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ABSTRACT: An undergraduate laboratory experiment is described to measure [ifogen gas
Henry’s law constants of organic compounds using a bubble column and gas

chromatography flame ionization detector (GC-FID). This experiment is

designed for upper-division undergraduate laboratory courses and can be

implemented in conjunction with physical chemistry, analytical chemistry, thammomelar

environmental chemistry, and toxicology laboratory courses. This experiment can
be used to determine solubilities of organic compounds that have important
implications in atmospheric chemistry and water pollution and build a useful

database through undergraduate experiments.
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H enry’s law constant represents the solubility of a solute in
a solution. There are thousands of different volatile
organic compounds (VOCs) in the atmosphere and these
VOCs can directly participate in the production of ozone and
secondary aerosol particles and in turn affect climate, air quality,
visibility, and human health. Whether a VOC can participate in
gas-to-particle conversion processes is dependent on its
solubility and other chemical and physical properties. Temper-
ature dependence of solubility also determines the seasonal and
altitude dependence of the gas-to-particle partition of VOCs.
Solubility is one of the key parameters that determine the
potential of toxic gas-phase contaminants to pollute water.
Solubility also determines potential health effects of a toxicant.
However, Henry’s law constants of many organic compounds,
including those closely relevant to environmental sciences, have
not been measured directly but were estimated from
thermodynamics data. The temperature dependence data of
Henry’s law constants are also lacking."”

There are several methods used to measure Henry’s law
constants, including the static and dynamic equilibrium
methods.” In the static equilibrium method, steady-state
equilibrium of the solute is reached between the gas and
aqueous phases in an enclosed system. By measuring the
relative concentrations of the solute in the gas and liquid
phases, Henry’s law constants are directly derived. If there is no
equilibrium, this method can produce errors in the measured
Henry’s law constants. In the dynamic equilibrium method, the
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solute of interest rises from the bottom of the column
containing the liquid solution. After the theromodynamic
equilibrium is reached between the gas (in the headspace) and
the aqueous phases, the decay of gas phase concentrations of
the solute is monitored. This method requires only the relative
concentrations of the solute in the gas phase decaying with
time. It is also important to ensure that equilibrium is
established between the rising bubbles and the surrounding
solution. This can be achieved by increasing the residence time
of the bubbles in the liquid using a lower flow rate and longer
column height. One of the advantages of the dynamic method
over the static method is that both the Henry’s law constant
and the hydrolysis loss rate can be measured.

Previously, undergraduate laboratory measurements of
Henry’s law constants were typically based on the static
equilibrium method.>™® Here, we describe an undergraduate
laboratory experiment to determine the Henry’s law constants
of volatile organic compounds with the dynamic equilibrium
method using a bubble column coupled with gas chromatog-
raphy flame ionization detector (GC-FID). The bubble column
method has been used for the measurement of Henry’s law
constants and hydrolysis loss rates of several VOCs relevant to
the atmosphere.”® We have implemented this experiment in a
upper-level analytical chemistry laboratory course to measure
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Figure 1. The experimental setup used to measure the Henry’s law constant of a VOC in water using a bubble column and GC-FID. This figure
shows the experimental setup for toluene, but this can be used for other compounds, such as benzene nitrile, which is shown in the present study.
The detailed experimental conditions with regard to the flow rates and the volume of water, for toluene and nitrile benzene, are described in

Experiments section.

the Henry’s constant of toluene in water. Toluene was chosen
because it is an air pollutant that has important implications in
water pollution and in atmospheric chemistry by acting as an
important precursor for secondary aerosol formation. The
temperature dependence of the Henry’s law constant of toluene
is well established,">*'® which also allows us to test and justify
the concept of the experiment. To demonstrate the applicability
of this method to other VOCs, we also present Henry’s law
constants of benzene nitrile. This is the first time, to our
knowledge, that the measured Henry’s law constants were
reported for this VOC that plays important roles in
atmospheric sciences and health effects.

B THEORETICAL BACKGROUND

Henry’s law constants can represent a partitioning coefficient
for a volatile compound between the gas and liquid phases.
Consider the gas-to-liquid partitioning of a solute A:

A(g) = Aaq)

For this case, the Henry’s law constant H (that is, the
equilibrium constant) can be defined as

aq
HCC = C
g (1)

where C, and C, are molar concentrations of the solute A in
the aqueous and gas phases under the equilibrium condition.
There are three assumptions in eq 1: (i) the solution is
sufficiently dilute, (ii) the solute in the gas phase exhibits the
ideal gas behavior, and (jii) chemical interactions between the
solute and solvent are negligible.

