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In this study the temperature profiles inside a tube batch reactor under the sub-critical
water condition were investigated under different operating conditions. The most impor-
tant parameters that may affect the temperature profile, including salt bath mixing speed,
reactor shaking, reactant viscosity, and reactor contents, were investigated both experi-
mentally and theoretically. The results showed that both salt bath mixing and reactor
shaking had a great effect in the rate of heating up. The study of the effect of reactant
viscosity on the temperature profile revealed that the thermal conductivity rather than
viscosity was found to affect the temperature profile in the case of comparing reactant
with different viscosities. The reactant contents had the lowest pronounced effect on both
heating up and cooling down rates among all tested parameters. Two different empirical
equations were developed to describe the temperature profiles during both heating up and
cooling down periods. Using these equations we developed a new mathematical model for
describing the kinetic behavior of fast reactions that take place under the sub-critical
water condition. We assumed that the reaction was taking place under unsteady state
conditions and following first order kinetics. Based on the simulation results, we devel-
oped a new strategy for finding out the correct values of activation energy and frequency

factor involved in such fast reactions. © 2006 American Institute of Chemical Engineers
AIChE J, 52: 3600-3611, 2006
Keywords: reaction kinetics, modeling and simulation, sub-critical water, fast reaction,
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Introduction

Water is a naturally occurring and abundant substance that
exists in solid, liquid, and gas forms on our planet. The physics
and chemistry of water are the backbone of engineering and
sciences. The characteristics of water at ambient temperature
differ completely from those at high temperature and pressure.
The water in the vicinity of the critical point is a compressible
fluid and, in addition, most of its properties are different in its
physics and chemical features. The key properties of water that
influence many of the most important interactions are the ion
product (the product of the hydrogen ion concentration and the
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hydroxyl ion concentration) and the dielectric constant (which
reflects the polarity and solvent ability of water). Increasing the
ion product value increases the hydrogen ion concentration.
Therefore, under high ion product values, water possesses the
effect of an acid catalyst.! On the contrary, the decrease of the
dielectric constant decreases the water polarity and allows the
dissolving of non-polar compounds in water. Both the ion
product and dielectric constant of water can be controlled
through controlling the temperature and pressure of the wa-
ter.2? On heating beyond the critical point of water (tempera-
ture > 374°C, pressure > 22.1 MPa), it becomes extremely
active and corrosive (supercritical water). However, with tem-
perature control within the critical temperature and under
enough pressure to maintain the liquid state (sub-critical wa-
ter), water can perform very selective extraction processes.*©

Such mild conditions of sub-critical water have attracted
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many researchers. Different organic pollutants and waste have
been treated utilizing sub-critical water, including decomposi-
tion of hazardous organic material,” municipal sewage sludge,?
and marine waste.® Earlier work by Yoshida and coworkers
showed that a relatively large amount of oil, organic acids, and
amino acids could be extracted from fish, squid entrails meat,
and cow meat and bone meal wastes using sub-critical water
technology.®'* Moreover, many useful products were extracted
from wood wastes, such as construction scraps and thinning
materials, using sub-critical water technology.!> Recently, the
present authors reported a mini review on the different appli-
cations of sub-critical water technology in waste reuse, recy-
cling, and treatment.'®

One of the major problems facing researchers who are deal-
ing with batch reactors under the sub-critical water condition is
the correct interpretation of their results. This is particularly
important especially in the fast reaction (defined here as the
reactions exceeding more than 50% conversion before the
stabilization of the temperature inside the reactor) that is taking
place during the heating up period while the temperature inside
the reactor is continuously changing. The kinetics of such fast
reactions are very difficult to track, since the reaction rate tends
to follow an Arrhenius behavior, which causes substantial
change in the reaction rate with change in temperature. Fur-
thermore, the yields of these reactions are very sensitive to the
temperature applied. Thus, it is very important to analyze the
kinetic behavior of such fast reactions in batch reactors under
the unsteady state condition to get more understanding of the
kinetics of these reactions. As an example, the yields of many
thermal biomass conversion reactions under the sub-critical
water condition are very sensitive to the temperature ap-
plied.'7-22 Yet, in some cases, it was possible to overcome this
problem by using a flow continuous reactor in which a resi-
dence time as less than one second could be achieved using
such a system.'” However, in other cases, it would be impos-
sible to use the laboratory scale flow system under the sub-
critical water condition. One such case was in our previous
work.?3

In that work we succeeded in synthesizing a novel protein-
based plastic from the bovine serum albumin (a water-soluble
protein present in the blood) using sub-critical water technol-
ogy without the need of any additional catalyst or initiating
agents in batch reactors. The optimum synthesis conditions
under the sub-critical water condition were found to be in the
range of 523-548 K within a reaction time of 0.5-1 minute.
During the synthesis period, the temperature inside the batch
reactor was continuously increasing with time and, therefore,
the synthesis was taking place under unsteady state conditions.
It was not possible to follow the synthesis reaction using a
laboratory continuous flow reactor type because of the plug-
ging of the rector tubes that resulted from the rapid formation
of strong water-insoluble aggregates. This hindered the flow of
both reactants and product. Accordingly, we had to find a way
to analyze such reactions in a batch reactor under unsteady
state conditions.

