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AN EXPERIMENT IN APPLIED OPTICS 
Determination of the Kinetics 
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A pplied optics is gaining in importance for science 
and engineering students. A National Science Foun­
dation (NSF) workshopr11 recently recommended an 

emphasis on optics research and education because 

Optical Science and Engineering is an enabling technol­
ogy-that is, a technology with applications to many 
scientific disciplines and with the potential to contribute in 
significant ways to those disciplines. 

This workshop recommended a strong optical component in 
the undergraduate curriculum of science and engineering 
students. An interdisciplinary group at New Jersey Institute 
of Technology (NJIT) has created such an applied optics 
curriculum_l21 It is supported through the Combined Re­
search-Curriculum Development program of NSF and has 
been very successful _13.4l 

Optics should no longer be viewed as a tool of only the 
physicist. Optical principles, especially as applied to spec­
troscopy, are obviously important to chemistry students. How­
ever chemical engineering students are not usually exposed 
to optics beyond general undergraduate physics courses. 
There is a definite need to expose these students to more 
optics, especially since optical-based sensors for process 
monitoring are rapidly expanding into the traditional chemi­
cal industries. 

Optical diagnostics applied to a chemical reactor offer the 
chance to demonstrate two principles : I) the determination 
of reaction kinetics without direct sample analysis of reac-
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tants or products, and 2) rapid monitoring for process con­
trol. 

In this paper we will describe an effective, simple, and 
inexpensive experiment in applied optics for monitoring the 
oxidation of an organic dye. Absorption of a laser beam 
passing through a batch reactor produces data from which 
overall kinetics are determined. The use of an in-situ laser 
beam diagnostic avoids the cumbersome, potentially inaccu­
rate, and costly method of direct sampling for optical ab­
sorption in an ultraviolet-visible spectrophotometer. 

THEORY AND OBJECTIVES 

An organic food color is a complex organic dye with a 
broad-banded absorption spectrum. In the case of a helium­
neon (He-Ne) laser at 632 nanometers (nm), the dye of 
choice is one with a spectrum with a reasonably strong 
absorption at the red 632-line, i.e., blue or green. Transmis­
sion of the beam through a volume of absorbing dye solution 
is governed by the Beer-Lambert law151 

where 

I, transmitted intensity 

l0 incident intensity 

CJ absorption cross section 

C dye concentration 

(I) 

L optical path length (distance laser beam passes through dye 
solution) 

Typically, Eq. (I) is rewritten as 

~ = en(:~ J = CJ CL (2) 

where .91. is absorbance. Since there is negligible absorption 
by water at 632 nm, I0 can be taken to be the intensity of the 
laser beam exiting the reactor. 

The oxidation reaction can be written as 

A + bB • products 

where 

(3) 
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b overall stoichiometric coefficient 

indicating the number of moles 
of B consumed for each mole of 
A oxidized. 
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Using a differential approach, 
curves of .91. vs. time are generated 
from a signal trace. Slopes of these 
curves, representing the time rate of 
change (-d.91.!dt), are determined and 
then plotted vs. absorbance .91. ac­
cording to Eq. (6c). The "best fit" 
slope is the order n, with intercept 
giving k*. 
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The assumption is that Eq. (3) prob­
ably represents an overall stoichi­
ometry, i.e., the dye oxidation oc­
curs via a mechanism of several el­
ementary reactions. Overall reaction 
kinetics, however, can be deter­
mined .161 

Alternate Experimental Layout 

Alternatively, using an integral 
approach, two cases can be derived 
from Eq. (6a) depending on the value 
of n. If n=I , then Eq. (6a) integrates 
to The rate of reaction (-rA) can be 

written as 
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where 

k overall rate constant 
CA,C8 concentrations of dye and oxi­

dant, respectively (mole/cm3
) 

n,m overall reaction orders 

\ 
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where JI., is the absorbance measured 
initially with water and dye, but be­
fore the oxidant is added. If n is not 
equal to 1, then Eq. (6a) integrates 
to 

Jll-n = (n- l )k * I+ .91~-n (8) 

If the reaction is performed when 
the concentration of oxidant is in 

Figure 1. Experimental layout. Equations (S b) and (6b) are com­
bined to give 

considerable excess over that of the dye (i.e., CA <<C8), then 
CB is effectively constant. Equation (4) can then be rewritten 
as 

(Sa) 

where 

k' = kC~ (Sb) 

Combining Eqs. (Sa) and (2) results in the first working 
relation needed to model the experimental data: 

(6a) 

where 

(6b) 

and is a constant for a given experiment with a specific 
amount of excess bleach. Taking the logarithm of Eq. (6a) 
yields 

(6c) 
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k• = kCs'(crL) 1-n (9) 

Absorbance data are correlated with either Eq. (7) or (8) to 
determine the "best fit" reaction order n and rate constant k*. 

