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Abstract

The analytical solution of the ideal, nonlinear model of reaction chromatography for the simplest possible chemical
reaction, A- B and with a parabolic isotherm for the reagent, is derived for two types of boundary conditions, the injection
of a rectangular concentration pulse of finite width (elution) and that of an instantaneous concentration jump (Riemann
problem or breakthrough curve). The areas of the profiles of the reagent and of the product of the reaction are calculated in
both the ideal and the nonideal cases. The effects of the nonlinear behavior of the equilibrium isotherm and of axial
dispersion on the reagent profile are discussed using analytical and numerical methods.
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1. Introduction Later, nearly at the same time, Keller and Giddings
[4] in thin-layer liquid chromatography, Kallen and

Since the early days of the applications of chroma- Heilbrorjkeiin gas chromatography (GC) made
tography to chemical analysis, the simultaneous the first fundamental investigations of the elution
occurrence of chemical reactions affecting the ana- band profiles of compounds that can undergo a
lytes has plagued the analysts. Isomerization of first-order chemical reaction (decomposition or iso-
carotenoid pigments on the neat silica used as merization). The first group was concerned with the
packing materials by Kuhn and Lederdt] is origin of “multi-zoning”, i.e., of the observation of
reported[2] to have slowed down their development several spots on the chromatograms of some pure
of the first applications of chromatography after compounds. These authors considered a substance
Tswett, who seemed to have been well aware of that exists under two different, interconvertible
these problems and of ways to avoid thd®3]. forms, A and B (e.g., keto-enol isomers), and for

which the rate constant of the reactions®B is
_ _ N small compared to the inverse of the time width of
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Tel.: +1-865-974-0733; fax:+ 1-865-974-2667. pared to their migration velocity along the column.
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analysts who needed to avoid artifadié]. This
concern has nearly disappeared in high-performance
liquid chromatography (HPLC) with the develop-
ment of modern supports that are nearly inert. It
remains actual in GC, which is carried out at far
higher temperatures. The second group was more
concerned with irreversible first-order reactions
A - B, such as the dehydration of terpenic alcohols
(compounds that are abundant in natural fragrances)
that may take place in their extraction or purification
by preparative gas chromatography. Because most, if
not all, preparative applications of chromatography
are now carried out in HPLC, this concern has also
receded.

Both groups[4,5] derived equations for the band
profiles in the cases studied, the first set based on the
stochastic theory of chromatograpf8], the second
set on the plate theorj7]. Kramer[8] proposed a
simple method of calculation of the profiles given by
Keller and Giddingg4]. Later, the development of
chiral separations in GC and the realization that
reactions of enantiomerization in the stationary phase
were not exceptional and could not always be
eliminated by operating at sufficiently low tempera-
tures lead several authors to investigate the influence
of the corresponding first-order chemical reaction on
the elution profiles of pure enantiomers or of the
racemic mixture itself. Burkle et a]9] discussed the
elution band profiles of two enantiomers on a chiral
stationary phase under such experimental conditions
that the reaction of inversion takes place at a finite
rate. When this rate is slow, i.e., when the inverse of
the rate constant is large compared with the retention
time of the pair of enantiomers, the chromatogram is
that of a conventional chiral separation: the extent of
the inversion of the separated enantiomers during the
analysis is negligible. When the reaction is fast and
the inverse of the rate constant is small compared to
the width of the peaks of the enantiomers (in time
units), only one peak is observed. The racemic
mixture cannot be separated because the inversion of
the enantiomers is too fast. In the intermediate case,
Burkle et al.[9] showed that the two enantiomers are
eluted as a doublet joined by a plateau or bridge
corresponding to the elution of the reaction products
formed during the analysis. On the basis of the plate

manded by thermodynamics.

