
Improving Student Results in the Crystal Violet Chemical Kinetics
Experiment
Nathanael Kazmierczak and Douglas A. Vander Griend*

Department of Chemistry and Biochemistry, Calvin College, 3201 Burton SE, Grand Rapids, Michigan 49546, United States

*S Supporting Information

ABSTRACT: Despite widespread use in general chemistry
laboratories, the crystal violet chemical kinetics experiment
frequently suffers from erroneous student results. Student
calculations for the reaction order in hydroxide often contain
large asymmetric errors, pointing to the presence of systematic
error. Through a combination of in silico synthetic data
simulations and laboratory experimentation, we report on five
potential sources of error: (1) the kinetic flooding
approximation, (2) solution concentration mistakes, (3) signal
processing, (4) spectrometer limitations, and (5) particulates
in the solution. The majority of this asymmetric error can be
eliminated by constraining the data collection region within
spectrometer limitations, specifically 0.7−0.1 Abs for a
SpectroVis+ spectrophotometer. The consistent detection of particulate formation during the later course of the reaction is
an aspect of the reaction not previously explored. Guidelines for optimizing laboratory procedure, instruments, and software are
provided.

KEYWORDS: High School/Introductory Chemistry, First-Year Undergraduate/General, Laboratory Instruction, Physical Chemistry,
Misconceptions/Discrepant Events, Kinetics

■ INTRODUCTION
The crystal violet kinetics experiment is commonly used to
explore rate law concepts in general chemistry laboratories. First
proposed in Corsaro’s instructive 1964 article,1 this experiment
centers on the reaction of the cationic organic dye crystal violet
(CV+) with hydroxide anion:

+ →+ −CV (aq) OH (aq) CVOH(aq)

The generalized rate law governing the reaction is

= + −krate [CV ] [OH ]m n (1)

Students typically seek to determine the values of k, m, and n. If
the hydroxide concentration is large compared to the crystal
violet concentration, [OH−]n and k can be grouped together as a
new constant, termed the effective rate constant keff.

= −k k[OH ]n
eff (2)

This is known as the kinetic flooding assumption, and simplifies
the m + n order rate law into a pseudo-m-order rate law:

= +krate [CV ]m
eff (3)

By tracking [CV+] over time, generally with a spectrometer, and
fitting the curve, students can readily identify the order, m, as
unity, as well as the value of keff. Parallel runs at varying hydroxide
concentrations allow keff to be unpacked into k and n.
This reaction has been studied in different ways in the

chemical literature. In 1964, Corsaro1 tracked the absorbance of

the reaction mixture over time and obtained a second-order rate
constant of 0.161 M−1 s−1 through regression. Richie et al.
obtained a second-order rate constant of 0.201 M−1 s−1 in 19672

and later a rate constant of 0.205 M−1 s−1 in 1975,3 using a least-
squares curve-fitting Fortran IV program to fit an exponential
function to absorbance data over time. Cannon et al. in 19944

developed software to aid student laboratory data analysis. Du et
al. in 20125 studied the reaction in a solution of 2-butoxyethanol
and water at temperatures of 309 K and above in order to
determine critical exponents. Knutson et al. in 20156 developed a
student laboratory procedure using hand-held camera color-
imetry. Cannon et al., Du et al., and Knutson et al. did not report
second-order rate constants. The values of m and n are both
unanimously accepted to be 1.
While students are typically successful in concluding the

correct value m = 1 (rather than 2 or 0), determining that the
reaction order in [OH−] is characteristically problematic.
Vernier’s current procedure does not include the determination
of the full rate law,7 although an initial-rate procedure (as
opposed to the more common curve-fitting or regression
procedures described later in the text) adaptation does determine
the reaction order in [OH−].8 When students attempt to
determine the reaction order in [OH−] using curve-fitting, they
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regularly obtain values ranging from 1.2 to 2.4. This renders a
class unable to conclusively determine the correct value, even
after assuming that n is an integer. The preponderance of
erroneous results above the expected value have led us to
thoroughly examine the chemical and mathematical procedures
for the sources of this egregious and asymmetric error. We
investigate five potential sources of error: (1) the kinetic flooding
approximation, (2) solution concentration mistakes, (3) signal
processing, (4) spectrometer limitations, and (5) particulates in
the solution.

