves, two 

stainless steel tubes 2.8 cm long and 0.64 cm 0.D, were 

silver soldered into the cylindrical surface of the end 

fitting. Midway along the columns a "% in B.S.P." male 

stud stainless steel coupling was silver soldered to 

accommodate the feed diaphragm valve, via a 0.32 cm 0.D 

stainless steei tube as close as possible to the column. 

A capillary tube.was mounted inside the 0.32 cm 0.D tube 

in order to reduce the feed hold up in the line between 

the column and feed valve. A a in B.S.P." stud coupling
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was soldered onto the bottom end fitting of each alternate 

column, this making the total number of sampling points 

6. The samples were drawn off the column from these 

sampling points through 0.05 cm I.D. capillary tube 

connected to the sampling valve, 

4.2.2 The Packing. 

Much work has been conducted into the most suitable 

method for packing preparative columns (54, 55, 101, 162, 

163). A modified version of the shake-turn and pressurize 

method (S.T.P) (163) was employed for packing the SCCR-2 

columns. The coated support was gradually added to the 

column under nitrogen pressure while the colum nace 

periodically tapped with a heavy metal bar. The vibration 

plus the presence of the nitrogen pressure resulted in an 

increase in the packing density in the peripheral region 

of the column. The exact weight of packing material used 

for each column is shown in Table 4.1. 

After many runs to recover the y- linolenic acid 

from "fungal oil", six of the columns were re-packed, and 

the remainder were topped with 1.0 gram of fresh packing. 

The topping of some of the columns was necessary because 

some of the packing in the columns settled to give a 

dead volume 2-3 cm at the end of the columns. 

4.2.3 The Pneumatic Valves 

In the design of the Sequential Chromatograph, SCCR-2,
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Table 4.1 

Quantity of Chromatographic Packing Material used for 

the SCCR=2 Unit 

  

  

  

  

  

    

15% OV-275 on 353-251 um 

Chromosorb P - AW-DMCS 

Assigned Column Number Weight of Packing 

(gram) 

E 1i222 

2 L261 

3 114.5 

4 113.4 

5 113.8 

6 117.0 

7 11225 

8 114.0 

9 112.4 

10 112.5 

ad L355: 

12 115.0 

Total Weight (g) 1362.9 

Average Weight per 113.57 
Column 5 

Total Weight of 
liquid phase (g) soe      
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careful selection of the valves was necessary as they 

must remain fully closed when operating against a back 

or forward pressure possibly in excess of the 446 kN m2, 

A two-way pneumatic diaphragm operated poppet valve was 

chosen; it was designed by Dr. B. Jones (164). This 

diaphragm valve, essentially consisted of two sections. 

The pneumatic control section, made out of brass, and 

the process fluid section made out of stainless steel. 

By applying air pressure on the pneumatic section of the 

valve, the stainless steel diaphragm was deflected causing 

the poppet to move downwards, thus allowing flow to proceed 

(Fig. 4.3) otherwise, the valve was normally closed. 

0.3 cm orifices "4% in B.S.P." ports were used for 

the twelve feed valves to reduce the dead volume of the 

liquid held up in each valve after closure. Sixty gas 

valves were required to control the carrier and purge gas 

inlet and outlet functions, The valve construction and 

specification are illustrated in Fig, 4,3, Table 4.2 and 

Plate 4.1. 

Each column in the SCCR-2 required 6 valves to 

provide the necessary operating function, which makes 

the total number 72 for the twelve columns used in the 

SCCR-2. Fig, 4.4 and Plate 4.2 shows the arrangement of 

12 chromatographic columns in the SCCR-2 unit,
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FIG. 4.3 DIAPHRAGM VALVE DESIGN 

      

    

        
    

  
  

  
  

     



Table 4.2 
  

VALVE PARTS LIST 
  

  

  

  

  
  

  

  

  

  

    

  

  

qrem | PART ‘ heuawe (eae MATERIAL REMARKS ' |DESIGN DIMENSIONS IN CMS 

L VALVE BRASS FEMALE .PoRT "iz 
— IN B.S.P." 

2 DIAPHRAGM | STAINLESS 
STEEL 

3 DIAPHRAGM =| P.T.F.E. 
SEALING 
RING 

= 
4 valve Bopy | STAINLESS | FOR GAS VALVES IS 

STEEL A" IN BSP" 
FEMALE PORT, 
WHILE FOR THE 
PEED VALVES IS"% 
IN BSP". A P.T.F.H 
RING WAS INSERTED 
Iu THE Ponts OF 
THE FEED VALVES TO 
REDUCE THE DEAD 
vows 

5 BODY 
SEALING 

6 VALVE CAP STAINLESS | 4 BA x 0.8 CM LONG 
SCREWS STEEL NO REQUIRED: 6 

a VALVE Bopy | STAINLESS | 4 BA x 1.3 CM LONG 
SCREWS STEEL NO REQUIRED: 6         
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VALVE PARTS LIST CONTINUED 

  

  

          

  

  

  

  
  

  

          

ITEM PART ; MURnen Tats MATERIAL REMARKS DESIGN DIMENSIONS IN CMS 

5 
8 VALVE STAINLESS |" IN BSP" AND 

LOWER STEEL "\ IN BSP" 
CHAMBER FEMALE PORT FOR 

THE GAS VALVES Ss 
AND FEED VALVES If 
RESPECTIVELY. A bret ZZ 
P.T.F.E, RING EE 7 a 
WAS INSERTED IN 
THE FORTS OF THE 
FEED VALVES TO 
REDUCE THE DEAD 
VOLUME 

9 VALVE STAINLESS 
WASHER STEEL 

sag 

Ta 
10 VALVE STAINLESS 

SHIM STEEL AS ABOVE 

a POPPET STAINLESS 
VALVE STEEL 

les 

os: eh 
lee 

12 VALVE P.T.F.B. 
SEATING 
RING 

13 DIAPHRAGM STAINLESS | 2 BA 
NUT STEEL   
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PLATE 4,1 THE DIAPHRAGM VALVE 
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PLATE 4,2 THE ARRANGEMENT OF DIAPHRAGM VALVE 
  

Br = brass tube to the pneumatic section of 

diaphragm valve 

ee = chromatographic column 

€,P = carrier/purge inlet valves 

P1,P2 = product 1/product 2 

st = stainless steel tube to the flow process 

section of diaphragm valve 

T = transfer valve
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4.2.4 The Central Distribution Network 

Fig. 4.5 shows a schematic diagram for the gas 

lines, and the product streams around the chromatograph. 

The symmetrical nature of the SCCR-2 can be seen from the 

Fig. 4.4, in which the four inlet/outlet ports alternate 

between the top and bottom of adjacent columns. Therefore, 

for each gas inlet or product outlet line two distributors 

were required, each supplying six columns. Each gas 

distributor was constructed from a stainless steel closed 

cylinder 3.5 cm in height and 7.7 cm in diameter with 

six "% in B.S.P." parallel male stud stainless steel 

couplings, silver soldered and evenly spaced on its 

cylindrical surface, Fig. 4.6. The eight distributors 

were set vertically on the axis of the cylinder formed by 

twelve columns (Plate 4.3). 

4.2.5 The Oven 

The oven of internal dimension (0.915mx 0.915m x0.915m) 

was supplied by Hedinair Limited, and it is an electrically 

heated oven with forced air circulation. It has an internal 

volume of 0.766 m, The heat was provided by Incolloy 

sheathed mineral insulated rod elements located in ducts 

along both sides of the oven walls. The air was partially 

recirculated through the oven at least ten times per 

minute by a centrifugal fan.
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FIG. 4.6 THE GAS DISTRIBUTOR 
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PLATE 4,3 THE CENTRAL DISTRIBUTION NETWORK 
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carrier gas inlet 

feed valve 

purge gas inlet 

product 1 outlet 
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The walls and doors of the oven were made out of 

sheet steel and the thermal insulation was provided by 

mineral wool 7.62 cm thick. 

The oven could provide a maximum operating temperature 

of 300°C, with a maximum energy consumption of 13 Kw, and 

is capable of maintaining the temperature with an accuracy 

of +5°C. 

A large exhaust vent was fitted on the oven with a 

setting quadrant for manual control to enable evacuation 

of fumes to take place, 

The ovens original design was modified by placing a 

O.6lm x 0.61m explosion relief/access door in the centre 

of the rear wall. 

4.3 CONTROL, MEASURING AND PERIPHERAL FUNCTIONS 

4.3.1 The Pneumatic Control Unit 

Plate 4.4 clearly shows the pneumatic control unit 

supplied by Festo Pneumatic Limited which controls the 

Operation, and the sequencing of the valves at appropriate 

times. 

The pneumatic control unit consisted of a cam belt 

unit operating on twenty on/off 3-way valves. The cam 

belt shaft was driven by a synchromesh gear motor which 

could be regulated in the torque range of 1-10 r.p.m..
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PLATE 4,4 THE CENTRAL UNIT 

central distributor 

chromatographic Column 

feed valve 

gas inlet/outlet vyalye 

output line circuit from the control unit 

support frame 

transfer valve
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These torques were transmitted to the cam belt shaft via 

a pair of gear wheels. Thus, revolution times of the 

cam belt varying from 9 seconds to 24 hours could be 

obtained. The cam belt shaft consisted of 48 links and 

each of them could accommodate up to 12 cams. For the 

operation of the SCCR-2 unit, 12 links were employed, 

each one having a set of 5 cams, 

A set of cams in contact with the appropriate 3-way 

pneumatic valves, energized them for a period of time 

controlled by a digital timer (Fig. 4.7a). After a 

selected time interval the motor was energized bringing 

into contact the next set of cams with the 3-way pneumatic 

valves. In the meantime the digital timer was automatically 

reset to zero. By the time the new set of pneumatic valves 

had been energized, the motor was automatically 

de-energized. With the pneumatic valves there was only one 

communal connection to the air supply which was required 

to have a minimum pressure of 377 KN n. The first 12 

pneumatic valves (Fig. 4.7b) connected to the transfer 

valves were normally open. The next 6 pneumatic valves 

(Fig. 4.7b) reserved for the other sixty diaphragm valves 

via a secondary circuit of valves, were normally closed. 

The secondary circuit consisted of two types of pneumatic 

valves. The type ZK-PK3-6/3 (Fig. 4.8), consisted of 3 

single pneumatic valves, each with two inputs X and Y and 

one output A. The type OS-PK3-6/3 (Fig. 4.8) also consisted
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FIG. 4.8 THE SECONDARY PNEUMATIC CIRCUIT 
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of 3 single pneumatic valves each with 2 inputs X, Y and 

one output A. If one or both of the inlet ports were 

under pressure, the output A was exhausted. The connection 

pattern of the various sets of diaphragm valves to the 

pneumatic valves of the control unit is demonstrated in 

Table 4.3. 

4.3.2 Inlet and Outlet Gas Control 

A schematic diagram (Fig. 4.5) shows the distribution 

of the inlet nitrogen (carrier gas fluid) and outlet product 

streams around the chromatographic refiner (SCCR-2). 

Nitrogen was supplied from cylinders initially 

regulated to a pressure of 515 KN m2, and then passed 

through a silica gel bed (5.5 cm I.D. and 51 cm long) for 

drying. 

All regulators used in regulating the purge and 

carrier gas are of the "Norgen" two diaphragm type 

regulators. The pressure gauges employed are of the same 

type. 

The individual gas flow rates were also monitored 

by two "Brooks 1100" rotatometers, 

4.3.3 Feed Mixture Supply 

The feed enters the chromatographic unit through the 

pneumatic valves positioned at the column mid-points.
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Stainless steel tubing connected these feed valves to 

a central feed distributor (Fig. 4.9). A stainless steel 

"tee fitting" was placed in the line immediately 

precedeing the valve to enable all air to be displaced 

from the feed lines before start-up. The Rerisear stem 

of the "tee" was capped with a silver soldered stainless 

steel nut "% in B.S.P.". 

The feed distributor was supplied by a positive 

displacement metering micropump series two, supplied by 

Metering Pumps Limited. Prior to the pump a large glass 

cylindrical reservoir was attached to a 100 cm? burette 

in which the feed was stored and its flow was monitored. 

A calibration chart for the pump is given in Appendix 1. 

The pressure in the distributor was monitored by a 

stainless steel/P.T.F.E. (101-515 KN m7“) pressure gauge 

supplied by Bristol Automation Limited. It was connected 

to the feed line before entering the oven. 

4.3.4 Monitoring the Solute Level by a Katharometer 

Monitoring the product streams was useful for 

observing the onset of pseudo-equilibrium within the 

sequential chromatograph SCCR-2. This was done by using 

a (Gow-Mak) model 10-454 katharometer. The katharometer 

was installed in the SCCR-2 oven, inside a mild steel box 

filled with fibre glass to dampen the temperature 

fluctuations of the oven, Fig. 4.5. The katharometer was



FIG. 4.9 THE FEED DISTRIBUTOR 

    
  

  

          

  
* NOTE 12 STAINLESS STEEL PARALLEL MALE STUO 
  

COUPLINGS “tfhIN 8.5.7."
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capable of monitoring one product stream only at a time. 

The trace produced by a katharometer gave no quantitative 

indications of the composition of a stream. 

4.3.5 Measuring the Temperature 

The temperature effect on the distribution coefficient 

is a very significant factor to consider it in the gas 

chromatographic process. Thus, 6 thermocouples, supplied 

by Pyrotenax Limited, were fitted around the SCCR-2 to 

measure the following temperatures: 

- the column’s temperature (three thermocouples were 

fitted in columns 4, 8 and 12). 

- the purge inlet temperature. 

- the temperature of the carrier gas inlet, 

- the oven temperature. 

All thermocouples were finally connected via a selectcer 

switch to an Ether compensated temperature indicator, A 

calibration chart for the thermocouples is given in 

Appendix 1. 

4.3.6 The Pre-Heaters 

Two identical pre-heaters were installed on the purge 

and carrier nitrogen streams. The design was similar to 

that of a shell and tube heat exchanger. The heat was
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provided by three 300 W steel jacket heaters to replace 

the tube bundle normally employed in heat exchangers. 

Inside the chamber, ten mild steel baffles, each 0.32 cm 

thick and 6.3 cm in diameter were arranged to be 2.5 cm 

apart and supported by three tie rods. The baffles were 

used to divert the flow over the heaters. These pre-heaters 

were installed to pre-heat carrier and purge gas streams 

to the temperature of the oven before entering the separation 

chromatographic process. By using the pre-heaters, nearly 

complete stripping of the more soluble component from the 

purge section was ensured. 

4.3.7 Product Collection 

Rectangular stainless steel traps (of dimensions 

12 cm height, 4.9 cm wide and 4.9 cm long with a sloping 

base plate) were connected to the product off take lines 

of the SCCR-2 unit, Fig. 4.5, Although the design of the 

traps was dictated by economics and simplicity, a trapping 

efficiency of better than 70% was obtained. 

4.4 SAFETY 

Several safety devices were built into the SCCR-2; 

- an explosion relief door at the mid-rear wall of 

the oven, 

- an exhaust vent in the oven, was connected to an 

outside extractor fan to ensure continuous purge 

of the air within the oven,
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- outlet product lines and the solute gas streams 

from the katharometers and sampling valve, were 

all connected to the extractor fan system. 

- outlet lines from the traps were connected to 

two. charcoal adsorption beds and then to the 

extractor fan system. The glass column charcoal 

filled beds were enclosed in thick perspex boxes. 

- the pre-heaters were fitted withasafety cut-out 

system. 

All these safety devices were built into the unit 

to ensure that any emergency could be handled.



CHAPTER 5 

EXPERIMENTAL TECHNIQUES
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5.1 SELECTION OF THE CHEMICAL SYSTEMS 

The chemical systems chosen for this study were 

limited by many factors: 

- the thermodynamic compatibility of the feed 

components with the stationary phase. 

- the availability of pure components at a 

reasonable cost. 

- the chemical stability of the feed components under 

the operating conditions of the Sequential 

Continuous Chromatographic Refiner (SCCR-2). 

Hence, the following discussions will deal briefly 

with these factors. 

5.1.1 Pre-Investigation of the Chemical System 

The thermodynamic compatibility of the systems is 

related to the partition coefficient on OV-275 columns. 

The partition coefficient of the selected chemicals had 

to be relatively low on the OV-275 phase in order to 

reduce the elution time, and consequently the loss of the 

carrier gas (No). 

Thermodynamic measurements of various solutes on 

OV-275 analytical columns have shown that the following 

chemicals are favourable for this study (see Section 6.1.1);
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ethyl caprylate/ethyl caprate (S.F, 1.9, 105°C) , ethyl 

caprate/ethyl laurate (S.F. 1.44, 160°C), ethyl laurate/ 

methyl myristate (S.F. 1.54, 185°C), and methyl myristate/ 

methyl stearate (S.F. 2.8, 205°C). However, another 

chemical system, ethyl acetate/ethyl butyrate (S.F. 2.3, 

60°C) was processed on SCCR-2 as a commissioning system 

for the re-packing of the columns with OV-275 because it 

is relatively cheap. 

These chemical systems provided a combination of a 

wide range of fatty acids Ce-Cigy with different degrees 

of difficulty in each system. The degree of difficulty 

of the system is not only related to the separation factor, 

but also to the vapour pressure of both components, and 

their physical states at ambient temperature. Although 

under the experimental conditions of the SCCR-2 machine, 

the feed should be liquid at ambient temperature, the methyl 

myristate and methyl stearate system which is solid at 

room temperature has to be dissolved in ethyl acetate as 

a solvent. 

These chemicals were acquired in a high state of purity. 

Private communication with Aldrich Chemical Company (the 

supplier) and GLC analytical checking revealed that the 

total level of impurities in the 'as-sold' products did 

not exceed 0.5 - 1%. However the methyl stearate used in 

this study was exceptionally impure (* 95%+) because of
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the very high costs involved in the manufacture of ultra 

pure methyl stearate. 

Since the fatty acids involved in this study have 

reactive sites which might be affected through the process 

of separation in SCCR-2 at high temperatures pre-investigation 

experiments were carried out to investigate this point. 

Thus, a glass tube 12 cm long and 1 cm in diameter was 

fitted with a double surface reflux condenser. A capillary 

tube (for bubbling No through) was fitted to the end of 

the condenser and its length was adjusted to suit the 

combined length of the condenser and the glass tube. The 

sample was placed in the glass tube with the packing 

and stainless steel chips to simulate the stainless steel 

columns used on the rig. A stream of nitrogen was passed 

through for one hour, at ambient temperature to ensure 

oxygen free atmosphere. An oil bath was used to heat the 

sample to the required temperature under a nitrogen blanket. 

The duration of each experiment was about one hour during 

which the temperature was maintained as near as possible 

to the suggesting operating temperature of the SCCR-2 

(see Table 5.1). The samples were cooled under the nitrogen 

blanket and analysed immediately. 

To confirm the stability of the chemical systems 

throughout the separation process, the samples were analysed 

by infra-red spectroscopy using a Perkin Elmer Grating



Table 5.1 

Reflux Experimental Conditions 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Sample Name Experiment Comment 

Tempgrature 
c 

Methyl aceto acetate 110-115 

Ethyl acetate 120-125 

Ethyl chloro acetate 120-125 

Ethyl lactate 125-130 

Roswood oil 140-145 Essential oil 

Citral oil 145-150 Essential oil 

Ethyl caprate 160-165 

Ethyl caprylate 160-165 

Ethyl laurate 180-185 

Fungal oil 200-205 Mixture of fatty acids 

Methyl linolenate 200-205 

Methyl myristate 200-205 

Methyl stearate 200-205     
    Duration of each experiment : lh 
  

 



Sy 

spectrophotometer before and after the reflux experiments. 

The infra red technique was chosen because of its potential 

in elucidating any change in the main functional groups 

of the chemical structure, and for its simplicity (165). 

To support the IR analysis, analytical gas liquid 

chromatography was used to test for any foreign material. 

The fatty acids chosen for this study also satisfied the 

strict safety requirements required, being comparatively 

non-toxic and non-inflammable at the operating temperature. 

The relevant physical properties, the experimental 

reflux conditions,and the vapour pressure at different 

temperatures are given in Tables 5.1 and 5.2 and Fig. 5.1 

respectively. In addition, two IR spectra are also given 

in Figs. 5.2 and 5.3. Fig. 5.2 shows that ethyl laurate 

remained stable after the reflux treatment. In contrast 

Fig. 5.3, which refers to citral oil, indicates some change 

had taken place because of the appearance of a new peak 

at 1715 om +(v4.28u). Since the chemical structure of 

citral oil (3,7 - dimethyl - 2, 6 - octadienal, geranial, 

neral; (CH C= CHGH CHC (CH3) = CHCHO) is a mixture of 
3)2 2 

cis and trans, then stereomutation and transfer from one 

geometrical shape to the other are the most probable 

changes to occur.
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5.2 ANALYTICAL EQUIPMENT 

5.2.1 Introduction 

The analytical unit was used for the following three 

main purposes: 

- determination of the partition coefficient using 

the flame ionization detector. 

- determination of column to column concentration 

profile in the SCCR-2. 

- continual monitoring of the solute concentration 

level in the product streams using the Gow-Mak 

katharometer. 

Basically the GLC analytical unit used was a Perkin- 

Elmer F-11 chromatograph equipped with a twin Flame 

Ionization Detector (FID) system. The GLC (F-11 

Chromatogram) and the Gow-Mak katharometer were connected 

to a Perkin-Elmer/Hitachi, model 159 recorder, and to a 

Hewlett-Packard series 3370B integrator. 

5.2.2 Development of the Analytical GLC Unit 

The original design of the FID detector in the Perkin- 

Elmer chromatograph was developed to perform the non-volatile 

fatty acid analyses, since the original design was not 

capable of performing this difficult analysis with the 

required efficiency,
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The following modifications were made to the basic 

design: 

1. the indirect injecting head Fig. 5.4 was changed 

to a direct column injection head, Fig. 5.5. 

2. the space in the oven was adjusted to accommodate 

the Pye-Unicam glass column ("4% B.S.P) Fig. 5.6a,b). 

The above mentioned modifications were thought to be 

necessary, because of the problems faced in the analysis 

of the non-volatile fatty acids. The main problem was 

that the sample had to stay a long time in the injection 

head before getting onto the packed colum. In which case 

bad resolution, very severe tailing effect and distorted 

peaks were obtained. 

5.3 THE KATHAROMETER 

A Gow-Mak, model 10-454 ‘katharometer was used in this 

work. The katharometer was installed in the SCCR-2 oven, 

inside a mild steel box filled with fibre glass, to monitor 

the product 2 stream, Fig. 4.5. This katharometer consisted 

of four hot rhenium-tungsten filaments connected to a 

Wheatstone bridge circuit. Two of the rhenium-tungsten 

filaments were fitted in the sample stream and the other 

two in a similar reference stream of the nitrogen carrier 

gas. 

The flow rates through the katharometer blocks were 

regulated by two stainless steel needle valves and were
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FIG. 5.4 PERKIN-ELMER INJECTION SYSTEM FOR THE F-11 CHROMATOGRAPH 

WEATED GUECTION sepTum CAP 

Serres 

  

ee SEPTUM WASIER 4 ‘TocoLuMi 

FIG. 5.5  PYE-UNICAM INJECTION SYSTEM 
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FIG. 5.6a COLUMN MOUNTING ARRANGEMENT FOR PYE-UNICAM THE 104 

EERIES CHROMATOGRAPH 
  

head unit 'marinite’ block injection head assembly 
Foca | {suo 

septum 

carrier gas inlet _.. knurled finger-nut | 
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base of detector or detector 
inlet pipe coupling nut 
Be, ‘on chromatograph model 

columa 
captive 
nut               

method of coupling shown is 
used for metal columns 
plain-ended glass columns are 
coupled by means of a giass 
column connector 

FIG. 5.6b GLASS COLUMN CONNECTOR ASSEMBLY 

rubber ring knurled nut 

  

   
  

| 
ferrule hexagonal nut centrepieco glass column
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=) 
normally set at about 5 cm ans 

The katharometer traces obtained in the recoder were 

used to indicate the pseudo-steady state in the SCCR-2 

unit and also any change in the feed pump or significant 

flow fluctuation in the purge section. 

Upon recording the traces at 160-205°C the condensation 

problem severely affected the judgement that a pseudo- 

steady state had been reached. So, the alternative was 

to monitor the product stream's purity for two consecutive 

cycles as a criterion for pseudo-steady state. 

5.4 THE FLAME IONIZATION DETECTOR 

5.4.1 Mechanism 

Quantitative analysis to obtain the concentration 

profile in the sequential unit was carried out using a 

modified Perkin-Elmer F-1l gas chromatograph (Section 5.2.2) 

linked to a Hewlett Packard 3373B integrator. 

The detector consists of a diffusion type hydrogen 

burner, so that the flame is burning between two electrodes 

of potential difference 100-300V. The effluent gas from 

the column is mixed with an accurately controlled hydrogen 

stream, When the column effluent contains organic 

substances these will burn in the hydrogen flame of the 

detector and produce ions causing a change in the 

conductivity of the flame. This will consequently change
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intensity of the ion current which can be recorded after 

an appropriate amplification, 

5.4,2 Calibration of the FID Detector 

Calibration of the FID detector involved relating 

the weight of a component in the injected sample to its 

peak area, as measured by the Hewlett-Packard integrator. 

In this respect, for all the fatty acid esters used 

in this study, hexane solutions of several dilutions 

ranging from 1% to 10% V/V were prepared. Adequate 

volumes of these solutions were injected by a Hamilton 

1.0 mm? liquid syringe into the F-1l chromatograph to 

determine the detector response to the respective solute 

weight. Calibration charts such as the one in Fig. 5.7 

were constructed. A linear relationship was found to 

exist between concentration and peak area, 

5.4,3 The Analytical Column 

For the analysis of all the fatty acid esters used in 

this study, a glass column 182.9 cm long and 0.6 cm O.D. 

packed with 12.05 g of 149-125 ym chromosorb P-AW-DMCS 

support was used. This packing was coated with 10,06% 

by weight OV-275 liquid phase, 

Before the analytical column was packed, it was 

thoroughly washed with acetone and dried by blowing
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nitrogen through it. It was packed using a standard 

packing method S.T,P, (37), The packed column was 

conditioned at a temperature 20°c higher than the 

proposed operating temperature with nitrogen passing 

through the column for 20-24 hours before being used,



CHAPTER 6 

OPERATIONAL MODE OF THE SCCR-2
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6.1 PREDICTION OF THE OPERATING CONDITIONS 
  

The selection of experimental conditions for the 

continuous fractionation of a binary feed mixture by using 

the SCCR-2 was based on the theory outlined by Barker and 

Lloyd (29, 166). 