In environmental chemistry, another form of Henry’s law
constant is often used,

_ Y
He = @)

where P is the partial pressure of the solute in the gas phase
(atmosphere or atm). And,

Hcc = HchT (3)

where H is unitless and H, is in mol L' atm™, Ris the ideal
gas law constant (0.08206 L atm K™' mol™), and T is the
thermodynamic temperature (K). Thus, at 25 °C, H. =
24.46H,. There are various other forms of Henry’s law
constants with different units, and the detailed procedure of
unit conversion of Henry’s law constants is described
elsewhere.”""!

On the basis of van’t Hoff equation, the temperature
dependence of the Henry’s law constant can be expressed as

AH AS
—_ + _

InH
B RT R 4)

where AH is the molar enthalpy of solvation of the solute (J
mol™"), AS is the molar entropy of solvation (J mol™ K™'), and
R is the ideal gas law constant (8.31 J K™ mol™).

In the dynamic equilibrium method as used in the present
study, after the equilibrium has reached, the solute concen-
tration in the gas phase, C, (for simplicity, we denote C, as C
hereinafter), will decay with time (t) due to solvation, in the
following manner:

e _ o
dt HV (5)
where @ is the gas volume flow rate at ambient pressure, and V'
is the liquid volume. By converting H to H, using eq 3, eq S
becomes
ac_ co
dt  HRTV ©)

In addition to the solvation process, the gas-phase solute is also
lost with a first-order hydrolysis loss rate, k (s™'):
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dC
~= ke
dt (7)

Combining eqs 6 and 7, the solute in the gas phase will decay as
the following:

_d_C = ﬂ + kC
dt  HRTV )

Solving eq 8 will lead to

C
In =2 = [L + k]t
C HRTV ©)

where C; and C; are the concentration of the solute in the gas
phase at equilibrium and that at time of ¢ after the equilibrium
at a specific temperature, respectively.

B EXPERIMENTS

The experimental setup in this experiment consisted of toluene
solution, a fritted bubble column, and a GC-FID for the
detection of toluene vapor (Figure 1). A toluene solution was
used to add toluene to the nitrogen flow. The flow of the
nitrogen gas containing toluene then passed through the bubble
column to allow the toluene to equilibrate between the gas
phase and aqueous phases. Once the desired equilibrium was
reached, toluene was removed from the gas flow and the pure
nitrogen gas stripped the toluene from the solution in the
bubble column. The rate of removal of toluene in the
headspace depends on the Henry’s law constant, the flow
rate of the nitrogen gas, and the volume of the aqueous solution
in the column (eq 8).

In these experiments, typically the pure nitrogen gas with a
flow rate of 50 standard cubic centimeters per minute (SCCM)
was bubbled through the toluene solution (Figure 1). The
output flow was merged with another flow of the pure nitrogen
gas (700 SCCM). A 3-way valve was used to allow the flow
from the toluene solution to be switched in and out of the
system without affecting the main flow and the pressure in the
system. The merged main flow then bubbled through from the
fritted bottom of the bubble column (frit diameter 6 mm)
containing 600 mL of deionized water. The entire system was
under atmospheric pressure.

The toluene concentration in the headspace were monitored
with a Hewlett-Packard 5890 GC (Palo Alto, CA) coupled with
a FID. We used a 30 m long, 0.53 mm id, 1 ym stationary
phase thickness polyethylene glycol Stabilwax column (catalog
# 10655, Restek Corporation, Bellefonte, PA) with a flow rate
of 3 mL min~". The injector was controlled with a six-port
sampling—switching valve and a two-position actuator (VIGI
Valco instruments, Houston, TX). FID signals (either peak
height or area; the area should be linearly proportional to the
peak height if the peak has a symmetric shape) were recorded
as function of time. These FID signals (which are proportional
to gas phase toluene concentrations in the headspace) were
used to derive the Henry’s law constant. Obtaining similar peak
heights from successive injections signified that saturation was
achieved. Experiments were performed under various nitrogen
purging flow rates (@) flowing through the column ranging
between 500 and 800 SCCM with an increment of 100 SCCM
at each temperature of the water solution. Using the same
experiment procedure, Henry’s law constants were measured at
four different temperatures (283, 288, 293, and 298 K).