■ EXPERIMENTAL PROCEDURE

The general experimental procedure may be summarized as
follows. A solution of crystal violet chloride, which is a deep
purple color owing to a large absorbance band centered at 590
nm, is prepared. A much more concentrated solution of sodium
hydroxide is prepared and added to the crystal violet solution,
initiating a decolorizing reaction as the crystal violet is converted
to a colorless carbinol. The mixture is monitored in a
spectrophotometer to observe the decay of the absorbance as
the crystal violet concentration decreases. Students can
determine m from a single experimental run by ascertaining
the appropriateness of fitting the data to an exponential decay as
opposed to a second-order curve, thereby confirming the first-
order dependence on [CV+]. To determine the reaction order in
hydroxide, experimental runs must be performed for two or more
different concentrations of hydroxide. (Usually NaNO3 is used to
dilute the NaOH in order to preserve a constant ionic strength.)
By finding how keff changes as hydroxide concentration changes,
n and k can be determined.
Under Corsaro’s original method, the crystal violet solution is

approximately 8 × 10−6 M, while two runs using [OH−]0 = 8 ×
10−3 M and 4 × 10−3 M, respectively, are employed to determine
n. The absorbance is measured every 3−4 min for 20−30 min.
The base-10 logarithms of the absorbance data are graphed as a
function of time; the resulting straight line indicates that the
reaction is first-order in crystal violet, with a slope equal to
−0.43keff (and not −2.3keff, as given by Corsaro). Obtaining two
such effective rate constants for different hydroxide concen-
trations allows a system of two linear equations to be solved for n
using the log form of eq 2.

=
−
−− −n

k kln( ) ln( )
ln([OH ] ) ln([OH ] )

eff1 eff2

1 2 (4)

Corsaro’s original procedure is often modified for use in
modern laboratories. Concentrations are increased to save time
and thereby allow for more runs in a given lab period. For
example, the authors’ institution regularly uses a procedure with
four runs with NaOH concentrations of 0.09, 0.08, 0.06, and 0.04
M (and corresponding NaNO3 concentrations of 0.01, 0.02,
0.04, and 0.06M), and a crystal violet concentration of 2.0× 10−5

M. Furthermore, absorbance data can now be collected much
more frequently through computerized spectrophotometers,
such as the SpectroVis+.9 Fitting of the absorbance curves can be
accomplished directly through interface software such as Logger
Pro,10 eliminating the need for manual linearization. Finally,
regression analysis on a plot of ln(keff) against ln([OH

−]0) can be
readily carried out to determine n and k. This technique increases
accuracy by incorporating data from all four runs, rather than
using only two runs as required in eq 4.

■ POTENTIAL SOURCES OF ERROR

Kinetic Flooding Approximation

While the typical procedure approximates the decolorization
reaction as first-order (in crystal violet) for a given hydroxide
concentration, in reality the reaction follows the rate law for a
second-order reaction with two distinct reactants. Fitting a curve
to this rate law is quite complex for a student laboratory
experiment, which motivates the flooding approximation. The
use of a first-order rate law to study this reaction has become
accepted practice in the chemical literature.2−6,11,12 To further
validate this practice, we used the spreadsheet given in the
Supporting Information to generate synthetic absorbance data
via the second-order rate law, set k = 0.1 M−1 s−1, and then fit the
data with the first-order rate law from the flooding approx-
imation. As expected, these simulations confirm the validity of
the kinetic flooding approximation for any reasonable concen-
trations for this lab, yielding values for n and k that were within
2% and 0.5%, respectively, of the true values. We therefore turn
to other potential sources of error.
Concentration Mistakes

Students in general chemistry laboratories frequently make
errors when preparing dilutions. Again using the spreadsheet
(Supporting Information), we modeled the entire experiment in
silico to investigate whether such mistakes could lead to large
asymmetric errors in the perceived n value. When a discrepancy
exists between the true concentration of a solution and the
concentration that the student believes the solution to be, the
former concentration is used to generate the absorbance data,
while the latter concentration is used in the log−log plot to
determine the value of n. Three common types of errors were
considered. Multiplicative errors, such as when students forget to
divide the concentration of their original OH− solution by two
upon dilution, have no impact on the value of n as the error is
totally absorbed into the value of k (see eq 2). Additive errors
might occur if the stock solutions are off. If all four [OH−]0 values
are actually 0.01 M higher than expected, then n and k are 15%
and 22% too low, respectively. If instead the hydroxide values are
0.01 M lower than expected, n and k are 21% and 50% too high.
Certainly these errors are significant, but still not enough so to
explain the large asymmetric errors we typically observe. Finally,
isolated errors, where just one solution is off, are always possible
if glassware is dirty or lab technique is sloppy. Table 1 shows the
impact of single solutions being off by 10%. Again the symmetry
of the errors above and below the true value is not perfectly
balanced because of the logarithmic function, but overall they are
too small and too symmetric to match the large and consistently