If, as with the SCCR-2, the packing is moved 

counter-currently to the mobile phase flow .G, then the 

correct setting of the rate of packing movement L can 

make the slowest moving component travel with the packing 

whilst the faster moving component travels with the mobile 

phase. Fig. 6.1 illustrates schematically the operating 

conditions of the SCCR-2 unit, where the packing movement 

is simulated by the pneumatic valve sequencing action. 

The fast moving component will exit with the mobile phase 

at the product 1 outlet, and the slower moving components 

with the greater affinity for the stationary phase will be 

preferentially carried with the packing and exit with the 

purge gas at the product 2 outlet. 

Mathematically, the preferential movement of component 

1 in the mobile phase will be when: 

GG >h. & (6.21) 

g 
ive. > = (6.2) 

where = = Ky (Partition coefficient) 
-
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FIG. 6.1 SCHEMATIC DIAGRAM OF THE SCCR-2 UNIT 

Simulated Packing 
Movement 

Feed In F(isii) 

    

        
      
      

  

Post-feed 
Mobile Phase — Flowrate (G) 
Flowrate 
(G+F (isii)) 

    Product.1 Out 
(GeFi) Purge In (S) 

Direction of Port Rotation 

A-A Separating Section 

B-B Purge Section
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Vv zn or 1 (6.3) 

Here cy and q, are the concentrations of component 1 

in the gas and liquid phase respectively. 

Similarly for component 2 to travel preferentially 

with the stationary phase 

AI
A <K, (6.4) 

Theoretically a separation will be achieved counter- 

currently when 

G 
kK, <E< Kk, (6.5) 

where G/L is the ratio of volumetric mobile phase flow rate 

to the apparent liquid phase flow rate. Also component 2 

will be completely purged from the isolated column if 

> Ky (6.6) 

I
M
 

where S is the volumetric gas flow rate in the purge 

section of the SCCR-2 unit. 

Equations 6.5 and 6.6 provide a basis for the selection 

of operating conditions. However, several factors have 

not been considered in the derivation of equation 6.5, 

and these are the following: 

- finite concentration effect on partition coefficients 

- finite feed flow rate
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- mobile phase compressibility 

- finite column length 

- the sequential nature of operation 

- chromatographic zone of operation 

- the effect of temperature fluctuations. 

Barker and Deeble (14) have shown that; to account 

for all these effects the inequality relation equation 

6.5 becomes 

G5. ¢ 
(Kj +4K, +0, +01+8,)< ad <BR (Kp 44K   2759755 Sp) (6.7) 

while equation 6.6 becomes;, 

' +0,+0348,) (6.8) 
s cy 
r > (Kj +AK, 2 

where 

L' : the apparent volumetric stationary phase movement 

in the sequential unit (total volume of the liquid 

phase in columns/cycle time (sec)). 

G aa era : the volumetric mobile phase flow rates at 

the column inlet and outlet respectively. 

Ky : the partition coefficient of the less soluble 

component at infinite dilution. 

Ky : the partition coefficient of the more soluble 

component at infinite dilution... 

AK, AK factors accounting for the effect of finite 2: 

concentrations on the partition coefficient.
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o,¢' : factors to account for the finite column length and 

solute zone broadening respectively. 

$1189: factors to account for the effect of the sequential 

nature of operation. 

Equation 6.7 provides the limits for complete 

separation of components 1 and 2. The use of the equation 

requires a detailed knowledge of all the parameters 

involved, which requires a detailed practical and 

theoretical study. Many parameters in equation 6.7 are 

interactive, therefore definitions based purely upon 

experimental data are impossible. A theoretical model in 

Chapter 8 permits the study of the individual factors in 

isolation using the operational data from the SCCR-2 unit. 

Although it is not possible to give numerical values to 

many parameters in equation 6.7, but an accurate 

determination of the partition coefficient at infinite 

dilution K® is possible. 

6.1.1 Determination of the Partition Coefficient 
  

The partition coefficient K at infinite dilution may 

be calculated by the following equation: 

P 

F (ge) « (52) «5 (tant) 
0 a ek an a omer, (6.9) 

vr 

where 

F = Carrier gas flow rate at ambient conditions
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T, = column temperature (K°) 

oe ambient temperature (2) 

ones column inlet pressure (N/m?) 

a ambient pressure (N/m?) 

te = Yetention time for absorbed component (seconds) 

t= retention time for unabsorbed component (seconds) 

Vy, = volume of the liquid phase impregnated on the solid 

support (g/em?) 

j = James and Martin (35) compressibility factor 

2 3 
1.5(P5,-1)/ (P51) (6.10) 

where Pio = ratio of inlet to outlet column pressures (N/m?) 

Several restrictions were imposed on the application 

of equation 6.9. These are the following: 

a- the partition coefficient is independent of 

concentration 

b - the carrier gas ideality is assumed 

c - the volume of the solute in the gas phase must 

not make a significant contribution to the 

retention volume. 

d- there is no liquid or solid surface absorption. 

Measurement of the partition coefficient at infinite 

dilution was carried out using a 0.6 cm 0.D. glass 

column (see section 5.4.3). The small sample sizes used 

satisfied restrictions (a) and (c), whilst treatment 

(see section 5.4.3) of the analytical column to saturate
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any active sites overcame restrictions (b) and (d). 

In summarising the results, the partition coefficients 

for several fatty acid esters used in this study were 

determined over the temperature range 100 - 206°C and 

are recorded in Table 6.1. The solvent phase used in the 

analytical column was the same as that used in the 

SCCR-2 unit, namely OV-275. 

The plot of logK; against the reciprocal of absolute 

temperature gave a straight line as predicted by the 

thermodynamic equilibrium theory (167), Fig. 6.2. 

6.1.2 Determination of the Apparent Gas to Liquid Ratio 

G/L'in equation 6.7 serves as a practical guide for 

the experimental setting of the SCCR-2 unit. The value 

of G/L' was generally chosen to lie midway between the two 

partition coefficients of the solutes being separated. 

As the carrier gas expands during its passage through 

the chromatograph, G/L' changes between Goin/h" and 

Ghax/h': Therefore it is desirable to arrange for Guin/t" 

and Gian to be equidistant from the mid-point of the 

two partition coefficients. This is achieved by first 

redefining the G/L' ratio so that G becomes the gas 

flow rate at mean column pressure, G and secondly by 
me’ 

using the James and Martin compressibility factor:
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G_xP_/P_xj 
Ten ase 

Gaol ge tat, (6.11) 

where G. is the gas outlet flow rate measured at 

atmospheric pressure. 

The experimental value of Guo/h" tended to be higher 

than the theoretical mid-point value discussed above. 

This could be attributed to the fact that the real value 

of Gift" is not the calculated value, since many effective 

parameters (section 6.1) were neglected in the calculation 

of Gic/h' (egn. 6.7). The setting of a mean column gas 

flow rate by adjustment of the inlet pressure and outlet 

flow rate requires trial and error and experience. 

7 ' 1 An example of the calculation of Gaue/E ) Sinc/E and 

L' are given in Appendix 2. 

6.2 EXPERIMENTAL PROCEDURE AND ANALYSIS 

6.2.1 "Start Up" Procedure 

The following 'start up' procedure was used: 

(a) the traps were thoroughly cleaned by successive 

washing with acetone and hexane. 

(b) the SCCR-2 unit was tested for external leaks 

by use of a soap solution. 

(c) leaks in the valves were tested for by applying 

nitrogen pressure in the purge section. With the carrier
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gas inlet pressure regulator fully closed. The presence 

of gas in the separating section or in the feed distributor 

indicated leakage across a closed diaphragm valve. 

Location of the exact faulty valve was assisted by manually 

"skipping' the isolated column around the cycle, 

depressurizing the carrier section between each sequencing 

step, and observing the effect on the leak rate. Appropriate 

action was taken to eliminate any malfunctioning valves. 

(d) to test the feed valves, nitrogen pressure was 

applied to the feed distributor and all the feed valves 

were checked by a soap solution while closed and disconnected 

from the columns. 

(e) having checked that the unit was operating 

correctly, the feed could be introduced. Air was completely 

displaced from each feed line via the open vertical arm of 

the tee-connection immediately preceding the closed 

diaphragm valve. Thus when liquid issued from the "tee" 

it was finmly capped with a stainless steel silver soldered 

nut, 

(£) the oven takes 2-3 hours before the start of a 

run in order for a steady temperature to be established 

around the 12-column system, During that period, nitrogen 

was flowing through separating and purge sections of the 

SCCR-2 unit to purge out any chemicals from previous
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experiments and to recondition the packing. 

(g) the gas flow rates of purge and separating 

section were adjusted to the values selected according 

to the procedure in section (6.1.2). Meanwhile, the feed 

diaphragm valves were kept closed by G@ieconnecting the 

appropriate air lines from the pneumatic control box, 

until with continued pumping the liquid feed pressure 

becomes approximately equal to the mid-pressure of the 

separating section. This precaution was taken to avoid 

surging from, or 'blow-back' into, the feed distributor 

network. 

(h) finally the digital timer in the control box was 

adjusted to the selected sequencing time interval anda 

fine adjustment of the feed throughput was made by the 

micrometer setting on the pump head (Appendix 1). 

(i) the 'shut down' procedure was basically the 

reverse of the 'start up' technique, namely: 

l- switch-off the feed pump and the oven electric 

heater. 

2 - disconnect the traps and empty the feed distributor. 

3 - although at this stage feed stock was no longer 

entering the unit, solute present in the 

chromatograph continued to circulate for many cycles 

and therefore is was necessary to purge out
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continuously for 2-3 hours. Once the oven 

temperature cooled to room temperature, all the 

electrical switches function and the main gas 

supply were shut off. 

6.2.2 Column to Column Concentration Profile 

True steady state could not be achieved within the 

SCCR-2 due to the fact that it is semi-continuous in its 

operation. However, a point is eventually reached where 

the dynamic profile for the unit is reproduced from one 

cycle (12-sequences) to another. This on-set of 

"pseudo-steady-state' was observed by the two following 

methods: 

1. by the katharometer traces, which were not very 

reliable due to the condensation problem in the lines at 

an operating temperature of 160°C and above, and 

2. by monitoring the purity level of the product 

streams in two consecutive cycles. 

In general the unit was allowed to function a further 

2-3 cycles after equilibrium was reached before any samples 

were taken. 

Gas samples were taken from the sequential unit (SCCR-2) 

from a fixed sampling point for quantitative analysis. This 

was achieved by absorbing the gas stream from the column
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through a short capillary sampling line into two glass tubes 

(20 cm long, 0.6 cm O.D.) connected together in series by 

a stainless steel capillary tube. Each tube contained 8 ml 

of ethyl acetate maintained at, 4°c.. The sampling time was 

timed at 30-50 seconds after the sequencing action for a 

period of 100 seconds. 

The method proved to be suitable by having three glass 

tubes in series and by monitoring the traces of product 

collected in each of them (Section 7.6). The samples were 

capped in sample bottles and analysed immediately. The 

resultant profile from this method of sampling was 

equivalent to sampling all twelve columns at the same 

instant. Sampling for more than one cycle in this manner 

confirmed that the unit had reached and remained in a 

steady-state of operation. 

Gas flow through the sampling line was measured using 

a soap bubble flow meter (1-100 cm?) and it was corrected 

to the ambient conditions. Injection of the sample into 

the flame ionization detector produced a peak area 

expressed in integrator units, and from the appropriate 

calibration charts, the injection solute mass was 

calculated. 

A standardised concentration has been adopted for 

comparison of experimental results consisting of the
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the analysed solute mass divided by the sample volume 

corrected to atmospheric pressure. 

Each successful experimental run is characterised 

with a unique title which includes the four main 

operating variables; the operating temperature Cay the 

Ne the ratio of the mean column gas flow feed rate (cm 

rate to the apparent liquid rate, and the sequencing 

rate (s). 

Fig. 6.3 gives an example of the results taken during 

a separation run of the SCCR-2. 

Basic programs were used to compute the run condition 

(flow chart - Fig. 6.4, listing - Appendix 3), and the 

concentration profile (flow chart - Fig. 6.5,listing - 

Appendix 3).
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FIG. 6.3 EXAMPLE OF RECORDED DATA FOR AN EXPERIMENTAL RUN 

  

  

  

  

  

  

    
  

  

  

  

  

  

RUN DESCRIPTION ANALYSIS DESCRIPTION 

System: 50/50 V/V-Ethyl caprylate/ Katharometer 

Ethyl caprate Gas flow : delen?a 
Bridge current: 115 mA 

Oven 2 105¢C Bridge voltage: 18 V 
Temperature Purge in : 1255¢ Sensitivity z 9.7 

Carrier in: 120°C 
Sampling valve 

Ambient Pressure : 101.3 kPa Temperature : ambient 

conditions Temper. : 24°C Pressure in 
Sample loop 2 ambient, 
Sample volume : 0.26 cm 

Gac/h" 2 95 (corrected to N.T.P.) 

Switching rate: 150s Be Pressure E. : 225 kPa 

Feed rate : 30 cm™h Pressure 0: 265 kPa 3 _) 
Flow N, 3 0.3 cms 
Sensitivity 1xl Pin : 274 kPa j 

Separating Pout: 177 kPa , _ Conn Senne coc 
section Ga : 17.2 om?s a Chromat 262-9culong and 0-Gca! 

: s Col * O.D glass column with 
Pin : 198 kPa Specific 12.05 g packing, 10.06% 

Purge Pout: 130 kPa _ See eye at 
section Sa : 124 cm3s oe ROBO: 

CONCENTRATION PROFILE ANALYSIS 

The samples were taken from Column 12, 100 sec after sequencing 
action on the 8th cycle 

Distance of Teolated lelpoine Integrator units = a (st) 

Columns fram product Product 1 | Product 2 x10" 3 ee 8) 

1 outiet (cn) oe cise 
61 8411 <100 41.9 0.0 

2 122 13610 <100 67.9 0.0 

2 183 20220 462 100.9 159) 

4 244 21820 3004 108.9 13.0 

a 305 22220 3928 0.9 17.0 

6 366 6608 5546 32.9 24.0 

a 427 400, 9244 i583 40.0 

8 488 400 8088 1.9 35.0 

2 549 <100 8551 0.0 37.0 

10 610 <100 6433 0.0 3.0 

il 671 | <100 924 0.0 3.9 

12 732 <100 462 0.0 1.9               
  

 



  

     

R_THE COMPUTATION OF RUN CONDITIONS 

    

Outlet 4 Inlet, Ambient Temperature, 
Pressure Inlet & Outlet, Purge Pressure 

Operating, Carrier 4 Purge Temperature, 
Switching Rate, Feed Rat 

  

Convert the Pressures, Temperatures into 
ST Units 
  

  

Kalculate James and Martin Constant (4M) 
  

  

Calculate velocity of Carrier Gas at 
Mean Column pressure (G2) 
  

  

Calculate Velocity of Purce Gas at 
Mean Column Pressure (38)   

  

  

Calculate Liquid Phase velocity (L) 
  

  

Calculate Minimum Velocity in the 
Separating Section (G3) 
  

  

Calculate Maximum Velocity in the 
Separating Section (G4) 
  

  

Calculate 
Pure 

  

tim Velocity in the 
@ Section {$7) 

  

  

  

Calculate the G2/L',G3/Li,G4/L' 
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6.5  FLOWCHART FOR THE COMPUTATION OF THE SOLUTE (S) CONCENTRATION PROFILES 

   
          

       
   

    

  

   Read: Number of Sample Injections, 
Total number of Data Points, 
Slope of Detector . 
Calibration Curve. 

Read: Column Numbers (I), Integrated 
Peak Area for each Solute 
a(S), G(3) 

  

Calculate Mass Solute lin lmand Smt 
of Solvent per Second,¢(J), DiS), F(S) 
  

  
  Calculate Mass Solute 2in imi and 5m 
of Solvent per Second,K(J), M(J), P(S)     
  

No 
go g+1 

  

  

  

  

    
  

  

      
  

       

  
Print (J), A(Z), C(), DIS), FCS) 

  

  Print T(J), Gig), R(S), MJ), PCS)   

  

        
  

   



CHAPTER 7 

SEPARATION STUDIES ON THE SCCR-2 UNIT
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7.1 INTRODUCTION 

Several separations were performed on the SCCR-2 unit. 

The objectives of these experimental studies were to 

determine the separating capabilities of the unit at higher 

temperatures than previous workers (13,16,31). 

For this reason the separation of binary chemical 

mixtures of different separation difficulty and volatility 

were studied on the SCCR-2 equipment. The systems were 

selected with separation factors ranging from 1.45 to 

2.3, and these required an operating temperature in the 

range of 105-205°C. The chemical mixtures used in this 

study and their physical properties are summarised in 

Table 5.2. 

A 50:50 mixture of the component chemicals was used 

for all systems except for the mixture of ethyl laurate 

and methyl myristate, which was 70:30 respectively, because 

of the high price of methyl myristate, Also, ethyl acetate 

was used as a solvent to prepare the feed stock for the 

(50:50 W/W) methyl myristate/methyl stearate system, 

since methyl stearate is a solid at room temperature. 

Ethyl acetate constituted 25% of the total feed mixture, 

Initially, the efficiency in terms of HETP of four 

randomly chosen columns in the SCCR-2 unit was obtained. 

A chemical mixture of ethyl acetate/ethyl butyrate was 

used as a commissioning system. This was followed by
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increasingly more difficult mixtures of fatty acid esters 

such as; ethyl caprylate/ethyl caprate, ethyl caprate/ethyl 

laurate, ethyl laurate/methyl myristate and methyl myristate/ 

methyl stearate, 

The performance of the SCCR-2 equipment in the 

separation of these mixtures was recorded as column to 

column concentration profiles and product purities except 

for the mixture of methyl myristate/methyl stearate. This 

was because condensation problems in the sampling lines and 

the associated loss of material prevented the construction 

of an exact concentration profile. 

7.2 H.E.T.P, MEASUREMENTS AT DIFFERENT TEMPERATURES AND 

FOR DIFFERENT SOLUTES 

7.2.1 Introduction 

The conventional column performance term in chroma- 

tography is the H.E.T.P. which essentially relates the 

width of the eluted peak to the column length. However, 

the size and shape of the peak is mainly determined by the 

chromatographic process occurring within the column. 

Despite the empirical nature of the H,E.T.P, and the 

inability of the plate theory to relate some solute zone 

broadening mechanisms to it (partition phenomena, molecular 

diffusion and flow patterns through packed beds), H.E.T.P. 

has a considerable value for comparing the efficiency of 

chromatographic columns,
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In this work, the Sternberg theory (168) was employed 

which takes into account the above mentioned factors, 

According to this theory the H.E.T.P. is given by the 

following equations: 

Roce tee (6.97. al 
  

  

  

H= = = 5 (Grab) 

eer: PEL ol (te a c.t el 

where = column length (cm) 

Tee = time based 2nd moment or variance (seconds) 

tole peak mean or lst moment in seconds 

for the recorded outlet and injection 

profiles respectively. 

eae lied ac = time (seconds) from injection 

to commencement of recording the outlet 

and injection profiles respectively. 
N? 

s |F(J) .I.g| c ee oak 
Also t al Cole: a= W 

} F(s) 
J=1 

s 2 

. ‘ 8, N! [F(D). (1.3 - =4)| 
(04) * 10 OF (oF eC soe e N 

J=1 y FJ) 
J=1 

hence 

I = time interval between data points (seconds) 

F(J) = profile heights in order of recording (cm) 

N' = number of profile height data points.
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The H.E.T.P. yalues of four randomly chosen chroma- 

tographic columns of the SCCR-2 machine, were experimentally 

determined under various operating conditions such as gas 

flow rate, and column temperature, The aim of this part 

of the work can be summarised as follows, 

(a) To compare the efficiency of the columns at temperatures 

ranging from 100 - 200° c in terms of the number of 

plates for different solutes. 

(b) To investigate the effect of the carrier gas flow rate and 

the nature of the solutes on the efficiency of the 

columns. 

7.2.2 Experimental Procedure 

Fig. 7.1 diagrammatically represents the arrangement 

for the determination of H.E.T.P. Basically one column was 

isolated from the sequential unit and a constant inlet gas 

pressure applied. AO.1 cm? sample of each solute was 

injected directly into the gas stream flowing into the 

column at (A) in Fig. 7.1. The profile was monitored by 

the katharometer in conjunction with the pen recorder, 

For each injection and outlet profile the respective 

Cee and Cone times were measured by a stop watch, 

In addition for each profile the values of peak heights 

at equal time increments were read on the calibrated 

recorder chart. The time increment was chosen to give 

between 30-50 yalues of peak height for statistical
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significance, The data taken for a pair of injection and 

outlet profiles were then applied to equation 7,1 for the 

H.E.T.P. determination, 

7.2.3 Results 

The number of theoretical plates calculated for 

a small sample injection, in which peak distortion is not 

present, is dependent on the carrier gas flow rate and 

the column temperature. Table 7.1 and Fig. 7.2 illustrate 

the number of theoretical plates in four columns using a 

O.1 em? sample of ethyl caprate and a column temperature 

of 100°C for various nitrogen carrier gas flow rates. The 

results indicate that the maximum number of theoretical 

plates per column occurred at a carrier gas flow rate of 

about 1.5 em? seciuy Carrier gas flow velocities lower 

than about 1.5 cm sec? resulted in a rapid decrease in 

the number of theoretical plates. However, the variation 

from column to column is the result of the variation in 

the packing, a similar phenomena being reported by Deeble 

(13), Bell (31) and Liodakis (16), Fig. 7.3 and Table 

7.2 show a comparison between the number of theoretical 

plates of columns obtained from the sample peaks of 

O.1 em? injections of three fatty acid esters at various 

column temperatures. It is apparent that column resolution 

decreases with increasing temperature, and varies with the 

chemical nature of the injected sample.
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Table 7.1 

H.E.T.P, Determination for the SCCR-2 Unit 
  

  

  

  

            
  

Mean Carrier 
Gas Velocity Number of Theoretical Plates 

ost Colum 4 | Colum 6 | Colum 8 | Column 12 

0.6 38 33 26 36 

0.8 44 36 3 40 

1.18 49 43 38 47 

1.7 53 41 36 47 

2.3 42 33 23 37 

3.0 23 21 18 20 

Table 7.2 

Summary of the H.E.T.P. Determinations at Different Temperatures 

  

  

  

  

ies Number of Theoretical Plates ae 

°e Ethyl caprate | Ethyl laurate | Methyl myristate 

ue = S 54 1. Carrier 

= zo ae 40 Gas Velocity] 

= 2 me 33 2.0 an sec} 

ae at 21 29 2. Sample 

a = 2 27 size 1.0 an           
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FIG.:7.3 VARIATION OF THE NUMBER OF THEORETICAL PLATES WITH 
COLUMN TEMPERATURE 
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7.2.4 Discussion 

From the results in Fig. 7.2 (Table 7.1) the variation 

from column to column appears to affect the SCCR-2 unit in 

the separating mode. This variation is probably the result 

of the difference of carrier gas velocity between the 

columns. Non-uniform carrier gas flow in large diameter 

columns has been reported (52) as a result of the point to 

point difference in diameter of the support particles, 

which also differs between columns irrespective of the 

uniformity and the care with which the column is packed. 

However, in the SCCR-2 unit, 10 columns are linked to form 

the main separating section. Thus in sequencing through the 

cycle the variation in the total number of plates in the 

separating section at any time is considerably reduced. 

Further, as the unit is to be operated at high solute 

concentrations it is to be expected that with the consequent 

further decrease in the number of plates the column to 

column variation would diminish, Experimental observations 

by Deeble (13) proved that the number of plates per column 

gradually decreases as the solute concentration in the 

solvent increases with increased throughput, 

The results in Fig, 7.3 (Table 7.2) suggest that the 

maximum efficiency of the columns under investigation occurs 

at low column temperatures. However, the selection of the 

proper column operating temperature has been shown to be 

an especially important variable because the sample separation
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efficiency varies greatly with the column temperature, 

At a relatively low column temperature for a given sample 

the separation factor is large and sample loading may be 

quite high per unit area of column bed, Such high sample 

loading results in peak distortion and wide sample bands, 

The results also indicate the dependence of the number 

of plates in the column on the type of solute used 

(Fig. 7.3). 

Although the H,E,T.P, measurement is implicitly 

affected by many pronounced physical parameters such as 

the flow rate, the sample size, pressure drop ,,, etc,, it 

is also affected by the chemical nature of the solutes. 

The interaction between the solutes and the solvents affects 

to a certain extent zone broadening and consequently the 

H.E.T.P. 

The experimental comparison of the individual column 

characteristics emphasised the importance of the packing 

technique in large-scale chromatography, A small number 

of plates coupled with variation in column to column 

characteristics, represents a limitation on the separating 

potential of the SCCR-2 unit with very difficult separations 

of S,F 1,2 and less, However, the variation in column 

characteristics is minimized in operation as explained 

above. 

On the basis of the above results, the theoretical
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plate concept predicts that maximum resolution for the 

sample mixture under investigation occurs at relatively 

low column temperatures and a low carrier gas flow rate, 

It is a broad generalisation to assume that the same 

operating conditions apply to this work, since the H,E,T.P, 

measurements were made in the batch mode, while in practice 

the separation process which takes place in the SCCR-2 

is semi-continuous. Therefore, the H.E.T.P, measurements 

haye only qualitative value in comparing the column to 

column variations in the SCCR-2. Further tests on the 

performance of the SCCR-2 unit after the overhaul servicing 

was made by separating an easy mixture of ethyl acetate/ 

ethyl butyrate at 60° c, 

7.3 ETHYL ACETATE AND ETHYL BUTYRATE SEPARATION AT 60°C 

WHICH WAS USED FOR COMMISSIONING THE. SYSTEM 

7.3.1 Results 

Three separation runs are presented her, details of 

the operating conditions being givenin Table 7.3, The 

3 a 
three runs cover a range of throughputs of 20-40 cm h ‘ 

the carrier gas and sequencing rates being maintained 

approximately constant. 