assuming no reaction in the mobile (in their case,

gas) phase but a finite rate of enantiomerization in
the stationary phase. The profiles thus calculated are
in excellent agreement with the experimental profiles
obtained in several cases, all involvirg] G&lich
a phenomenon of enantiomerization has not yet been
reported in liquid chromatography, to the extent of
our knowledge.
It was realized early that, in principle, the combi-
nation of a chemical reaction and of the simultaneous
separation of the reaction products allows the re-
action to proceed to completion and eliminates the
requirement of the concentration equilibrium de-
Accordingly, the
combination of a reaction and a chromatographic
separation could potentially achieve total conversion

of the reagents into its products. This potential has
lured many investigators into trying to develop

processes of reaction chromatography, for which

many schemes have been sugg#8téd]. Most, if

not all so far, investigations of true reaction
chromatodraphy , i.e., of the process in which a
reagent undergoes a chemical reaction inside a

column that is able to separate this reagent from the
reaction products, have been limited to linear chro-
matogragnil,14—21]. The method is mostly

used to measure directly the kinetics of interconver-

sion reactions. Lee ef®] used the recorded band

profiles to measure the kinetics of the unimolecular
dissociation of dicyclopentadiene between 190 and
250 Marriott and Lai [15] to study the in-
tramolecular sterically hindered isomerization of
several complex polynuclear aromatic hydrocarbons.
Veciana and Cféspaised the equation derived
by Keller and Gidd#jge account for the elution
profiles of two compounds that are interconvertible
in the liquid phase. They showed the advantages of
the dynamic HPLC method to measure rate con-
stants, energy barriers and equilibrium constants for
species interconvertible in the liquid phase, par-
ticularly when the activation energy is between 65

*Many references found under the keywords reaction and
chromatography deal with either the use of chemical reactions
carried out on-line with the separation, in order to allow or
enhance the detection of certain analyfte2], or with the use of

theory, these authors calculated the band profiles of achromatography in the identification of the products of reactions
racemic mixture eluted on a chiral stationary phase, or in the study of reaction mechanisris].
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and 105 kJ mol* , a range within which the reaction (reagei®)(product), and assuming an isotherm
is difficult to investigate by nuclear magnetic reso- behavior that deviates slightly from a linear one
nance (NMR). Another advantage of the method is (parabolic isothin25].
the extremely small amount of sample required to
perform accurate measuremeifi$]. The intercon-
version kinetics of numerous pairs of enantiomers 2. The ideal case
has been studied systematically by Gasparrini et al.
[17], by Oxelbark and Allenmarki8], by Hochmuth 2.1. The mathematical model
and Koenig[19], and by Trapp et al[20], all using
HPLC. Rathore and Horvatf21] used electropho- In the ideal case, the mass balance equations for
resis to measure the kinetics of interconversion of the reagent and the reaction product in reaction
cis- and trans-conformers of peptidyl—proline di-  chromatography, in the case of the simple reaction
peptides. A - B, are written:

Many processes of great importance in the chemi-

cal industry involve both a reaction and the sepa- 9G, | 3G, ,a_fl: —k f
i i 9 ot at 1 (1)
ration of the reagent and the reaction products. In X
most cases, these two steps are carried out succes- aC, 9C, of,
sively. Their combination in a single step could often U5+ 3¢ +F 77 = k. f, 2

lead to considerable savings and, thus, could have
major economical and environmental consequences.
Accordingly, many papers have discussed the pro-
cess known as reaction chromatography . 4 ! . ,
[10,11,22,23].In the chemical industry, most pro- mobile phase velocny, ani is the phase ratio [Wlth

cesses are used at the production scale, the conF=(1—¢€)/e and ¢ is the total column porosity],

centrations of the reagent and the reaction products and k; is 'the rate cqnstant Of_ the reactlon.. The
are important, and the character of the process is concentratlonsfl andf, In the solid phase are given

usually nonlinear, some times strongly so. Thus, we by the isotherm equatlops for the reagent and the
must investigate the nonlinear reaction chromatog- reaction product, respectively. These two compounds

raphy processes. Catalytic chromatographic pro- are assumed to compete for adsorptlon.,.and their
cesses in which the column is packed with a mixture isotherms are supposed to follow competitive Lang-

of a catalyst and an adsorbent has been more Mulf adsorption behavior. Hence:

whereC,, C,, f,, andf, are the concentrations of the
reagent (1) and the product (2) in the mobi énd
in the stationary f) phase, respectively is the

particularly studied in the pa$10,11]. a,C,

The simplest case of reaction chromatography is 1(C1.C) =777 T pc. (3)
the combination of a reaction of isomerization tTr e
followed by the separation of the isomers formed £(C,Cy) = a,C, (4)
[4—-6,8—10,16].The development of a reaction chro- 22~V 1+b,C,+b,C,

matography process requires the combination of a

swtz_ible_ catalyst, that _pro_motes the reaction of IS0~ ¢ e isotherm[29]. We assume that the reagent
merization or racemization, and an appropriate L . .
concentration is moderate (i.e., thbfC, is small

stationary _phase_, th_at separaj[es reagent and prOdm:t(':ompared to 1). We assume also that the reaction is
Although investigations leading to the successful . : :

. . . . relatively slow at the scale of the retention time of
selection of these materials and to their appropriate . .

