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Abstract

The results have recently been reported of a preliminary study into the base catalysed hydrolysis of methyl paraben as a test and reference
reaction for flow-through microcalorimeters. The values quoted for the rate constant and the molar enthalpy ck@uige-@é1)x 10 4st
and —50.5 + 4.3kJmol?, respectively. The present paper explains the results of further studies of the methyl paraben reaction and also
describes some practical and theoretical considerations of flow microcalorimetric experiments. It is shown that experimental design (sample
and reference arrangements) has a significant impact upon the derived data. Particular attention is paid to the theoretical range of values for
the molar enthalpy change and the rate constant, for reactions that could be studied successfully by flow calorimetry.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction Such instruments generally have two modes of operation,
flow mix and flow through. In both instances the reagents are
The requirement for test and reference reactions to usepre-equilibrated outside the calorimeter in a flow-mix exper-
in the validation of kinetic and thermodynamic data de- imentthe reagents are mixed actually inside the cell and the
rived from isothermal microcalorimeters have been known reacting solution is flowed to waste (or retained for further
for over 20 yeardl]. The results of an inter/intra labora- analysis). For a flow-througlexperiment, the reaction is ini-
tory study into the use of the imidazole catalysed hydrolysis tiated outside the calorimeter and the reacting solution can be
of triacetin as a test and reference reaction for batch-typerecycled (or again retained for further analysis). For floix-
microcalorimeters have been described in previous publica-systems where instantaneous (that is reactions which are
tions[2—-7]. O'Neill et al.[8] examined the question of the rapid relative to the time constant of the instrument: in this
applicability of the triacetin reaction for the validation of paper, time-dependent means those reactions in which this
data obtained from flow-through calorimetry and concluded condition does not hold) reactions are initiated actually in the
for reasons elaborated later in this paper that it was nec-flow-measuring vessel the thermodynamic parameters for
essary to develop a reaction with different kinetics for this the reaction are calculated through the use of the calibration
purpose. They then went on to report the results of an inves-constant determined at the experimental flow rate. In con-
tigation into the applicability of the base catalysed hydrol- trast to this simple calibration, a flow-througtalorimetric
ysis of methyl paraben as a test and reference reaction forexperiment involves a reaction in which the rate of reaction
flow isothermal calorimeters. changes continuously with time. Furthermore, the simple
calibration is not appropriate for a flow-mix vessel in which a
time-dependent reaction takes place. This is because the ob-
mspondmg author. Tel+44-1634-883-362: ;erved calorime_tric signal.describgs the mean extent of reac-
fax: +44-1634-883-044. tion that occurs in the flowing reacting system over the vessel
E-mail address: moneill27@tiscali.co.uk (M.A.A. O'Neill). residence time. The extent of reaction is the integral of the re-
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action rate over this residence time. It is important to under- constant,C the initial concentration of reactant;the order

score the fact that the results reported here refer only to thoseof reaction; anda the constant of integration.

in which the reaction rate varies continuously with time. The calorimetric output for a flowing system is the average

They have been derived from flow-through experiments but a signal over the time during which the reacting solution is in

similar analysis can be performed for flow-mix experiments the calorimetric vessel, the residence time-quations can

in which there is evidence for time-dependent reactions.  now be written which describe the calorimetric output for
A classic example of such studies is found in calorimet- any kinetic order. In this paper, only zero, 1st and 2nd order

ric investigations of microorganisms which, by their very reactions are derived &s. (4)—(6), respectively (3rd order

nature, experience a change in rate of reaction with time. equations have been derived but are not included here):

The importance of deriving kinetic and thermodynamic in-

formation from such systems was recognised over 25 years‘p = ktFH (4)
agol[9], however at that time the equations required for such _ ke kKt
analysis had not been derived. This paper will describe the(p =-FCH1-e")e (5)
equations that can, and should, be applied to the analysis of 2

lorimetric data obtained from th | ®= Hke (6)
calorimetric data obtained from these complex systems. = AT KO L+ KC 1 k0)

The test and reference reaction was found to be 1st or-
der with respect to methyl paraben and the derived values,\here @ is the calorimetric signal (J8), F the flow rate
for the rate CO”StaQt alnd the molar enthalpy cheinge WEr€of reacting solution (dihs™1), C the initial concentration of
(3.15£0.11) x 107" s~ and (=50.5 + 4.3)kImor™=, re- reactant (mol dm®), H the enthalpy (J mott), k the appro-
spectively[8]. The results of an investigation to explore the priate rate constant, the residence time (s) artcthe time
theoretical limitations of studies using flow calorimetry are elapsed from initiation of the reaction. It should be noted
reported in this paper. This is achieved through a consider-yha; now it is possible to derive equations which describe
ation of the range of values for the molar enthalpy change {he thermodynamic and kinetic behaviour of complex reac-
(*enthalpy” for shorthand) and the rate constant of hypothet- i, schemes, however these equations, thus far, have only
ical reactions that would allow successful analysis. In addi- paan derived for reactions studied by isothermal, batch-type
tion, the work extends the analysis of the thermal volume calorimeterg[12,13] and so far have not been extended to

data described previous|§] and highlights the crucial im-

portance of experimental design in determining the thermal

volume.