Accordingly, we explored the literature to find a convenient
way to analyze such a very fast reaction or other similar
reactions. However, according to the authors’ knowledge, this
topic has not been addressed previously in a detailed study. We
could find only one research that addressed the heat transfer
involved in a tube batch reactor.2* In that work, the heat
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transfer for batch tubes was analyzed to drive temperature
profiles for different tube diameter and evaluate the impact on
the biomass conversion. Although they did a very good job,
their work was completely based on a theoretical approach
without real experimental measurement for the temperature
profiles under the actual sub-critical water condition. More-
over, they considered only the effect of the heating up period
on the reaction kinetics while neglecting other periods (such as
the cooling down period) that could affect the conversion
during the course of the reaction, especially at a very fast
reaction as the one addressed in our previous work.?> There-
fore, the present work provides a comprehensive analysis of the
temperature profile of a tube batch reactor under different
sub-critical water conditions both theoretically and experimen-
tally. Moreover, a complete analysis for the kinetic behavior of
a modeled fast reaction assuming a first order kinetic is pre-
sented as well.

It is important to note that the present work affords the first
step in clarifying the kinetics of the synthesis reaction of our
novel protein-based plastic synthesized previously,?* while
providing theoretical bases for studying other similar fast re-
actions using tube batch reactors under sub-critical water con-
ditions or even classical atmospheric conditions.

Materials and Methods
Measuring the temperature profile inside the reactor

The reactor configuration and set up used in this study are
shown in Figure 1. The experiments were carried out using a
stainless steel pipe SUS 316, i.d. 0.0075 m X 0.15 m (with a
reactor volume of 9.0 X 10~° m®) with Swadgelok caps. The
reactant was mixed with Milli-Q water and charged into the
reactor tube. By applying material balance principles on the
three different existing components in the reactor (solid, in the
case of a solid sample, liquid, and vapor), the amount of water
was calculated to drive the pressure inside the reactor to the
saturated water vapor pressure at any given temperature. The
values of the saturated vapor pressure at different temperatures
were obtained from a steam table. Accordingly, we charged the
reactor with a fixed amount of water of 2.5 X 107° m?
throughout all experiments at any given temperature to get
good comparable results. Then, dissolved air in the space of the
reactor and oxygen in liquid phase were removed by purging
argon gas. The tube reactor was then sealed and submerged
into a hot salt bath held at a set temperature (Thomas Kagaku
Co. Ltd.) containing a mixture of potassium nitrate and sodium
nitrate (1:1). The reactions were carried out in the range of
473-573 K at a constant salt bath mixing speed of 210 rpm
without shaking (unless stated otherwise). The temperature
inside the reactor was measured instantaneously using a ther-
mocouple, ¢ 3mm with 90% response time of 1.9 sec in water
(SC series, CHINO Co., Tokyo, Japan), installed inside the
reactor and connected to a digital thermometer having a mon-
itor showing the instantaneous change in the temperature (SU-
SI02-01D, CHINO Co., Tokyo, Japan). Using a digital cam-
era, we were able to record the change in temperature with
snapshots of the recording monitor. Later, data were collected
by viewing the slow-speed film. After reaching a steady state
temperature (equal to the bath temperature), the reactor was
cooled down by immersion into a water bath. The decrease in
the temperature inside the reactor was recorded in the same
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Figure 1. The reactor configuration and setup used for measuring the temperature profile inside the tube batch

reactor under the sub-critical water technology.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

way, using the digital camera. All experiments were carried out
in triple and presented together.

Parameters affecting the temperature profile inside the
reactor

In this study the most important parameters affecting the
temperature profile inside the reactor were investigated both
theoretically and experimentally. The same procedures de-
scribed above for measuring the temperature profile were fol-
lowed in each case, changing only one of the operating param-
eters. Table 1 summarizes the tested parameters, including the
parameter ranges.

Theory
Reactor system

Prior to the beginning of the kinetic study, it was necessary
to explore the temperature profile inside the batch reactor used
under the sub-critical water condition. Generally, batch reac-
tors are characterized by heating up and cooling down periods.
During the heating up period the temperature increases contin-
uously with an increase in the reaction rate and vice versa for
the cooling down period. Because the reaction took place in a
short time under the unsteady state condition, we had first to
figure out equations that could describe the temperature profile

Table 1. The Tested Operating Parameters that Affect the Temperature Profile Inside the Reactor

Conditions

Parameter Tested Range
Reaction temperature 473-573 K
Mixing speed of the salt bath 0-700 rpm
Reactor shaking 0-110 S/min
Reactor contents 0-800 g/L

Reactant viscosity 1.1 and 1499 cp

Only the salt bath temperatures were varied with salt bath mixing
of 210 rpm without any reactor shaking.

The salt (in a liquid state) inside the salt bath was mixed at
different mixing speed without any reactor shaking at 523 K.

The reactor was shaken vertically at different shaking speed
(expressed as a stroke per minute (s/min)) with salt bath
mixing speed of 210 rpm at 523 K.

Different pellets of inert glass (14/16 mesh) were used with
different concentrations to study the effect of the reactor
contents under salt bath mixing of 210 rpm without any reactor
shaking at 523 K.