L . . . the reagent [i.e., that k/>>t;, with t,=(1+Fa,)-
combination are critical, this paper is not concerned

. . : . t, andt,=L/u is the hold-up time]. Then, there are
with these issues. Instead, we merely investigate the - .
) . . only moderate deviations of the two isotherms from
modeling of reaction chromatography. We discuss

here the solution of the system of equations of linear behavior. Then, the Langmuir isotherm of the

nonlinear reaction chromatography in the ideal and reagent can be replaced by a parabolic isotherm:
the nonideal cases, with the reaction model: A f,(C,,C,)=4a,C,— a'C? (3a)

wherea,, a,, b, andb, are the numerical parameters
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where a; =a,b,. Because botha,C,<<aand C,
are small, the second isotherm equation can bet=r7+
replaced by a linear isotherm:

f(C.,C)=aL,

1+Fa,

B
oFa,Ci(n-(1-e o)
X_
B
(10)

(4a)
. o . It is easy to prove that characteristic lines that

We will also assume a small deviation from linear giarted at different times have different slopes and
behavior for the reagent, i.e., th&C, is small. that some of them will eventually intersect each

Using the approximation mentioned above in EGS. other, The equation of the characteristic line origina-
(1) and (2), the concentrations of the reagent and the jing from the point at = 7 + dr is given by:

product can be calculated from:

4C,  1+Fa,—2FalC, oC,  BC, :
ax u ot U (5)
9C, 1+Fa, oC, pC,

ax T u ot u (6)

where 8 = Fak..
Egs. (5) and (6) are two partial differential

equations that constitute the system of equations of

the model, together with the isotherm equations
(Egs. (3a) and (4a)) and the initial and boundary
conditions. The former will always be a column
empty of both reagent and reaction product and

1+Fa,

t=(r+dn+ X

_ 2Fa;Ci(r +d7) -(1 - e’g'x)
B

Combining Egs. (10) and (11) and letting tend
toward O gives:

(11)

2Fa; '(l - e’g'x) ' aci(n
B dr

Since we always have <01 — e’g"‘<1, the fol-

0=1- (12)

containing only the mobile and the stationary phases lowing condition is always satisfied:

in equilibrium. The latter will be the classical
boundary conditions of either frontal analysis or
elution chromatography.

2.2. Mathematical analysis of the model
Along the characteristic lines of the system of

partial differential equations derived above, we can
write the following equations:

dac, C, .
dx —-B- u (7)
dt  1+Fa, —2Fa,C,
o U (8)
Integration of Eq. (7) gives:
B
C,=Ci(ne v~ (9)

where C¥(7) is the boundary condition, i.e., the
concentration profile of the reagent during injection
of the feed into the column, at=0, and 7 is the
time given by the intersection of the characteristic
line considered and the time axis. Integration of the
characteristic Eq. (8) gives:

dci(m

dr

B
= 2Fa

(13)

In the two cases studied, the step and the pulse
injection, we have @7 (r)/dr=c at the front. Then
condition (13) is always verified and the front of the
injection band is always a discontinuity or con-
centration shock.

From the Rankine—Hugoniot conditiof26], the
velocity of the discontinuity is:

s Qz_Ql

u
[f]
1+Fo=
[C]
where Q=(C+Ff)/u. Combining Eq. (3a) and the
above equation gives:

u
s 1+Fa, —FajC,

u (14)

This equation satisfies the entropy conditi@7]:
u,, <u,<u,_ (15)

where=u/(1+Fa,—2Fa’C,) is the characteristic
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velocity. In this case, the discontinuity is stable, so it
is a concentration shock, like in nonlinear, ideal
chromatography28].