Each experimental run is denoted by a combination 

of the four main operating variables, the operating 

temperature (c°), the feed rate (cue Heh, the ratio 

of the mean column gas flow rate to the apparent liquid 

rate, and the sequencing rate (s). Thus, in the present
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study the runs 60 - 20 - 143 - 60, 60 - 30 - 146 = 200, 

and 60 - 40 - 140 — 200 show the effect of increasing the 

throughputs. 

The mean column purge gas rate, Sie! was always 

set such that S/h" was substantially in excess of the 

partition coefficient of ethyl butyrate at infinite 

dilution, thereby ensuring regeneration of the isolated 

column. 

The product purities quoted in Table 7,3 are simply 

a chromatographically measured ratio of the two feed 

components trapped at the end of the run, However, the 

column to column concentration profile was considered 

earlier as the main record of performance of the SCCR-2 

machine. Samples were taken close to the end of a 

sequencing interval using a gas sampling valve connected 

to the SCCR-2 and the analytical GLC unit. The reproducibility 

of the concentration profile was tested by comparing 

profiles obtained during different sequencing cycles from 

a fixed sample point (Figs. 7,4 - 7.6), 

7.3.2 Discussion 

For the duration of a sequencing interval the main 

separating section operates as a conventional frontal 

elution chromatographic system. The progress of the 

respective components through the column was followed by 

plotting the standardised concentrations for two consecutive 

cycles. Both solutes travel towards the product 1 exit
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under the influence of the flowing carrier gas, with the 

advancement of the ethyl acetate profile being greater 

than that of the ethyl butyrate, in keeping with their 

respective partition coefficients, With the increase 

in throughput from 20 to 40 in steps of 10 cm? n /, 

Fig. 7.4 - 7.6, the feed area in which both solutes are 

present, is also increased. However, the feed point 

position was moved towards the product 2 exit more 

significantly in run 60 - 40 - 140 - 200. Since the 

number of columns involved in the separation remained almost 

the same in run no, 60 - 20 - 143 - 200 as in run no. 60 - 

40 - 140 - 200, then the throughput could be increased with- 

out the risk of losing the purity of both products, 

Throughout these experiments, the recorded profile for 

ethyl butyrate did not extend beyond column 5 (244 = 305 cm 

from the carrier gas outlet). 

No attempts were made to find the maximum feed through- 

out for a successful separation in order to avoid stripping 

the liquid phase from the packing, 

In conclusion, it can be said that the SCCR-2 was 

functioning normally after its extensive service, Hence, 

more difficult separations at higher temperatures could be 

attempted, It was decided to begin the study at 105°C (cf 

Liodakis (16)), and the ethyl esters of caprylic and capric 

acids were chosen for separation at this temperature,
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7.4 ETHYL CAPRYLATE AND ETHYL CAPRATE AT 105°C 
  

7.4.1 Results 

The conclusions of Bell (31) and Liodakis (16), that 

the efficiency of separation was increased at sequencing 

rates below 200-seconds, served as an experimental guide- 

line in the investigation of this system, A sequencing 

rate of 150-seconds was chosen along with reduced gas flow 

rate to give a Gu.o/L'ratioin the range of 95 to 99, 

Details of the experimental runs 105 - 30 - 95 ~ 150, 105 - 

50 = 97 — 150 and 105 - 80 - 99 - 150, which record the 

effect of feed throughput on the performance of the 

sequential unit, are presented in Table 7,4, (Figs. 7.7 - 7.10). 

These runs were carried out at a solute feed rate of 30, 50 

and 80 em? not respectively, with all the operating 

conditions approximately constant. The sequencing rate 

was reduced to 100-seconds in run 105 - 80 - 97 - 100 

detailed in Table 7,4 and Fig. 7.10, and it was thought that 

this would improve the poor purity obtained in run 105 - 80 — 

99 - 150, However, the improvement was not significant in 

the product purity of product 2 as shown in Table 7.4. 

7.4,2 Discussion 

A comparison of the concentration profiles in Figs, 

7,7 to 7.10, shows several well-defined trends, As the 

feed rate is increased from 30 to 80 em? Hae the general 

level of the gas phase concentration for ethyl caprylate 

rises accordingly. The trailing edge of the ethyl caprylate
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peak gradually extends in the direction of the isolated 

column, until in run 105 —- 80 - 95 - 150, the ethyl caprylate 

begins to contaminate the product 2 stream, The tendency 

of ethyl caprylate to move towards the isolated column is 

consistent with an anti-Langmuir adsorption isotherm for 

which the preference of the solute for the solvent phase 

increases with increasing concentrations, 

The concentration profile of ethyl caprate is somewhat 

more difficult to describe. In runs 105 - 30 - 95 = 150 

and 105 - 50 - 97 - 150 the profile extends 2 columns (122 

cm)in front of the feed point. This observation indicates 

that ethyl caprylate purity would be very high for the two 

runs (99.6% and 99.4% as shown in Table 7.4). 

Further increase in the feed rate as in run 105 - 80 - 

99 - 150 resulted in the ethyl caprate (product 2) profile 

extending up to 4 columns (244 cm) in front of the feed 

point. In this case the purity of products 1 was reduced to 

98.5% and the purity of product 2 to 98% as a result of 

the extended profile of product 1, The conclusion that can 

be drawn from these observations is that the purging 

process was not so successful at high feed rates even 

though the purge gas flow rate was substantially higher 

7? than the flow rate needed to satisfy the relation Sain 

> (K’) Ethyl caprate, With the present mechanical design 

limitations, and under the condition of this separation, 

no further increase in the purge flow rate was possible.
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Hence if the purge rate was increased further, then the 

pressure drop will be very high and will have a very serious 

determintal effect on the whole separation process, 

The concentration level of ethyl caprate is of 

particular interest since its level is well below the 

concentration level of ethyl caprylate. Averaging 50 x Toma 

g em? for run 105 - 30 - 95 - 150, the gas phase concentr- 

ation does not change appreciably for any run up to 80 em? h- 

at which point the feed rate has doubled, The general level 

of the ethyl caprate gas phase concentration,however was 

expected to rise with increasing feed rate, as was the case 

with the ethyl caprylate. 

In attempting to explain this paradoxical situation, 

that the gas phase concentration for ethyl caprate was 

independent of its own feed rate, the possibility that all 

of the ethyl caprate liquid feed stock was not being 

varpourised was investigated. 

Once, the partial pressure of ethyl caprate approaches 

the saturated vapour pressure value, further increase in the 

level of gas phase concentration is impossible, Calculations 

of the partial pressures of ethyl caprate showed that these 

were well below the value for the saturated vapour pressure. 

However, the cooling effect caused by the passage of carrier 

gas N through the feed zone may have reduced the saturated 

vapour pressure, so that the maximum permissible gas phase 

eb 
r
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concentration may not be large enough to ensure that all 

ethyl caprate entering the unit as liquid is evaporated, 

Bell (31), in his extensive investigation of the cooling 

effect in the chromatographic beds of a similar unit 

(SCCR-1) , showed that carrier gas temperature was low 

enough to preyent total vapourisation of the feed stock 

with the greatest affinity for the liquid phase, as is the 

case with ethyl caprate. 

The unexpected results concerning the ethyl caprate 

concentration profile could be better interpreted by the 

following argument, Firstly, the apparent independence 

of the gas phase concentration can be explained by the 

fact that it was saturated with ethyl caprate owing to the 

low temperature, Secondly, advancement of the ethyl caprate 

profile in the direction of carrier gas flow would be 

unlikely as the partition coefficient would be significantly 

increased because of its inyerse relationship with the 

absolute temperature. 

The incomplete purging process at the high feed rate 

of 80 cm? nag (Figs. 7.9 and 7,10) could be explained by the 

fact that only the ethyl caprate absorbed in the liquid 

phase would have to be removed but also a quantity of 

unvapourised feed, Evaporation and desorption are both 

endothermic processes, and would tend to cool the purge 

beds. Thus, if the temperature drop was sufficient then 

the value of the partition coefficient for ethyl caprate
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may increase so that K” becomes nearer or equal to Snin/&* 

and complete purging becomes impossible, 

Unevaporated ethyl caprylate is also a possibility, 

and it may be that the advancement of the ethyl caprylate 

profile in the direction of the isolated column is not only 

due to the effect of an anti-Langmuir absorption isotherm 

but also to liquid ethyl caprylate being transferred in 

that direction after every sequencing interyal of the unit, 

Any feed not evaporated within the unit will contain a 

much higher proportion of ethyl caprate, as ethyl caprylate 

has a higher saturated vapour pressure and will therefore 

preferentially vapourise, Purely from experimental 

observations it was decided that increased efficiency could 

be achieved at a lower sequencing rate and that a further 

run (105 - 80 - 97 - 100) in which the switching time was 

reduced to 100-seconds was required, To maintain a constant 

Gy,-/L' ratio, a corresponding increase in carrier gas flow 

rate is required, as the sequencing interval is shortened, 

This attempt failed to improve the purities of both products 

appreciably, From a theoretical standpoint it seems 

logical to assume that an optimum sequencing interval exists, 

In section 2,3,2,1 it was shown that an optimum carrier gas 

flow rate occurs giving a minimum value for H.E,T,.P, and it 

would be a relatively simple matter to determine this flow 

rate and therefore the switching time required to achieve it,
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In practice however, factors such as pressure drop and 

dilution of products influence the choice of carrier gas 

flow rate and only very rarely are chromatographs operated 

at the flow rate giving minimum H.E.T.P, (36). 

3 a For this system, the maximum cHrouanpUCice 80 cm h- 

could be increased significantly if the feed rate was 

introduced as a vapour. In this case no hold-up of the 

solutes will occur apart from condensation problems in 

the column which are unlikely to be significant. 

The successful separation of ethyl caprylate/ethyl 

caprate at 105° c was sufficiently encouraging to proceed 

to further separations at higher temperatures, which have 

not been achieved before with this type of equipment (SCCR). 

A mixture of ethyl caprate and ethyl laurate was selected 

for the next step of this research, which was to be 

performed at 160° Cc, 

PS ETHYL CAPRATE AND ETHYL LAURATE AT 160° c 

7.5.1 Results 

The separation of ethyl caprate/ethyl laurate at 160° c 

represents a significant advancement in the use of the 

SCCR-2 unit for this type of separation. It is also a more 

difficult separation than the previous mixture of ethyl 

caprylate/ethyl caprate, since ethyl caprate and ethyl 

laurate haye close vapour pressures, Several experimental 

runs were performed at an operating temperature of 160° c



ao. — 

and an average Gy o/h" of about 114, which was kept constant 

for all the runs reported in Table 7,5 and Figs. 7.11 - 7.15. 

3 nl in run 160 - 25 - 
3 1 

Starting at a feed rate of 25 cm 

114 - 300, the feed rate was increased in 25 cm h~ 

3\n7+ an rms 360 - 50 < 114 - intervals to a maximum of 75 cm 

300 and 160 - 75 - 113 - 300. In an attempt to improve the 

poor product purities in run 160 - 75 - 113 - 300, the 

switching rate was reduced to 200 and 150 seconds in run 

numbers 160 - 75 - 101 - 200 and 160 - 75 - 113 - 50 

respectively. 

The problem of sampling to enable the construction 

of the concentration profile was the most difficult problem 

with this high temperature separation, However, the absence 

of the sampling valve because of the condensation problem 

was solved by using two glass tubes connected in series 

and filled with ethyl acetate (see section Oe2ee) 5 

The effectiveness of the sampling method was tested 

in a series of experiments. Two sampling tubes connected 

in series gave a similar result as three sampling tubes 

connected in series, Figs, (7.16, 7.17). However, cooling 

the sampling tubes resulted in an even better absorption 

effect than without cooling (Figs,(7.18, 7.19), 

The effectiveness of the purge process in the column 

was tested by a technique in which the column was fed with 

the feed mixture under the same conditions of feed rate,
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switching rate and flow rate of purge and carrier gas, as in 

an actual run. The purge flow was transferred manually 

from the control box and then gas samples were taken for one 

hour. The results are summarised in Figs, 7.20 - 7.22. 

Finally, with the problems involved in the use of 

the katharometer to monitor the attainment of pseudo-steady 

state conditions, it was only possible to measure the 

product purity over 2 - 3 consecutive cycles, The results 

are summarised in Table 7.6, 

7.5.2 Discussion 

The successful separation of ethyl caprate and ethyl 

laurate, the fatty acid derivatives of caproic and lauric 

acids respectively, was performed on the SCCR-2 machine 

at a temperature of 160° c, Product purities of around 99% 

at throughput of 50 om? hr were obtained. Increasing the 

2 net resulted in a severe feed rate by a further 25 om 

reduction of the purity of product 2 and, to a lesser 

extent, of product 1. (See Table 7.5). 

Although the operating temperature was 160° Cc, and 

the solutes are different from the previous system (ethyl 

caprate and ethyl caprylate) discussed in section 7.4, the 

general patterns are still the same, However, the product 

2 (ethyl laurate) concentration was nearly the same as that 

of product 1 (ethyl caprate), but still lower than expected 

in run 160 - 25 - 114 - 300, In keeping with the partition 

coefficients the rate of adyancement of ethyl caprate was
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Table 7.6a 

Product Purities of Individual Cycles in Run 160-25-114-300 
  

  

Product Purities (%) 
  

  

        
  

Cycle Number 
Ethyl caprate Ethyl laurate 

2 50.8 77.0 

4 98,9 96.5 

6 99.4 98.4 

8 99.2 99.1 

Table 7.6b 

Product Purities of Individual Cycles in Run 160-50-114-300 

  

Product Purities (%) 
  

  

        
  

Cycle Number 
Ethyl caprate Ethyl laurate 

2 54.2 : 68.00 

4 98.6 95.4 

6 99.2 98.7 

8 99.6 98.5 

Table 7.6c¢ 

Product Purities of Individual Cycles in Run 160-75-113-300 
  

  

Product Purities (%) 

Ethyl caprate Ethyl laurate 
  Cycle Number 

  

2 49.1 56.0 

4 93.8 90.7 

6 95.2 91.0 

8 94.1 Szoe         
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greater than for ethyl laurate, the latter being preferentially 

retained on the solvent phase, This fact explains why 

equivolume mixtures of two chemicals of similar densities 

should give gas phase concentrations at substantially different 

levels. 

A successful separation was defined by Deeble (13) as 

one giving high purity (in excess of 98%) for both products, 

in this case ethyl caprate as product 1 and ethyl laurate 

as product 2, In terms of the concentration profile the 

requirement means that ethyl laurate should not appear at 

any time in significant amounts in the section 0-183 cm from 

the carrier gas outlet (equivalent to columns 1 - 3). while 

ethyl caprate should not remain in the section equivalent 

to column 8 (488 - 671 cm) when sequencing occurs. 

3 1 For the experimental runs of 25 and 50 cm” h~ i.e. 

run numbers 160 - 25 - 114 - 300 and 160 - 50 = 114 - 300 

respectively, the recorded profile for ethyl laurate did 

not extend beyond column 3 (122 - 183 cm from carrier gas 

outlet) which indicates a product 1 purity in excess of 

99%, However, the purity of product 1 was impaired, 

3 1 particularly at higher solute feed rates of 75 cm h . 

Inspection of ethyl caprate profilein run 160 - 25 - 

114 - 300 suggests that the purity of product 2 (ethyl 

laurate) was in excess of 99%, The trailing edge of the 

ethyl caprate profile gradually extends into the fourth
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column after the feed point (549 — 610 cm from the carrier 

gas outlet) in run 160 - 50 - 114 — 300, The maximum 

ethyl laurate concentration also occurred in that column, 

while the purity of product 2 was still in excess of 

98.4%. 

3 1 
As the feed rate increased to 75 cm h_ , the trailing 

edge of the profiles for both solutes extended toward 

the isolated column, This observation is consistent with 

the anti-Langmuir type absorption isotherm; i.e. the 

preference of the solutes for the solvent phase increases 

with increasing concentration, The purity of both products 

is severely affected by increasing the feed rate by 25%. 

The profile of ethyl laurate did not extend into the 

fourth column from the feed point (O - 61 cm from the 

carrier gas outlet), which suggests a product purity of 

better than 98% compared with 94,2% which has been 

experimentally recorded, This may be explained by the 

fact that the maximum concentration of both solutes for 

successful separation has been exceeded, Comparison with 

the run performed at a sequencing interval of 200 seconds 

i.e, run 160 - 75 - 101 = 200, shows that the slight 

reduction in ethyl laurate concentration by the use of 

an increased carrier gas flow rate improved the purity of 

ethyl laurate by 4% compared with the previous run 160 - 

75 —- 113 = 300, as detailed in Figs. 7.13 and 7,14, At 

the same time the purity of ethyl caprate was improved by 1%,
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At the slower sequencing rate of 150-seconds in run 

160 - 75 - 113 - 150, the reduction in both solute 

concentrations was even greater than at 200 seconds, i.e. 

run 160 - 75 -101 - 200, but the purity of the products 

was again severely affected, as shown in Fig, 7.15. 

A comparison of all the column to column concentration 

profiles (Figs. 7.11 - 7.15), suggests that as the feed rate 

is increased the concentration profiles extend over the 

entire length of the separating section, which means that 

a successful separation is unlikely to be achieved. 

Considering the purge section, an indication of the 

concentration level of the two components within this 

column on isolation was given by the levels in the 

preceding column for the sampling time closest to the 

end of a sequencing interyal. The success of the purging 

could be gauged from the concentration of the solute(s) 

remaining within the isolated column at the same time, 

For the SCCR-2 it was decided that the criterion for a 

successful purging process for the product 2 would be 

when the inequality in equation 7,2 was met, i.e. 

Snin/E > Ko (7,2) 

From an experimental point of view this criterion 

was met when incomplete regeneration of the isolated 

column caused contamination of product 1 as in run 

160 - 75 - 114 - 300. Similarly, for the separating section,
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contamination of product 2 occurred whether or not 

the simplified inequality of equation 7.3 was met: 

K (ethyl caprate) * Snin/™! (73) 

Thus, despite the usefulness of these inequalities in 

choosing the operating conditions they do not, by 

themselves indicate that successful purging or separation 

of the solutes will be achieved, 

The most striking obseryation from the investigation 

of the purge section was the significance of the solute's 

hold-up in the column for a period of more than 900- 

seconds, The results in Figs. 7.20 — 7,22 show that in 

the time available for purging, i.e, one switching 

interval, only 90% of the product was being remoyed, 

However, in operation this could mean 95 - 99%, since 

each column is given a total purging time of twice the 

sequencing interyal because of ‘double purging', which 

involves two columns being purged simultaneously by 

separate gas supplies, In terms of purity this could 

mean 99% product purities for runs having a feed rate of 

: nee In fact these were a little higher 25 and 50 cm 

than 99%, This could be due to the fact that the pseudo 

steady state has been disturbed by switching the semi- 

continuous operational mode to batch mode Operation, when 

studying one column at a time, At a liquid feed rate of 

3 75 cm? h7 as in run 160 - 75 - 113 - 300, complete
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purging of the products proved very difficult. In this 

case both solutes (ethyl caprate and ethyl laurate) were 

still present in significant concentrations even after 

one hour of purging. The fact that the purity of both 

products was severely reduced in the run at 75 cm? ne 

can be appreciated by reference to the results given in 

Fig. 7.22. 

Prior to construction of the concentration profile, 

the sampling procedure (see Section 6.2,2) was tested in 

every experimental run with this system, The results 

presented in Fig. 7.16 clearly show that without cooling 

the sampling tube, significant concentrations (of solutes) 

were left in the second tube. On cooling the tubes in 

crushed ice prior to taking samples, the quantity of 

both solutes left in the second tube dropped significantly 

(Fig. 7.17), The fact that more material had been trapped 

in the first tube can be readily appreciated by considering 

that more material has been condensed under the cooling 

effect of the tubes, However, using the three tube 

instead of the two tube system, the solute trapped in the 

third tube has very little significance compared with the 

experimental error in handling the three tubes together. 

(see Figs, 7,18 and 7.19), Therefore the tubes system 

was adopted thereafter in this research, The results 

presented in Table 7,6 show that pseudo-steady state (in 

terms of purity of both solutes) was reached after about
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four cycles, The first three cycles could be described 

as the 'building-up' cycles prior to attainment of pseudo- 

steady state, 

In conclusion, equations 6;7 and 6,8 serve as a 

reliable guide to the choice of operating conditions and 

the interpretation of the experimental results, Two factors 

have been identified as restricting the separating power 

of the sequential unit. These are, the increase in the 

respective solute partition coefficient at finite concentrations, 

and the additional variation of the solute molecule velocity 

through the separating section caused by both solute concent- 

ration and the inevitable pressure gradients. The two factors 

appear to be of little significance in easy separations like 

the previous separation of ethyl caprylate and ethyl caprate 

(Section 7,3). The reason could be the little effect of the 

pressure fluctuations on the sorption-desorption process in 

the easy separation, while it is more pronounced when high 

temperature and difficult separations are involved. The 

maximum throughput that could be achieved which gave two 

a nes When products of purity in excess of 98,5%, was 80 cm 

the separation difficulty is increased as in the present 

system (ethyl caprate/ethyl laurate) the throughput had to 

be substantially reduced to 50 om? hr to give product 

purities in excess of 98,5%, This confirms that the role 

of the two factors mentioned becomes more significant at 

higher throughputs. This conclusion raised the question 

of what would happen if another mixture at higher temper-
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ature was investigated ?. To answer this a mixture of two 

fatty acid esters, ethyl laurate and methyl myristate at 

185°C was investigated. 

7.6 “THE STUDY OF ETHYL LAURATE AND METHYL MYRISTATE 
  

SEPARATION AT 185°C 

7.6.1 Results 

An experimental programme was conducted similar to 

that illustrated in Section 7.5, with an operating temper— 

ature of 185°c, the highest ever recorded so far using 

this type of machine (SCCR-2). 

Using a 70:30 V/V mixture of ethyl laurate and methyl 

3 1 
myristate, the feed rate was increased from 25 to 45 cm™ h~.- 

This feed mixture was used because of the high price of 

methyl myristate, A successful separation may be defined 

as one having reproducible solute concentration profiles 

with product purities greater than 98%. Based on this 

definition it appears that the results in Table 7.7 

represent unsuccessful separations especially at a feed 

3 nt, rt must be emphasised however, that rate of 45 cm 

the product purities quoted in Table 7.7 were the worst 

measured value during the run, The fluctuation in the 

flow caused by changing the traps every other cycle was 

the major problem. Had the product purities been recorded 

at steady state during the run, all purities barring those 

for runs 185 - 25 - 83 - 150 and 185 — 45 - 83 - 150 would 

probably have been in-excess of 99%.
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The ratio of Gh" was fixed at 83 and the switching 

rate at 150-seconds for the first three runs. The purity 

of both products was severely reduced in run 185 - 60 - 83 - 

150 and an attempt was made to improve these, One method 

used was that of lowering the sequencing rate to 100 seconds 

in run 185 - 60 - 77 - 100. In the second attempt the feed 

mixture was made up to include 20% V/V ethyl acelate. Both 

attempts resulted in a slight improvement in the purities 

of both products, 

The sampling method was the same as that described in 

Section 7.4. Since the effectiveness of the sampling 

method was proved by the results given in Section 7.5, no 

attempt was made to repeat them in this section. However, 

the purge column study was again conducted here, as these 

results were required for the simulation study in Chapter 

8. 

A summary of experimental and computer results is 

given in Table 7.7 with the concentration profiles being 

illustrated in Figs. 7.23 to 7.27. The results of the 

purge column study are given in Figs. 7.28 to 7,30. 

7.6.2 Discussion 

The definition of a successful separation for the 

systems discussed earlier in the study was that (31) 

product purities should be in excess of 98% and the solute 

concentration profiles should be reproducible. Based on 

this definition, at least the first two runs 185 - 25 - 83 -
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150 and 185 - 45 — 83 - 150 can be considered to be success— 

ful separations with purities in excess of 98% and 

reproducible concentration profiles. 

Consideration of Figs, 7.23 to 7,26 shows that the 

separating section of 10-columns has been used even at 

3 nee The profile of product 2 lower feed rates of 25 cm 

(methyl myristate) had advanced three columns in front of 

the feed point in run 185 = 25 - 83 - 150, (Fig. 7.23), 

while in run 185 - 45 - 83 - 150 the profile of product 2 

had extended to cover the whole available separating column 

length (Fig. 7,24), In this case very significant 

contamination of product 1 (ethyl laurate) occurred, and 

the purity dropped to 97.6%. 

The mean level of the gas phase concentration of 

product 2 (methyl myristate) increased to . significant 

level in column 1 ( 61 cm from the carrier gas outlet) 

with an increase in the feed rate to 60 cm? Ee CEA 72 20)ie 

In this case product 1 purity was seyerly reduced to 

94,28, 

The behaviour of the ethyl laurate (product 1) profile 

during the study was similar to the methyl myristate 

profile and this should have led to the same product purity, 

However, this was not the case, The difference in both 

product purities in run 185 - 25 — 83 - 150 was not 

significant, but it was in run 185 - 45 - 83 - 150, It
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is thought that unsuccessful purging of product 1 from the 

isolated column was the explanation of this. 

As the feed rate was increased, the concentration 

level of both components increased but this was less 

appreciable in the case of product 2 than product 1, 

In run 185 - 60 - 74 - 100 (see Fig, 7,26) the switching 

rate was reduced to 100 - seconds, and Crete? to 74 in an 

attempt to improve on the purities obtained in run 185 - 60 - 

83 - 100. This attempt was based upon the fact that if 

the pressure drop is reduced, the fluctuation in flow will 

be less, Slight improvements in the purities of both 

products were noticed (Table 7,7). The resultant profiles 

of both solutes as shown in Fig. 7,26, were similar to the 

profiles of run 185 - 60 - 83 - 150 as shown in Fig. 7.25. 

The exception was that the concentration level of both 

solutes was lower than for the previous run. This was so 

because the feed mixture was fed into the column in 100- 

seconds compared with 150 - seconds. 