2. Background to the concept of thermal volume and
development of the calorimetric equations

Kinetic equations have been previously derived, which de-

scribe the calorimetric output from a flowing systgif), 11].

These equations can be derived from simple kinetic expres-, —

sions such a&q. (1). Integration of this expression to give
Eqg. (2)allows a general equation which can be applied to all
simple A — B reactions to deriv&q. (3). A more detailed

discussion of these and related equations can be found in

Refs.[3,7]:
dx

— = k(C — )"

4 (1)

kt+a= L(C—x)(C—x)_” (2
n—1

Whent =0, x = 0:
1
n—1
substituting and rearranging gives
x=C — (C"(—KC" + kntC" 4 C))¥/A=m

a= ct—n

3)

wherex is the amount of material reacted to tintedx/dt
the rate of change of with time; k the appropriate rate

describe such systems studied using flow calorimeters.

It was stated earlief7] that, in order to calculate the
rate constant and enthalpy usikgs. (4)—(6)equires prior
knowledge of the residence time(Note the 1st order rate
constant is always accessible from the slope of the line from
the In® vs.t plot).

The residence time can be calculated from the following
equation which relates the flow rate to the thermal volume
of the calorimetric vessel:

Ve

- ™

whereV, is the effective thermal volume (dth For a more
detailed discussion sg¢6]. In this earlier article it was ex-
plained that, fronEq. (7), a plot ofr vs. I/F yields a straight
line. Further analysis of the simple equation that describes
this line, Eq. (7), suggests a procedure that would allow a
better determination o¥. and, moreover, a direct determi-
nation of the zero flow rate volum¥j:

Ve = Vo—Fl (8
whereVy is the volume at zero flow rate (din(in principle
this should be equal to the physical volume of the calorimet-
ric vessel and the incremental change in residence time per
unit flow rate (the producFl is therefore the incremental
volume change per unit flow rate). It is important to realise
that a procedure is suggested fr&n. (8)that allows a bet-
ter determination o¥/, than usingeq. (7)and, moreover, a
direct determination of the zero flow rate volunvg,
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If Eq. (8)is divided by the flow rate, then 1007
V. 0.95 .
FC = % =1 9) 090 -
— ]
FromEq. (7), itis seen tha&q. (9)can be simplified to yield 5, 0851
VO é OABD—-
T=o - I (10) 2 0751
2 0704 "
FromEq. (10)it is apparent that a plot of vs. I/F yields a g
straight line with the slope equal to the zero flow rate volume, 2 0657 .
Vo, and the intercept equal to the incremental change in the 060+ .
residence time per unit flow rate, Previously the thermal 055

volume at zero flow rate was obtained by ex_trapol_ation from A A
athermal volume vs. flow rate plot. The relationship outlined -

. Flow Rate / (cm™ h')
above now allows statistically the more accurate value for
Vo, to be taken from the average over a series of flow rates. Fig. 1. Thermal volume vs. flow rate for the TAM flow module employed

These developments allow the accurate determination ofby Vine.

the volume at zero flow ratd/p, and the thermal volume,
V., and consequently the residence timeThese parame-
ters have been defined for the first generation LKB 10700-1
flow calorimeter and a recently fabricated, customised flow qq4iption to the thermal volume from some other factor.

insert for the TAM, as discussed j6]. The variation inV The observations made by Volpe and Olivera are again
for the LKB instrument changed considerably with the flow jigarent from those made previousl§] and those subse-

rate whereas the customised flow insert, designed to min-q,6nty made by Vine. Volpe and Olivera found that there
imise such effects for the TAM, exhibited no observable flow is no observable effect of flow rate on thermal volume (see

rate-dependent change V. It was found that the value of gy 3y e the value folvg is indistinguishable from the