Pure glycerine with a high viscosity of 1499 cp was used instead
of water, which has a low viscosity of 1.1 cP.?> The
experiments were carried out at salt bath mixing speed of 210
rpm at 523 K.
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inside the reactor during the heating up and cooling down
periods.

Unsteady state analysis of the temperature profile inside
the batch reactor

The rate of the energy transfer from the hot salt bath to the
stainless steel reactor wall and, hence, inside the reactor de-
pends on both surface and internal resistances. Before inserting
the reactor into the hot salt bath (t = 0), its temperature is equal
to the ambient surrounding temperature (298 K). Since the
temperature profiles inside the reactor depend on many vari-
ables under the sub-critical water condition (for which no
specific data are available for accurate mathematical deriva-
tion), it was very difficult to develop a derived equation to
describe the temperature profiles inside the reactor during both
cases of heating up and cooling down. Accordingly, two em-
pirical equations were used based on the data obtained exper-
imentally from measuring the variation of temperature during
both heating up and cooling down periods.

For heating up and cooling down periods, Egs. 1 and 2 were
used to calculate the temperature inside the rector during the
heating up (T,) and cooling down (T,.), respectively. These
equations were found to fit the experimental data with a con-
siderably high accuracy (as will be shown subsequently in the
results and discussion section).

Ty, = (T; = Tyaexpl—=Puta] + Tyum (H
Tc = (Tbmh - Twaler)exp[_Pctc] + Twa/er (2)

where t;, represents the heating time and t. the cooling time.
Also, T;, Toans Twaters Pre @and P, are the initial ambient tem-
perature (K), steady state salt bath temperature (K), the tem-
perature of the cooling water (K), the heating up rate constant
(s "), and the cooling down rate constant (s '), respectively.
Equations 1 and 2 were fitted to the experimental data using a
nonlinear regression fitting to obtain the values of the heating
up and cooling down rate constants, P, and P_, respectively.

Equation 2 can be rearranged to obtain the instant cooling
time t. at any given temperature during the cooling down
period as follows:

tL' = {ln[(TL - Twutar)/(Thath - Twute'r)]}/(_Pc)’

where T, # Tyuer (3)

Then, the total cooling time, t., required to cool down the
reactor from any temperature T attained by the reactor while in
the salt bath to the ambient temperature (298 K) can be calcu-
lated as:

te=1—1, (C))

where tg represents the time needed to cool down the temper-
ature inside the reactor from the steady state salt bath temper-
ature T, to the ambient temperature (298 K), obtainable from
the experimental data of the temperature profile measurement
during the cooling down period at a specific temperature.

It is also important to note that there is a transferring time,
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Figure 2. The different reaction stages accompanied by
different reaction times existed during fast re-
actions under the unsteady state condition.

to tyans Lo and t, represent the measured reaction time
before the quenching step, the time required to transfer the
reactor from the hot salt bath to the cooled water, the total
time required to cool down the reactor from the temperature T
attained by the reactor while in the salt bath to the ambient
temperature (298 K), and the real reaction time, respectively.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

tyans> TEpresenting the required time to transfer the reactor from
the hot-salt bath to the cold-water, which should be taken into
consideration (in our experiment t,,,, was found to be only 1
sec). Both t,,,, and t. should be used to find out the real
reaction time, since the reaction is still taking place during the
transferring of the reactor to the cold-water bath and also
during the cooling process until the temperature decreases to
almost the ambient temperature. Accordingly, the real reaction
time can be calculated as follows:

treal = lr + ttranx + tlc (5)

where t. ., . te, and t.,, represent the real reaction time, the
measured reaction time before the quenching step, the total
time required to cool down the reactor from the temperature T
attained by the reactor while in the salt bath to the ambient
temperature (298 K), and the time required to transfer the
reactor from the hot salt bath to the cooled water, respectively.
In Eq. 5, t, and t,,, can be measured using a stopwatch during
the course of the reaction, and t, can be calculated for the
heating temperature attained by the reactor while in the salt
bath from Eqgs. 3 and 4.

Figure 2 shows the performance of batch reactors under the
unsteady state condition, showing the different reaction times
involved during the course of the reaction in the case of the
unsteady state condition.

Modeling of the reaction kinetics under the unsteady
state condition

In this model we assumed that the reaction scheme could be
represented by Eq. 6, which follows a first order kinetic:

A — B (6)
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For fast reactions in a tube batch reactor, the reaction is taking
place under three different stages, including differing condi-
tions of temperature and time. These stages take place during
the heating up period, the transferring of the reactor from the
hot salt bath to the cooling bath, and the cooling down stage,
respectively. It is of prime importance to understand that the
process is carried out under the unsteady state condition in
which the temperature is continuously changing.

The conversion rate of the reactant, A, can be represented as
follows:

—ry = —dCyldt = kK(T)C, (7

where r, is the conversion rate of A (g/L.s), k(T) represents a
function of temperature dependence of the reaction rate con-
stant, and C, is the concentration of A at any time (g/L).