Ethyl acetate as a third component was introduced with 

the feed in run 185 - 60 -85 ~ 150, in another attempt 

to improve the product purities, However, the purities 

did not improye or improved only slightly (Table 7,7) and 

flow fluctuation in the separation and purge sections was 

experienced, This necessitated frequent adjustment. The 

phenomenon was not experienced under any other conditions,
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The concentration profiles of bath solutes as shown in 

Fig. 7,27 retained the general shape of the other profiles, 

In addition, the general leyel of solutes concentration 

was kept the same as for run 185 - 60 - 83 - 150, as shown 

in Fig. 7.25, 

However, the partition coefficient is specifically 

related to the migration rate of the mean solute molecule 

and this is more so at higher temperatures, Giddings (51) 

noted that the solute zone migration velocity was dependent 

upon the local column temperature, As the solute concent- 

ration is increased the spread of the solute band around the 

mean solute molecule increases giving a wide variation in 

the velocity of individual molecules in the direction of 

gas flow. This variation results from the combined effects 

of the form of the absorption isotherm, the 'sorption 

effect' and enthalpic oyerloading, Resolution of the two 

species becomes more difficult, since the length of column 

required to effect the separation increases for low through- 

puts as is the case in this study, At the limit all of 

the available separation length is being used (Fig, 7,24 

and 7.25). Increasing the throughput levels beyond this 

value will, for the operating flow rates used in this study, 

result in contamination of both products even though 

equation 7.3 is satisfied. Similarly, for the isolated 

section of fixed length, elimination of the tailing effect 

needs higher purge gas rates than predicted by equation 7.2.
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It was not possible to obtain these with the SCCR-2 unit 

without the serious consequence of very high fluctuations 

in the flow which endangered the separation as a whole. 

In the discussion so far, isothermal operating 

conditions have been assumed, This cannot be true in 

practice with such high temperature separations, because 

of the combined effects of the heat of solution of the 

larger samples and the finite rate of heat transfer across 

large diameter columns, Non-isothermal operation of 10 cm 

diameter columns has been demonstrated by Hupe et al (57) 

and of 2.5 cm diameter columns by Peters and Euston (67), 

Rose (68) and, more recently in a similar unit of 7.6 cm 

diameters columns (SCCR-1), by Bell (31). Scott (69) has 

studied the temperature effects resulting from the passage 

of a solute through a theoretical plate and concludes that 

the excess heat generated increases with increasing flow 

rate, sample size, and decreasing partition coefficient 

values. The above mentioned arguments could highlight 

what has happened during separation of this system at high 

temperature and why a lower throughput with degraded 

purities was experienced in run 185 - 45 - 83 - 150, 

The simplifiedinequality of Equation 7.2, has provided 

a basis for the selection of the purge gas rate, However, 

several factors can impose restrictions upon this equation 

such as; column length, finite concentration effects,
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mobile phase compressibility, the effect of temperature 

fluctuations .... etc., (see Section 6,1). Therefore 

complete regeneration of the column was not experienced 

particularly at feed rates of 45 and 60 cm? hae 

Comparison of the results of run 185 - 25 ~ 83 - 150 

(Fig. 7.28) with run 185 - 45 - 83 - 150 and 185 « 60 — 

83 - 150 (Figs. 7.29 and 7,30), shows several trends, 

As the feed rate is increased to 45 and 60 cm? hes a 

successful purging process tends to be extremely difficult 

to achieve, However, in the time available for purging, 

i.e. two switching intervals 60-70% was being removed, 

30 - 40% of the product remaining behind on the packing 

to be eluted later. 

In such cases, seyere contamination of both products 

has occurred, expecially in runs at feed rates of 45 and 

° ire A study by Bell (31) has revealed that at 60 cm 

high feed rates, the temperature in the purge bed could 

fall 20 - 30 K below ambient. The effect of this fall in 

temperature has a yery significant effect upon the partition 

of the two solutes in that both thermodynamic theory (167) 

and experimental results (169), give log K” as an inverse 

function of the absolute temperature, At temperatures of 

20 - 30 K lower than the ambient temperature more than 

twice the expected purge gas rate is required, Hence, even 

with a double purge system, complete removal of the bottom 

product from the isolated columns is not possible,
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In conelusion to this part of the study, it can be 

said that with regard to the SCCR-2 unit, improved 

separations will occur at higher temperature with higher 

throughputs, if an improved design for the purge section 

can be implemented. Although the mechanical limitations 

do not allow the unit to be operated at the optimum value 

of purge flow rates and consequently throughputs, these 

results were encouraging and it was decided to attempt to 

separate a mixture at even higher temperature. The maximum 

temperature of operation, the SCCR-2 unit based on 

construction materials, is 210° C, because of the P.T.F.E. 

popette valves. This material starts losing its resiliency 

at 210-215° c (170) in which case the sealing efficiency 

will be affected. Hence, a mixture of two fatty acid 

methyl esters of myristic and stearic acid were chosen for 

study at an operating temperature of 205° ¢ which is a 

few degrees less than the maximum temperature the P.T.F.E. 

can stand without loss of sealing efficiency. 

hed METHYL MYRISTATE AND METHYL STEARATE AT 205° Cc 

7.7.1 Results 

Four experimental runs were performed as shown in 

Table 7.8. Using a 50:50 w/w mixture of methyl myristate 

and methyl stearate, the latter dissolved in ethyl acetate 

as it is a solid at ambient temperature, 

The Ge @ /L? was again selected in the range of 78 - 94 

£ 
and the feed rate was increased from 20 om? h~ to a maximum
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of 40 cm? h™+ in steps of 10 cm? h™-, The switching rate 

was kept at 150 - seconds in the first three runs and 

reduced to 100 - seconds when the purity was impaired in 

run 205 - 80 e 150. 

No column to column concentration profiles was obtained 

because of a serious condensation problem in the sampling 

line, Thus, the only record of performance of the sequential 

unit for these experimental studies was the product purities 

over different cycles which were taken from the condensing 

traps (Table 7.9a, b, c, dj. 

7.7.2 Discussion 

Discussion of the results presented in Table 7.8 is 

difficult in the absence of the concentration profiles, 

which given an idea of the performance of the SCCR-2 unit. 

However, there are many possible factors which may have 

affected the separation at this high temperature and which 

could explain the poor product purities for this separation. 

It was concluded in Section 7.2 that the efficiency 

of the column in terms of the number of plates is inversely 

proportional to temperature. With this fact in mind, the 

low performance of the SCCR-2 unit in the separation of this 

mixture is not surprising. An increase in plate temperature 

has the effect of increasing the peak assymmetry for a 

given solute, This is to be expected because the speed with 

which the methyl myristate and methyl stearate bands pass, 

through a column is inversely proportional to their
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Table 7.9a 

Product Purities of Individual Cycles in Run 205-20-78-150 

  

  

  

    
  

" Product Purities (%) 
cole® ee Methyl myristate Methyl stearate 

2 40.5 38.0 
4 89.1 86.0 
6 91.2 90.0 
8 90.5 89.3 

lo 92.2 88.3 

Table 7.9b 

Product Purities of Individual Cycles in Run _205-30-87-150 

  

cycle Number Product Purities (%) 
  

  

        
  

Methyl myristate Methyl stearate 

2 37.0 43.0 
4 74.3 68.2 
6 82.4 81.5 
8 78.1 80.0 

lo 83.0 82.0 

Table 7.9¢ 

Product Purities of Individual Cycles in Run_205-40-94-150 

  

  

  

        
  

¢ Product Purities (%) 
cross Se Methyl Myristate Methyl stearate 

2 25.0 23.0 
4 61.0 53.0 
6 74.0 70.0 
8 72.0 70.0 

10 74.5 71.0 

Table 7.9d 

Product Purities of Individual Cycles in Run _205-30-83-100 

  

  

  

Product Purities ($). 
Cycle Number [yethyl myristate | Methyl stearate 

2 26.0 31.0 
4 51.5 60.0 
6 82.0 78.0 
8 81.0 79.0 

10 82.5 80.2          
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partition coefficients, which, in turn, decrease exponentially 

with temperature. It is also possible that the solute(s) : 

velocity profile in the columns has been affected by the 

transient heat of solution effect in the chromatographic 

bed, It is worth mentioning that the temperature variations 

associated with heat transfer across large diameter columns 

are entirely different from the heat of solution and are 

caused by the poor heat-transfer characteristics of support 

materials. Hence the excess plate temperature generated by 

the passage of the solute will be dissipated more rapidly 

at the edge of the column than at the centre, This will 

result in a radial temperature gradient in the column. The 

radial gradients will give rise to non-uniform cross column 

solute migration rates, and also contribute to band velocity 

profile differences. The effect of the radial temperature 

gradient upon the solute migration rate is still a matter 

for conjecture. Hupe and co-workers (57) maintain that the 

centre of the band will be adyanced relative to the column 

wall. Conversely Hyten et al (53) believe that the band 

centre is retarded relative to the column wall. It is 

possible that both bodies of opinion may be correct. In 

investigations of temperature profiles in chromatographic 

column, diameters ranging from 0.1 to 10 cm have been used 

and whilst it is questionable to compare results from columns 

of different diameters, a general trend may be that as the 

column diameter increases the column tends towards an
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adiabatic. situation, which could he the case with the 

SCCR-2 unit. However, in the operationof the SCCR-2 at 

very high temperature, any variations accompanying the 

solute band will be lessened by heat conduction through the 

column packing and column wall. An axial temperature 

gradient will, however, still exist in which the leading 

edge of the solute band will be at a higher temperature 

than ambient giving an increased solute migration rate, 

whilst the trailing edge of the solute band will be retarded 

due to the lower temperature being experienced, Therefore, 

the product 1 profile is more distorted than that eluted 

later from the column, This case resulted in severe contam- 

ination of both products and the lower product purities 

experienced. 

In general, the effect of temperature is also inter- 

active with the flow fluctuation, The change in flow 

velocity (G), especially in the separating section, caused 

by gas expansion is the most severe and for typical separ- 

ations performed by the SCCR-2 at very high temperature 

(160-205°¢) , there can be a 100% change in the volumetric 

gas flow rate. In practical terms this means that should 

both solute molecules be present in the region close to 

the carrier gas inlet, the rate of migration will be 

reduced, Then the solute molecules which should be travelling 

preferentially with the carrier gas are eventually retarded 

sufficiently to contaminate product 2, While at the other 

s
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end of the separating section the opposite effect is 

experienced with the rates of migration greatly accelerated. 

Hence, any component 2 molecules present near to the outlet 

will have a resultant velocity in the direction of the mobile 

phase flow, and produce a long leading edge to the concent- 

ration profile, with the eventual contamination of the 

product 1 stream, This explanation is confirmed by the 

results in Table 7.8. On the other hand the results in 

Table ‘7,9 a,b,c,d, confirm that the first four cycles are 

the building cycles in the establishment of pseudo-steady 

state conditions. While the variation in the product 

purities in the subsequent cycles are due to many reasons, 

including changing the traps every other cycle, and the 

presence of ethyl acetate as a solvent for methyl stearate. 

Under the operating conditions for this system at high 

temperature (205°C) , ethyl acetate will yapourise and its 

vapour can stay in the feed distributor. The presence of the 

gas phase in the feed distributor will result in non-uniform 

feeding around the 12-columns and consequently disturb the 

pseudo-steady state conditions required for a successful 

separation. A maximum throughput of 20 on? nie was achieved, 

This was thought to be goyerned partly by chromatographic 

limitations of the SCCR-2 and partly by the combined effects 

of temperature and non-vaporisation of the liquid feed 

mixture, 

The separating capabilities of the SCCR-2 unit have 

been further studied using an industrial mixture called
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fungal oil at 185° c. 

7.8 THE RECOVERY OF y-LINOLENIC ACID FROM FUNGAL OIL AT 185°C 

7.8.1 Introduction 

The recommendation made by Liodakis (16) to recover 

an industrially important fatty acid called y-linolenic acid 

from fungal oil was attempted. Fungal oil is a complex 

industrial mixture of unknown esterified fatty acids in the 

methyl form containing 20% of y-linolenic acid (Fig. 7.31). 

The y-linolenic acid can be valuable as a dietary supplement 

for people suffering from multiple sclerosis (blood deficient 

in fatty acids). The separation of y-linolenic acid by 

crystallization or any other conyentional separation method 

can be very costly. 

Initial experimental studies (16) on the sequential 

unit have shown that the recovery of y-linolenic acid 

involves many practical difficulties. The reason for these 

was believed to be the comparatively high partition 

coefficients (K”) of y-linolenic acid and the other fatty 

acids in the fungal oil on F.F.A.P stationary phase, in 

addition to their relatively low separation factors. 

To overcome this difficulty, the F.F.A.P. had to be 

replaced by a more specific liquid phase for this kind of 

separation. The results of Liodakis (16) show that OVy-275 

liquid phase is the most suitable phase, because it gives 

comparatively low values for the respective partition
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EIG. 7.31 G.L.C. ANALYSIS OF HYDROLYSED-METHYLATED "FUNGAL OIL" 
  

1 Methyl oleate 

2 Methyl linoleate 

3 Methyl y-linolenate 
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coefficients and has high thermal stability, 

Another modification was to introduce the feed fungal 

oil as a vapour, This was achieved by passing a regulated 

flow of nitrogen through two feed tanks in series, located 

inside the SCCR-2 oven. Each feed tank was made out of 

stainless steel tube 2,5 cm in I.D. and 30.5 cm in length 

and these were half filled with the "fungal oil" mixture. 

The carrier gas passed through the two tanks carrying the 

solute vapours to the feed distributor and then to the 

chromatographic columns through the energized feed diaphragm 

valves. 

The feed throughputs which could be introduced into 

is the system were yery low, i.e 1-3 cm? Hie. 

7.8.2 Results 

“The results obtained (Table 7,10) demonstrate the 

rather unsatisfactory performance of the sequential unit in 

dealing with low separation factor systems such as the 

separation of y-linolenic acid from "fungal oil", which 

has a separation factor of 1.19 at 185° Cc. This is mainly 

due to the Cee variations across the separation section, 

which are very critical in multicomponent separations. 

Temperature fluctuation is also one of the factors that 

could affect the separation. However, the lighter components 

of the "fungal oil" mixture were satisfactorily removed from 

the product 2, which now contained up to 52% of methyl 

y-linolenate compared to the 20% initially present in the



196 

 
 

 
 

  
 
 

  
    

  
  

 
 

  
  

  
  

  
 
 

  

 
 

 
 

 
 

        
        

 
 

  

  
  

  

  

  
 
 

6 
€ 

s 
8 

sszz | 
vee 

6se 
e9€ 

sez 
| Goe-cop-T-e8T 

zs 
€ 

9 
8 

ocoz | 
995 

ove 
e9€ 

s6z 
| Oo€-Sth-T-c8T 

0s 
€ 

L 
8 

estz | 
eee 

19 
e9¢ 

s6z 
| ooc-sor-T-c8T 

uv 
€ 

L 
8 

gore | 
zee 

Tse 
aoe 

oze 
| oo-s¢h-1-18T 

9£ 
€ 

L 
8 

tetz | 
ces 

eee 
aoe 

oze «| 0o¢-T1b-T-T8T 

4 
- 

qu 
- 

- 
- 

- 
- 

Sy-1/7"5-3-0 
w
e
a
r
s
 

IT 
y
n
p
o
r
d
 

3
7
S
 

ae 
ey 

Mpul, 
| syeuaTouFT-A] 

SyeaTOuTT 

areuotourt=k 
Than a 

Apeaas 
| sath Juz 

yo 
[YY 

S
|
]
 

7
D
 

Thine 
pina 

sare ae 
sorapmg 

onpozg |
 

OPMe8d 
}30 

toa | 
aus, 

[WoRIONS 
woPIOeS 

onperd 
oy 

au, | 
teaon 

| Teron | 
ebma 

Buyqezedes 
mt 

Hyynsou 
Jo 

AxeuMg 

etsz|oa°o] 
tet}ocz] 

vet] 
sv] 

€9°0} 
est] 

zze 
ee] 

150° 
| oor 

ot} 
tor] 

sz] 
98t 

set | 
eet 

Jooe-e9r-t-c81 

sezz|6n°0| 
ooz}avz] 

vot] 
stv] 

eco} 
eer] 

vze 
9¢| 

ts0°0 | ox 
tt] 

tor] 
ez] 

oer 
sat | 

eet 
|ooe-str-1-c8q 

cere 
|oa'o| 

eet} 
sez} 

got] 
sov} 

evo] 
est] 

zze 
ac | 

150° 
ove 

et} 
tor] 

ez} 
set 

set | 
eet 

|oor-sor-t-caI] 

zsuz|earo| 
est] 

ize] 
ect] 

ssv|co°o] 
set] 

ose 
ze} 

150°0 
Jove 

zt} 
tor} 

zz] 
set 

vat | 
tat | ooc-ssp—t-r8) 

osvz 
}zero| 

zst}vrz| 
est| 

tty] 
cco] 

wt] 
ssz 

8z| 
150° 

}ooe 
zt| 

tor] 
sz] 

set 
set | 

tet 
|ooc-11y-1-18] 

=
]
 

e 
i 

ia 
al 

at 
s 

Teo 
dt] 

Oy 
2% 

a
f
c
 

I-t 

€ 
q
n
o
 

u
r
 

eB 
e 

J
e
t
u
L
 

aP's| 
ee 

dj 
fd 

g_ 
| P
e
s
o
s
 

4] 
9 | 

o63nq | 
zepzte9 | 

exedo 
7 

x | 
amen 

b
o
a
r
s
 

STAHL 
un 

wyq09g 
ebang 

eanzos | 
H7TTEOO 

amyexochuny, 
  

  
    

  
  

 
 

  
O
T
e
 

eTaeL 

  
 



ee a 

feed mixture. 

7.8.3 Discussion 

Consideration of the gas chromatographic analysis of 

the "fungal oil", Fig. 7.31, shows that the methyl y-linolenic 

acid comes at the end of the mixture. Since the SCCR-2 

machine is capable of producing only two products for a 

single-pass operation, the cut position for this purification 

problem should be between the methyl y-linolenate and methyl 

linoleate components, the separation factor being 1.19 

at 185° c. Although the temperature is well below the 

boiling point of the fatty acid ester solutes, it is thought 

that most of the feed entering the column was retained on 

the packing without being eluted. Since, the methyl 

linoleate and'the methyl y-linolenate are isomers of Cig 

highly unsaturated fatty acids (3 double band). It is 

possible that the tarry material discovered on the valve 

popettes was the result of polymerisation. This caused 

the separation study to be abandoned. 

ted CONCLUDING DISCUSSION OF THE SEPARATION STUDIES 

The results presented in this chapter demonstrate 

the performance of the SCCR-2 unit for the separation of 

various systems; fatty acid esters over a wide range of 

temperatures (60-205° GC). 

For relatively easy systems such as that of ethyl 

acetate/ethyl butyrate with a separation factor of 2.3 at 60° c
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quite successful separations were achieved (Table 7.11). 

For the more difficult separation of an ethyl caprylate/ 

ethyl caprate mixture, at feed rates of up to 80 om?h7+, 

high purity products were obtained. At a higher temperature 

of 160°C for the more difficult system of ethyl caprate/ 

ethyl laurate, the maximum throughput to obtain high 

product purities was reduced to 50 em? a, However, at 

even higher temperature (185°C), a successful separation 

of ethyl laurate/methyl myristate was performed. The 

maximum throughput permissible to obtain reasonable product 

purities was 25 on? Tee 

The separating capabilities of the SCCR-2 unit were 

further studied using higher temperature of 205°C to separate 

a mixture of methyl myristate/methyl stearate. A considerably 

lower throughput (20 om? nv) than the previous systems was 

used to give product purities in the range of 85-90%, as 

shown in Table 7.11. 

Furthermore, an industrial mixture at different fatty 

acids called "fungal oil" was attempted to recover an 

industrially important fatty acid, y-linolenic acid, at 185°C. 

However, unsatisfactory results were obtained, 

Five factors have been considered as restricting the 

separating capabilities of the SCCR-2 unit, namely: 

i. The temperature fluctuations during operation caused 

by many factors such as, variation in the oven 

temperature, the enthalpic overloading effects,
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the probable difference in temperature between the 

carrier gas and the column temperature ..... etc. 

The increase in the respective solute partition 

coefficients with finite concentrations, 

The variation of the solute molecule velocity through 

the separating section with both solute concentration 

and the inevitable pressure gradient. 

The semi-continuous nature of operation, 

The finite length of the separating section or, to he 

exact, the finite number of theoretical plates. 

Factors 1, 2 and 3 appeared to be the most significant 

for the comparatively high temperature separations. 

Operating the sequential unit at temperatures which 

gives the lowest partition coefficients was found to be 

beneficial for the separation, hence the feed mixture was 

then easily vapourized into the columns. However, for the 

"fungal oil" mixture operation at such temperatures was 

not possible because of the high thermal instability of the 

mixture and the operating limitations of the SCCR-2 equipment. 

Finally several possible changes will be suggested 

in Chapter 9,



CHAPTER 8 

THEORETICAL TREATMENT OF THE SCCR-2 UNIT



ete 

8,1 INTRODUCTION 

For the moving-bed form of continuous chromatography 

a statistically based model was proposed by Sciance and 

Crosser (171) to relate the degree of separation, operating _ 

conditions and required column length for a binary feed 

mixture. For components A and B introduced into the 

mid-point of the column they obtained: 

KT og 
ana), = aap (,-Y) (8.1) 

-2kK" 

an[l-(u,) 91 = aye (Kp-W) (8.2) 

(a)4 = bottoms/feed mass flow rate’ ratio of 

component A 

(az)5 = tops/feed mass flow rate ratio of component B 

xk" = xate constant of desorption 

u = average mobile phase velocity 

v = operating mobile phase/stationary phase 

velocity ratio 

x = required column length. 

Use of the above equations relies on knowing values 

for Kt and RK}. As published yalues are scarce and the 

experimental procedures for their determination are usually 

difficult, the application of this model is very restricted. 

Based on the random walk approach (section 2,3,2,2),
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Al-Madfai (26) obtained an expression for predicting plate 

height in continuous 'moving column! counter-current 

chromatographs as follows: 

2D. : ' utu 
H=d + <= i: Eseries 4 (8.3) 

P Ur aa nt lees 
L 

r' = rate of transfer of molecules from gas to liquid 

r" = rate of transfer of molecules from liquid to gas 

u, = stationary phase velocity. 

When equation 8,3 is compared to the static column 

case; in which the plate height 

2D. 
Fer dee ieee eat 

Pagar eens 2 (8.4) 

the inclusion of a term in uy in equation (8.3) accounts 

for the extra zone broadening caused by movement of the 

stationary phase, Al-Madfai (26) using the work of 

Gluekauf (41) as a basis, related the two plate height 

definitions through the equation: 

che, - sr C= 3 (aq1) (8.5) 

where 

Noo = number of counter-current theoretical plates 

or stages 

N = number of co-current theoretical plates (elution 

chromatography) 

oO, = separation factor = Ko/K,-
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The above equation indicates that for systems having 

a separation factor below 1.33, less theoretical plates 

are necessary for the continuous case than for the static 

column, A similar study on the relationship between Noo 

and N was conducted by Rony (172-174), 

Quoting the work of Fitch et al. (88), Barker and 

Huntington (8, 10, 28) adapted the theory of stage-wise 

liquid/liquid extraction giving by Alder (175) to develop 

a relationship for the separation, to an equal degree of 

purity, of a two component equimolar feed mixture. For 

a solute mixture feed point at the centre of the separating 

section: 

(G/L) 2 a 
10s Tey nos Te Piste? =| (8.6) 

where 

(G/L) 21 (G/L) 5 = ratio of gas to liquid phase flow rates 

in the 'rectifying!' and 'stripping' 

sections respectively. 

E,,E, = the mass production rates of components 

1 and 2 in the top product. 

FL/F, = the mass feedrates of components 1 and 2 

to the column, 

One major disadvantage of equation 8,6 is the inherent 

assumption of a constant partition coefficient i.e. the 

infinite dilution value. Tiley (176) overcame this drawback
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by developing a computer programme to perform stage-to- 

stage calculations for a vertical moving-bed column system 

which allows the introduction of a non-linear absorption 

isotherm. . Tiley (176) who studied the effect of stage 

number, flow conditions and temperature on the column 

concentration profiles concluded two significant factors. 

Firstly, that there was a limiting feed throughput for a 

given solvent rate, product purity and number of stages, 

which is dependent on the phase equilibrium characteristics. 

Secondly, Tiley found anoptimum operating temperature 

below the boiling points of the main components of the feed 

mixture. In a later paper Pritchard et al. (89) compared 

the results of a multi-stage computational procedure 

with experimental results and, provided that an HETP of 

13-18 mm was assumed, very approximate agreement was 

obtained between experiment and theory. Pritchard et al. 

(89) also argued that a theoretical analysis of the process 

in terms of the height of a transfer unit (H.T.U.) is the 

more logical concept for a system involving packed columns, 

although plate to plate models are more amenable to 

computation in non-equilibrium systems. Arkenbout and 

Smith (177), from theoretical considerations, concluded that 

it is incorrect to assume that the transfer unit analysis 

will always be more satisfactory than the theoretical plate 

analysis. Recently, Holland et al. (178) have attempted 

a synthesis of the two ideas by introducing the concept of
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amass transfer section, thereby enabling the computational 

procedure for a packed column to be similar to that for a 

stagewise. 

Barker and Lloyd (5, 28) have deyeloped the concepts 

of H.T.U. for treatment of the counter-current gas/liquid 

chromatographic process and derived the following equations: 

Fae My KO, Qo/*Q,-1) 
Nog)e = on 7RQ. -¥, (@/KO=L (8.7) 

Qo/ (KQ,-1) fh 2 

og) s = + — snl? is 3 us (8.8) 
a-oy1a,) (M2 2G Rem, 

Qa = gas volumetric flow rate. 

Qn = liquid volumetric flow rate. 

M,/M, = mass flow rate of solute leaving the column 

in the product 1 and product 2 streams 

respectively 

(Nog) pr Nog) s = number of overall gas phase transfer units 

in 'rectifying'and 'stripping' section respectively. 