Table 1. Effect of Isolated Concentration Mistakes on
Calculated Values for n and k

Runa
[OH−]0 Perceived

Values (M)
[OH−]0 True
Values (M)b

Error
in n (%)

Error
in k (%)

1 0.09 0.099, 0.081 8.2, −9.0 28, −24
2 0.08 0.088, 0.072 5.3, −5.8 18, −17
3 0.06 0.066, 0.054 −1.7, 2.0 −2.4, 2.8
4 0.04 0.044, 0.036 −11.6,

12.9
−26, 39

aFor each row, the perceived [OH−]0 values for runs 1−4 were 0.09,
0.08, 0.06, and 0.04 M, respectively. All runs are without transmittance
error. bA true concentration error of ±10% was introduced only into
the run indicated in column 1; the remaining three runs were error-
free.
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positive error in the calculated n value observed in student
results. Therefore, student concentration mistakes cannot
explain the observed errors in n for this laboratory experiment.
The primary source of error must be sought in the procedure
itself.

Signal Processing

A third possibility is that the unavoidable error in the raw
transmittance signal leads to systematic error upon being
truncated, converted to absorbance units, and curve fit. To
start, in a practical laboratory setting, a student will need a
criterion for deciding when to stop collecting data. This is
complicated by the fact that the effective rate constants are
different for each run. Perhaps the most intuitive method for
choosing a cutoff point is to wait until the run with the least steep
curvature (corresponding to the run with the smallest [OH−]0)
appears to be flat. We simulated this situation using the Excel
simulator provided in the Supporting Information. An
absorbance change per second of 1 × 10−4 was used to quantify
this point. From this point, the student must choose points for
stopping data collection (or regression) on the other three runs.
Three strategies were compared. The remaining three curves
may be cutoff at (1) the same time, or (2) the same absorbance,
or (3) the same derivative as that of the cutoff for the slowest run.
Because more concentrated runs will have a steeper curve near a
given absorbance value, the absorbance cutoff will always come
before the derivative cutoff. Both, in turn, will come well before
the common time cutoff. Table 2 shows the results for each
option at various levels of random transmittance error.

From this, it is clear that choosing a common absorbance or
even common derivative as the criteria for cutting off each of the
four runs is acceptable for determining the true value of n.
However, choosing a common time for cutting off the four runs
leads to large asymmetric errors, which occur because the
linearized regression procedure demands that the absorbance
values be positive. Beyond a common derivative cutoff, the data
collected from the more concentrated runs closely approaches
zero absorbance. Random transmittance error causes some of
these low absorbance values to become negative; these must
either be reset to a small positive number or eliminated entirely in
order for ln(Abs) to be defined, introducing bias into the data.
This effect is not seen in the other two cutoff criteria because the
curves do not have sufficient time to approach zero absorbance.
We conclude that a nonlinear parameter-search exponential

decay curve-fitting routine, such as employed by Logger Pro,14

will reduce the calculation error because there is no need to reset
negative absorbance values to enable a regression. Logger Pro
also provides easy visual identification of the region subjected to
the curve-fitting, and exponential fits may include an additive
vertical translation constant. This allows nonzero asymptotes to
be easily handled without the need to premanipulate data.
Three important takeaways result from these simulations.

First, students should not collect data over the same time interval
for each run. The n value can be calculated well using only data
collected prior to a common absorbance or common derivative
criteria, a procedure that both saves time and eliminates the
possibility of introducing bias into the data. Second, Logger Pro
remains a better tool than Excel for dealing with large
transmittance error values, as it is capable of handling negative
absorbance values without introducing bias. Third, whereas
signal processing can be a large and asymmetric source of error in
n, it does not account for the student errors observed in our
laboratories because the procedure given to students called for
the completion of the data collection at 300 s, which is long
before the curves approach a flat line and the problems detailed
above.

Spectrometer Limitations

The previous three sections have focused on quantifiable sources
of error that could be simulated using artificial data in a
spreadsheet. However, a variety of other potential sources of
error may occur in real experimental practice. For instance,
students may insert the solutions into the spectrometers at
different times, and the solutions may not be properly mixed. For
exploring the final two potential sources of error we therefore
turn to experimentally collected data. We performed the
experiment in three trials, each of which used at least four runs
of the decolorization reaction with varying initial hydroxide
concentrations as given in the experimental procedure.
Besides the random error analyzed previously, spectrometers

can also introduce systematic bias into the data when measuring
concentrations that exceed the instrument’s dynamic range. Such
a bias will cause the measured absorbance to depart from the
actual exponential decay. This effect can be visually identified by
plotting log(Abs) against time and identifying nonlinear regions,
as shown in Figure 1.
As Figure 1 shows, the data measured by the SpectroVis+ only