2.3. Solution of the model for frontal analysis
(step injection)

In frontal analysis, i.e., for a step injection, at time
t=0, the concentration of the stream entering the
column &=0) is instantaneously raised fro@, =0
to C,=C, ,, so the boundary condition i€ (0,t) =
C,, and, from & ,/dx= —(BC,/u), we have for the
concentration of the reagent:

Bx
Cixt)y=C, & v

Similarly, for the reaction product, we haveCg
dx=BC,/u, and C,0;t)=0 as the boundary con-
dition, thus the concentration of the reaction product
is given by:

C,(xt) = Clyo-(l — e’%)

Introducing the relationship betwedd, and C, ,
into Eq. (14) and integrating it gives:

Fa;C1’0-<1 - e_%)
B

X
t=(1+Fa) ;- (16)

Compared with the result obtained under linear
conditions, Eq. (16) contains an additional term that
represents the effect of the nonlinear behavior of the
isotherm. This term is a function @8 = Fa k,. The
velocity of the shock in nonlinear chromatography
depends on its amplitude, i.e., on the maximum
concentration of the shock. This is why, in reaction

chromatography, it depends on the rate constant (see

Fig. 1).

2.4. Solution of the model for elution

In elution chromatography, the initial condition is
the injection of a rectangular pulse of widthand of
heightC, , a condition that is written as follows:

95
C|
C v krz()
Ci __..IQ'EQ'_é _____
:
1
! kr=0.6
Cof  roofrbeee e
: 1
, I
. 1
0 IR2 IR0 IR t

Fig. 1. Breakthrough curves of the reagent and the reaction
product in reaction chromatography. The experimental conditions
are linear for the reaction product and nonlinear for the reagent,
but with a small deviation from linear behavior (parabolic
isotherm). Numerical values of the parametéyss 0.6. Solid line,

pure reagent breakthrough, in the absence of reac@n,,,=
0.4182. Long-dashed line, reagent breakthrough when the reaction
takes place,C,=0.3137. Short-dashed line, reaction product
breakthroughC,=0.1046.

C,o 0<t<t
con={g oy "
P

Obviously, the equation of the rear of the profile
is:
Bx
orajct(1-ev)
B

X
t=t, +(L+Fay) |~

(17a)

Since C, =C*e ”“ this equation may be re-
written as:

Bx
X 2FaQCl-<1 - e_T)
t=t, +(1+Fa) |~

BX

(17b)

e v

Next, we combine Eg. (17b) and the equation
giving the shock velocityy, (Eq. (14)), withu =dx/
t. By eliminating C, between these equations we
obtain the differential equation accounting for the
shock migration:
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BX

dt Bte v SO
Bx X
" au(1-e W) 1+ Fa, FaC, ¢, (1-e %)
_Bx 1+Fa, t=t,+—— x=2 B
1+ Fa, pe v '<tp+ u 'X)
== - 5% (18) (23)
2u '(1 —€e u )

When x=L, Eq. (23) gives the retention time of
the peak of reagent for a sample size such that the
plateau just disappears when the band is eluted:

This equation is an ordinary differential equation.
It can be integrated into:

1+Fal-x+constan 1—e_[i:X (19) Fa,C, t.-(1—e ?Y)
1~1,0'p
ty=t, +t,-(1+Fa)—2-

t=t,+—

As long as the concentration plateau that is at the
top of the boundary condition is not completely (24)
eroded, the shock velocity remains constant and the \ynere t,=L/u is the hold-up time of the column.
retention time of the shock that migrates at the front When 8 tends toward 0, the result will be:
of this plateau is given by Eg. (16), hence its elution

time is: te=t,+tfl+Fa)—2/Fa'C, ¢},
Bx :
FaiCl,o-(l —e u ) or:
B

bC, o,
. _ te=t,+t,| L+Fa,-|1-2- = :
The point at the rear of the plateau is part of the at,
rear, diffuse boundary. Its retention time is given by
Eq. (17a) that may be rewritten as:

X
t,=(1+ Fa])-a—

This is the same result as the one obtained for the
retention time of the peak in nonlinear chromatog-