Assuming that the reaction is temperature-dependent, the
Arrhenius equation is given by:

k(T) = koExp[—E/RT(1)] (8)

where k, is the frequency factor (s™'), E is the activation
energy (J/mol), R is the universal gas constant (R = 8.314
J/mol K), T is the reaction temperature (K), and t is the reaction
time (s). In Eq. 7, T(t) is the time dependence function of the
temperature changing inside the reactor. The function T(t) is
represented by Eqs. 1 and 2 for the heating up and cooling
down periods, respectively.

Based on the above discussion, we categorized the reaction
into three stages. The first stage takes place during the heating
up period and is represented by the period from zero time to the
reaction time, t.. The second stage takes place during the
transferring of the reactor from the hot salt bath to the cold
water and is represented by the period from t, to (t, + t,..9-
The third stage takes place during the cooling down period and
is represented by the time from t, + t,,,¢ tO tiey-

The Reaction During the Heating Up Stage.  To obtain the
reaction rate during the heating up stage, we substitute Eq. 1 for
Eq. 8. It then represents the heating up stage as:

—ry, = —dCy,ldt
= {koExp[ — (E/R)[(T; — Tyuu)expl — Pty] + Tpur ILCan  (9)

where C,,, represents the concentration of A during the heating
up stage by rearranging

_dCAh/ Cu
= {koExp[—(E/R)/[(T; — Tyum)expl—Pyt,] + Ty ]ltdt  (10)

By integrating Eq. 9 we can get the concentration of A during
the heating up stage, C,,:

Can
f —d CAh/ Cay

Cao
tr
= J koExp[—(E/R)/[(T; — Tyum)expll—Put.] + Tyun]ldt
0

Y
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where C,, is the initial concentration of A. Only the left-hand
side of Eq. 11 can be solved analytically, while the right-hand
side can be solved numerically. With the integration of the
left-hand side, Eq. 11 becomes:

—In(C,4/Cyo)

tr

= f koExp[—(E/R)(T; — Tyam)exp[—Put,] + Tyunlldt  (12)
0

where rearranging gives us:

1
Can = —CyoExp f ko(Expl — (E/R)[(T; — Tyuu)expl—Pyt,]
0

+ Tyunlld)  (13)

From Eq. 13 the concentration of the product, Cg;,, which is
produced during the heating up stage, can be calculated as:

Cp, = Cyo— Cyy (14)

The Reaction During Transferring The Reactor from the Hot
Bath to the Cold Water.  During the reactor transferring
stage, we assumed that the temperature is constant (since the
transferring time, 1 sec, is too short to change the temperature)
and equal to the temperature attained at time equal to t, during
the heating up period, calculated from Eq. 1 by substituting t,
for t.. Then, the temperature during the transfer of the reactor,
T could be obtained as follows:

trans»
Ttrans = (Tl - Tbalh)exp[_Phtr] + Tbath (15)

At the transferring stage, the remaining unconverted A dur-
ing the heating up stage will react to form the new molecules
of B. So, the new initial concentration of A that will react
during the transferring stage, C,,y, can be calculated as:

Cao = Cao— Cg, (16)

where Cg, represents the concentration of the produced B
during the heating up period. The concentration of A during the
transferring step C,, can be calculated by modifying Eq. 13 as
follows:

lirans+1r
Cy = CuoExp — J' ko(Exp(—E/RT,,,,,)dt)  (17)
1,

T

Since the value of (—E/RT
Eq. 17 results in:

) is constant, the integration of

trans.

CAt = CAtOEXp - [kOEXp(iE/RTtran.f)](ttrans) (18)

Then, the concentration of the product, Cg,, produced during
the transferring stage can be calculated as:

October 2006 Vol. 52, No. 10 AIChE Journal



Cp = Cao— Cy (19)

The Reaction During the Cooling Down Stage. At the
quenching step, the remaining unconverted A continued the
reaction to form new molecules of B. So, the initial concen-
tration of the A during the cooling down stage, C,.,, can be
calculated as:

Caco = Cpo— Cpgy — Cpy (202)
where Cg, represents the concentration of the produced B
during the transferring period.

Substituting Eq. 2 for Eq. 8 and rearranging in the same way

as previous equations, the concentration of A during the cool-
ing down step, C,., can be calculated as:

treal
CAC = _CACOEXP j kO(Exp[_(E/R)/[(Tbath - Twa/er)
tr+tirans
X exp[_Pct(:] + Twater]]dt) (2Ob)

Then, the concentration of the product, Cy., produced during
the cooling down stage can be calculated as:

Cpe = Chp— Cye 2n

Then, the total concentration of the product, Cgy, can be
calculated by subtracting the summation of C,, ,C,,, and C,,
from the initial concentration of A, C,g:

Cpr=Cyuo— (Cap+ Cy + Cy) (22)

For a simultaneous calculation of the different concentra-
tions of the product B at different stages, a computer program
was developed in this work using the C** programming lan-
guage. By means of trial and error, the values of E and k,
should be changed until the calculated concentrations fit the
experimental data. More detailed discussion will be given later
concerning the criteria of selecting and fine-tuning the values
of E and k, until they match the correct required values.