Barker and Lloyd applied this technique to the vertical 

moving-bed column and indicated that the main resistance to 

Mass transfer was in the gas phase. Furthermore, a first 

order relationship was found between the solvent (stationary) 

phase flow rate and the logarithm of H,., with H.. values of 
OG OG 

the order of 10 cm for the systems and conditions studied 

(3; 4, 28)), 

All the theoretical treatments of counter-current 

chromatography discussed in section 8.1 assumed true steady-
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state operation, which is only achieved in the original 

moving-bed systems. An additional variable, time, must 

be introduced for simulating sequential chromatographic 

type operations. Sunal (169) developed a digital computer 

programme for gas/liquid chromatography based on plate-to- 

plate calculations to describe the operation of the compact 

circular counter-current chromatograph reported in Chapter 2. 

A similar approach was also employed by Deeble (13) to 

simulate the operation of the SCCR-1 gas/liquid chromatographic 

unit. Bell (31) modified this computer model by introducing 

other factors, e.g. temperature profiles to improve the 

accuracy of simulation. 

Sakodynskii et al. (179, 180) have developed a plate 

model of a chromatographic column to include the effects 

of a non-linear isotherm and interaction between feed 

components, In a recent publication (181) they have 

developed a model for calculating the distribution of 

concentrations at the column outlet based on a semi-continuous 

chromatographic column model and using as their initial 

equation a material balance of the form derived by Deeble(13). 

In the present work the concept of the plate model, 

employed by Deeble (13) and Bell (31) for gas/liquid 

chromatography, has been adapted as a first attempt to 

simulate the SCCR-2 unit, with the theoretical determination 

of temperature, pressure and concentration profile. The



- 207 - 

HETP has also been determined from a purely theoretical 

background (see Appendix 4) in an attempt to exclude all 

experimental results from the model. 

However, the accuracy of the simulation was not in 

good agreement with the experimental results cEpyaeicatihey 

at the feed point, (i.e. the computed concentration 

profiles possessed higher concentration levels than the 

experimental runs). It was concluded, after these 

preliminary investigations, that by redefining the mass 

balance over the feed plate, would greatly enhance the 

accuracy of the simulation. Bell in his model (31) 

considered the concentration over the feed plate constant. 

8.2 THE MODEL 

8.2.1 Mass Balance Over a Theoretical Plate 

  

      

Vn (ey 
G (G) G 

eo rd eee 
n= we r Ay Snt+1 

(L) ' 

plate n 

Fig. 8.1 

The chromatographic column is considered to consist 

of a series of idealised mixing stages or theoretical
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plates, and a mass balance over plate n gives: 

de. d 
Grea" 84%9 x= Ma oe (8.9) 

where 

G = volumetric gas flow rate 

Cea solute concentration in gas and liquid phase in 

plate n over a small time increment At 

"nai? Ban = the volumes of gas and liquid phase occupying 

the nth plate, 

Substituting K = G/ene a rearrangement of equation 

8.9 gives: 

dc, 
Ge Cano on te ae ae (8.10) 

where 

N= + K..V is the"effective plate volume". 
BG) a) 

(see Reference (182)), 

Assuming that the time increment, At, over which equation 

8.10 is integrated, is sufficiently small so that Cy-y may 

be considered constant, integration of equation 8.10 gives: 
c.Ar _ GAT 
V. Ve a % n 

c= chy e ee c, ©) e 

  

(8.11) 

The first term on the right-hand side of equation 8.11 

represents the contribution to oy from the (n-1)th plate 

to the nth plate, while the second term represents the
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contribution from material present on the nth plate at the 

beginning of the time increment. 

For a feed plate, Bell's (31) model considered the 

solute concentration on the feed plate to be equal to the 

theoretical concentration in the feed. Since the physical 

characteristics (flow, voidage,...etc.) are different from 

column to column (see section 7.2) this assumption is not 

valid for the SCCR-2 unit. In the present work, a mass 

balance over the feed plate similar to equation 8.11 is 

included in the model, The final mass balance equation 

for the feed plate is: 

  

  

_ GAT _ GAT 
GeCun tk .C Vv. 

= nebo ££ 2 n n 
c= GH, Cie )+e, (O)e (8.12) 

where 

Be = feed flow rate 

Ce = feed concentration, 

8.2.2 The Introduction of Solute Concentration Effects 
  

A correction for the presence of solute molecules 

in the gas phase needs to be made to the value of the gas 

flow rate, G. 

c c 
G' = G[l+ M cn) 4 ae (8.13) 

Vv My My 

where 

G' = yolumetric flow rate of solute free carrier gas



Sele 

" 

By 

Mi, M, = respective molecular weights 

molar volume at column operating temperature 

For solute feedrates below 40 em? ,h72 the contribution 

from the solutes may be assumed to be negligible, but at 

higher throughputs a correction is required, This amounts 

to a contribution of approximately 3.5% of the total gas 

flow rate at the maximum feedrate of 80 om>.h™2, 

The effect of gas phase solute(s) concentration on the 

K value was neglected, and partition coefficient values at 

infinite dilution were assumed. This was because the 

partition coefficients at different solute gas phase 

concentrations were not available and their determination 

would have involved a separate and long experimental programme. 

8.2.3 The Introduction of a Pressure Gradient 

For more flexibility in the model a relationship 

between pressure drop and gas flow rate that was applicable 

to all types of flow was introduced (183) 

      

2 uu Gu 
AP as (1-e) m (1-e) E* m 
Tac lee 150 3 mm deen Zp (8,14) 

iss D = Pp 
Pp 

where 

ates superficial velocity measured at mean column 

pressure. 

€ = voidage 

& = length of column
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Q i] mass flow rate of gas 

E 

DS = effective particle diameter as defined by: 

6 (1-e) pi! = 2s (8.15) 
P O'S 5 

where 

$' = shape factor for non-sperical particles = 0.65 (184). 

Soe specific surface of particle per unit volume of bed. 

However, the type of flow found in the SCCR-2 was 

laminar, with Reynolds numbers based on the above definition 

for effective particle diameter, being well below 1.0 (184). 

The overall pressure drop for a typical experimental 

separation run has been 130 KN.m, whereas under identical 

flow conditions the model will predict a pressure drop of 

139 KN.m™, 

8.2.4 The Introduction of a Temperature Profile 

An expression derived by Scott (69), relating the 

excess temperature of a plate to the volume of gas flowing 

through the plate (expressed in terms of plate volume) 

during a specific time interval was used. The final 

expression is a standard differential equation of the form: 

ax - 
de = 7 Sy een teas (8.16)
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where 

a4,7,8,= constants (functions of plate heat capacity 

and heat losses) 

8 = excess temperature of plate above its 

surroundings 

Vv = volume of gas passed through a plate in terms 

of plate volumes, 

Xn = concentration of solute in the gas phase in 

plate n. 

Solution of equation 8,16 requires the use of 

statistical tables and is a complex procedure making the 

solution unsuitable for inclusion in the digital computer 
ax 

gn 
dv 

in gas phase concentration during the passage of a certain 

  simulation. To simplify the solution, i.e. the change 

volume of gas, is not an unknown factor but is calculated 

by the programme for each time increment. The following 

assumptions will be made: 

(1) linear absorption isotherms 

(2) the heat capacity of the gas in the plate is 

insignificant compared with the heat capacities of 

the liquid phase and support. 

(3) the temperature of the surroundings of the plate is 

constant 

(4) the gas flow rate through the plate is constant 

(5) the axial heat conductance is negligible compared with 

heat conducted radially from the column. Therefore,
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é& 
= Dye (2p 4V) -05-S,)8 = [hy Ki a | A, .2 dt. 9 (8.17) 

where 

VirV2 = volumes of liquid phase and solid support 

S, 7S, = specific heats of liquid phase and solid 
Pp 

support 

PL Ao = densities of liquid phase and solid support 

ae = heat of solution of component i in the liquid 

phase 

AD = surface area of theoretical plate 

Zz = composite thermal conductivity of packed bed. 

Knowing the change in. gas phase concentration over 

the time increment dt, equation 8.17 may be solved to 

yield the change in temperature of the plate during the 

same time interval. 

8.2.5 The Programme 

A detailed flow chart of the computation is given in 

Fig. 8.2 with the listing of the programme written in 

Standard Fortran IV, presented in Appendix 3. A listing 

of the programme variable names and a sample of the print- 

out is also given in Appendix 3, The programme is suitable 

for running on I,.C.L. machines, and was computed on a series 

CDC 7600 machine at the University of Manchester Regional 

Computer Centre.
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  FIG. 8.2 FLOWCHA: 

  

FOR THE COMPUTER SIMULATION OF THE SCC! SORES FOR THE COMPUTER SIMULATION OF THE SCCR=2 

     
Read 

  

CFLOW, SFLOW, Vl, V2; CFEED, DFEED, NFEED, DT, 
NNBED, XTOTAL, KKINK, KKTYPE, NNTYPE, DP, VIS 
DENS, VOID, AREA, COLLEN, SS, SL, COMPK, LATGP, 
LATAP, PAMB, PINC, PINP, GC, MWTAP, MWTGP, 
MOLVOL, TAMB, PFLOW. 

  

   
    

      

  
  

INITIALISE All Arrays at 0.0 
  

  

  

SPECIFY All Plate Temperatures to TAMB 
ee All SvP's to SVP at TAMB       

WRITE All Input Data 

  

Number of Simulations required with 
| SEECEEY derived Temperature Profile 
  

  

CORRECT § MOLVOL to Standard Conditions     

  

Number of Plates, 1st Plate in Final 
Column, Position of Feed Plate, Ist 

SPECIFY Plate in Separating Section, Point 

“at which Cones. are Stored for 
Temperature Profile, Initial 
Pressure Drop Guess. 

SPECIFY Number of Columns in Separating Section 
eee 

CALCULATE Mass 

  

  

  

ow Rate of Carrier Gas 

l 
CALCULATE Mean Column Pressure 

  

  

  

    
  

CALCULATE Gas Velocity Pressure Drop (Eqn. 8.14)       

   

  

  

  
4P(I+1) =aP (I)      

  
Convergence Test 

  

  Positive 

     
  

    

    

        

Column Final Column 
Separating Section 

in
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FIG, 8.2 CONTINUED 

  

  SPECIFY Total Number Plates in Separating Sectio: 
  

  
  

CALCULATE Pressure Drop Over Zach Plate     
  

  

  
Step on By 
One Plate 

  

No      
  

‘ate Final Plate in 
eparating Section 

  

  

  

  

  

Mass Flow Rate Purge Gas, Mean 
  CALCULATE Column Pressure, Gas Velocity, 

Pressure Drop (Eqn, 8.14)       

         Is 
  

  
LAP (I+1) =AP (I) ‘onvergence Test 

Satisfied       
  

  

  

  

    
  

  

Step on By 
One Plate 

SPECIFY Total Number‘of Plates in Purge Section 
    

  

    
     
CALCULATE Pressure Drop Over Each Plate 

Tate Final Plate in 
Purge Section 

     
      

  

  

   

  

  

START Time Increment Counter 
  

  

SPECIFY § Total Number of Sequences 
  

  

CALCULATE ist, Last Time Increments 
  

    Total Number of Time Increments 

  

SPECIFY 
  

  

Plate Counter 

  

      
Number of Columns 

  

      

    

Flow Rati 

  

Mobile Phase 

  

Feed Point Flow 

   Mobile Phase 
low Rate = Pre- 

feed Point Flow 

    

  

= Post Column Before Feed 

          

  

J
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PIG. 8.2 CONTINUED 

      

     

        
       

    
    

    

  

     
   

ts 
Column Before the Feed Column on 

lst Cycle 

  

  

  
  

Ino 

SPECIFY Number of Plate Numbers 

SPECIFY Number of Plates Required     
  

  

Eqn. 8.9 with 
C(a-1) = 0.0 

   Plate the ist in 
eparating Section 

    
  

Eqn. 8.9 with 

¢(n=1) =CINPUT   

8.9 for Separating Section 
    
  

  
  

Standardise Concentrations 
  
  

  

    
    

     

Std.Conc, > SVP's 
at Column Pressure 

    

Std.ConcASVP' s 
    
  

Correct Gas Flow For Presence of Solute Molecules 
  

  
  

      
CALCULATE, G/L" 
  

      

  
  Eqn. 8.9 with 

C(n-1) = 0.0 
Plate lst in Purge 

Section   

  

  

  

  

  

Standardise Concentrations 
  

  

Correct Gas Flow Rate for Presence of Solute Molecules       
  

    
14
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FIG. 8.2 CONTINUED 

   
    

    

    
Is 

Plate 4 Time Increment Print 
Test Satisfied 

NO 

  

       
     

Sequence Interval Number, Time 
Increment, Number Column, Plate 
Number, Concentrations, 
Guc/L' Ratios. 

  

  

    

    Tnerease Platd 
Counter by 1         

    

  

YES    Plate Print Test 

      

This Final Plate 
  

  

[Increase Plate Counter to allow for omitted steps 
          

  
  

Is 
This the Final 

column, 

No | step on by 
1 Column       

ES 
  

Is 
= ‘ime Increment Print 

Increment by 1 Test Satisfied 

Increase Time 

  

3x0    
  

    
     

  

  

    

Is 
@mperature Profile to 

be Calculated 
Store all Plate|yvEs 
Koncentrations        

    

      
   

    

  

    
  

   Is 
‘This Final Time 

Increment 
Step on by 1 

Time Increment 

      

  

      

  

Plate Final Plate i= 
Purge Column 

Increase Plate 
Founter by 1       

  

Number of Plates 15 
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FIG, 8.2 - CONTINUED 

     i Is 
Plate in Final Column of 

Separating Section 

  

      

  
  

Transfer Concentrations Back 1 Colum 
    

  

    Trans. Plate Concentrations from Dummy Array 
To Last Column in Separation Section 
      

  

    

  

    

Plate Final Plate in 
eparating Section 

Step on by 
1 Plate    

  

      

  

Step on by 1 No 
Sequence This the Final Sequence         

  ISPECIFY Number of Plates 
  

  

  

(CALCULATE Temperature Change on each Plate 
  

  
    CALCULATE SVPS on each Plate   
          Step on by 1 

Plate      
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8.3 RESULTS 

The experimental results of Arklone.P./Genklene 

obtained by Liodakis (16) and two more systems ethyl 

caprate/ethyl laurate and ethyl laurate/methyl myristate 

at 160°C and 185°C respectively, were simulated using 

this model. In developing the model to its present state 

several parameters have had to be optimised with a view 

to curtailing the execution time of the programme. 

The time increment (At) over which the column 

concentrations are assumed to be constant was determined 

to be 2 seconds. Using a At greater than 2 seconds 

invalidated the constant concentration assumption and 

resulted in the programme not reaching an equlibrium value. 

For values of At below this value the change in level or 

form of the respective concentration profiles was minimal 

and did not warrent the increase in computation time. 

The theoretical plate height was estimated to be 

0.8916 cm, yielding 68 plates/column (see Appendix 4). It 

has been shown (13, 31) that for the system Arklone.P./ 

Genklene with a separation factor of approximately 5, that 

the number of plates/column is not a major factor in 

determining a successful separation until either the number 

of plates/column is reduced to below 15 plates, or the 

difficulty of separation is increased. As the programme 

execution time is in direct proportion to the number of
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theoretical plates in the model, a compromise was made 

between accuracy and time, and the number of plates per 

column was specified as 40 plates in the simulation of 

Arklone P,/Genklene and 50 plates in the other more 

difficult systems. It must be emphasised however that 

the above is in agreement with the conclusions drawn by 

Bell (31), that with a lower separation factor, the’ 

number of plates necessary for the separation is higher. 

Conder (82) working with large scale batch units has also 

arrived at similar conclusions. 

The simulated concentration profiles and their 

experimental equivalents are given in Figs. 8.3-8.13 

with the input data required by the model having the same 

values as those set experimentally. 

8.4 DISCUSSION 

A major factor in the computer runs reported in this 

thesis was found to be the large amount of computing time 

necessary for each run. This is illustrated by consideration 

of typical values for the number of plates-per tolumn, 

number of time increments/sequencing interval, and number 

of sequencing intervals of 40, 150 and 80 respectively. 

These values necessitate performing the calcuiation steps 

of the inner programme loop a total of 4,8x10°times for a 

ten column series in the separation section, Because of 

the long execution time of the programme, it was necessary
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to simulate the existing experimental runs in a limited 

manner, 

In general, good agreement with regard to the location 

of the "cross-over" point, was found between simulated and 

experimental profiles in the case of Arklone P./Genklene 

as shown in Figs. 8.3 - 8.6. The levels of concentration 

predicted for Arklone P,, are in close agreement with 

experimental values. Regarding the Genklene profile, the 

predicted values, whilst accurately modelling the profile 

shape, consistently gave values in excess of those found 

experimentally. Such discrepancies are probably because 

the model is not capable of dealing completely with 

situations where solute condensation from the gas phase 

may occur. In practice any condensed Genklene will re-vaporise 

and cool a localised region of the packed bed, Although 

the model is programmed so that the saturated vapour 

pressure of Genklene can not be exceeded, it cannot allow 

for the heating/cooling effect of any condensing/re-vaporising 

of the solute, and it is this irregularity which may result 

in the predicted values for Genklene being higher than those 

measured experimentally. However, condensation of solutes 

is not a fault of the mathematical simulation but of the 

experimental equipment and can be prevented by a redesign 

of the unit, (Chapter 9). 

Figs. 8.7 - 8,10 show the simulation of the ethyl caprate/
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ethyl laurate system at 160°C, It can be seen that as 

the difficulty of the separation is increased (S.F, reduced) 

there is less agreement between the computed profiles 

and experimental results than for the previous system 

(Arklone P./Genklene), It will be noticed that the shape 

of the computed ethyl caprate profile and the "cross-over" 

point are similar in form to those found experimentally 

in run 160-25-114-800. The ethyl laurate profile obtained 

via the model possesses a more pronounced "plateau region" 

than does the experimental profile, Less accuracy between 

the computed profiles and the experimental profiles exists 

at the higher feed rates of 50 and 75 om? .h7>, This could 

be due to a high condensation rate’ from the gas phase. As 

shown in the computed profiles, given in Figs. 8.8 - 8.10, 

at the beginning of each simulation, the mobile phase 

concentration of Component 1, the component with least 

affinity for the stationary phase (ethyl caprate), builds 

up faster than component 2 (ethyl laurate). The reason 

could be that ethyl laurate has a larger liquid volume 

in the column due to its greater affinity for the stationary 

phase, and its concentration in the mobile phase is 

consequently less than component 1 (ethyl caprate). The 

final concentration leyel of each component, and the time 

taken to establish this level is not only dependent upon 

the input concentration and the K values, but also on 

the column temperature. At present the temperature 

profile is calculated under equilibrium concentration



ae oo 

conditions, and the concentration profile is then 

re-calculated with the equilibrium temperature profile 

superimposed, Ideally, as temperature is a function of 

the rate of change of concentration within the columns, 

a non-equilibrium temperature profile could improve the 

idealistic nature of the present simulation. 

The simulated concentration profiles of ethyl 

caprate/ethyl laurate at 160°C have been shown to be 

sensitive to temperature, The simulated profile of the 

more difficult system of ethyl laurate/methyl myristate 

at 185°C has shown less agreement with the experimental 

profile shown in Figs. 8,11 - 8,13 especially at feed 

rates of 45 and 60 em?,n7t, This could be caused by the 

combined effect of temperature and the anti-Langmuir 

absorption isotherm. However, it is interesting to note 

that the heat balance over a theoretical plate is at 

present based on the concentration change over the plate 

during one sequencing interval. Again accuracy may be 

improved if this calculation were to be based on the 

concentration change over the plate during one time 

increment, Programming-wise this may be accomplished by 

placing the temperature difference equations inside the 

inner loop of the mathematical simulation, The reason 

this has not been /done is that the time required in the 

production of the temperature profile then becomes 

comparable to that required by the concentration profile,
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and the programme becomes too lengthy. 

However, this agreement between computer and 

experimental results is not excellent, Reasons for this 

may be identified as- 

1. The assumption of a constant partition coefficient 

for the components, The variation of K with concentration, 

observed for the elution of two solutes, would have a 

marked effect on the migration rates of components in the 

SCCR-2 unit, and would need to be included in a realistic 

computer simulation. 

2. The assumption that the elution characteristics 

of the components are independent of each other, The 

mutual interaction of different solutes and the liquid 

phase, at finite concentrations, was reported by Sunal 

(169). This interaction would affect the relative 

migration rates of molecules in the SCCR-2 unit. 

3. The assumption of constant columns characteristics 

(voidage, weight and packing, and number of plates). This 

is inconsistent with the experimental observations given 

in Section 7.2. The column-to-column variations in these 

variables would result in a variation of component migration 

rates through each column, Inclusion of these variations 

in the computer model would, however, have the disadvantage 

of increasing considerably its complexity.
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4, The assumption of a value for the number of 

plates/column, N of 40 and 50, Ideally a value for N 

should be calculated from pre-determined data for each 

column, although the variation of N with packing type, 

column and packing geometry, component molecular weight 

and concentration, and mobile phase composition and flow 

rate would make this extremely complex. 

Although these factors would need to be considered 

for a more detailed and comprehensive simulation programme 

of the SCCR-2 unit, the present model has served to 

highlight some of the essential operating features, and 

should be useful for developing future models of the process. 

Particularly, the following factors haye been observed 

from results obtained by the model, 

1. Reproducible component concentration values 

obtained for successive cycles, after the attainment of 

pseudo-equilibrium operation, andthe time required to 

reach these values increases asthe time increment (At) 

decreases. 

2. The length of column required to achieve complete 

separation of a two-component mixture increases as the 

operating temperature is increased, 

Summarising, the simulation of the separation of 

three chemical mixtures with different separation factors 

and at different temperatures has been investigated, and



CHAPTER 9 

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK
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9.1 CONCLUSIONS 

1. The sequential counter-current mode of continuous 

gas chromatography has been successfully applied to the 

separation of fatty acid esters at temperatures up to 205°C. 

Economic considerations dictated the design of the SCCR-2 

equipment developed for this study which consisted of 12 

columns, each 61 cm long and 2.54 cm in diameter. However 

column dimensions can be varied without increased complexity 

for higher throughputs. 

2. Thermodynamic measurements of various solutes on 

OV-275 with an analytical scale chromatograph indicated a 

number of chemical systems suitable for separation studies 

on the SCCR-2 unit. The selected chemicals provided a 

combination of mixtures of different separation difficulty 

and volatility. Hence, a systematic study of the SCCR-2 

unit performance at various temperatures (60-205°C) and 

with different separation difficulty (SF=1.44-2.3°C) could 

be achieved. 

3. Product purities in excess of 99% were obtained 

for the relatively easy system of ethyl acetate/ethyl 

butyrate at 60°C with equivalent feeds at rates of up to 

3,71, the performance of the SCCR-2 unit for this 40 cm 

feed mixture showed very little sensitivity to column 

conditions within the defined theoretical limits for 

successful separation (see equation 6.5).



ye ae 

4. At an operating temperature of 105°, an equivolume 

mixture of ethyl caprylate/ethyl caprate was separated. 

3,1 
Product purities in excess of 99% at feed rates of 80 cm i 

were obtained, The finite solute concentration effect was 

considered to have the most pronounced effect on the 

deterioration of the product purities. 

5. For the more difficult separation of ethyl caprate/ 

ethyl laurate at feed rates of up to 50 om?h7 > and operating 

temperatures of 160°C, product purities in excess of 98,5% 

were obtained. At an even higher temperature (185°C) the 

successful separation of ethyl laurate/methyl myristate 

was achieved. The maximum throughput permissible in this 

case to obtain product purities in excess of 98.0% was 

25 cm*ht, 

The performance of the SCCR-2 unit was further 

demonstrated at a temperature of 205°C to separate a mixture 

of methyl myristate/methyl stearate. A considerably lower 

3n71) than the previous systems was used throughput (20 cm 

to give product purities in the range of 85-90%. 

Preliminary studies with a multicomponent mixture of 

fatty acidiesters, called 'fungal oil', at a temperature of 

185°C, indicated that the sequential unit had inadequate 

column length for the isolation of methyl linoleate and 

methyl-y-linolenate (SF 1.2) . Also polymerisation of the 

feed material prevented these studies being pursued.
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Seven factors have been identified which restrict 

the separating capabilities of the SCCR-2 unit: 

A- the temperature fluctuations in the column,which 

are caused by many factors such as; variation in the oven 

temperature, enthalpic overloading effects, the probable 

difference in temperature between the carrier gas and the 

column. 

B- the variation of the solute velocity throughout 

the column cross-section in the separating section. 

C- pressure gradient across the columns. 

D- the sequencing action 

E- the finite length of the separating section. 

F- variation in individual column characteristics. 

G- the effect of high solute concentrations on the 

partition coefficients. 

6. A digital computer plate model has been developed 

to simulate the operation of the SCCR-2. This is based on 

the development of concentration, temperature, and pressure 

profiles, continuously over a series of theoretical plates. 

The predicted results have been compared with experimental 

values, Agreement of the two sets of results becomes less 

accurate at high feed rates and high temperatures, although 

methods by which the accuracy of the simulation may be 

improved have been stated, with the most important 

recommendation being the inclusion of a variable HETP 

parameter for each column. This model after such modifications
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could be used to investigate the individual effects of 

key parameters on the overall performance of the SCCR-2 

unit, 

To improve the separating power of the SCCR~2 system, 

the following recommendations are made, 

9,2 RECOMMENDATIONS 

The conclusions as presented above, lead to a number 

of practical suggestions for improving the SCCR-2 

performance, These suggestions are in no way intended 

as conclusive remedies for the problems of large-scale 

operation, but should serve to indicate the direction in 

which possible solutions might be found. 

1. The chief source of low performance in large 

diameter columns in general and in the SCCR-2 in particular, 

appears to be the consistent increase in zone velocity 

(probably due to particle size variation) upon passing 

from the column center to the outer regions. Several 

approaches can be taken to combat velocity variations. 

The effect may be reduced by obtaining more uniform 

particles and by using the most efficient packing methods 

available, Alternatively, various techniques to compensate 

directly for the variations in zone velocity may he 

employed, Frisone (54) has used saturated rings of filter 

paper adjacent to the wall to accomplish a selective
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retardation. The same effect may also be possible by 

using a packing mixture containing inert (nonporous) 

particles which will give the necessary compensation in 

stationary phase concentration over the tube cross section. 