. ( - Bx raphy, in the absence of reaction and with a
Lot 41+ Fa])-i _2Fa,Cypc\1-e ) parabolic isotherm.
z.p u B According to Eq. (24), the consequence of the

reaction is that the retention time of the reagent peak
increases with increasing reaction rate constant,
which was expected since the concentration of the
reagent decreases. From Eg. (17a), we have:

Because the velocity of the shock at the front of
the concentration plateauwj,, is lower than the
velocity associated with the same concentration but
on the rear, continuous part of the profile, the

plateau shrinks. The plateau is completely break- _Bx X
through eroded whefy=t,. From this condition, we . pe v [tp HAH+Fay) - t] 25
derive the coordinates, andt,, of the shock at this 10 = , ( _Bx (25)
time. They are: 2Fa,-\1-e u

u Bt, At the column outlet, the elution profile is given
Xq = ——~In<1— 7 ) (20) by;

B Falcl,o

1+ Fa ¢ _ pe [t +(1+Faygt,—t]
t,= — Ln(1- =2 - 1  GtbH= "1 P (26)
d B Fa,C,,) ' 2Fa;-(1-e ")

Combining Egs. (19)—(21) gives: The peak width (inFig. 2) is:

Fa'C. 1 Fa'C, ¢ -(1—e *Y)
constant= —2\/%’ (22) At=2-\/ 14 "ﬁ (27)
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C The influence of the nonlinear coefficient of the
isotherm,b, on the band profile can be determined
from the results of systematic computer calculations
of these profiles. They are illustrated kig. 4.

2.5. Calculation of the band areas in the elution
case

Integration of Egs. (1) and (2) gives:
T +F- at+u- ox Tk | t=0
0 tr ot ta t (i=1,2)

Fig. 2. Elution profile of a rectangular pulse of the reagent in
reaction chromatography. The experimental conditions are non-  Obviously:
linear, with a parabolic isotherm, the reaction radte=0.5.

F<% +F %I) -dt =[C(x*) — C(x,0)] +F

The maximum concentration of the peak or con- [f(x2) — f(x,0]=0 (29)
centration at the retention time is given by:
BCy ot g Let [;Cdt=A, be the area of the band of
Cir= ] B € ° (28) component. For the reagent, we have:
Fa,-(1—e ") p gent,
These results are illustrated kig. 2, which shows . dA, _ A
the elution band profile of the reagent. Note that Eq. Uax = 7 BA,

(26) is that of a straight line because the isotherm

equation used in this work is a parabolic isotherm. So:

The elution profiles of the reagent and of the A :ae*ﬂ%
reaction product can be obtained by numerical =t
calculations. The result is presentedHiyg. 3. where « is a constant. Wher=0, the band area at
¢ q
0 t

t

Fig. 3. Elution profiles of the reagent and the product of the
reaction in reaction chromatography. Parabolic isotherm for the Fig. 4. Influence of the second isotherm coefficient on the band
reagent and linear behavior for the product of the reaction., the profiles. Nonlinear conditions, with a Langmuir isptherm

reaction ratek, =0.4. 29.Z/1+13.7TC.
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injection is A, =C,t, so we havea =C,¢{,and aq, of
_g.x 2 __"2_

Al = Clot pe B u, a ~ ot kr f2 (35)

This result can also be obtained by calculating the
area of the profile of the reagent Fig. 2. In this The isotherm equations are unchanged:
figure, the:

1 P f(C Cz)zal—cl (36)

A1=E'C1R(tR—t1()=ClJ@ u (30) n=w 1+ b1Cl+b2C2

From Eq. (7), we have: a,C,

dA, BCCI =17 b,C, +b,C, (37)
U-—gx = BA,

. o ) ) So the equations for nonideal, nonlinear reaction
whereA, = [ C.dt. Combining this equation and the  chromatography are:

expression ofA; given above, we have:

aC, aC of a°C
BB+ USRS D 2 ke,
dX - n 10 pe u Y 1.4 ot ot X
wherey is a constant. S_lncé\z(01= 0, we have 'Fhe 9C, 9C, of, 8202 -
value of the constanty = C,,t,= A, where A is u-— -t tF 5 D Pei k.f,

the area of the injection profile, i.e., is the amount of
reagent injected into the column. Therefore:

A=Ay (1-e70) (31)

The profiles of the reagent and the reaction
product can be obtained from the straightforward
numerical analysis of this system and its numerical
solution of the equation system. Some typical pro-

It is obvious that the larger the value gf i.e., the files are presented ifig. 5.

larger the adsorption coefficient and the reaction rate,
the larger the amount of product formed.