exhibits exponential decay between approximately 0.7 and 0.1
absorbance units. The pseudo-first-order rate law predicts
exponential decay for the entire reaction; therefore, the
departures from the curve fits in Figure 1 suggest that the
SpectroVis+ used for the experiment loses accuracy at
absorbance values higher than 0.7 absorbance units, and possibly
below 0.1 absorbance units as well. Using an Olis 14, which is a
higher-quality spectrometer, we have verified that the non-
linearity above 0.7 absorbance units is eliminated. However, the
nonlinearity below 0.1 absorbance units remains, likely due to the
particulates discussed in the next section. Constraining the exact
range over which the data is fit, as reported in Table 3, enables the
determination of the effect of various regions on the calculated n
value. The time range previously used in the authors’ laboratory
procedure (0−5 min) is shown for comparison. It is important to
note that a time range represents a horizontal-axis constraint on
the usable region of each curve, whereas the absorbance regions
represent a vertical-axis constraint.
Clearly, the choice of which region of the curve is to be fit has a

major effect on the calculated n value. The large and systematic

Table 2. Effect of RandomTransmittance Error on Calculated
n Value for Three Distinct Ranges of Data Fitteda

Transmittance
Error, %

Common
Absorbance
Cutoff, Abs

Common
Derivative
Cutoff, Abs

Common Time
Cutoff, Abs

0.01 1.00028(7) 1.00027(9) 1.002(3)
0.05 1.0003(4) 1.0003(5) 1.12(3)
0.1 1.0003(7) 1.0004(9) 1.31(5)
0.5 1.000(4) 1.002(5) 1.73(5)
1 1.001(8) 1.01(2) 1.81(6)

aThe values reported were generated by a Monte Carlo simulation
running 1000 iterations for each row in the table.13 All simulations
assumed n = 1 and used [OH−]0 values of 0.09, 0.08, 0.06, and 0.04 M
for each respective trial, with no concentration error. Linearized
regression to determine n was performed in Excel, setting any negative
absorbance values to 1 × 10−10 absorbance units to enable the
logarithmic linearization.
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positive error in n is reproduced well by the authors’ original
procedure. It is worth noting that much of the students’ variation
for this procedure stems from how quickly the crystal violet and
hydroxide mixture is inserted into the spectrometer, as this
determines how much of the curve exists above the 0.7
absorbance cutoff. Ignoring this early portion of the data and
fitting the region from 0.7 to 0.1 absorbance units produces an n
value within experimental error of the accepted value of 1. This is
not surprising given that this region of absorbance data is nearly
straight on a log plot like Figure 1.
It may be argued that the data shows deviation from the curve

fits even above 0.1 Abs; however, this deviation is small and has
no effect on the calculated n value within experimental error. It is
desirable to include as much data in the fit as possible without
obscuring the answer, so 0.1 Abs seems to be an appropriate
lower bound. We suggest that students should examine the
logarithmic plot of log(Abs) versus time and, using a common
absorbance cutoff, fit only the portion that adheres to exponential
decay. This will ensure good results irrespective of the
spectrometer used, and also teach students to guard against
untrustworthy data. This procedure determines the upper bound
on the spectrometer’s dynamic range through the experiment
itself.

Interference from Particulates

Surprisingly, our laboratory experiments consistently show that
particulates form as the hydroxide reacts with the crystal violet.
This causes the final solution to appear a translucent milky white
when held up to a light, though individual particulates are too
small to be distinguished. Vacuum filtration to isolate the
particulates was attempted, but failed withWhatmannNo. 1 filter
paper. This effect was consistently observed even for multiple
bottles of reagents, leading us to believe that impurities in the
initial chemicals are probably not the cause. Particulate ingrowth
may also be responsible for the nonlinear behavior in the region
below 0.1 absorbance units, noted previously in Figure 1 and
Table 3.
Full-spectrum UV−vis scans taken at the end of the reaction