Or it may be possible to use a "linked truncated cone" 

geometry, providing the flow velocity can everywhere be 

kept reasonably near the optimum, A combination of the 

latter with mixing tubes, which will themselves contribute 

a negligible plate height if designed carefully, might 

provide a more total compensation, 

2. It is apparent that the poor separation results 

at high temperature are not always due to the velocity 

nonuniformity. Other possibilities are numerous, and the 

temperature fluctuation within the columns is an important 

factor. This could be minimised by heating the column 

interior (perhaps through the resistance heating of an 

internal element) as well as the exterior, 

3, It is sometimes apparent that the loss of component 

resolution is due more to the scale-up of sample size than 

of column size, In the case where the physical volume of 

the injected sample is simply too large to obtain sharp 

peaks, it might be advisable to use programmed temperature, 

4, It is apparent that, in the operation of an 

isothermal process as in the case of the SCCR-2, the local 

concentrations of solute(s) may become so high that harmful
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nonlinear effects are found.In the case of nonlinear 

absorption isotherms, it might be possible to find liquid 

phases with better solution properties. In the case of 

the apparent nonlinegrity arising from the heat of solution, 

column geometries with more rapid heat exchanging 

characteristics and column packings with greater heat 

capacity should be sought. 

9.3 FURTHER AREAS OF INVESTIGATION 

1. As indicated by this research, continuous gas 

chromatography has a tremendous potential in separating 

fatty acid esters. The operation of the SCCR-2 can be 

further extended to include other derivatives of fatty 

acids. The main materials of main interest are the long 

chain amines, diamines, amides and alcohols. There is 

no reason to believe that continuous gas chromatography 

will not be developed to separate such materials 

commercially. 

2. Investigation of the effect of changing the feed 

input position from mid-point to the top of the columns, 

to enable a more efficient use of the available separating 

length (31). 

3. To convert the SECR-2 for batch-mode operation. 

In so doing a useful comparison between batch and continuous 

gas chromatography can be obtained experimentally rather than 

theoretically.
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FIG. A.1.1 CALIBRATION OF THE FEED PUMP 
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Figure A.2.1 

Calculation of Gy o/h! (Run 105-30-95-150) 
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Time for 1 cycle 
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= ; 3  -1 
G. = carrier gas flow rate (cm s ~) 

oar operating temperature in k 

a. = room temperature in k 

Similar procedure was used to calculate Sinc/E' +
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FIG. A.3.2 LISTING OF PROGRAM TO CALCULATE CONCENTRATION PROFILE 

1 
2 
3 
4 
Ss 
6 
z 
3 
10 
20 
30 
40 
So 

  

PRINT "PROGRAMME TO CALCULATE COLUMN CONCENTRATION PROFILE PRINT 
PRINT 
DIM NSC6I 
PRINT "FILE NAME"; 
INPUT N¢ 
FILES # 
ASSIGN NS, 1,F1 
DIM £200], AL2001, G£2001, BL2001, CL2003, DL£2003, FL2001 
DIM H£2001, KC2001, ME2001, P2002 
x=1 
REM X=NO. OF SAMPLES PER CYCLE 
N=12 
UF1. 6785E+10 
L=2. 13636E+10 
S=5 
W=. 758 
T=100 * 
PRINT 
PRINT "CYCLE NO. = SAMPLING COLUMN = ‘ PRINT “SAMPLING TIME AFTER THE SEG. IN SEC = bs PRINT 
REM ‘OTAL NO. OF SAMPLES 
REM USSLOPE OF FID CALIBRATION CURVE FOR E. LAURATE 
PRINT "FLOW IN THE CAPILLARY SAMPLING TUBE = . 

LOPE OF FID CALIBRATION CURVE FOR M. MYRISTATE 
ILS OF SOLVENT IN MLS 

FLOW RATE IN CM##3 
REM T=COLLECTION TIME 
PRINT LIN(3), "NO! 
PRINT LIN(1), 
FOR J=1 TON 
READ #1; ICJ1,ALJ1, GJ] 
PRINT ICJ3,ACJ1, G01 
REM I(J)=NO. OF ISOLATED COLUMN WHEN SAMPLING COLUMN NO. 12 
REM A(J)=AREA OF THE & LAURATE 

‘REM G(J)SAREA OF THE M. MYRISTATE 
BLII=(AC JI“) #1000 
REM BCJ)=MASS OF £ LAURATE IN 1 ML SOLVENT 
ClIISBCSIT#S 
REM C(J)=MASS COLLECTED IN 5S ML 
DLJISCls3/T 
REM D(J)=MASS COLLECTED PER SECOND 
FOJI=DCJI/W 
HOJI=(G0.J1/L) #1000 
REM H(J)=MASS OF M MYRISTATE IN 1 ML OF SOLVENT 
KLJISHCI1#S 
REM K(J)=MASS OF M MYRISTATE IN S ML OF SOLVENT 

    

   

    

   

  

OP PRODUCT"; SPA(4); “BOTTOM PRODUCT" 

    

   

   

MEJSISKOSI/T 
REM M(J)=MASS COLLECTED FOR ONE SECOND 
PRIT=MCUI/W 
REM P(J)=CONCENTRATION OF &. LAURATE IN GM. /CM##3 
NEXT J 
PRINT LIN(2)," FOR ETHYLE LAURATE “ 
PRINT " ===" 
PRINT 
PRINT 
PRINT 
PRINT 
PRINT "IJ", "ACSI", 
PRINT "-——-, woos, 9 

    

  

Y TON STEP X 

“1 THEN 391 
PRINT If5], A033, Cf], O07, Fodd 
GUTO 400 

PRINT ICJ1,G0J3, KOU], MCd1,PCI3 
NEXT J 

IF Z>1 THEN 520 
PRINT 

PRINT 
PRINT 

PRINT 
MEXT ¥ 
PRINT 

PRINT " FOR METHYLE MYRISTATE " 
PRINT "- be 
752+1 
PRINT "ICI", "GCS", "KOI", MC) "PCS" PRINT @o-sam; eon 
GOTO 340 

sToP 
END 
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LISTING OF PROGRAM FOR THE SIMULATION OF THE SCCR-2 

PROGRAM PLATES2C INPUT, OUTPUT,TAPE1=INPUT,TAPE 2=0UTPUT) 

DIMENSION C(729) ,0(720) ,x (60) ,¥(60) ,0T(20) 
DIMENSION DELTC720) ,TEMP(720) ,T(720) ,P(720) ,SVP(720) 
DIMENSION DDFC(720),DOL (720), CCFC 720) ,CCL(720) ,DELD(720) ,DELC(720) 
DIMENSION PINCAR(20) 
REAL MCLVOL,MWTAP ,MWTGP 
REAL ML,MS,LATGP, LATAP ,LRATE ,MAS SF 
READ INPUT DATA 
READ C1, 13)L 
READ (1,888) (DT(J) ,J=1,L) 
READC1,3) CFLOW,SFLOW,V1,V2,CFEED,DFEEDFFLOW 
READ (1,4) NFEED,NNBED -KTOTAL ,KKINK ,KKTY PE ,NNTYPE 
READ(1,715) OP,VISC,DENS, VOID, AREA, COLLEN 
READ (1,88)N1,N2,N3,N4,NS,NO NT 
READ (1,99 )N2,N9 N10 ,N11,NIZ 
READ (1,794)S5,SL,COMPK ,LATGP,LATAP 
READ (1,5) PAM3,PINC,PINP,GC 
READ (1,14)MWTAP ,MWTGP,MOLVOL,TAME 

SET DUMMY ARRAYS EQUAL TO ZERO 
D0 999 J=1,L 
00 1 NN=1,720 
TCNND =TAME 

SVP(NN)=0.321E-03 
CONTINUE 
OUTPUT DATA 

WRITE(2,22) 
wWRITE(2,23) 
WRITEC2,24) 
WRITE(2, 25) 
WRITEC2,25) 
WRITE(2, 25) 
WRITE(2, 25) 
WRITE(2, 27) 
WRITE(2,25) 
WRITE(2,23) 
WRITEC2,25) 
WRITEC2,25) 
WRITEC2,31) 
WRITEC2,25) 
WRITEC2,7)CFLOW,SFLOW,V1I,V2 
WRITE(2,25) 
WRITEC2,8)CFEED,DFEED,DT 
WRITE(2,25) 
WRITEC2,9)NFEED ,NNBED ,KTCTAL ,KKINK ,KKTYPE,NNTYPE 
WRITE(Z,25) 
WRITEC2,10)P4M3,PINC,PINP 
WRITE(2,25) 
WRITE(2,720) DP,VISC,DENS ,VOID,ARES,COLLEN 
WRITE (2,25) 
WRITECZ, 19) 4WTAP, MWTGP ,MOLVOL, TANS: 
WRITE(2,25) 
WRITE(2, 1095)SS,SL,COMPK,LATGP,LATAP 
wRITE(2,25) 
WRITE(2,22) 
DEFINE PROGRAM PARAMETERS 
AX=1..0 
GO TO 466 
XX=XX41720 

CONTINUE 
D0 937 NN=1,720 
(NN) 30.0 
DCNN)=0.0 
PENN) 0.0 

CONTINUE 
29 2 NN=1,60 
X(N) 20.0 
YONN) 20.00 
CONTINUE 
MOLVOL=MOLVCL#(TAMB/273.2)€101.3/P AmB) 
NNTOTENT#NZ+NS#NGENS+NGFN7HNS4NF HN TOFNTIENTZ 
NNBTENSONT#NZ*NS+#NGENS 4NS*N7+NSEN9 NTU) #1 
NNFEEDSCNT#NZ#NS#NG) 47 

VSN 141 

KTOTAL*#KKINK) =(KKINK=1)
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FIG. A.3.3 CONTINUED (1) 

KKK=KTOT AL®KKINK=1 
PINCAR(1)=PINC 
START PRESSURE DROP CALCULATIONS 
DELP1=1.0 
do 712 151,10 
MASS F=OENS*CFLOW 

711 PMEAN=PINCARCI) =(DELP1/2 20) 
~ VEL=(CFLOWSPAMS) / CAREA*PMEAN) 
A1=150..C#(C1=VOID) #*2) AVISCHVEL/ ((VOID&H3) *(DPHA2)) 
A2=1 75% (1-VOID) MMASSF *VEL/( (VOID**3) *DP) 
DELP=CA1+A2) *COLLEN/ (GC#10000.0) 
TFCABS CDELP1-DELP).LE.0.1)G0 TO 710 
DELP1=DELP 
GO T0 711 

710 CONTINUE 
PINCAR(I+1)=PINCARCI)=DELP 

712 CONTINUE 
PINPUR=P INP 
DELP1=1.0 
MASS FEDENS*CFLOW 

714 PMEAN=PINPUR=DELP1/2.0 
VEL=(SFLOWHPAMB) / (AREA*PMEAN) 
AT=150 .0*((1-VOID) ##2) AVISCHVEL/ (C(VOID#*3) #2 (DPe#2)) 
A2=1.75%C1-vV01D) *MASSFAVEL/((VOID##3) #07) 
DELP=C(A1+#A2) #COLLEN/(GC#10000.0) 
IF CABS CDELP1=DELP).LE.0.5) GO TO 716 
DELP1=DELP. 
GO TO 714 

716 CONTINUE 
POPUR=PINPUR—DELP 
NNBED2=(N14N2)+1 
NNBED3=(N14N2Z+N3) +1 
NNGEDG=(NI+NZ#N34NG) 41 

NIFNZ#NS#NGHNS +4 
NI#NZ#N34+NG ENS 4NO) +1 

NNBED7=(NINZ+N3+NG#NS +NOtN7 41 
NNSEDS=CNTIFNZHNS+NGtNS tNE+N7 NS) +1 
NNBEDO=(NT#N2 #NS+NG#NS 4N6+N7+N34N9) +4 
NNELEV=(NTFNZ+NS+NGtN5S HHO+NTFNStNDFNTOFNTI DET 
K1=N14N2 
K2=K14N3 
K3=K2+N4 
K4GSK34NS 
KS=K4+N6 
K6=K5+N7 
K7=K 6+NS 
KS=K7+N? 
KI=KS4N10 
K1O=K9+N11 
K11=K104N12 
NDUM1=K1 
NDUM2=K2 
NDUM3=K3 
NDUMG=K4 
NDUMS=KS 
NDUM6=K6 
NDUM7=K7 
NDUM3=K5 
NOUMISK9 
NDUM10=K 10 
NDUM11=K 11 
09 210 NN=! 
PONND = (PING 

T/PAMB 
210 CONTINUE 

00 220 NN=NNBED2,NDUM2 
PONND=CPINCAP (2) =CCCPENCAR(2)=PINCAR(3))/0N2)) #(NN=NDUM1) )) 

T/PAMS 
220 CONTINUE 

00 230 NN=NVBED3,NOUM3 
PONND=(PINCARCS)=(CCPINCAR(3)=PINCAR (4) /(N3))®(NN=NDU MZ) 

1/PAMB 
230 CONTINU 

DO 240 
PONND=(P INC. 

V/PAMB 
240 CONTINUE 

DO 250 NN=NN3EDS,NDUMS 

  

   

  

   

2D1,NDUM1 
1) =(CCPINCAR (1) -PINCAR OZ) / (NT) )&CNN=NT) 2) 

  

   
24,NDUMS 
4)-CCCPINCAR(4)-PINCAR CS) )/0NG) )*CNN=NDUMS) DD



eo
 

250 

260 

270 

280 

290 

310 

320 

465 

40 

60 

7 

neo Su 

FIG. A.3.3 CONTINUED (2) 

PCNN)=(PINCAR(S) —(C (CPINCAR(S)=PINCAR(6))/(N5)) #(NN=NDUMG) DD) 
T/PAMB 
CONTINUE 
DO 260 NN=NNSEDS,NDUM6 
PCNND=(PINCARC6) =(C (CPINCAR (6) —PINCAR(7))/(N6))*(NN=NDUMS) )) 

TIPAMS 
CONTINUE 

DO 270 NN=NN2ED7,NOUN7 

PONN)=(PENCAR(7) =(( (PINCAR (7) =PINCAR (3) )/(N7))*(NN=NDU M6) )) 
T/PAMS = : 
CONTINUE 

DO 280 NN=NNSED8,NDUMS. 
PCNND=(PINCAR (3) =(CCPINCAR C8) =PINCAR (9) )/(NB)) *(NN=NDUM7) )) 

1/PAMB 
CONTINUE 
DO 290 NN=NNBED9,NDUM9 
PONND=(PINCAR (9) = CC CPINCAR (9) =PINCAR(10))/(N9)) *CNN=NDUNB))) 

1/PAMB 
CONTINUE 
DO 310 NN=NN3TEN,NOUM10 
PCNND=(PENCARC10) =( (CP INCAR(10)=PINCAR (119) /(N10))*(NN=NDUM9))) 

T/PAMS 
CONTINUE 
DO 320 NN=NNELEV,NDUM11 
PCNND=(PINPUR=(((CPINPUR=POPUR) /(N11)) (NN) ) /PAMB 
CONTINUE 
DO 330 NN=1,NNSED 
PONN)=(PENPUR=C((PINPUR=POPUR) /(N12)) (NN) )/PAMB 
CONTINUE 
WRITEC2,12) 
kKKSUM=1 
START SCCR1 SIMULATION 
SWITCHING Loop 
DO 100 K=1,<TOTAL 
ISTKK=KKINK*(K=1) +1 
LSTKK=KK INK *K 
00 200 KK=ISTKK,LSTKK 
NNSUM=1 
N LOOP,FOR TOTAL NUMBER OF COLUMNS USED 
do 300 N=1,12 
IFCNLE.(NFEED=K)) GO TO 500 
NNFST=NNBEDS(N=1) #1 
NNLSTSNNBEDAN 
NN LOOP FOR TOTAL NUMBER OF PLATES IN UNIT 
D0 400 NN=NNFST,NNLST 
CONTINUE 
IF(N.EG.11)G0 TO 80 
IF(N.E2.12)G0 TO 360 
IFCCNSEQ 1) AND CNN EQ .NNFST)) GO TO 4O 
IF(NNJEQ.NNFEED)GO TO 50 
CCON=C(NN=1) 
DCON=0 (NN=1 
CINPUT=O .0 
DINPUT=0.0 
GO TO 60 
CCNN=1)=0.0 
DCNN=1)=0.0 
CCONEC CHIN) 
DCON=D (NN) 
Go To 70 
CCON=C(NN=1) 
DCON=D CNN=1) 
CFLOWC=CFLOn #1 .+MOLVOL®( CCON/MWTG?+DCON/MWTAP)) 
ASCFLOWC*OT(J)/PCNND 
LRATE=167 .0/ (12#KKINK) 
ZZ=A/ULRATE 
AAZEX? (HA/(V14VZ 446 0) D 
GG=EXP(—A/(V14V2"74 07) ) 
TFCCONN@=1)00T.0.12=10) CCNN=1 
TF CD ONN=1) 60720-18210) DCNN=1 

DACCCELOW CAC CNN@=1)4FFLOWMCFEED) /CFLOWC)4+GG2C (NN) 
10654) # CC CFLOW CD CNN=T)+FFLOW*D FEED) /CFLOWC)+AAMD (NN) 

60 TO 150 
TFCCONN@=1).LT.0.1E-10) CCNN=1920.0 

IF (D(NN@=1) LT G.618-10) D(NN=1) 50.0 
CON#P CAND 
CON#*PCNND 

IF (DCOL.GE~SVP(NN)) DCOL=SVPCNN) 
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FIG. A.3.3 CONTINUED (3) 

CFLOWC=C FLOW (1 S+MOLVOL®CCCON/MWTGP+DCON/MWTAP)) 
A=CFLOWC AOTC J) /PCHND 
LRATE=1467 0/ C12*KKINK) 
ZISA/LRATE 
AA=EXP(WA/(V 142846 20) ) 
GGSEXP(~A/(V14V2*74.7)) 
CONND= (1 2=GG) #(CCNN=1) #CINPUT) #6G%C (NN) 
DENN) = (1 AA) #CDCNN=1) +DINPUT) FAA#D CNN) 
GO TO 150 
IFC(NNJEQ.NNFST)GO TO 90 
TF CCONN@1) LT 20.1E=-10) CONN=1)=0.0 
IF (CD CNN=1).LT.0.1E=10) OCNN=1)=0.0 
CCON=C CNN=1) 
DCON=D (NN=1) 
GO TO 95 
CCNN=1)=0.0 
DCNN=1)=0.0 

CONSP CNN) 
CONSPCNND 

IF(DCOL.GE.SVPCNN)) OCOL=SVP(NN) 
SFLOWC=SFLOW*(1 +MOLVOL*CCCON/MWTGP+O0CON/MWTAP)) 
ASSFLOWC#0TCJ)/PCNND 
LRATE=#147.0/ C12#KKINK) 
ZZ=SA/LRATE 
AASEXP (mA/(V14V2 446 20) ) 
GG=EXP(-A/(V14V2274 27) ) 

  

CONN = (1 .-GG) #C(NN=1)+GG#C (NN) 
DONN)=(1..-A4) #0 (NN=1)+AA®D (NN) 
IF CCNN #EQ .CUNTYPE*NNSUM)) JAND. (KK oEQ o(KKTYPE*KKSUN)))GO TO 160 
GO TO 170 
WRITEC2,1612K ,KK,NpNN, CONN) ,DCNND ZZ 
TF(NN.EQ .(NNTYPE®NNSUM) )NNSUMSNNSUM+1 
CONTINUE 
60 TO 300 
NNSUM=NNSUM#NNBED /NNTY PE 
CONTINUE 
IF (KK EG o(KKTYPE*KKSUM)) GO TO 130 
GO TO 212 
KKSUN=KKSUM+1 
WRITEC2,185) 
Go TO 200 
CONTINUE 
IFCKK NE eKKKK) GO TO 778 
00 779 L=1,NNTOT 
cCFCI)=CCi) 
DOFCID=0¢1) 
CONTINUE 
CONTINUE 
IF(KK.NE KKK) GO TO 200 
bo 731 I=1,NNTOT 
ccLcr)=c C1) 
DDLC1)=0 (1) 
CONTINUE 
CONTINUE 
WRITEC2, 190) 
WRITEC2,195) 
DO 1500 NN=1,NNBED 
XCNND=CONND 
Y CNN) =D CNN) 

    

G CONTINUE 
DO 2000 NN=1,NNTOT 
IFCNNAGE sNN3TEN)GO TO 2010 

N¢NNZED 

   
    

CNNADJ) 
CNNADS) 

GO TO 2000 
NNAD +1-NNELEV 
CON CNNADJ) 
DCNND=YCNNADJ) 
CONTINUE 
CONTINUE 
wWRITE(2, 25) 
WRITE(2,25) 
TEMPERATURE CALCULATION 
DO 803 1=1,NNTOT 

DELC(I)=CCL(1)=CCFCI)
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FIG. A.3.3 CONTINUED (4) 

DELD(I)=DDL(I)=DDF(I) 
803 CONTINUE 

ML=2046.4/ (NNSED®12) 
MS=1362.9/(NNBED#12) 
SURAR=486.75/NNSED 
HTCP=(MS #SS)+(ML+SL) 
XXXX=KKINK 
HTLOSS=C OMPK SSURAREXXXX 
DO 901 I=1,NNTOT 
DELT(I)= CCLATAP #46 .O8V2*DELC(I)) #(LATGP#76 .7*DELD (1) #V2 

1))/CHTCP+HTLOSS) 
TCI) =TAMB+DELT(I) > 
IFCT(I) .GE.4633.2) SVP(I)=0.321E-03 
TFCCTCL) oLE.458.2) .AND (TCI) .GE.456 2) SVP(I)=0.318-03 
TFCCTCL) oLE 0456 02) AND oC TCI) 26E 2454.2) ) SVP(1)=0.3E=03 
TFCTCI) £LE0454.2) SVPCI)=0.295E-03 

901 CONTINUE 
IFCXX.E@.1.9)G0 TO 468 
GO TO 467 

468 CONTINUE 
999 CONTINUE 

3 FORMAT(7F10.0) 
4 FORMAT(614) 
5 FORMATCGF10.0) 
6 FORMAT(4E13.5) 
7 FORMATC(1H ,7HCFLOW= ,F8.3,4X,7HSFLOW= ,F8.3,4X,4HV1= 7F10.5, 
14X,4HV2= 510.5) 

8 FORMATCIH ,7HCFEED= ,£13.6,4X,7HDFEED= ,£13.6,4X,4HOT= 7F10.5) 
9 FORMATCIH ,7HNFEED= ,12,1X,7HNNSED= ,13,1X,3HKTOTAL= ,13, 
ViX,7HKKINK= ,14,1X,8HKKTYPE= ,13,1X,8HNNTYPE= ,13) 

10 FORMAT(1H ,SHPAMS= ,F621,1X,6HPINC= ,76.1,1X,SHPINP= ,F6.1) 
12 FORMATC1H ,2H K,5X,5H KK ,5X,3H N ,5X,5H NN ,5X, 

1164 CONN) 25X,16H DCNND ? 
13 FORMAT(I2) 
14 FORMAT (4F10.0) 
1S FORMAT C4E13.6) 
19 FORMATCTH ,7HMWTAP= ,F6.2,2X,8HMWTGP= ,F6.2,2X,8HMCLVOL= , 

1 F6.0,2X,6HTAMS= ,F5.1) 
27 FORMAT (20X,£13.6,10X,E13 26, 10X ,£13 .6,10X,£13 06) 
22 FORMAT(1H1) 
23 FORMATC10x," SCCR2 COMPUTER SIMULATION *) 
24 FORMATCIOX,' *0ktteeeetenateenteeeeeee *) 
25 FORMAT(1HO) 
26 FORMATC10X,"RUN NUMBER 1A,PRODUCED ON 27/6/78,CONDITIONS FOR 

TEL/ML AT APPROX G/L=83 AMS TEMS SET AT 21 DEG C*) 
27 FORMAT(10X,*SYSTEM ETHYL LAURATE AND METYLE MYRISTETE*) 
28 FORMAT(10X,"FEED RATESZ25MLS/HRS*) 
31 FORMAT(IX,"INPUT DATA *) 
28 FORMAT(7I5S) 
99 FORMATC(SIS) 

161 FORMAT C1H,12,5X,15,5%,13,5X 15 ,5X E14 06 5X, E16 06 5X pF 1004) 
185 FORMATCIH ,32HNEXT TIME INTERVAL FOR PRINT OUT) 
190 FORMATCIH ,23HNEXT SWITCHING INTERVAL) 
195 FORMATC1H ,2H K,5X,5H KK ,5X,3H N ,5X,5H NN ,5X, 

3 116H CONN) 25K, 16H DCNND ) 
715 FORMATC6F10.0) 
794 FORMAT(5F10.0) 
720 FORMATCIH ,GHDP= ,£1144,3X,6HVISC= ,£11.4,3X,6HDENS= ,£11.4, 

13X,6HVOID= ,£11.44,3X,6HAREA= ,F10.4,3X,SHCOLLEN= ,F 3.4) 
777 FORMAT (10X,£15.5,10X,£15.6) 
$88 FORMATCF10.0) 

1095 FORMATCIH ,4HSS= ,F10.6,4HSL= ,F10.4,7HCOMPK= ,F10.5,7HLATGP= 
1F1G.4,7HLATAS= ,F10.4) 
STOP 
END 
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FIG. A.3.5 VARIABLE PARAMETERS IN SCCR-2 MODEL 

LOCAL VARIABLES IN SUBROUTINE PLATES2 

  

  

NAME TYPE CURRENT VALUE 

c REAL ARRAY (723) Standardised Conc. 
0 REAL ARRAY (728) | w i. 
x > REAL ARRAY (64) Dumy variable 
Y REAL ARRAY (60) ‘ " » 
oT REAL ARRAY (20) Time increment 
OELT REAL ARRAY (720) AT over plate 

xs REAL ARRAY (720) Absolute Temp. 
Pp REAL ARRAY (720) Absolute pressure’ 

SvP REAL ARRAY (720) SAT' VAP' pressure 
OvF REAL ARRAY (728) Standardised Conc, 
OOL REAL ARRAY (72”) m 
Cor REAL ARRAY (728) by . 
CCL REAL ARRAY (728) * . 
OELD REAL ARRAY (720) 5 x 

OELC REAL ARRAY (728) i sf 
PINCAR REAL ARRAY (28) Carrier inlet pressure 
OLVOL REAL 28843,5247799 Molecular volume 
MWTAP REAL 24a, s3uuguaue Molecular weight 
MwWTGe REAL 228, 380usuand * . 