From Egs. (30) and (31), it is also obvious thatwe
have:A; + A,=C, ¢,

3. Non-ideal case

3.1. Mathematical model and profiles

In the non-ideal case, the equations for reaction
chromatography are as follows:

aC, aq, aC, 9°C,

o ot tUx "D 2 =0 (32)
aC, aq, aC, 9°C,
st TF g TUx "D e =0 (33) 5 t

with the following expressions for the time differen-

tials of the Stationary phase concentrations: Fig. 5. Elution profiles of the reagent and the product in nonideal,

nonlinear reaction chromatography. Langmuir isotherm for the
aq, of; reagent and the product of the reaction. The axial dispersion

= +k f, (34) coefficient isD =0.001.
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3.2. Calculation of the band areas in the €lution
case

As we did in the previous section, we can derive
the peak areas from Eqgs. (32) and (34). We obtain
the following equations:

d’A, dA,
. o —U'W—,BA1=0 (38a)
d’A, dA,
D'W—U' dx +BA;=0 (38b)
From Eq. (38a), we derive that:
A, = € + a8 (39)

wherek, , = (u=\/u® + 4DB)/2D, k,=k, andk,=
k_.

SinceA, is finite for x = «, we must havey, = 0.
Since whenx=0, we haveA, = C, ¢, hencea,=
C,ot, and we have:

u u 4D
A, =C, ¢t pe(ﬁ‘ﬁV“?B)x (40)

When DB/u? is small (i.e., wherD is small and
u is large), we have)/ * (4D/u)- B=1+ (2D/u)-
B and:

X

A, =~Cytefu (41)

99

From Egs. (38a) and (38b), we have[@z-(A1 +
AZ)]/dxz—u[d-(A1+ A)]/dx=0. Like for Egs.
(38a) and (39), the solution 8, + A, = a,* +
a,e"?, wherek, =0, k,=D/u.

Since A, + A, are both finite whenx =, we
must havea, =0, hence we have:

A +A,=a,
Since x=0, A,=0, A, =C,¢, so a;=C§,
Hence, in the nonideal case, we still have:
A +A,=C¢,
so:
A, = ClOtp_ A,

/
= Cyotp [l - e<%’%'vl+%ﬁ>'x]

When D -0, we have A, = Clotp[l — e’%] ,
which is the same result as in the ideal case.

4, Conclusions

(1) The basic characteristic of the elution profiles
obtained in reaction chromatography is that the
equations of both the reagent and the reaction
product profile contain the exponential factor,’e |
where g is a function of the reaction rat&,, and of

This result is the same as the one obtained in the the initial slope of the reagent isotherm,.

ideal case, but this time it is only approximate. To a
higher order of approximation, we have:

1+ 0 g1 LB 1 (B
uz 18_ 2 uz :8_4 uz ,8

and then:

(42)

_Bx 2DB2x
A =Cte ue

(43)

The last factor in this equation expresses the effect

of D on the area (i.e., the amount) of unreacted

reagent. This means that the actual extent of reaction
conversion or the apparent rate of reaction decreases

due to the effect of axial dispersion. WhBn- 0, the
result of Eqg. (43) is the same as in the ideal case.

(2) The effect of the reaction on the band profiles
is different from that of axial dispersion. The effect
of an increase in the reaction rate is merely to
decrease the concentration of the reagent but it is not
to diffuse the band. So, in the ideal, nonlinear case, a
shock always appears on the profile, which is similar
to the one obtained in nonlinear chromatography
without reaction (except for the factor & ).
(3) Due to the effect of the nonlinear behavior of
the isotherm in nonlinear reaction chromatography,
the actual extent of conversion of the reagent into
product, hence the apparent reaction rate in the
stationary phase decreases with increasing retention
factor.
(4) Due to the effect of axial dispersion in
chromatography, the band broadens and its con-
centration decreases. Accordingly, the degree of
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