Vo, in both cases was significantly different from the nom- nominal physical volume. This does not agree with the ob-
inal (engineered) volume of the vessel (approximately 60 gopations made for the standard flow module (employed by
and 30% greater for the LKB and TAM instruments, réSpec- jne) the customised flow module and the LKB instrument
tively). For a more detailed discussion 46 where it was found that, for both instruments, there is a sig-
nificant dependence of thermal volume on flow rate. These
] . observations can, in part, be attributed to the sample and
3. Experimental studies reference arrangements of the calorimeters in question. The
o ) ) LKB instrument is a different model having as its reference
~ The initial studieg8] have now been followed by iden- 5 sealed flow-mix chamber containing, in our experiments,
tical ones in principle, conducted by Vine (Greenwich, ony air. The flow vessel for the standard TAM flow module

UK) and Oliveira and Volpe (Campinas, Brazil) using dif- 5 5 |ength of tubing wound round a cup into which can be
ferent individual instruments (TAM) of the type used in

Kemp’s laboratory[14] but, in this instance, using the

module where it was founfB] that whilst effective thermal
volume does not vary with flow rate there is a significant

standard, non-modified, flow module (nominal engineered )
volume = 0.6 cn?) produced by Thermometric AB (J&r- 600 .
falla, Sweden). The experiments conducted by Vine were ] -
performed at 37C and for flow rates ranging from approx- 500
imately 6-40 crih~1. The studies performed by Volpe and ]
Olivera were conducted at 2& and for flow rates ranging #07
from 10 to 33cmih~L. All data analysis was conducted to 2 0l
an identical protocol to that ifg]. = |
For the module employed by Vine it was found that the 200 4
effective thermal volume was dependent on flow rate, in- ]
creasing from 0.58 to 0.96 chrover the above flow rate 100
range (Fig. 1). Moreover, it was found that the zero flow rate 1
volume is markedly different from that of the nominal engi- 0 T
100000 200000 300000 400000 500000 600000

neered volume (Fig. 2). In this instance the calculated zero
flow rate volume (1.04 cR) is approximately 60% greater

than the nominal physical volume (0.6 &mThese observa- Fig. 2. Residence time vs. reciprocal flow rate for the standard TAM flow
tions are in contrast to those made for the customised flow module employed by Vine.

1F 1 (s dm'®)
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Fig. 3. Dependence of the thermal volume on the flow rate for the standard .
1/F (s dm™)

flow module, used by Volpe and Olivera in the TAM.
Fig. 4. Effect of the ampoule arrangement on the flow rate dependence of
inserted an ampoule. An identical configuration is used for the thermal volumey, for the flow module employed by Vine. The closed
the reference side. Because it is very difficult to attain the C|!’cle points reprgsent the flow ra_te dependence_seen for the‘orlglnal study
. with no ampoule in the sample side. The open circle data points represent
same flow rates in the sample and reference flow Vessels’the flow rate dependence seen when an empty ampoule is present in the
Vine chose as the reference a glass ampoule containingsample side of the calorimeter.
0.6 cn? distilled water inserted into the cup on the reference
side. The modified insert used by Kemp has a twin set of
tubing—one used as the sample side and the other is filled
with distilled water (stopped flow) and used as the reference.
Volpe and Olivera used an empty ampoule in the reference
side as their reference. From this information, it can be seen
that the instrument set-up has a significant effect on the
flow rate/thermal volume relationship (as seen in the com-
parison between the results obtained by Volpe and Oliveira,
and Vine).

To investigate the effect of the instrument set-up a se-
ries of single experiments was conducted by Vine using a X ; !
different arrangement from that described earlier, in this ble signal for a 1st O“F'Ef rea(_:tlon ('Fh_e_ o_nly reaction Of‘?'ef
case an empty ampoule was lowered into the sample Cupexplored here) is considered, i.e. at |_n|t|at|on of the reaction
retaining the reference ampoule as described earlier (i.e.VNen? = 0, thenkg. (5)can be re-written as
containing 0.6 crh water). The methyl paraben experiment ®g = FCH(1 — e *7) (11)
was repeated in an identical fashion and with identical flow
rates to those described earlier. The results showign4 It is now possible to explore both separately and in combi-
are remarkably different across the range. nation, the effects of flow rate, concentration, enthalpy and

