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USING AS A REACTION system the hydrolysis of
acetic anhydride, Anderson [1] developed a
laboratory demonstration of tubular reactor be-
haviour. In this article, another such demonstra-
tion is presented with two novel additions: (i) a
color change is added as a visual reinforcement
of the measured results and (ii) the temperature
constraint is removed in order to provide an ex-
periment operable at room temperature. The
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latter innovation reduces the complexity and thus
the cost of the apparatus.

Corsaro [2] described the hydrolysis of crystal
violet dye by sodium hydroxide. Reaction is first
order in the concentrations of each of the reacting
species. If the base is in great excess, the kinetics
of reaction become pseudo-first order,

Ty, = k' [dye]

where k’ = k[NaOH]. The dye concentrations
needed for this experiment are of the order of
10-° mol/L. Thus, a 0.01 mol/L solution of NaOH
is in 1000-fold excess and in a concentration
readily achieved at low cost. Also, NaOH con-
centrations can be varied considerably in order to
achieve a desired pseudo-first order rate constant
k’ at room temperature. This feature of the experi-
ment eliminates the expensive temperature control
equipment of the sort used by Anderson [1].

Another advantage of this system over that
using acetic anhydride hydrolysis is that the
system remains isothermal during reaction. The
fact that the reagents are also very dilute means
that there is little safety hazard if the reagents
are spilled, though safety glasses are recom-
mended.

The results of this experiment may be ap-
proximated by idealized models, such as the plug
flow tubular reactor (PFTR) and laminar flow
tubular reactor (LFTR).

THEORY

The PFTR model is widely used, (see Leven-
spiel [3] for example) and is related to the inlet
and outlet dye concentrations as follows.

Vv 1 [dye]: _
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The LFTR model has been developed by Cle-
land and Wilhelm [4]. The radial mean conversion

at the exit from the tube is given by the expres-
sion.
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where v = k'r,, y = t/7,
and 7, = Lxr?/(2vV,)
Ei is the exponential integral, available in mathe-
matical handbooks.

APPARATUS

The principal components required for this ex-
periment are listed below; code letters refer to
the schematic in Figure 1.

Tanks: (T1) 200-L polyethylene tank bottle with 3/4-in
spigot for draw-off. (T2) 10-L Nalgene aspirator
bottle with spigot.

Pumps: (P1) Century type SPS (1/4 HP); available from
Flotec Inc., Norwalk, California. (P2) Magnetic-
drive variable speed micropump; Cole-Parmer Cat.

. No. 7004-92.

Mixer: (M) Graphite impeller pump (whose impellers have
been removed for use as a mixer); Eastern Pumps,
LFE Fluids Control Div., Hamden, Conn.

Rotameters: (R1) Brooks type R-6-15-A. (R2) Brooks
type R-2-15-B.

Reactor: 40 m of 3/8-in I.D. Tygon tubing, wound on a
spool 28 cm in diameter and 55 ¢m in length.
Valves: (V) any adjustable valve to adjust flow in the

recycle lines.

Spectrometer: Spectronic 20 (Bausch & Lomb) fitted with
a “Flow-Thru Accessory” for rapid sampling.
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FIGURE 1: Schematic Diagram of Apparatus. T1, T2 —
tanks for NaOH solution, dye solution re-
spectively; P1, P2 — pumps; R1, R2 —
rotameters; V — adjustable valves; M —
mixer; S1, $2 — sample points.
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A 200-L reservoir (T1) is used for the caustic
solution and a 10-L reservoir (T2) for the crystal
violet dye solution. These are metered into a mixer
(M) at the entrance to the tubular reactor.
Samples may be withdrawn from the entrance
(S1) to the reactor and from the exit (S2) from
it at tee-junctions. These tees are fashioned by
welding short lengths of 1/8 in O.D. stainless
tubing to 3/8 in O.D. stainless tubes used as
connectors at the entrance to and exit from the
reactor tube.