ML REAL 1335416666667 Wt, 'Liguid Phase! 
MS REAL 2,47483333333 Wt. Packing 
LATGP. REAL 92, danyeunaga Latent Heat 
LATAP REAL 69 wuvenanend e m 

LRATE REAL 161 25AauAaabE Wat u' 
MASSF REAL +921 688YddeRHE-A2 Mass flow rate 

u INTEGER 4 Counter 
J INTEGER 3 Counter 

CFLOW REAL 8, 73uuanendi" Carrier gas flow rate 
SFLOW REAL 70, 60audaendd Purge flow rate 
VL REAL 3, 9185aann0aK Plate volume 
v2 REAL »JlAdnAanddae 5 ms 
CFEED REAL 1 22554U4G0NueE@A4 Feed Conc, 
OFEED REAL e4846RGQURRTEESHS = * a 
NFEED INTEGER 5 Feed Bed 
NNBED INTEGER 48 Number plates/bed 
ATOTAL INTEGER 24 Total number sequences 
KKINK INTEGER 208. Sequencing interval 
RKTYPE INTEGER 87 Printing interval 
NNTYPE INTEGER 20 Plate print interval 
OP REAL 188604002800E°03 particle diameter 

VISC REAL + 188300868094E=93 Gas viscosity 
CENS REAL »1@56vd4devuvE-92 Gas density 
voID REAL 46670984 abGRs Voidage 
AREA REAL 3, 86M 4uvdeoRd Plate area 
COLLEN REAL 61, Gavegecded Colum length 

NI INTEGER 4g Number plates/colum 1 
N2 INTEGER an Number plates/coliumn 2 
Ng INTEGER 4a Number plates/colum 3 
Na INTEGER ag Number plates/colum 4 
NS INTEGER se Number plates/colum 5 
N6 INTEGER 4a Number plates/colum 6 
N? INTEGER 40 Number plates/colum 7
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FIG. A.3.5 CONTINUED (1) 

  

NB INTEGER 4@ Number plates/colum 8 

NQ INTEGER au Number plates/colum 9 

N1@ INTEGER 40 Number plates/colum 10 

Nit INTEGER ag Number plates/colum 11 

NL2 INTEGER 4@ Number plates/column 12 
ss REAL s29dunUdadeEH Specific heat 

SL REAL ,2ouseAdwoEHE " “ 
CoMPK REAL , 3429N4GGPA4KE et Shermal conductivity 
PAMS REAL 101,3¥a0¢u0aq Ambient pressure 
PINC REAL 308, YABYUYOUND Carrier pressure 

PINP REAL 184,an@uavean Purge pressure 
cc REAL 981 ,enanvvens Gas constant 
TAMB REAL 297, 16vavunee Ambient Temperature 
NN INTEGER 480 Counter 
Xx REAL 1,094ano8agne Constant 
NNTOT INTEGER 489 Total Number plates 

NNBTEN INTEGER 401 Last bed, 1st plate 
NNFEED INTEGER 161 Feed plate 
NNBEDL INTEGER at Sep. Sect., Ist plate 
KKKK INTEGER 46at Counter 
KKK INTEGER 4799 ® 
DELP! REAL 28,4984742010 OP in Purge bed 
1 INTEGER Wi Counter 
PMEAN REAL 169,758762899 Mean pressure 
VEL REAL 18,9830715572 Gas velocity 
AL REAL 460861¢,35717 
a2 REAL 1253,72871579 
DELP REAL 28, 6048921654 
PINPUR REAL 184, Angngauer 
POPUR REAL 155335197835 
NNBED2 INTEGER Al 
NNBEO3 INTEGER 121 
NNBEOS INTEGER 161 
NNBEOS INTEGER ant 
NNSEDS INTEGER 241 
NNBED7 INTEGER 201 
NNBEDS. INTEGER 321 
NHBEDO INTEGER sol 
NNELEY INTEGER 401 

wt INTEGER ae 
K2 INTEGER 128 
KS INTEGER 164 . Ps Sa 
K4 INTEGER 200 ‘ Ma Sipe 
KS INTEGER 240 i e ae 

K6 INTEGER 280 4 sc oe 
K7 INTEGER 324 ic yee 
Ks INTEGER 360 is Hench "5i-5 
K9 INTEGER 496 a : ee 

K1e@ INTEGER 448 y ree 
Kh INTEGER 484 ri eee 
NDUML INTEGER Bu Counter 

NOUM2 INTEGER 124 f 
NOUM3 INTEGER 16a " 
NoUM4 INTEGER ane w 
NOUMS INTEGER 240 i" 
NDUM6 INTEGER 234 " 
NOUM7 INTEGER 32e a 
NOUMS INTEGER 364 =:



NDUND 
NOUMIO 
NOUMLS 
KKSUM 
K 

ISTKK 
LSTKK 
KK 

NNSUM 
N 
NNFST 
NNLST 
CCON 
DCON 
CINPUT 
DINPUT 
CFLOWC 

Aa 
6G 
SFLOWC 
NNADJ 
SURAR 
HIce 

XXXX 
HTLOSS 

FIG. A.3.5 

INTEGER 
INTEGER 
INTEGER 
INTEGER 

INTEGER 
INTEGER 
INTEGER 
INTEGER 
INTEGER 

INTEGER 
INTEGER 

INTEGER 
REAL 
REAL 
REAL 
REAL 
REAL 

REAL 
REAL 
REAL 
INTEGER 
REAL 
REAL 
REAL 
REAL 

209 = 

CONTINUED (2) 

4au 

aan 

480 
21 
1a 

eat 
2000 

1812 
24 
12 

44} 

480 

2,92727846085 
a, 
a, 
9, 

8, 73000eanuae 
37,01485 58530 
758956895463 

2617 -17114566 

4a 

12, 1698n80uue 
1,02958353333 
2°, unanunane 

a. 

Plate. Conc, 
" ” 

Plate N Feed Conc, 
Pee ak Oe 

Corrected flow rate 

Dummy 

Purge flow rate 

Surface area 
Heat capacity 
Counter 
Heat loss



APPENDIX 4 

CALCULATION OF HETP
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A.4.1 ESTIMATION OF THE HEIGHT OF A THEORETICAL PLATE 

Chapter 2 presented several theories which describes 

the behaviour of a chromatographic column in terms of HETP. 

Giddings (36) developed the non-equilibrium theory in which 

the mass transfer or non-equilibrium terms were expressed 

as functions of diffusivity, particle diameter, stationary 

phase dimensions, etc., and obtained the following definition 

of the theoretical plate height. 

  
  

2 
2y'D desu D -1 

H = ——™ +q'R(1-R) £ a (in 
s 2\d_ w.d*.u 

2 Pp 

In the application of the above equation to the SCCR-2 

unit it is necessary to evaluate many physical parameters, 

many of which are specific to the individual solute 

components, e.g. molar volumes and collision diameters. 

The evaluation of certain parameters in equation 2.17 

relating to the individual solutes is a complex problem 

and therefore it has been simplified by assuming that, 

in the cases where parameters vary for the individual 

solutes, the mean value may be used, 

Individual terms from equation 2,17 are discussed 

below with an estimation of their physical value. 

1. Labyrinth Factor y!' 

The structural parameter y' is a function of the 

independent terms for tortuosity and constriction and has
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been evaluated as 0.46 for crushed firebrick (186). 

2. Configuration Factor q! 

The above factor is to allow for the shape of the 

stationary phase layer, and Giddings (36) has given a 

typical value of 0,25 for preparative gas chromatographic 

column, 

3. Retention Ratio R 

The fraction of solute in the mobile phase (R) (187) 

is given by 

V. 
Qe (A.4.1) 

ee 

which for the solutes Arklone, P and Genklene is 9.057x107>. 

4, Stationary Phase Film Thickness d 
  S 

Giddings (36) related the film thickness to the particle 
da 

diameter via a § 0,03, For the solid support in question 
P - 

4, = 0.0305 which makes de § 0,03x0.0305 = 9,15x10 fom. 

5. Particle Diameter a, 

The size range of Chromosorb P, used as packing in the 

SCCR=2 was 358-251 microns, giying a mean particle diameter 

of 3,05*1072cm. 

6, Flow Velocity 

The mean flow velocity changes as the carrier gas 

expands during its passage through the SCCR=2, The variation 

in HETP with mobile phase velocity has been discussed in
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section 2.3.2.1 and therefore it is necessary to define 

a mean column velocity, u__, for use in equation 2,17, 
me 

erG is defined (184) as follows; 

a We age i (A.4.2) 

where 

F = column carrier gas flowrate cm?/sec connected to 

outlet pressure, 

A = inter-particle volume of the bed. 

7. Mobile and Stationary Phase Molecular Diffusion 

Coefficients D_, D. 

The mobile phase diffusion coefficient may be calculated 

from the Hirschfelder-Bird-Spot 2 equation (188). 

0.00186 T?(k- + +-)* 
yee ae ee (A. 4.3) 

Eco. 232 

where 
Ms molecular weight of solvent (carrier gas) 

My = molecular weight of solute 

PR = absolute pressure in atmosphere 

xr = mean collision diameter 
12 (29) 4+ &Q)2 

eae (A.4.4) 

(29) &)2 =indivyidual solvent, solute, collision diameters 

912 = collision integral for diffusion
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The collision diameters may be calculated directly 

from viscosity measurements, or from the empirical 

equation (184) given below 

x 

= 5 ry = 1.18 vy 3 (A.4.5) 

where V,, is the molar volume of the fluid at the normal 

boiling point determined by the method of addition. For 

3 
nitrogen, this was found to be 3,7 cm”, and for a 50:50 

mixture of Arklone.P/Genklene, Vp, was evaluated as 122.1. 

The collision integral, S12" is a function of K,-T/ey> 

where Ky is Boltzmann's constant and E12 is the energy of 

molecular interaction. Values of, Gj are tabulated in 

reference (184), 

Substitution into equation A,4,3 yields a yalue for 

2st, zt must be emphasised that D,, at 60°C of 0,00239 cm 

this value is an average value for the two solutes, Arklone.P/ 

Genklene evaluated at a mean column pressure of 1.86 

atmospheres, 

A recommended relation (184) for estimation of 

diffusivities of non-electrolytes in liquids at low 

,concentration of the diffusing component is the Wilke and 

Chang equation (189); 

Do-u 

iz 

ag GoM)" 
0.6 

Vp 
  = 7,4x10 (A.4.6)
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where 

= viscosity of liquid phase 

X = association parameter (1,0 for non-associated 

liquids) 

My, = molecular weight of liquid phase 

The above equation shows that De depends on the solvent 

through reciprocal viscosity, 2 , but this effect is 

tempered somewhat by the fact that Ds increases with the 

square root of solvent molecular weight. It can be 

seriously questioned whether the inverse viscosity 

relationship holds for the long snake-like molecules 

used as solvents in gas chromatography (190) and therefore 

it is perhaps fortunate that the plate height terms 

containing D, terms contribute very little to the overall 

plate height, The absolute value for the viscosity of the 

OV-275 solvent has not been determined and it is not 

possible to calculate it, Alternatively a supplied value 

for a similar liquid phase (OV-225) from the manufacturer 

is given as 2010 Cp, resulting in a stationary phase 

molecular diffusion coefficient of the order of 1x1078 em?,s 

Whilst this value can he no more than an estimate it is 

reinforced by the opinion of Giddings (36) who states that 

for gas chromatography the ratio of liquid to gas diffusion 

coefficients, is about Rowe.
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8.. Eddy Diffusion Factor A 

The above factor, present in the coupled part of 

equation 2,17 may be defined as 

2 
% 8 =W Wy /2 A.4.7 

4: 

aM, is evaluated for each of five categories of 

the velocity in equality highlighted in section 2,3,2.2. 

where W 

Giddings (36) has estimated the individual contributions 

to AG as; 

4 dq, iz 
AY = 0.57 Ao = 10°; A3 = 0.5; rg = 0.1; As = 0.02 (=-) 

PB 

giving 

A, = 1.01x104 

This value for \ can only be a very approximate 

value, however, as the term for eddy diffusion, —— , 

in the coupled expression given by equation 2.17, is not the 

dominant term, contributing less than 1.2% for SCCR-2 

conditions, Further accuracy in the estimation of \ is not 

thought necessary. 

9. Diffusional Flow Parameter W 

In a similar manner to evaluating 4, the parameter 

W may be defined (36) as 

De ote 
Wy = Wy.Wg/2 (A.4.8)
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evaluated again for the five types of velocity inequality 

occuring within the packed columns, The non-equilibrium 

approach to evaluating W requires specific information 

regarding the velocity, which for the SCCR-2 is not 

available. However Giddings (36) has also used W in the 

'random walk! method of determining H, and has reported 

that the numerical results so obtained were not inferior 

to those developed from the non-equilibrium theory. The 

approximate magnitude of the velocity inequalities are as 

follows: 

Transchannel, Wy = 0.01 

Transparticle, = 0.10 

Short-range interchannel, W3 = 0.5 

Long-range interchannel, Wa 2.0 
da 

Transcolumn, Ws = 0.001 (32)? 

Pp 

It is the final velocity inequality for the transcolumn 

effects that is of particular importance to large diameter 

columns and from the above definition it becomes apparent 

that the plate height becomes a function of the column 

diameter squared for a constant particle diameter. Contrary 

to this definition, Pretorius and de Clerk (63) indicate 

that plate Bethe increases with a, at constant =, reaches 
ie 

a maximum at = = 0,05 and then decreases with increasing 
ic 

d.. Support for this theory is given by Spencer and 

Kucharski (64) and Knox (65). The value of Ws, which gives



A Wf 

maximum contribution to plate height is 0.4, The overall 

summed value for Wy then becomes 3,01. 

Having defined and estimated all the parameter in 

equation 2,17 the theoretical plate height is given by: 

2x0. 46x0.00239 | 0.25x0,00957 (1-0.00957) (9.15x10~4)? 45255 
d2Z55 L ox1o7° 

2 -1 
_ Au As 0.23910 

a z = 1.471 cm 
2*1.01«10 x0.0305 3.01 (0. 305) “x1.255 

A.4.2 ADDITIONAL FACTORS WHICH CONTRIBUTES TO HETP 

In section 2.4,1 mechanisms leading to zone broadening 

were discussed. Of particular importance to the SCCR-2 

were two additional plate height contributions resulting 

from cross-column temperature fluctuations, H,, and the 
t 

uneveness of the flow velocity, H.. The contribution: 
c 

from these terms must be evaluated and added to the 

overall plate height. 

Aye has previously been defined in section 2.4.1.2 

and is given by 

2 
Ton ae 

= 2 c Hy = 44+ (AT) 959-——p7 (2.24) 
m 

AT in the above equation is the temperature difference 

between the column axis and wall, which will have a specific
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value for each axial point within the SCCR-2. As the 

HETP defined by equation 2.17 is not a point value but an 

average value for conditions within the SCCR-2, the 

average temperature difference between the axis and wall 

for the ten separating columns is required. This was 

measured by inserting thermocouples at the wall and the 

axis, and the average temperature difference was found to 

be approximately 4.0°C, giving a contribution from Hy of 

0.045 cm. 

Many approaches have been suggested for theoretically 

formulating the term, H (51,59,61,63). Hupe (59) using co! 

a statistical treatment generated the following expression 

0.58 
203 ~ Xo 

aes Se (2.20) 

and whilst the cross-sectional velocity profile corresponding 

to this relationship was an unusual shape, the fit to a 

variety of experimental results on columns between 1.3 and 

10 cm diameter was very good, For SCCR-2 conditions the 

contribution from H, makes to the overall plate height is 

1.953 cm. 

The final height equiyalent to a theoretical plate 

expression becomes 

2yD 

H   

D. =} 
A m = t+ tH 
Ard, wat 

3.469 cm (A.4.9) 

azu 
m z Here ES (lente meen ee 

g!R(1-R) De ws othe
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The above figure gives an average of 17 plates/column 

in the SCCR-2, but from the experimental determination of 

HETP, this cannot be true, It is the opinion of the author 

that the above equation may be re-written to include the 

term Ho as a coupled parameter, He is included in the 

Van Deemter equation to allow for cross column velocity 

fluctuations and will therefore include the transcolumn 

velocity inequality defined by Giddings as Ws. The addition 

of separate contributions to plate height is only valid if 

those contributions are independent from each other (c.f. 

addition of variances in the random-walk theory). Therefore 

if the term Ho includes a contribution for the transcolumn 

velocity inequality it will not be independent from the 

other velocity correction terms (W,-W,) and may be included 

in the coupled part of equation A,4.9 to give 

2 
2y'D. Geeu 

B= P+ IRR tle + 5 ene,   

u 

= 0.8196 cm (A.4.10) 

Where W' does not include a contribution from Ws, the 

transcolumn effect, This gives 74 plates/column in the 

SCCR-2 and is in agreement with the experimental determination.
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NOMENCLATURE 

term accounting for eddy diffusion in 

chromatographic theoretical plate height 

equation 

surface area of theoretical plate 

term accounting for longitudinal diffusion 

in chromatographic theoretical plate height 

equation 

term accounting for mobile phase resistance 

to mass transfer in chromatographic theoretical 

plate height equation 

term accounting for mobile phase resistance 

to mass transfer in chromatographic theoretical 

plate height equation 

solute concentration in mobile phase 

feed concentration 

mobile phase molecular diffusivity 

mean particle diameter 

effective diameter of particles, as defined 

by equation 8,15 

thickness of stationary phase liquid film



=22 7 = 

radial diffusion coefficient 

stationary phase molecular diffusivity 

internal column diameter 

ratio of particle to column diameter 

eddy diffusivity 

mass production rates of component 1 and 2 at 

the top of a column 

feed rate of component 1 and 2 to the column 

carrier gas volumetric flow rate measured at 

ambient conditions 

feed flow rate 

fractional volume of mobile phase in a 

chromatographic column 

fractional volume of stationary phase in a 

chromatographic column 

feed rate 

factor to allow for the effect on column 

length of increasing the mole fraction of 

solute in the liquid phase



G! 

G 1G 
min’ ~max 

& 

Jc 

(G/L) pr (G/L) g 

NB 

Gas phase volumetric flow rate in the main 

separating section of the sequential unit, 

solute free 

volumetric flow rate of solute freé carrier 

gas 

gas phase volumetric flow rate measured at 

ambient conditions 

mass flow rate of gas 

gas phase volumetric flow rate measured at 

mean column pressure 

the volumetric mobile phase flow rates at 

the column inlet and outlet respectively 

constant in the plate height equation for 

large diameter columns 

gravitational constant 

ratio of gas to liquid flow rates in the 

rectifying and stripping sections of the 

columns 

height equivalent to a (chromatographic) 

theoretical plate, H.E,T,P, 

contribution to H in large diameter columns 

caused by non-uniformity of the velocity profile



AK 

AK! 

KI 
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contribution to H, caused by thermal 

fluctuations across the column 

heat of solution of component 1 in the liquid 

phase 

Aris integral describing the velocity profile 

gradient in the chromatographic plate height 

equation for large diameter columns 

the length of a sequencing interval 

James and Martin gas phase compressibility 

factor 

partition coefficient of solute bewteen mobile 

and stationary phases 

Boltzmann's constant 

partition coefficient at infinite dilution 

change in K” with increasing solute 

concentration 

change in K” with change in temperature 

mass distribution ratio = FL/K.F, 

rate constant of desorption 

liquid solyent volumetric flow rate



Q! 

Mi M2 

cc 

( Nog) 
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apparent liquid solvent flow rate in the 

sequential unit 

distance migrated by the centre of a 

component zone 

column length 

root mean square step length in random walk 

model 

mass flow rate of solute leaving the column 

as product 1 and 2, H.T,U. model 

molecular weight of feed component 

molecular weight of liquid phase 

solute molar volume at column operating 

temperature 

number of theoretical co-current chromatographic 

plates within a column 

number of counter-current theoretical plates 

or stages 

number of overall gas phase transfer units 

in the rectifying section of a column, H.T.U. 

model



(Nog) s 

n! 
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number of overall gas phase transfer units 

in the stripping section of a column, H.T.U. 

model 

number of steps in random walk model 

ambient pressure 

aeroce pressure of component 

pressure inlet 

pressure outlet 

absolute pressure in atmosphere 

gas volumetric flow rate from H.T.U. model 

liquid volumetric flow rate from H.T.U. model 

solute concentration in stationary phase 

configuration factor dependent on shape of 

stationary phase layer 

retention ratio = elution volume/total bed 

volume 

gas constant 

rate of transfer of molecules from gas to 

liquid phase in random walk model for 

continuous chromatography
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mc 

SF 

AT 
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rate of transfer of molecules from liquid to 

gas phase in random walk model for continuous 

chromatography 

column radius 

individual molecular collision diameter 

mean molecular collision diameter for component 

1 and 2 

volumetric gas flow rate in the purge section 

of the sequential unit 

factors to account for the effect of the 

sequential nature of operation 

specific heat of liquid phase 

volumetric gas flow rate measured at mean 

purge column pressure 

separation factor, Ki/K, 

specific heat of packing 

specific surface of particle per unit volume 

of bed 

absolute temperature 

temperature difference between column axis 

and wall
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ambient temperature 

column temperature 

time 

elution or retention time of unretained 

component 

elution or retention time of retained component 

adjusted retention time, te-th 

width of an eluted peak (time units) 

time from injection to the commencement of 

the recording of the inlet and outlet profiles 

peak mean or first moment in time units for 

the recorded inlet and outlet profiles 

average interstitial gas phase velocity 

stationary phase velocity in random walk model 

for continuous chromatography 

interstitial gas phase velocity at mean 

column pressure 

superficial column velocity 

bottoms/feed mass flow rate ratio of 

component, 1, in probabilistic model



WW Wey Wy 

ear Oa 

tops/feed mass flow rate ratio of component 

2, in probabilistic model 

molar volume at boiling point 

volume of gas phase in a column corrected 

for gas compressibility = 3-Vy 

volume of liquid phase impregnated on the 

solid support 

mobile phase volume of column 

gas phase volume in plate n of a chromatographic 

model 

liquid phase volume in plate n of a 

chromatographic model 

elution or retention volume of component 

stationary phase volume in column 

volume of packing per theoretical plate 

volume of liquid phase per theoretical plate 

volumetric gas flow rate expressed in terms 

of plate yolumes 

factors in chromatographic theoretical plate 

height equation to allow for non-uniformity 

of the velocity profile



gn 
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GREEK SYMBOLS 

yt 

= 279) = 

association parameter in Wilke and Chang 

equation 

concentration of solute in gas phase over 

the nth plate of theoretical model proposed 

by Scott 

mole fraction of solute in the gas phase 

gas phase solute concentrations at points 1 

and 2 in the column 

composite thermal conductivity of packed bed 

separation factor 

packing geometry factor in chromatographic 

plate height equation for large diameter 

columns 

constant in the excess plate temperature 

equation 

constant of value 0.004 in the theoretical 

plate height equation for heating rate 

constant in excess plate temperature equation 

labyrinth factor



6478) 

Q? 

(Oya 

=" 280 = 

obstructive factor within solid particles 

series of factors to correct theoretical 

operating (G/L) limits of the SCCR-2 unit 

void fraction of a packed bed 

energy of molecular interaction 

excess temperature of plate above its 

surroundings 

eddy diffusion factor 

dynamic viscosity 

reduced yelocity = u 4./?y 

step length in random walk model 

density 

density of liquid phase 

density of solid support 

standard deviation 

variance 

time based variance of the eluted peak recorded 

at the column inlet



ae OL = 

time based variance of the eluted peak 

recorded at the column outlet 

collision integral for diffusion 

shape factor 

operating mobile phase/stationary phase 

velocity ratio in probabilistic model
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Separation of Organic Mixtures by 

Sequential Gas-Liquid Chromatography 
P. E. BARKER, S. E. LIODAKIS and M. I. HOWARI 

Chemical Engineering Department, University of Aston in Birmingham, England 

A new sequential continuous chromatograpltic refiner 
(SCCR-2) for high temperature production scale G.L.C. (gas- 
liquid chromatographic) separations is described. In this equip- 
ment the countercurrent movement between the gas and 
liquid phase is simulated by sequencing a system of inlet and 
outlet port functions around twelve static 2.54 cm intemal 
diameter and 61 cm long stainless steel columns. The versatility 
‘of the equipment has been demonstrated by the separation of 
equivolume mixtures of the halocarbons arklone P/genklene P, 
methylchloroacetate/ ethyl lactate and ethyl caprate/ethyl laurate 
at temperatures of 60°, 105° and 160°C respectively. Through- 
puts between 21-75 cm’h have been explored with product 
purities in excess of 99.8% achieved under certain process 
conditions. 

.L.C. is known for its superior separating capabi- 
lities and near universal applicability, although 

seale-up problems have still to be overcome before 
becoming a well-established large-scale separation 
technique. Various attempts have been made over the 
past thirty years to increase the throughput capabi- 
lities of a G.L.C. system using either batch or conti- 
nuous operation”, Amongst them the “repetitive in- 
jection” batch operated systems and the continuous 
counter-current systems have found the most success. 

Since the latter seems to give a greater column 
packing utilization, considerable effort has been 
directed towards the development of G.L.C. systems 
based on the counter-current mode. With this tech- 
nique, the gas and liquid phase flows are moved 
counter-currently, while the binary mixture to be 
separated is fed continuously into the middle of the 
column. The relative flowrates of the two phases are 
adjusted so that the less soluble component of the feed 
mixture travels in the direction of the gas flow and 
the other is carried with the liquid phase. The more 
soluble component is then stripped off the liquid phase 
in a different section of the column assisted by heat 
and/or a high gas flowrate. 