Results and Discussion

The first step in this study was to investigate the temperature
profile inside the batch reactor while studying the most impor-
tant parameters that may affect its performance. It is important
to note here that all measurements were done under the sub-
critical water condition using a pressure value that corresponds
to the saturated vapor pressure of water at the employed reac-
tion temperature for a rector that is mostly filled by vapor
space. Figure 3 shows the temperature profiles inside the reac-
tor at different temperatures in the range of 473-573 K. The
experimental data were fitted with Egs. 1 and 2 for the heating
up and cooling down periods, respectively. The results showed
that the experimental results were in very good agreement with
the theoretical predictions calculated using the empirical equa-
tions in the temperature range of 473-548 K. However, the
theoretical predication begins to slightly deviate from the ex-
perimental data at temperatures higher than 548 K. Accord-
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ingly, a significant deviation is expected if these two equations
applied to temperatures higher than 573 K especially in the
supercritical regime.

The heating up and cooling down rate constants, P, and P,
were calculated at different temperatures by fitting the exper-
imental data with Eqgs. 1 and 2 using the nonlinear regression
method. Table 2 lists the calculated values of P, and P, at
different temperatures. The results showed that as the reaction
temperature increases, both P, and P_ values increase. How-
ever, the rate of cooling down was faster than the rate of
heating up at all tested temperatures. These values were cal-
culated based on three repeated experiments carried out under
exactly the same conditions. Both P, and P_ were calculated as
an average value of the three experiments. The values of these
parameters were used later in the calculation of the kinetic
models.

Concerning the parameters that may affect the temperature
profile inside the reactor, Table 3 summarizes the values of P,
and P, calculated under different operating conditions.

Figure 4 shows the effect of the salt bath mixing speed at 523
K on the temperature profile. As we can see, the rate of heating
up increases with the increase in the salt bath mixing speed.
The values of the heating up rate constant, P,, were calculated
from the experimental data using Eq. 1 to be 0.044, 0.064,
0.084, and 0.12 s~ ! for a salt bath mixing speed of 0, 210, 350,
and 700 rpm, respectively.

Figure 5 shows the combined effect of both reactor shaking
and salt bath mixing speed at 523 K. The results show that with
no salt bath mixing (0 rpm), as the reactor shaking speed
increases, the heating up rate constant increases. The values of
P,, were 0.044, 0.1, and 0.13 s~ ' for shaking speeds of 0, 65,
and 110 S/min, respectively. When mixing the salt bath at 700
rpm and shaking the reactor at 115 S/min, the heating up rate
constant increased further to reach 0.16 s~ '. Tt was also found
that controlling the salt bath mixing speed could be an alter-
native way to compensate for the effect of the reactor shaking
on the temperature profile in situations where it is difficult to
shake the reactor. With no reactor shaking at the salt bath
mixing speed of 700 rpm, the heating up rate constant was
calculated to be 0.12 s~ '. This value is very close to the case
in which the reactor was shaken at 110 S/min without mixing
the salt bath (0.13 s~ '). However, the reactor shaking might
have another effect on the reaction rate by homogenizing and
mixing the reaction media. It is important to note here that
shaking and mixing parallel issues in the cooling water bath are
expected to reduce the cooling time too, having similar effects
as in the case of the hot salt bath. However, in this study, we
just showed the effect in the case of the salt bath to reduce the
number of the studied parameters and presented data.

Figure 6 shows the effect of the viscosity on the temperature
profile. The reactant viscosity only slightly affected the rate of
heating up; however, it had a dramatic effect on the rate of
cooling down. The results showed that by using a viscous
reactant with 1449 cp, the heating up rate constant was reduced
by about 21% compared to a reactant viscosity of 1.1 cp (from
0.064 s~ ' at 1.1 cp to 0.05 s~ " at 1449 cp).25 However, the
cooling down rate constant was greatly reduced, by about 72%
(from 0.082 s ' at 1.1 cp to 0.023 s ' at 1449 cp). This
behavior may be explained on the basis of the effect of tem-
perature not only on the viscosity but specifically in the thermal

DOI 10.1002/aic 3605



575

575 575
550 550 550
525 525 525
z 500 500 _ 500 o ERTT
5 475 % 15 = ]
5 40 1 £ 0 £ 4s0 ]
425 A E E .
g AR g 4 £ o S03K
g 400 A . O Hesti H 2 400 2 400 H
g V., 8. O Heatingup g V.4, D Heatingup E V. A, O Hestiogup
= 375 V. A, W codlingdown [] = 375 A.A. B Codlingdown = 375 V. 4. B coolingdown []
350 Theoretical 350 Theoretical 350 Theoretical H
325 b 325 5 325 E
300 300 300
275 275 L L L 275 1 L L
o s0 00 150 200 0 50 100 150 200 [ 50 100 150 200
Time (sec) Time (sec) Time (sec)
575 T I I 575 r 575 7 -
550 s 550 | ] 550
525 525 & 525 s
_, 500 — 500 ] 500 -
£ 475 4 Has p ¥ 415 4
§ 450 - E 450 - s 450 |
§ as H h 3 425 n
g 523K ] 425 533K S48 K
g o V. A, O Hetingup [] 400 v.4,0 Hoteges |1 400 V.4, 0 Haungup []
= 375 v.A. @ Codingdown] = 375 ¥ .4, B Cooling dowf] = 375 V. A, B Coolngdowf
350 Theoretical 350 Theoreticat -] 350 Theoretica) | ]
315 325 g 325 —
300 2 300 1 300
275 L L 1 275 1 275 L x
0 50 100 150 200 0 50 100 [ 50 100
Time (sec) Time (sec) Time (sec)
575
575 T
550 E 550 _
525 ] 525 ]
500 p 500 h
¥ 478 1 s | J
5 450 B B 40 Y ]
425 . 245 L .
00 563 K { 513K
v, &, 0 Heatigup 400 ¥, A, D Heatngun []
= 375 v, &, 8 Coolng downf] = 375 | v, A&, B Coolngdowf]
350 Theosetical - 350 ‘Theo retical H
325 - 328 * B
* .
300 o 300
275 278 L
0 50 100 0 50 100
Time (sec) Time (sec)