For convenience, the reactor tube itself takes
the form of a helical coil, although there is no
reason in principle why it could not be straight
or folded (a comparison between the conversions
using helical coils vs. straight tubes might make
an interesting variation of this experiment, to in-
vestigate the importance of secondary flow in the
helical reactor). During operation, a strong change
in color may be observed along the reactor tube
between inlet and outlet.

The analysis of crystal dye at both the inlet to
and outlet from the reactor is readily done with
a spectrometer, and the method is given by
Corsaro [2]. The Flow-Thru Accessory of the
Spectronic 20 consists of a vacuum system to draw
small samples through a fine tube into cuvette,
and then to empty into a waste jar. Since the
sampling time is brief, and reproducible, errors in
measuring the concentration of the reacting
sample are kept to a minimum. The concentration
is readily obtained by calibration with known
concentrations of the dye. Occasional sampling of
methanol or ethanol will prevent the build-up of
adsorbed crystal violet dye on the walls of the
cuvette.

EXPERIMENTAL PROCEDURE

THE MAXIMUM FLOWRATES of crystal violet dye
solution and caustic soda solution are 50 mL/
min and 1000 mL/min respectively. Thus, in the
reactor volume, the holding time is just a few
minutes, and since plug flow is approximated, little
more than a single filling of the reactor is needed
to obtain steady state conditions after a change is
made in the input flows and/or concentrations.
For purposes of illustration of the behavior of
this reactor, several points may be obtained at
different space velocities. This is done by deciding
on the range of flowrates available and then keep-
ing the two feed pumps in the same ratio. Con-
centrations are measured at a sample point just at
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FIGURE 2: Comparison of Experimental Conversions
with those Predicted from PFTR and LFTR
Models.

the entry to the reactor, and just at the exit. Some
student data are presented in Table 1, for the
experiment at Université de Sherbrooke. Note that
the volume of the reactor was 2780 mL, and the
concentration of NaOH (from the titration tests)
was 0.04 mol/L. In addition, batch tests of dye
with caustic soda solution of this concentration
provided a pseudo-first order rate constant k’ =
0.54 min.

Using this information in the reactor models

discern trends in the behavior of the real reactor
with holding time.

Finally, we offer a comment or two on student
reaction to the experiment. The change in color of
the reactants across the reactor is quite a novelty
in a chemical engineering laboratory experiment.
This visual effect helps to reinforce what is learned
from both the measurements and the theory. The
measurements are readily made, and the theoreti-
cal models used to bracket the expected per-
formance of the reactor are inherently interesting.
This happy combination of factors has meant that
the experiment has always been well received
by students working on it. O
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NOTATION

provided, the model conversions of Table 1 were 1921 — ig};)es iﬂfsttif{f‘ﬁ‘}ligﬁfnﬁnm’ e
calculated and the graphs in Figure 2 prepared ! = Lk[NaOH]; pseudo-first order rate
for both PFTR and LFTR. The conversion data constant (min)
from Table 1 are also plotted in Figure 2. It ap- L = length of reactor tube (m)
pears that the behavior of the reactor lies between ;r v gfg‘étl(omn-r ate mol/Lrmin
: 2 = in)
the LFTR and the PFTR. No particular signifi- Vo = volumetric flow rate (L/min)
cance is attached to the fact that the conversion V = volume (m?3)
curve crosses the LFTR curve at short holding X = conversion
times ; the conversion data of most student groups LA
; : v = Kk,
appear to lie between the two theoretical curves. r = V/v, (min?)
A wider range of flows might be used in order to To = Lgr?/(2v,) (min™)
TABLE 1
Experimental Results
Flow of Flow of Dye Concentration Holding Fractional Conversion
dye NaOH Inlet Outlet Time PFTR LFTR

Run No. (mL/min) (mL/min) (mol/L x 105) (min) Exp’tl Model Model

1 15 450 1.1 0.08 5.98 0.93 0.96 0.90

2 20 600 1.05 0.15 448 0.86 0.91 0.84

3 25 750 1.05 0.22 3.59 0.79 0.86 0.77

4 30 900 1.05 0.30 2.99 0.71 0.80 0.72
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