Assuming that the S.D. for these latest experiments is rate constant on a simulated chemical reaction studied in a
similar to that for the initial ones, it is clear that the dif- flow calorimeter.
ferent ampoule arrangement does indeed have a significant It should be noted that control is achievable over the flow
effect on the flow rate dependence of thermal volume. For rate, the concentration and to a lesser extent over the rate
the new arrangement the calculated zero flow rate volume,constant, the latter by changing the temperature. However,
Vo, is 0.43 cnd and hence the limiting flow rate is now ap- it is not possible to alter the enthalpy, assuming that it has
proximately 44 crih—1. These are radically different from  no temperature dependence (it is possible, in some circum-
the values calculated in the main study and further highlight stances, to magnify the enthalpy by careful choice of an
the caution required when performing measurements usingappropriate buffer systefd5]). The changes in the concen-
flow microcalorimetry. They also highlight the need for the tration and the rate constant must also satisfy the requirement
flow characteristics of the calorimeter to be determined by that the mechanism of reaction is not affected as a conse-
the use of a test and reference reaction prior to any experi-quence. Changing the flow rate will have no impact on the
mental study and whenever the set-up is changed. mechanism since it is purely a physical change to the system.

There is another possibility which might give rise to the  Figs. 5 and &lemonstrate how the initial signél, varies
observed differences in behaviour. The inserts and indeedwith the flow rate for a fixed rate constant and varying initial
calorimeters are manufactured on a unit basis. It is possibleconcentration of the reagent. The range of values dhat
therefore that minor variations introduced during the man- can take for a range of selected flow rates and concentrations

ufacturing process may also contribute to the observed dif-
ferences.

4, Theoretical studies

Knowledge ofVy and flow rateF, allows the calculation
of T and henced at any flow rate Eq. (5) describes the
calorimetric response, for a 1st order reaction, in terms of
k, H andr as a function of timet. If the maximum possi-
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Fig. 5. A 3D representation of the effect of varying the flow rate and
the initial concentrationAo], on the observed initial OUtpUt for the fixed F|g 7. A 3D representation of the effect of Varying the flow rate and the
rate constant. rate constant on the observed initial output for a fixed initial concentration.

is given inFig. 5. If the upper and lower detection limits for  greater significance for the value @b to increase the initial

the calorimeter are known then it is possible to choose the signal. However, as flow rate increases the residence time,
combination of values for the concentration and the flow | “yeocreases and the terth — e*7) tends to zero and so
rate that yield an appropriate initial signal. These data are yne opserved output also tends to zero.

also presented as a series of 2D plotsig. 6. It is clear A similar study of the effect of rate constant can also be
from it that if the flow rate is selected and the initial con-  5rieq outFigs. 7 and &lescribe the effect of varying the
centrationC is increased then, as expectet increases in - rate constant for a given initial concentration with constant
direct proportion tcC. The calculated values f@bg increase enthalpy. AgairFig. 7is a 3D representation of these data;
in a linear fashion from 0 to a maximum value governed by \yhich are also expressed as a series of 2D plofign 8.

the value ofC and then decrease in a different linear fash-  consider the situation where the flow rate remains constant
ion to zero. IfC is now held constant and the flow rétes but the rate constant is increased. It becomes apparent that
varied it becomes apparent frdfig. 5that the dependence 4 5150 increases. However, in this instance, the relationship
of &g on flow rate is complex. This is readily explained by s ot a direct proportionality. Again this can be readily

a consideration okg. (5). . explained by a consideration Bfy. (5). In this case the rate
As the ﬂol‘f"t’ rate tends to zeroincreases and henjg the  constant does not have a direct multiplicative effectian
value of (€7) tends to zero. Hence the ter(d — &™) In this case the relationship is embedded in an exponential

becomes equal to 1. Therefore at low flow rates, for fixed (orm and hence it will not be linear. If the rate constant
C and enthalpy, the thermal output is dependent only on the
flow rate. As the flow rate increases the term RCH has a

0.06

0.012 ~ 004
0.010 4
0.008 002
AL
0.006 -| > ]
- 1 .
‘' 0.004 P 0.00
2
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Fig. 6. A plot to show the effect of the increase in the flow rate on the Fig. 8. A plot to show the effect of the increase in the flow rate on the
observed initial signal for the fixed initial concentration and the varying observed initial signal for the fixed initial concentration and the varying
rate constant. rate constant.
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is now fixed and the flow rate is increased then the same
relationship, as observed above, is evident. Again this flow
rate dependence is seen clearlyFig. 8.

An important observation is thaty will always go to zero
at a limiting flow rate (se€igs. 6 and 8). This is an important
result because it says that regardless of the thermo-kinetic
parameters of the system all heat generated within the vessel
is carried out by the solution when flowing at the limiting
flow rate. This rate can be determined from a rearrangement
of Eq. (8).

If @g is equal to zero then the thermal volumé&, must
also be zero, hence

0.0006 ~

0.0004 4

0.0002

o, /(s

0.0000 -

-0.0002 o

-0.0004

1(.)0 1%0
Flow Rate / (cm’ ™)

Vo—Fl =0 (12) _ _ .