Figure 3. The effect of the salt bath temperature on the temperature profile inside the tube batch reactor under the

sub-critical water condition.

conductivity of both glycerine and water under different tem-
peratures.

By looking to the nature of both viscosity and thermal
conductivity properties, one can draw a basic understanding of
the effect of each property in the temperature profile. Basically,
the viscosity is a property that is relevant in fluid flow, while
thermal conductivity is the major property affecting the heat
conduction. It was reported that heating water from 293 K to

350 K resulted in about 65% reduction in its viscosity (from
1.005 to 0.3565 cP, respectively).?> Concerning the thermal
conductivity, it was reported that the thermal conductivity of
water increases upon heating from 293 K to 350 K by about
14% (from 0.00141 to 0.00163 gram cal. cm/cm®.sec'. °C',
respectively).?> However, the situation in the case of glycerine
is quite different.

Heating Dow synthetic glycerine from 293 K to 350 K

Table 2. The Heating Up and Cooling Down Parameters of the Tube Batch Reactor at Different Temperatures

Temp. (K) 473 498 503
P, 0.042 0.055 0.061
0.067 0.069 0.070

c

523

533 548 563 573
0.064 0.068 0.082 0.084 0.086
0.082 0.088 0.095 0.098 0.100

The salt bath mixing speed was 210 rpm without reactor shaking.
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Table 3. Summary of the Heating Up and Cooling Down Rate Constants, P, and P_, Under Different
Operating Conditions at 523 K

Salt Mixing Reactor Shaking Viscosity P, P,
No Speed (rpm) Speed (S/min) (cP) Reactor Contents (—) sh s
1 0.0 0.0 1.1 H,O 0.044 0.082
2 210 0.0 1.1 H,O 0.064 0.082
3 350 0.0 1.1 H,O 0.084 0.082
4 700 0.0 1.1 H,O 0.120 0.082
5 0.0 65 1.1 H,O 0.100 0.082
6 0.0 110 1.1 H,O 0.130 0.082
7 700 115 1.1 H,O 0.160 0.082
8 210 0.0 1449 Glycerine 0.050 0.023
9 210 0.0 - Glass beads and H,O (400 g/L) 0.064 0.085
10 210 0.0 - Glass beads and H,O (800 g/L) 0.075 0.085

resulted in about 98% reduction in its viscosity (from 1410 to
31.9 cP, respectively) but at the same time the thermal con-
ductivity did not change (having a constant value of 0.00068
gram cal. cm/cm?®.sec'. °C' at both tested temperatures). It is
now becoming clear that the thermal conductivity of glycerine
is lower than that of water by roughly a factor of two in both
the heating up and cooling down periods.?> Accordingly, there
will be less conductive heat transfer through the glycerine
during both periods when compared to water; therefore, one
would expect a longer time to be required to heat up and cool
down the glycerine. Moreover, during the cooling down period,
the conduction is further reduced due to the stagnant conduc-
tion that occurred with the reactor being cooled in the stagnant
water bath, which resulted in a great difference between the
glycerine and water cooling down rate constants. Therefore, it
could be concluded that the thermal conductivity is the major
property affecting conduction rather than viscosity and should
be the main reason behind the difference in both the heating up
and cooling down profiles between water and glycerine.
Figure 7 shows the effect of the reactor contents on the

S0 T T T ]

525 -

500 -

— 475 -
é 4
= J
g s -
s J
g 400 523K ]
b=} O 0% T
ﬁ 375 O 210 rpm —.
350 [t A 350 rpm 7

325 K B 700 rpm -

b Theoretical L

300 —

275 N R R D B

0 25 50 75 100 125 150

Time (sec)

Figure 4. The effect of the salt bath mixing speed on the
temperature profile inside the tube batch re-
actor under the sub-critical water condition.
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temperature profile. The results indicated that at a solid con-
centration (represented by the inert glass bead) of 400 g/L,
there was a slight effect of reactor contents on the rates of
heating up and cooling down. However, at a solid concentra-
tion of 800 g/L, the rate of heating up increased without
affecting the cooling down rate. Generally, it was found that
the reactor contents had the lowest pronounced effect on both
heating up and cooling down rates among all tested parameters.

From the above-obtained results concerning the parameters
affecting the temperature profile, the following recommenda-
tions can be made:

(1) For kinetic and comparative studies, it is very important
to operate under the same conditions of salt bath mixing and
reactor shaking speeds.