Whether a differential or integral approach is taken, the 
series of k* values from runs with different volumes of 
excess bleach are then correlated with bleach concentra­
tions, using Eq. (9) to determine the "best fit" reaction order 
m. Taking the logarithm of Eq. (9) yields 

(10) 

A plot of k* vs. CB according to Eq. ( 10) should yield a 
slope of m and the rate constant k to within a constant 

(crL)' - n. 

APPARATUS 
The schematic for this experiment is shown in Figure 1. 

The batch reactor can be any transparent container with two 
parallel fl at sides that can serve as windows for the He-Ne 
laser beam. The container should be appropriate in overall 
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size for whatever magnetic stirrer is used. We recommend a 
Teflon-coated stirring bar. The intensity of stirring should be 
sufficient to obtain good mixing, yet not so great that it 
causes a vortex to form and extend into the laser beam path. 

The incidence of the laser beam onto the front and back 
sides of the reactor will generate two back reflections. The 
reactor should be slightly skewed off-normal to the beam to 
prevent the back reflections from reentering the laser. Once 
it is set, care should be taken to avoid moving the reactor 
relative to the beam. An outline of masking tape around the 
base of the reactor on the magnetic stirring surface will 
ensure that the reactor is always in the correct position. 

The exiting laser beam is directed into a photodiode or 
other optical detector. The detector should have a response 
time much shorter than typical reaction times (see Figure 3). 
A photodiode is definitely fast enough, in addition to being 
inexpensive and readily available. Care should be taken to 
avoid saturating the detector. Placement of neutral density 
filters (NDFs) or other attentuators in the path of the laser 
beam before the reactor will reduce the level of light hitting 
the detector. Detector linearity (i. e., non-saturation) can be 
checked by ensuring that a 50% drop in detector signal 
occurs when a 50% NDF is placed before the detector. 

The detector signal voltage can be monitored with a chart 
recorder or other signal detection apparatus (e.g. , analog-to­
digital data acquisition-equipped personal computer). One 
configuration currently in use in our interdisciplinary 
applied optics laboratory course connects the photodiode 
detector to a lock-in amplifier. The laser beam is modu­
lated with a chopper, and the lock-in amplifier is inter­
faced to a laboratory computer via a general-purpose 
interface bus (GPIB) . 

The bleach and dye reagents can be volumetrically 
added to the reactor with graduated burettes suspended 
over the reactor. Water should also be volumetrically 
added to the reactor. 

TYPICAL EXPERIMENT 

In the experiment described in this paper, the reactor is 
a clear acrylic topless box with a 4x4-in square base and 
a 5-in height. Durkee Liquid Food Color (blue or green) 
and household laundry bleach (5.25 weight % NaOCl 
active ingredient with the balance assumed to be water) 
are the reagents. The bleach is delivered through a 500-ml 
burette, which has a sufficiently large bore such that the 
time to add the reagent was small relative to the reaction 
time scale. The dye is delivered through a 5-ml burette. 

A Spectra-Physics I-milliwatt helium-neon laser is 
used in conjunction with an amplified Thorlabs silicon 
photodetector (Model PDA150). The voltage signal is 
observed with a chart recorder. A typical simulated trace 
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Figure 2. Sample detector signal trace. 

Zero 
Line 

is shown in Figure 2. It should be noted that the "zero line" 
properly corresponds to the detector signal with the laser beam 
blocked so as to account for any detector voltage offset. 

In a typical experiment, 350 ml of water is added to the 
reactor box (about one-half full) prior to its placement on the 
magnetic stirrer. Optical alignment of the laser beam, the 
box, and the detector should be done with the first batch of 
stirred water. Care should be taken with laser light reflecting 
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Figure 3. Absorbance vs. time for run #2. 
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back from various surfaces. Masking tape should be placed 
around the base of the reactor box to ensure that it would 
always be returned to the same position so that the optical 
alignment would not be disturbed. 

Detector linearity is then tested. We determined that a 
total optical density of 1.5 (approximately at 97% inten­
sity reduction) was needed in the path of the laser beam 
in front of the reactor box. 

With detector linearity established, a trace representing I0 

can be recorded. One drop of dye (approximately 0.03 ml) is 
added to the stirring water. A short delay should ensue to 
establish a new constant signal trace, which indicates the 
maximum absorbance. Then, at time t=0, a fixed volume of 
bleach (at least 10 ml) is added to the stirred solution. The 
signal trace is allowed to ascend over time until it reaches an 
effectively constant value-typically the same value indica­
ti ve of a clear solution, which indicates a complete reaction. 
The solution is visibly clear at thi s point. It should be noted 
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.figure 4. Rate vs. absorbance; differential 
approach, Eq. 6c. 
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Figure 5. Absorbance vs. time; integral approach , Eq. 7. 
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that the laser light is not absorbed by the bleach, as evi­
denced by a test made with bleach added to plain water. 