Fig. 9. Range of theoretical values fdry for the imidazole catalysed
Vo hydrolysis of triacetin (closed circles) and the base catalysed hydrolysis
7 =F (13) of methyl paraben (open circles). The dashed vertical line represents the

flow rate employed by O'Neill for the study using the LKB 10700-1

Therefore, the limiting flow rate at whiof is zero (for the nstrument.

LKB 10700-1 calorimeter) is approximately 165&ht?!
(this is calculated as approximately 71tm?! for the

standard Thermal Activity Monitor (TAM) 2277 flow mod-

ule). These observations show the need for caution when

investigating unknown reaction systems. The effects can
be illustrated through a study of the imidazole catalysed
hydrolysis of triacetin. This reaction is well known, as a
test and reference reacti¢2], and has been characterised
in terms of the reaction order (= 2), the molar en-
thalpy change (—91.7 kit 3kJ mol 1) and the rate constant
(2.8x 10°6+0.097 dn? mol~1s~1). This reaction has been
investigated using flow calorimetry but has been found to
be unsuitable for study in the LKB 10700-1 calorimeter

5. Conclusions

Our previous articlg6] highlighted the requirements and
importance of having test and reference reactions, for not
only batch-type calorimeters, but also for flow calorimeters.
Through the study of this the methyl paraben reaction it was
seen that the thermal volume of the flow-through cell does
indeed vary with flow rate (although it can be minimised
by careful calorimetric vessel desifft¥]) and, importantly,
that the zero flow rate volume is not necessarily the same as
the physical volume of the cell. It was seen that the operating

[7] because a known 2nd order reaction appears to yield avolume varies from the nominal (engineered) volume by

small calorimetric signal with apparent zero order kinetics. up to 60%. As a consequence of these observations it was
It has already been seen from the equations described earreported, and is emphasised here, that the observation of an
lier that the calorimetric signal obtained from flow calorime- apparent zero order signal does not necessarily reflect a zero
try is dependent upon thermal volume (which is related to order reaction mechanism. It may be that the signal is beyond
flow rate) and the value of the product of the rate constant the detection limits of the calorimeter (defined by the flow
and enthalpy. It is clear that the experimental flow rate has arate/thermal volume relationship) and hence requires further

significant effect on the observed calorimetric output from
the calorimeter. With knowledge of this flow rate dependence

study to confirm the kinetics of that system.
These observations have been confirmed by the studies

a study was conducted to determine whether the experimen-conducted by Vine. The study by Volpe and Oliveira has
tal observation was a consequence of the thermo-kineticshown however that this effect cannot be predicted from
parameters being unsuitable or the flow rate used was inap-one instrument to the next. Their study revealed that, for

propriate for the instrument. The range of theoretical values
for &g as a function of flow rate for the hydrolysis of methyl
paraben and for triacetin is shown kig. 9. It is important
to note that the dashed line perpendicular to sthexis is
the experimental flow rate for the triacetin reaction.

It is obvious that for the ideal condition, whedg is at a
maximum, the methyl paraben reaction yields a signal that
is approximately 10-fold greater than that for the triacetin

reaction. It is also the case that the maximum possible sig-

nal for the triacetin reaction is almost at the limit of detec-
tion for the used instrument settings. This clearly provides

the particular flow module configuration employed by them
(and which is nominally the same as that used by Vine),
the thermal volume is independent of flow rate. Moreover,
they found that the effect of flow rate on the thermal volume
cannot be predicted in that their insert was found to have a
zero flow rate volume identical to that of the physical vol-
ume of the calorimetric cell. Factors that may affect the ob-
served value of thermal volume include contributions from
the transmission tubing to/from the calorimetric vessels and
the arrangement of the ampoules in the sample and reference
cups. It was highlighted, through the study by Vine, that the

an explanation for the experimental observations describedexperimental set-up of the calorimeter (sample and refer-

above and previously if6].

ence arrangement) has a significant and greater impact than
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that of the contribution from the lead-in and lead-out trans- ume has been made) may be in error, especially for those

mission tubing upon the flow rate dependence of the thermalquoting values for the molar enthalpy change. Such errors

volume. The effect upoN from having an empty ampoule can now be rectified through the use of the methyl paraben

within the sample side cup of the flow-through module is test and reference reaction and the determination of the ap-

complex and is dependent upon the thermal conductivity of propriate thermal volume.

the ampoule and the increased heat capacity of the system.

Hence it is essential that a study to determine the flow

characteristics of any flow-through vessel is conducted prior References
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