For benzene nitrile, the same experimental setup and
conditions used for toluene were employed, except that
nitrogen purging flow rates (®) were 700, 1000, 1300, and
1600 SCCM and the water volume (V) was 80 mL. These ®
and V conditions (that is, ®/V ratios) were chosen to
accommodate a higher solubility of this compound (eq S).

This experiment is applicable to a small group (2—3) of
students. The experiment to obtain the Henry’s law constant
for a specific temperature takes between 2 and 3 h. Each group
can conduct the experiment for one temperature using the
same experimental setup on different days, and several groups
of students can share the data to determine the temperature
dependence.

B HAZARDS

Toluene is a flammable liquid, is harmful or fatal if swallowed,
and causes irritation to skin, eyes, and respiratory tract. Refer to
the Material Safety Data Sheet for toluene. Carefully control
the pressure of nitrogen flowing through the mass flow meter
controllers. Sudden increase in pressure may cause the system
to explode.

B RESULTS AND DISCUSSION

Figure 2 shows the In(C,/C,) versus ¢ plots taken at 293 K with
different ®/V values. Using the slopes of the plots [that is, d
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Figure 2. The measured In(Cy/C,) vs time for the toluene/water
system at 293 K for @ from 500 to 800 SCCM with V of 600 mL. Each
data point represents the median value derived from 4 sets of
experiments made under the same experimental conditions. The
vertical bars indicate the 95% confidence level intervals.

In(C,/C,)/dt] under different ® conditions, d In(C,/C,)/dt
versus @/V plots were constructed (Figure 3). According to eq
9, the slope of Figure 3 corresponds to 1/ (HCPRT) and the
intercept corresponds to k. The measured Henry’s law constant
(HCP) and the first-order loss rate (k) of toluene in water at
temperatures (T) from 283 to 298 K are shown in Table 1.
Both H;, and k are derived from four sets of experiments made
under the same experimental conditions. One standard
deviation values are also included in Table 1. The H, at 298
K was 0.17 + 0.009 mol L™ atm™ (with one standard
deviation), consistent with literature values within the range
from 0.13 to 0.21 mol L™" atm™.2"" The hydrolysis loss rate
(k) was on the 107 s™* order for temperatures from 283 to 298
K (Table 1), indicating that the hydrolysis loss of toluene is
very low at these temperatures.

Using H, taken at various temperatures, the In H_ versus 1/
T plots were constructed (Figure 4), and AH and AS were
determined from the slope and intercept (eq 4). The derived
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Figure 3. The d In(C,/C,)/dt vs ®/V for the toluene/water system at
four different temperatures. Vertical bars indicate one standard
deviation values.

Table 1. The Measured Henry’s Law Constant (H,,) and the
First-Order Loss Rate (k) of Toluene in Water

T/K Hg,%/(mol L' atm-") S

283 0.38 £ 0.002 0.0002 + 0.0000S
288 0.24 + 0.009 0.0004 + 0.0002

293 0.23 + 0.00S 0.0001 + 0.0002

298 0.17 £ 0.009 0.000S + 0.0001

“Both H, and k are derived from four sets of experiments made under
the same experimental conditions. One standard deviation values are
also included.

IN(Hy) = (4118.9K) / T-12.4

1.4 T T T 1
3.35 3.40 3.45 3.50 3.55

17/(10‘3 K™")

Figure 4. The measured In H vs 1/T measured for the toluene/water
system. Vertical bars indicate one standard deviation values.

AH was —34.2 + 6.6 k] mol™" and the AS was 103.1 + 22.8 J
mol ™ K™'. These measured AH and AS were fairly close to the
molecular dynamics calculation results (AH of —38.06 kJ mol™*
and AS of 87.30 J mol™! K™')."