(when the purple color has vanished) reveal light scattering at all
wavelengths in a relatively uniform manner, in contrast to the
distinct peak expected from an absorbing species. This scattering
means that the 590 nm absorbance curves in the kinetic runs
represent a composite of the crystal violet absorbance and the
particulate scattering, and are consequently asymptotic to small
positive numbers (typically less than 0.1 absorbance units) rather
than to 0 absorbance units, as seen in Figure 1. This same effect
was observed by Du et al.,5 but was attributed to the attainment
of chemical equilibrium. Richie et al.3 subtracted the asymptotic
absorbance (absorbance at t = ∞) from the entire curve when
performing the least-squares curve fit for pseudo-first-order rate
constants, suggesting that their reactions also had a nonzero
asymptote. Because the final spectrum no longer corresponds to
the spectrum of crystal violet, however, equilibrium is an
insufficient explanation.
To quantitatively track the presence of the particulates, we

used a wavelength band from 730 to 780 nm. Crystal violet does
not absorb in this region, but full-spectrum scans revealed that
the particulates do scatter light at this wavelength. As shown in
Figure 2, data was collected where the band from 730−780 nm
and the trace at 590 nm were simultaneously measured in the
same SpectroVis+. Further runs were carried out at different
hydroxide concentrations and yielded similar results.

Figure 1. Logarithmic plot of 590 nm absorbance over time for 5 runs of the experiment at varying hydroxide concentrations, with 2.0 × 10−5 M initial
crystal violet concentration for all runs. Red traces correspond to fits to data between 0.1 and 0.7 absorbance units according to the equation
Abs = A + B exp(−keffT). It should be noted that the curve fits deviate from linearity on the log plot because of the nonzero A term in the fitting equation.

Table 3. Effect of Choice of Data Range on Calculated Values
of n and ka

Data Range Fitted Calculated n Calculated k, M−1 s−1

0 min −5 min 2.1(2) 2(1)
0 min−flatb 1.20(4) 0.212(4)
0 min−0.1 Abs 1.20(4) 0.19(2)
0.7 Abs−flatb 1.06(2) 0.17(2)
0.7 Abs−0.1 Abs 1.02(3) 0.15(2)
0.7 Abs−0.2 Abs 1.04(3) 0.143(8)

aSee Figure 1 for representative plots and curve fits of Abs vs time. All
calculations were performed using Logger Pro curve-fitting; the data
comprises three separate trials each involving at least four runs. bFlat
here means the absolute value of the first derivative <10−4 Abs/s.
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The point where the 590 nm band departs from exponential
decay correlates closely with the point where the particulates
approach their peak concentration. This suggests that the
particulate ingrowth is perturbing the absorbance measurements
taken in the lab. This may occur as early as 3 min for the most
concentrated run (0.1 M [OH−]0). The identity of the
particulates is unknown; however, their grow-in process is
consistently nonexponential. The quantity of the particulates
produced in a given run increases with increasing pH. Despite
these general trends, the precise magnitude of the particulate
grow-in is somewhat variable over multiple runs.
While particulates may possibly account for some of the error

in n observed when including calculations near the end of the run,
the analysis in the Spectrometer Limitations section suggests
they are not the main cause of student problems. Furthermore,
curtailing the curve fit at 0.1 absorbance units will reliably
eliminate this source of error, so no further action to prevent the
particulates is needed.

■ CONCLUSION AND PROCEDURAL GUIDELINES

Of the five potential sources of error investigated, limitations on
the spectrometer’s reliable absorbance range has the most
significant effect on the calculated n value. Constraining the
curve-fitting region for experimental data from 0.7 to 0.1
absorbance units is sufficient to reduce the error to no more than
5%, permitting a convincing demonstration of the rate law
concept as well as student satisfaction of a lab well done. This
range also permits each run to be completed in no more than 8
min. While the other sources of error may play a minor role, it is
not necessary to take them into account for a student laboratory
procedure. Below are practical takeaways for implementing this
lab:

(1) Know your spectrometer’s dynamic range. The appro-
priate range may be determined while running the crystal
violet lab by examining a plot of log(Abs) versus time. The
upper limit to the linear region represents the upper bound
on the spectrometer’s dynamic range, while the lower

bound may factor in both spectrometer limitations and
particulate interference.

(2) Feel free to use more concentrated solutions than called
for by Corsaro’s original article. The speed of the reaction
is unlikely to affect the curve-fitting as long as sufficient
data falls with the appropriate dynamic range.

(3) To best handle significant spectrometer transmittance
error, use a curve-fitting program like Logger Pro rather
than linearized regression as in Excel. The ability of Logger
Pro’s curve-fitting routine to handle nonzero asymptotes
and negative absorbance values decreases the likelihood
that student-collected data will have to be manipulated in
any way before it is fittable. Additionally, Logger Pro’s
visual interface makes it easy for students to identify and
avoid curve-fitting regions with significant contamination
from transmittance error, particulates, or incompletely
mixed solutions.

(4) The k value with the smallest uncertainty, 0.143(8) M−1

s−1, was attained by completing the lab in triplicate and
fitting the absorbance from 0.7−0.2 units.
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