It is assumed that a given detector signal voltage, v, is 
directly proportional to a given beam intensity, I, as in 

v = al ( 1 1) 

where a is the constant conversion factor. Equation (2) then 
becomes 

(I 2) 

where v0 is the signal corresponding to the laser beam pass­
ing through clear, stirred water, and v, is the time variant 
signal corresponding to the attenuated beam as the reac­
tion proceeds. These values are represented on the sample 
trace in Figure 2. 

DATA ANALYSIS AND RESULTS 

The data and results presented in this paper were taken 
directly from a student group experiment in our senior chemi­
cal engineering laboratory course. 

Using a differential approach, Figure 3 illustrates a plot of 
absorbance JI vs. elapsed time for one drop of blue dye, 20 
ml of bleach, and 600 ml of water. Slopes (-dJl/dt) were 
determined graphically. Logarithms of the slopes are plotted 
vs. en JI (as in Eq. 6c) in Figure 4. The "best fit" slope of 
1.03 suggests first-order kinetics in dye concentration. 

Using an integral approach for the same run, Figure 5 
shows a firs t-order plot using Eq . (7) . The correlation coeffi­
cient (R2=0.9948) is sufficiently good to declare the reaction 
kinetics to be first order in dye concentration. 

Table 1 summarizes the results from all the runs. Several 
either runs were made with different bleach volumes, but 
always with 1 drop of blue dye and the same starting volume 
of water. In spite of some fluctuation in the "best fit" order, 
there is no reason to suspect anything other than first order 
with respect to dye. 

For the case of n= l , the "lumped" rate constant k • reduces 

TABLE 1 
"Best Fit" Reaction 

Order with Respect to 
Dye Concentration 

Volume Order 
Run Bleach n 

I JO 1.15 

2 20 1.03 

3 30 1.03 

4 40 1.27 

to k', which is plotted vs . initial 
bleach concentration in Figure 
6 according to Eq. 9. The "best 
fit" slope of 1.00 shows that the 
reaction is first order in bleach 
concentration. The overall rate 
constant k is found to be 16.4 
liter/mole-minute. An "error" 
propagation analysis has esti­
mated the uncertainty in tf rate 
constant at 12%. 

--- Continued on page 197. 
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Experiment in Applied Optics 
Continued from page 177. 

CSTR CONFIGURATION 

An alternative approach to the unsteady-state batch reac­
tor is the steady-state continuous stirred tank reactor (CSTR). 
The current apparatus could be easily modified by replacing 
the burettes with delivery reservoirs. Flow meters and pumps 
(or elevation) would be required. Inlet and withdrawal ports 
should be fitted onto the transparent stirred vessel. The ex­
periment would still be run with excess bleach. 

The theoretical model of the CSTR would begin with a 
steady-state species balance161 

where 
CA dye concentration in the vessel 

CA0 dye concentration in the feed 
't residence time. 

Using Eq. (2) , the species balance is 

J!o - JI. - k ''t(crL)l -n JI " = 0 

{13) 

{14) 

where~ is the absorbance of the reactor feed in the absence 
of reaction (i. e. , a blank run of dye and water without bleach 
oxidant). 

For first-order kinetics (n=l ), Eq. (14) reduces to 

Jl.0 = 1 + k''t 
JI 

(15) 

where a plot of Ja.j5ll. vs residence time 't would yield the 
apparent rate constant k ' . The advantage of the CSTR con­
figuration is the application of the laser diagnostic to a 
steady-state problem. The disadvantage is that large vol­
umes of solutions would be required. 

FINAL THOUGHTS 

There are some interesting implications in this study. Since 
the reaction proved to be first order in dye concentration, the 
absorption cross section cr was not used (see Eq. 9). This 
means that an optical calibration to determine cr is not 
necessary. 

The reader may have noticed that this entire analysis was 
done without knowing the reaction stoichiometry (see Eq. 
3). Also, since the reaction is first order in dye, the initial dye 
concentration is not needed. This is especially convenient 
since the actual concentration of the dye liquid in the Durkee 
containers is not known. The label indicates that the dye is 
manufactured overseas, making inquiries difficult. It has 
been identified as FD&C Blue No. 1, a complex organic 
molecule of non-condensed aromatics. 

Since the stoichiometry is not known, there is no a priori 
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Figure 6. "Lumped" rate constant vs. bleach 
concentration; Eq. 9. 

way to determine how much bleach constitutes an "excess" 
condition. If insufficient bleach is added, the variation in 
time of both dye and bleach concentrations must be consid­
ered in the kinetic analysis of the absorbance data. If the 
stoichiometric coefficient b in Eq. (3) is incorporated into 
the analysis, its value could be determined as a "best fiC 
parameter. 

Finally, this experiment is effective and relatively inex­
pensive. An old chart recorder, easily found in any surplus 
equipment collection, helps to keep the cost down, and glass­
ware should be available in any chemistry stockroom. A 
small He-Ne laser can be obtained for less than $100, al­
though the photodiode detector will cost more. The entire 
experiment can be set up for about $700. 
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