Table 2 and Figure S1 (see the Supporting Information)
show the measured H,, of benzene nitrile at temperatures from
283 to 298 K. The H, was from 29.0 to 74.2 mol L™" atm™
and the k was at the 107* s™' range. The AH was —40.3 + 2.7
kJ mol™" and the AS was 80.5 + 9.4 J mol™" K™ (Figure S2).
This is the first time that Henry’s law constants were measured
for this compound. These H,,, AH, and AS were also similar to
those reported for other nitrile compounds (e.g,, butyl nitrile
H, from 27.6 — 69.5 mol L' atm™, AH —40.0 kJ mol™, and
AS 75.3 J mol™ K1)

Table 2. The Measured Henry’s Law Constant (H,,) and the
First-Order Loss Rate (k) of Benzene Nitrile in Water

T/K Hg,?/(mol L' atm™) k*/s7t

283 742 + 1.99 0.00006 + 0.000002
288 529 + 0.67 0.00007 + 0.000003
293 42.0 + 0.64 0.00007 % 0.0000009
298 29.0 + 0.82 0.00007 £ 0.0000005

“Both H, and k are derived from four sets of experiments made under
the same experimental conditions. One standard deviation values are
also included.

B CONCLUSIONS

The bubble column method coupled with GC-FID technique is
a convenient method for determining the Henry’s law constants
of VOCs. With this experiment, students can obtain hands-on
experiences of operating the GC-FID instrument and learn the
data analysis method to derive Henry’s law constants and the
temperature dependence. With this interdisciplinary research
module, students can learn the physical concept of Henry’s law
constant, enthalpy, and entropy from a straightforward
experiment in the context of environmental processes. This
method can be adopted for a large number of VOCs simply by
changing the flow rate and the solution volume (eq S) for
different solubility VOCs, as demonstrated by our measure-
ments of toluene and benzene nitrile (solubilities are different
over two to 3 orders of magnitude). With this experiment, a
useful database of Henry’s law constants of VOCs relevant to
environmental chemistry can be built through undergraduate
experiments and research.
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available via the Internet at http://pubs.acs.org.

B AUTHOR INFORMATION
Corresponding Author
*E-mail: sleel9@kent.edu.
Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank funding support from NSF Career award (ATM-
0645567), Jim Roberts and Anatoly Khitrin for useful
conversations, Rifkha Kameel for contributing to the initial
experimental setup.

B REFERENCES

(1) Betterton, E. A. Adv. Environ. Sci. Technol. 1992, 24, 1—50.

(2) Staudinger, J.; Roberts, P. Environ. Sci. Technol. 1996, 26, 205—
297.

(3) Ji, C.; Boisvert, S. M.; Arida, A.-M. C; Day, S. E. J. Chem. Educ.
2008, 85, 969—971.

(4) Hansen, K. C.; Zhou, Z.; Yaws, C. L.; Aminabhavi, T. M. J. Chem.
Educ. 1995, 72, 93—-96.

(5) Ramachandran, B. R;; Allen, J. M.; Halpern, A. M. J. Chem. Educ.
1996, 73, 1058—1061.

(6) Short, L. C.; Benter, T. J. Chem. Educ. 2006, 83, 1233—1236.

(7) Roberts, J. R. Geophys. Res. Lett. 2005, 32, L08803.

(8) Ip, H. S. S.; Huang, X. H. H,; Yu, J. Z. Geophys. Res. Lett. 1996,
36, L01802.

dx.doi.org/10.1021/ed200303x | J. Chem. Educ. XXXX, XXX, XXX—XXX


http://pubs.acs.org
mailto:slee19@kent.edu

Journal of Chemical Education

Laboratory Experiment

(9) NIST Chemistry Web Book, NIST Standard Reference Database
Number 69; Linstrom, P. J., Mallard, M. G., Eds.; National Institute for
Standard Technology (NIST): Gaithersburg, MD, 2005.

(10) Sander, R. An extensive list of Henry’s law constants, and a
conversion tool, http://www.rolf-sander.net/henry/.

(11) Sander, R. Surv. Geophys. 1999, 20, 1-31.

(12) Mackay, D; Shiu, W. Y. J. Phys. Chem. Ref. Data 1981, 10,
1175—1199.

(13) Fioroni, M.; Vogt, D. J. Phys. Chem. B 2004, 108, 11774—11781.

(14) Ji, C; Boisvert, S. M.; Arida, A.-M.; Day, S. E. J. Chem. Educ.
2008, 85, 969—971.

dx.doi.org/10.1021/ed200303x | J. Chem. Educ. XXXX, XXX, XXX—XXX


http://www.rolf-sander.net/henry/