(2) It is very important for reducing the period of the
thermal unsteady state condition to operate at a high speed of
both salt bath mixing and reactor shaking to increase the
heating up rate.

(3) In the case of comparing different reactions with dif-

S0 77 T T
525
500
475
450
425
400

LN (L LA R I

523K

Temperature [K]

P I AT N NI NI S BT IR N

© 0.0 S/min (at zero rpm)
375 O 0.0 S/min (at 700 rpm)
350 A 65 S/min (at zero rpm)
O 110 S/min (at zero rpm)
325 8 115 S/min (at 700 rpm)
3004 Theoretical
275 | 2 | ) | : | L I 1
0 25 50 75 100 125 150
Time (sec)

Figure 5. The combined effect of the salt bath mixing
speed and reactor shaking on the temperature
profile inside the tube batch reactor under the
sub-critical water condition.
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Water (cooling down)

QO Glycerin (heating up)

A Glycerin (cooling down

Temperature [K]
S
>

Theoretical

Time (sec)

Figure 6. The effect of the reactant viscosity on the tem-
perature profile inside the tube batch reactor
under the sub-critical water condition.

ferent reactant viscosities, the thermal conductivity rather than
the viscosity parameter should be considered since it is very
important to consider the reduction of the cooling down rate
due to the thermal conductivity difference.

(4) There need not be restrictions on working with different
reactor contents, since the reactor contents has only a slight
effect on the rates of heating up and cooling down.

The second step in this study was to develop a mathematical
model for predicting the kinetics of such fast reactions based on
the temperature profile study carried out in the first step. The
details of the mathematical model were presented and dis-
cussed in the theoretical part of this work. According to that
model, both activation energy (E) and frequency factor (k)
represent the main parameters that should be roughly estimated
before starting to run the model. Other conditions are also
needed to work as boundary conditions to the model. Accord-
ingly, in this work we developed a strategy for selecting the
initial values of both E and k, as well as setting other condi-
tions.

Based on the experimental data of a kinetic study of a
particular reaction, educated guesses should be made to define
control borders for the models. As a plan for approaching this
goal, we proposed the following strategy:

(1) The values of E and k, required to start the trial and
error routine could be first evaluated assuming that the reaction
is taking place under a steady state condition (following a first
order kinetic). Then, values lower than those obtained could be
used for the initiation of the trial and error routine.

(2) It is very important to define whether the reaction
proceeds during the cooling down period, or it will be stopped
due to the interruption resulted from the quenching step. Based
on this assumption, the effect of the cooling down reaction on
the overall reaction could be eliminated and the reaction will be
assumed to proceed during the heating up and transferring steps
only.
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523K
Water (heating up)

Water (cooling down)
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275
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Figure 7. The effect of the reactor contents on the tem-
perature profile inside the tube batch reactor
under the sub-critical water condition.

(3) If the reaction proceeds during the cooling down period,
will it proceed at any reaction temperature above the ambient
temperature or does it need a certain temperature to initiate the
reaction?

Consistent with the above-mentioned strategy, the variation
of product concentration versus time was calculated under
different conditions and shown in Figures 8-10. All calcula-
tions were done assuming a fixed salt bath temperature of 473
K. The measured t, value at this temperature was found to be
82 sec under the condition that the salt bath mixing speed was
210 rpm without shaking the reactor. The used P, and P, values
under such conditions were 0.042 and 0.067 s~ ', respectively.

At the beginning, to have a clear view about the effect of the
different stages of the reaction in the overall concentration
profile, we calculated the time of each stage as a function of the
reaction time, t, (the time elapsed for the reactor inside the hot
salt bath before the transferring and quenching steps). The

100%

t E’ Can .
o [ Co

. B G HE

Cag=200 g/I
E=21.2 kj/mol
kg=173.55"

teal 362 6297 76.83 1014

Figure 8. The percentages of the time of the different
reaction stages and their relevant product
concentration relative to the total real reaction
time, t... (t, + t,ans + to), and total concen-
tration, Cgy (Cg,, + Cg, + Cg.), respectively, at
473 K.
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Figure 9. The total concentration of the product B(Cg;),
the concentration of B produced during the
heating up (Cg,), transferring (Cg,), and cooling
down (Cg.) stages, against the real reaction
time (t, + t,,,.s + t.c) at lower (a) and higher (b)
values of E and k.

calculations were carried out assuming relatively low values of
activation energy and pre-exponential factors (such low values
signify a relatively fast reaction, which seemed to be close to
our fast reaction case). Figure 8 shows the percentages of the
time of the different reaction stages and their relevant product
concentration relative to the total real reaction time, t,.., (t, +
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tyans T te), and total concentration, Cgr, respectively. The
calculations were carried out at different t. values of 1, 5, 10,
and 25 sec, considering that the steady state salt bath temper-
ature is kept constant at 473 K. The calculations revealed that
at lower t, values, the time needed for cooling down the reactor,
t., was very long compared to the t. and represents more than
94% of the total real reaction time, t..,. For t, value of 1 sec,
the value of the real reaction time, t,., was 36.2 sec, of which

250 T T T T 473 K ]
CA0=200 g/l
L : E=21.2 kJ/mol | _
Total concentration (Cgp) ky= 137.5 6l
= 200
i ﬂonc. at heat up (G,)
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[
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]
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onc. at transferring (G
0 | L
0 50 100 150 200
Real reaction time [sec]
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S
5
s 100 1
3
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&
50 Conc. at coolin down (Cg) _|
Conc. at transferring (Cg)
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Figure 10. The effect of the cooling down stage on the
total concentration of the reaction product
under different assumptions.