The technological development of chromatographic 
systems operating under counter-current flow condi- 
tions has undergone three main stages: 

i) moving-packing systems 
ii) moving-column systems 

ifi) moving port systems 
‘The moving-packing systems usually involve a verti- 

cal column in which the mobile phase flows upwards, 
the packing moves downwards under its own gravity 
and the feed mixture is introduced continuously 
somewhere near the middle of the column. Barker and 
co-warkers‘” have extensively studied the above 
method on G.L.C. systems, and high separated product 
purities were reported for volatile organic mixture 
Separations at feed throughputs of about 30 cm‘h" 
when using a column diameter of 2.5 cm. Other publi- 
cations on similarly operated G.L.C. equipments are 
those given by Scott, Fitch et al and Schultz. 
Also industrially the technique has been applied to 

On décrit un nouveau dispositif de chromatographie prépa- 
tative continue (SCCR-2 Refiner) utilisant la chromatographic 
gaz-liquide séquentielle, 4 des températures élevées et A l’échelle 
d'une production. Dans cete équipement, on simule le mouve- 
ment 2 contre-courant, qui se produit entre les phases gazeuse 
et liquide, en mettant en séquence un systéme d’orifices d’en- 

trée et de sortie autour de 12 colounes statiques en acier inoxy- 
dable de diamétre intérieur de 2.54 centimétres et de longueur 
de 61 centimetres. On a démontré la souplesse d'emploi de cet 
équipement en séparant des mélanges de volumes égaux des 
produits suivants: (1) hydrocarbures halogénés (halocarbons) 
Arklone P et Genklene P; (2) chloroacétate de méthyle et 
lactate d’éthyle; (3) caprate d’éthyle et laurate d’éthyle. La 
séparation s'est faite respectivement a des températures de 
60°C, 105°C et 160°C. On a examiné des productions variant 
entre 21 et 75 c.c.h+ et l'on a obtenu une pureté de produit 
excédant 99.8% dans certaines conditions de séparation. 

gas/solid chromatographic systems‘, In general, 
moving-packing systems suffer from the disadvantage 
of solid handling problems, the resulting attrition 
necessitating re-sieving and replenishement of ex- 
pensive packing. The chromatographic efficiency of 
the columns is also less due to the low uneven packed 
densities. 

To avoid the packing attrition experienced in the 
moving packing chromatographs, the moving-column 
systems have been developed. In the latest scheme, 
the packing is packed into a tubular bundle of 44 
stainless steel tubes which is rotated in the opposite 
direction to the mobile phase flow past fixed inlet and 
outlet ports. This type of chromatograph for labora- 
tory scale separations has been extensively studied 
over a period of about 10 years by Barker and co- 
workers", a wide range of successful separations 
being reported in the literature for both gas-liquid 
and liquid-liquid chromatographic systems. However, 
equipments operating on this basis are in general 
mechanically complex, requiring seals between moving 
parts, which impose limitations on their scale-up to 
industrial sizes, 

The above disadvantages have led to the develop- 
ment of the moving port system for production scale 
chromatographic purposes. With this equipment the 
chromatographic beds are held stationary and the 
counter-current flow. conditions are simulated by 
simply changing the inlet and outlet port locations 
around the chromatographic beds. The sequencing of 
port operations takes place in the same general direc- 
tion as mobile phase flow. The sequential type of 
chromatographs proposed by Barker and Deeble*****) 
are based on the above principle. 

Other continuous chromatographic systems include 
amongst others the one developed by Szepesy et al 
for liquid-liquid chromatographic separations, while 
industrially the “Parex”, “Olex” and “Molex” pro- 
cesses, which are pseudo-moving packing pro- 
cesses developed by the Universal Oil Products Com- 
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Figure 1—Diagrammatic representation of the principle of 

of the SCCR operation. 

pany, find current application for the recovery of 
p-xylene, olefin and n-paraffin separations. 

Development of the new high temperature 
sequential chromatographic equipment 

The principle of operation of the sequential con- 
tinuous chromatographic refiner (SCCR) is illustrated 
in Figure 1, using a binary feed mixture for separa- 
tion. 

Figure 1a. schematically shows the distribution of 
two components within the system soon after “start- 
ing-up” the equipment. Feed enters the system at 
port F, while the carrier fluid is introduced at port C 
which then flows through the chromatographic packed 
column. Component I, the component with less affinity 
for the stationary phase on the packing, travels with 
the carrier fluid moving towards the product I offtake, 
port, PJ. In contrast, component II which has greater 
affinity for the stationary phase is retained pre- 
ferentially on the stationary phase. Two sections of 
the closed loop are isolated by gas locks T1, T2 and 
T3 (double purge operation) in which independent 
fluid streams (purge streams) enter at ports P and 
exit from ports PI/. The double purge operation was 
thought essential for the operation of the SCCR-2 
equipment, presently described. This was because the 
latter unit was mainly intended for the separation of 
fatty acids and essential oils, which have normally 
high absorption properties, their removal from the 
liquid phase being relatively difficult. 

Figure 1b. shows the two component distribution 
soon after all the port functions have been advanced 
one position around the static chromatographic 
column. The movement of the ports has the same 
general direction as the carrier fluid, therefore simul- 
ating the counter-current movement between chroma- 
tographic packing and carrier phase flow. 

Figure Je. represents the fully established operating 
condition of the system. The less soluble component 
is now issuing from port PI, as pure product I. Mean- 
while, the more soluble component is contained in the 
isolated sections which are purged at such a rate as 
to ensure the complete removal of pure product IT. 

The above described chromatographic system is nor- 
mally used to produce two products, but obviously 
for a multi-component feed mixture, the products 
may be collected and re-run, if more than two frac- 
tions are required. Side streams can be taken between 
the feed and normal product ports, but such side 
streams are less pure than those taken from the 
normal product ports. In general, the sequential 
chromatographic system seems a very promising 

approach towards production scale continuous chroma- 
tography, since it does not involve moving beds or 
any moving seal, and are expected to be more mechan- 
ically reliable; also they are adaptable to any column 
dimensions to facilitate their scale-up. 

The first SCCR unit (SCCR-1), designed and con- 
structed by Barker and Deeble™*, consisted of 12 
discrete sections linked together to form a closed 
symmetrical ring. Each section was a 61 cm long and 
7.6 cm in diameter chromatographic column, provided 
with the necessary port functions (feed inlet, carrier 
gas inlet and outlet, purge gas inlet and outlet and 
gas lock) by six solenoid valves. The SCCR-1 unit 
has been successfully used by Barker, Deeble and Bell 
“#20 to separate binary halocarbon mixtures at feed 
rates of up to 1500 cm*h*, with typical purities in 
excess of 99.7% for both products. 

The construction of the SCCR-1 unit was limited 
by economic considerations such as: 

1) Its materials of construction (brass) which can 
corrode and act as decomposition sites for many 
organic chemicals. 

2) The use of air as carrier gas, so many organic 
substances are either oxidized or degraded in this 
atmosphere. In addition the use of highly flammable 
chemicals were not possible for safety reasons, _ 

8) The lack of heating facilities, hence the SCCR-1 
could only be used to separate substances which were 
easily volatilized at ambient temperature. 

These limitations have led to the development of a 
new sequential continuous chromatographic refiner 
(SCCR-2) described in this paper, to work at temper- 
atures of up to 200°C, using nitrogen as the carrier 
gas and being constructed of 316 stainless steel and 
P.T.FE. (see Figure 2). In general, the SCCR-2 unit 
was constructed for high temperature separations of 
low-volatile organic compounds and is mainly intended 
for industrially based problems such as the separation 
of fatty acids and essential oils. : 

Description of the SCCR-2 equipment 
The SCCR-2 unit consisted of 12 chromatographic 

columns connected alternatively at top and bottom to 
form a closed symmeterical ring. Each of the 12 
columns made from stainless steel, was 61 cm long, 
2.54 cm in internal diameter and was packed with 
16.67% F.F.A.P. (free fatty acid phase) on 500-353um 
chromosorb W, AW-DMCS, chromatographic packing 
material, when separating arkione P/genklene P 
mixtures and methyl chloroacetate/ethyl lactate mix- 
tures. For the separation of ethyl caprate/ethyl laurate 
mixtures 15% of OV-275 (a cyno silicone) coated 
on chromosorb-P-AW-DMCS as a solid support was 
used instead of F.F.A.P. This is because of the 
higher heat thermal stability and selectivity of the- 
OV-275 for the separation of fatty acids at higher 
temperatures. The diameter of the columns was 
chosen as 2.54 cm, only one third the diameter of the 
SCOR-1 unit, because of the high cost of building an 
all stainless steel/P.T.F.E. unit and the necessity of 
keeping carrier gas costs down when using nitrogen. 

Six pneumatically operated, normally closed, dia- 
phragm valves were arranged around each column to 
give the required operating functions: feed inlet (F), 
carrier gas inlet (C), product I outlet (PI), purge gas 
inlet (P), product II outlet (PII) and gas lock (T) 
as shown in Figure 1. These valves were specially 
designed*” to fulfil the following operating require- 
ments: 

1) Be capable of operation at temperatures of up to 
200°C. This high temperature is necessary for the 
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chromatographic separation of some fatty acids and 
essential oils. 

2) All materials of construction in contact with the 
working fluids to be resistant to most organic chem- 
icals, to increase the range of possible separations by 
the sequential unit. 

3) Capable of withstanding a differential forward 
or back pressure in excess of 446 kPa. 

Figure 3 shows diagrammatically the relative posi- 
tion of diaphragm valves on four consecutive columns, 
with the numbers 1 to 12 assigned to the individual 
columns. The 12 gas locks (transfer valves), being 
situated in the transfer line between each pair of 
columns, were used to form the purge section in the 
unit, by isolating two consecutive columns (double col- 
umn purge operation). Isolation of an individual col- 
umn was achieved by closing two consecutive transfer 
valves. The other 12 valves of each type (F,C,PI.P.PII), 
were connected via stainless steel tubing to an in- 
dependent, centrally situated, distributor system. 
Lines from the gas distributors then passed to the 
relevant control and measuring devices, while the 
feed distributor was connected to a positive displace- 
ment pump. . 

The system of the 12 chromatographic columns with 
their respective valves, pipe and distribution networks 

301 - 

Figure 2 — Sequential continuous chro- 
matographic refiner equipment. (SCCR- 

2. 

was housed in an oven, supplied by Hedinair Ltd 
capable of operating at temperatures of up to 200°C. 

The port rotation required for this sequential type 

of equipment, was achieved by a pneumatic control 
unit, supplied by Festo Pneumatic Ltd., which se- 
quenced the position of the energized valves around the 
unit in the required pattern, at the desired time 
in 

  

  

terval. 
During the SCCR-2 operation and within a parti- 

cular sequencing interval, the carrier gas enters the 
system via the energized to open valve C on column 1, 
travels through 10 columns and exits with the less 
soluble component from column 10, where the valve 
PI is energized to open (see Figure 3). The 11 and 12 
columns meanwhile are isolated by having closed 
(de-energized)- ‘the valves 7 on the transfer lines 
10/11, 11/12 and 12/1. Also the valves P and PII on 
columns 11 and 12 are energized to open, effecting 
purging of the more soluble component. Finally the 
feed mixture is introduced into column 5 through the 
energized to open F valve. In the next sequencing 
action of the valves, column 12 and 1 are isolated. 
Purge gas enters column 12 and 1 to remove product 
Il. Carrier flows from column 2 round the unit to 
exit from column 11 with the product I, Feed is now 
entering column 6, Twelve sequencings completa the 
eycle, Which continues automatically. 
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Figure 3— Schematic diagram showing the position of diaphragm valves on four adjacent columns. 

‘As is shown in Figure 4 (the overall flow diagram 
of the SCCR-2 equipment) the nitrogen, supplied in 
cylinders, is initially regulated to a pressure of 515 
kPa (60 psig) and then passes through a silica gel 
bed, 5.5 em 1D. and 51 cm long for drying, before 
being split into the respective carrier and purge 
streams. Both the carrier and purge streams are con- 

trolled by pressure regulators. The individual gas 
flowrates were monitored by two rotameters. After 

leaving the rotameters, the nitrogen streams enter 

the SCCR-2 oven and pass through the respective pre- 
heating and distribution systems, entering the chroma- 
tographie columns through diaphram valves. 

Product streams leaving the unit (see Figure 4) 
are collected by the appropriate distribution systems 
and then pass out of the oven, the solute being sub- 
stantially condensed in a series of cold traps. Final 
clean-up of the outlet nitrogen streams is achieved 
by passing each stream through a charcoal adsorption 

    

    

CENTRAL, 

  
          

  wh fw 
{Up 

  

  ae 
       
  

bed,. 2.5 cm in ILD. and 57 cm long. The flowrates 

of both product streams are then regulated and finally 

measured by rotameters before being vented to the 

atmosphere. 

Experimental 
The selection of operating conditions for the separa- 

tion of a binary feed mixture with the SCCR-2 ma- 
chine, was based on the theory outlined by Barker and 
Lloyd’ for counter-current chromatographic systems. 
Thus, the following approximate relations were used” 
as a guide to the selection of experimental settings 
for the operation of the SCCR-2 unit: 

Ki® < Gme/L! < Ki? 

Swe/L! > Ki? .- 

q@)    

  

w here, 
Gan Sme = the mean carrier and purge gas volumetric 

flowrate, respectively 

    
   

  

Figure 4 — Flow diagram of the SCCR2 
uit. 
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Figure 5 — An example of a Product II katharometer response 

s with time. 

L = total volume of liquid phase in columns/cycie 
time, 

= the apparent stationary phase volumetric flow- 
rate in the sequential unit. 

K.*,K:7 = the partition coefficients of solutes at infinite 
dilution, determined ‘perimentally by an 
analytical scale G.L. 

  

The above inequalities were found adequate to give 
the preliminary experimental settings required for the 
operation of the SCCR-2 unit. However, the more pre- 
cise relationships are given in reference. 

In the SCCR-2 unit during an experimental run a 
reproducible state condition was eventually reached. 
This was not a true steady state condition due to the 
sequential nature of operation, the separation being 
in fact semi-continuous. However, the reproducible 
state condition was generally established in the 
system, usually after two sequencing cycles whereby, 
although the solute concentration profiles within the 
columns and outlets changed with time during a se- 
quencing interval, the concentration profiles were 
reproduced from one cycle to the next. The approach 
to this pseudo-steady state condition was determined 
during a run by monitoring one product stream of 
the SCCR-2 unit with a Katharometer (see Figure 4). 
Consequently, the product concentration level could 
be continuously observed by the Katharometer traces, 
which became reasonably consistent once the pseudo- 
steady condition was established in the unit, as shown 
in the example given in Figure 5. 

Once the pseudo-steady condition was achieved, the 
symmetry of the sequential unit permitted determina- 
tion of the column to column concentration profile and 
the main record of performance of the SCCR-2 unit 
under varying operating conditions was this solute 
concentration profile around the 12-columns. A column 
to column concentration profile was obtained experi- 
mentally by analysing gas samples taken from a 
fixed sample point in the 12-column arrangement 
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Figure 6b — Concentration profile for run 60-21-43-130. 
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Figure 6a — Concentration profile for run 60-21-29-130. 

during a complete sequencing cycle, at’ a constant 
time after each sequencing action of the valves. The 
basis of the column to column concentration profile 
analysis is that the sample point although in a fixed 
position in one column, essentially changes its position 
relative to the input and output functions as the unit 
sequences around the closed cycle. Therefore, the 
resultant profile is equivalent to sampling all twelve 
columns simultaneously at a constant time after the 
sequencing of valves. 

Gas samples were automatically withdrawn from 
the sample point by using a sampling valve, connected 
to a timer and housed in an oven (see Figure 4). 
On actuation of this sampling valve, samples were 
taken from the sequential unit into a Perkin-Elmer 
F-11 chromatograph for quantitative analysis. This 
method proved unsuitable when separating ethyl 
caprate/ethyl laurate mixtures at 160°C because of 
condensation problems through the sampling lines 
from the column to the sampling valve. An alternative 
method was used by having a short sampling line and 
absorbing the gas streams in two glass tubes in 
series containing ethyl acetate maintained at 4°C. 

From the recorded analysis data, the column to 
column concentration profiles were plotted as shown 
in Figures 6-9. To plot the concentration profile the 
distance of the sample point from the carrier gas 
outlet after each sequencing action was required. This 
was determined by ignoring the unpacked column to 
column transfer line length and considering each 
packed column length equal to 61 cm. An experi- 
mental study for testing the reproducibility of the 
concentration profiles obtained from different se- 
quencing cycles or from differing sample points was 
made and the derived results are presented. 
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Figure 6c — Concentration profile for run 60-21-58-130, 
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Figure 7c — Concentration profile for run 60-21-43-130 

From the recorded column to column concentration 
profiles during a run a products purity level could 
be determined. In addition when volatile feed mix- 
tures were involved for separation, gas samples were 
withdrawn from the product outlet lines by a gas 
tight syringe to determine their purity. However, 
for less volatile components liquid samples were 
collected from the condensing traps into marked 
sample bottles which were analysed at the end of the 
run”, 

Results and Discussion 
Several separations were performed on the SCCR-2 

unit, The objectives of these experimental studies 
were to determine the separating capabilities of the 
unit and its separating limits. For this reason the 
separation of chemical mixtures which had different 
separation difficulty and volatility was studied on 
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Figure 8b — Concentration profile for run 105-21-413-300 
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Figure 8c — Concentration profile for run 105-21-444.300" 

the SCCR-2 equipment. The systems selected had 
separation factors in the range of 1.44-5.8 and re- 
quired equipment operation in the range 60°-160°C. 
In addition the effect of the operating variables such 
as feed throughput, temperature, ratio of the mean 
gas flowrate to the liquid rate, and sequencing rate, 
on the SCOR-2 performance was studied. Finally, the 
efficiency of the sequential unit in terms of the 
number of theoretical plates was experimentally de- 
termined”. 

In this paper details of five experimental runs for 
the separation of the equivolume halocarbon mixture 
of arklone P/genklene P are presented in Table 1. 
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Figure 92 — Concentration profile for ran 160-25-114-300 

The results of the separation of 50/30 v/v mixtures of 
methyl chioroacetate/ethyl lactate are given in Table 
2, and those for the separation of ethyl caprate/ethyl 
laurate in Table 3. Each experimental run is denoted 
by a combination of the four main operating vari- 
ables; the operating temperatures (°C), the feed 
rate (cmth*), the ratio of the mean column gas 
flowrate to the apparent liquid rate, and the se- 
quencing rate (s). 

In Table 1 the runs 60-21-29-180, 60-21-43-180 and 
60-21-58-130 show the effect of increasing the ap- 
parent gas to liquid rate ratio, Ga./L’, while main- 
taining constant the operating temperature, feedrate 
and sequencing rate. This was achieved by increasing 
the carrier gas outlet flowrate, G., from 4.2 cm’s" 
to 8.3 cm’s*, The performance of the sequential unit 
under these experimental conditions has shown very 
little sensitivity to changes in Gue/L/ as shown in the 
concentration profiles plotted in Figures 6a, 6b, and 6c. 
This was expected because of the large differences 
between the partition coefficients of the feed com- 
ponents (separation factor 5.8 at 60°C) and there- 
fore the wide range of Ga/L' values for which the © 
successful separation is effected (see inequalities 
equation 1.2). The ease of separation of the arklone 
P/genklene P system is also indicated from the shape 
of the solute concentration profiles, which have sharp 
leading and trailing edges. In addition, as is shown 
in the column to column concentration profile plots, 
only two to three chromatographic columns were 
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Figure 9b — Concentration profile for ran 160-50-114-300 

used for this separation, the remaining being partially 
served to improve the purity of both products. This 
resulted in high product purities (see Table 1). 

The experimental runs 60-21-44-60, 60-21-43-80 and 
60-21-43-130 (see Table 1) show the effect of in- 
creasing the sequencing rate, while maintaining the 
value of Gea/L’ approximately constant by propor- 
tionately reducing the carrier gas flowrate. As the 
sequencing interval was extended from 60 to 180, 
with a corresponding reduction in the carrier gas 
flowrate, G., from 18.8 to 6.2 cm’s*, the concentration 
of Arklone P and Genklene P more than doubled (see 
Figures 7a, Tb, 7c). However, these solute concentra- 
tion changes were not severe enough to affeet the 
performance of the sequential unit. Thus, the shape 
of the concentration profiles remained the same 
throughout these runs, with sharp leading and trailing 
edges, while the degree of overlap of the two solute 
profiles was always retained one two or three 
column-lengths around the feed poin' 

The separating capabilities of the SCCR-2 unit have 
been further examined by selecting the more difficult 
system methyl chloroacetate/ethyl lactate (separation 
factor about 1.5). Three experimental runs were 
performed to show the effect of apparent gas to 
liquid rate ratio om the performance of the sequential 
unit for the separation of this mixture. Details of 
these experimental runs are given in Table 2 and 
Figures 82, 8b, 8c. 
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Figure 9¢ — Concentration profile for ran 160-75-113-300 
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Increasing the Gea/L! ratio from 378 to 444 by pro- 
portionately increasing the carrier gas flowrate, Ga, 
from 21.3 to 25.0 cm’s*; permitted observation of the 
concentration profiles from one extreme (loss of 
purity of product IT) to the other (product I impure), 
see Table 2 and Figures 8a, 8b, 8c. For run 105-21- 
378-300, the values of Gu/L’ and Gaw/L! being 
quite close to the partition coefficient, K , of methyl 
chioroacetate, resulted in severe loss of ‘product II 
purity, the methyl chloroacetate profile covering the 
entire length of the separating section. Increasing 
the value of Ga/L/ leads to the two components ex- 
hibiting a greater preference to move in the direction 
of the flowing carrier gas stream towards the product 
I exit port. This resulted in a general reduction in the 
concentration level of methy! chloroacetate, while that 
for ethyl lactate increased. Consequently, as run 
105-21-413-300 demonstrates the expected increase in 
product IT purity occurs without any loss of product I 
purity. Further increases of the Gae/L/ ratio, however 
results in some loss of product I purity. Thus at a 
Gne/L! ratio of 444 the ethyl lactate had developed 
a long leading edge which contaminated the methyl 
chloroacetate exiting as product I. 

Experiments with the fatty acid derivative mix- 
ture ethyl caprate/ethyl laurate demonstrated the 
capability of the SCCR-2 equipment to operate at a 
temperature of 160°C while achieving product purities 
of around 99% at throughputs of 50 cm*h*. On in- 
cheasing the throughput to 75 cm*h product purities 
declined to beteween 91-94%, (see Table 3). Some of 
the concentration profiles for this system are shown 
in Figures 9a, 9b, 9¢ and they indicate that as the 
feed throughput was increased from 25-75 cm*h* the 
number of active columns required to produce the 
separation was increased from 5 to 8, Reducing the 
Switch time from 300 to 200 s and the Ga./L’ ratio from 
113 to 101 helped to improve the purity of both 
products. 

For each of the above experimental runs, two con- 
centration profiles have been plotted to show the 
reproducibility of the separation. Thus, column to 
column concentration profiles at different sequencing 
cycles, from varying sample points and at a different 
time after the sequencing action, were recorded for 
both the arklone P/genklene P and methyl chloroace- 
taete/ethyl lactate systems (Figures 6c, 7a, 7b, 8a, 
8c). In particular, Figure 7b shows that the profiles 
determined from the same sample point are quite 
reproducible. This establishes the fact that the pseudo- 
steady state condition is achieved in the sequential 
unit. However, one should bear in mind that this 
column to column concentration profile changes with 
time during a sequencing interval, due to the semi- 
continuous nature of operation. Reasonably reproduc- 
ible profiles were also obtained from differing sample 
points (see Figures 6c, 7a, 8a and 8c), which suggests 
well matched chromatographic columns in the se- 
quential unit, However, it is expected, owing to the 
column to column variations in bed packing charac 
teristics, that when the unit is operataed at conditions 
close to its separating limits the concentration profiles 
obtained from differing sample points would be less 
reproducible. 

  

Conclusions 
The sequential countercurrent mode of continuous 

chromatography has been successfully applied to 
G.L.C. separations at temperatures of up to 160°C. 
Economic considerations dictated the design of the 
SCCR-2 equipment developed for this study which 

consisted of 12 columns, each 61 em long and 2.54 em 
in internal diameter. Higher throughputs could be 
achieved by using columns of larger diameter, while 
an increase in the separating capabilities of the unit 

can be achieved by simply increasing the length of 
the columns and/or the number of columns. 

For the separation of Arklone P/Genklene P, 
product purities in excess of 99.8% were obtained at 
feed-rates of 21 cm*h" under various operating col 
ditions. The performance of the SCCR-2 unit for this 
feed mixture has shown very little sensitivity to 
column conditions within the defined theoretical limits 

for somata separation (see inequalities Equations 
@ @) 

The initial separation studies with the more diffi- 
cult system of methyl chloroacetate/ethyl lactate de- 
monstrate the capability of the sequential unit to 
separate the mixture into two pure products at feed 
rates of 21 em’h* and an operating temperature of 
105° 

The continuous separation of ethyl caprate/ethyl 
lauratee (separation factor (1.44)) at 160°C is the 
highest temperature recorded so far at which suc- 
cessful separations have been achieved with this 
equipment. At throughputs of 50 cm’h product puri- 
ties were around oe while at 75 cm*h* purities de- 
creased to about 94% 
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Nomenclature 
Jf. = solute mixture feedrate, 
G = gas volumetric flowrate in the main separating 

section of the sequential unit. GQ = gas phase volumetric flowrate measured at ambient cor 
Ge = gas phase volumetric flowrate measured at mean 

column pressure. 
Gaia = gas phase volumetric flowrate at the column inlet 
Gnas = = volumetric flowrate at the column outlet. 
Lo= igth of a sequencing interval. 

  

phase compressibilt fo partition coefficient at infinite dilaton. 
a - aoa liquid phase volumetric flowrate in the se- Guential unit. 
P= pressure 
P, = ambient pressure. 
Ss = volumetric gas flowrate in the purge section of the 

sequential unit. 
Ss = volumetric purge gas flowrate measured at ambient 

conditions. 
Swe = volumetric purge gas flowrate measured at mean purge colurnn pressure, 

9 = temperature in °C 
8. = ambient temperature in °C 
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