(a) The cooling down stage was completely neglected, and
(b) The cooling down stage proceeds when the heating up
temperature reaches 373 K.
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the t, was 34.2 sec and the transferring time was set to be
constant at 1 sec at any t, value (as it was measured experi-
mentally). Accordingly, the concentration of the product B
formed during the cooling period represented the highest per-
centage among other reaction stages. The reason behind such a
long t,. value could be explained based on the low driving force
available for cooling down the reactor at very short t, values.
Such a driving force originates from the temperature difference
between the heating up temperature and ambient temperature,
which is very low at lower t, values. At higher t, values, the
percentage of the product concentration shifted towards the
heating up period and minimized during the cooling down
period.

Next, to explore the situation more widely, we calculated the
total concentration of the product B(Cgy), the concentration of
B produced during the heating up (Cg,,), transferring (Cg,), and
cooling down (Cg,) stages, respectively, against the real reac-
tion time (t,.,;) under different conditions of activation energy,
E, and frequency factor, k,, under a wide range of real reaction
times (Figure 9). Two different E and k, values were used in
the calculation. Figure 9a shows the results of using low values
of E and k, of 21.1 kJ/mole and 137.5 s ', respectively.
However, Figure 9b shows the results of using high values of
E and k, of 80.2 kJ/mole and 8.3E+08 s~ ', respectively. The
calculations showed that the product concentration was very
high during the cooling down stage over the other reaction
stages at low t,., values and lower E and k, values (lower E
and k, signify a very fast reaction with relative temperature
insensitivity). However, by increasing the t..,, the concentra-
tion of B during the cooling down and transferring periods
increases with lower rate at higher t,.,, values until it reaches a
maximum value. After that it decreased very rapidly, with a
dramatic increase in the concentration of B during the heating
up stage. The explanation of such behavior is quite simple,
since at the low t,.,, which means low t, in turn, the time
allowed for the reaction to react in the heating up period is very
short while the time of cooling down is relatively very long (as
we showed before in Figure 8). On the other hand, at high t,.,,
values, which mean high t, in turn, the majority of the reactant
is exhausted during the heating up stage, resulting in demol-
ishing the effects of both the transferring and cooling down
stages.

At higher E and k,, values (which signify a relatively slow
reaction rate with high temperature sensitivity), the reaction
rate slows down at low temperatures until the reaction temper-
ature increases to the limit needed to activate the reaction. To
approach this relatively high temperature, the reactant needs a
longer time for heating up. Accordingly, most of the reactant
will be exhausted during the heating up stage, which results in
demolishing the effects of the other stages on the overall yield.
Therefore, the reaction during the heating up period came to
predominate over the other stages.

Now let us address the second option in the developed
strategy for finding the E and k, values for very fast reactions.
Figure 10 shows the effect of the reaction during the cooling
down stage on the total concentration of the reaction product.
As the simulation showed, if the cooling down stage was
completely neglected, the concentration profile changed from
being a hyperbolic one (as shown in Figure 9a) to becoming
sigmoidal (as shown in Figure 10a). Such behavior could be a
clue for detecting the proceeding of the reaction during the
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cooling down stage. When the simulation was carried out under
the assumption that the cooling down reaction proceeds when
the heating up temperature reaches 373 K, a sudden and sharp
increase of the total concentration was observed around 373 K,
as shown in Figure 10b. Such observations could also be a clue
for detecting the proceeding of the reaction during the cooling
down stage at a certain reaction temperature.

Based on the above discussion, it could be possible now to
follow the kinetics of fast reactions that take place under the
sub-critical condition using the mathematical model and the
strategy developed in this work. The most important conclu-
sion obtained in this study is that in the case of a fast reaction
(as defined in the introduction section), all the reaction stages
should be taken into consideration during investigating the
kinetics of such reactions (that is, heat up, transferring, and
cooling down). However, the effect of each reaction stage on
the overall reaction kinetics differs based on the chemistry of
the reaction itself. Moreover, it is not possible to get a critical
time, below which the results are significantly misinterpreted
by assuming the reactor to be at the reaction temperature for
only the time in which the reactor is in the salt bath. Since such
critical time varies from one particular reaction to another, it
could only be obtained by using the present model to study the
effect of each stage on the overall reaction kinetics and finding
out such critical time by comparing the actual experimental
results with those obtained theoretically.

Future Work

In the very near future we are going to present the experi-
mental data for the kinetic study of the synthesis of a protein-
based biodegradable plastic prepared from the bovine serum
albumin in a batch reactor, which has been synthesized in our
previous work?? (as described in the introduction section). Such
results could be used to show the validity of the present
strategy and kinetic model.
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