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Abstract: 
A need exists for compact sensor systems capable of in-situ monitoring of groundwater for fuel and oil 
contamination. The work reported here addresses this need using shear horizontal surface acoustic 
wave (SH-SAW) sensors, which function effectively in the liquid phase. To achieve enhanced 
sensitivity and partial selectivity for hydrocarbons, the devices are coated with thin chemically 
sensitive polymer films. Various polymer materials are investigated with the goal of identifying a set of 
coatings suitable for a sensor array. The system is tested with compounds indicative of fuel and oil 
contamination, in particular, BTEX (benzene, toluene, ethylbenzene and xylenes), at relatively low 
concentrations. Of particular importance is benzene, a known carcinogen. Using responses of the SH-
SAW sensor devices coated with three different polymer materials, benzene was quantified in the 
aqueous phase in the presence of other aromatic interferents. It is shown that various concentrations 
of BTEX in water can be identified and quantified by evaluation of both steady-state and transient 
response information. 
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Introduction 
Leaks and spills from fuel and oil tanks, 
pipelines, and other sources may contaminate 
groundwater, lakes, rivers, and oceans, posing 
potential threats to public health [1–4]. Timely 
detection of such contamination can minimize 
the impact on public health and reduce clean-
up costs; periodic monitoring is also sometimes 
required by law. The current practice (the 
analysis in the laboratory of field-collected 
samples [2]), however, is too time-consuming 
for continuous monitoring. Therefore, compact 
sensor systems are under development that will 
allow frequent or continuous, in-situ monitoring 
of groundwater and bodies of water at critical 
sites [5]. 

Sensor systems based on SH-SAWs (shear-
horizontal surface acoustic waves) represent a 
promising approach for this application. SH-
SAWs can propagate along a surface in contact 
with a liquid phase without excessive acoustic 
attenuation [6]. For this work, a 103-MHz 36° 
YX-LiTaO3 sensor platform was selected [7], 
[8]. In order to enhance sensitivity and provide 
partial selectivity for the analytes of interest, the 
sensors were coated with thin (≤ 1 µm) organic 

polymer films. Many polymers show favorable 
physical and chemical characteristics for 
hydrocarbon sensing; they are easy to prepare 
and offer the possibility of tailoring their 
chemical structure for a particular application. 
For these reasons, polymers are by far the 
most common materials for hydrocarbon 
sensing [9]. The performance of the sensors 
and various coating materials has been 
investigated under varying environmental 
conditions, including changes in temperature, 
acidity, and salinity [10]. 

BTEX compounds (benzene, toluene, 
ethylbenzene, and xylenes) are present in 
crude oil and its refined products [11] and are 
regulated by government agencies. Therefore, 
these aromatic compounds have been selected 
as indicators of fuel and oil contamination for 
the present work. The BTEX compounds can 
be detected by polymer-coated SH-SAW 
sensors in liquid phase at low concentrations; 
for ethylbenzene, a detection limit of about 40 
ppb (µg/L) has been achieved with the current 
sensor design. 
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Among the BTEX compounds, benzene is of 
particular concern due to its carcinogenicity 
[12], making it of paramount importance, and in 
some cases a legal requirement, to quantify 
benzene contamination in water. This task is 
challenging, not only because relevant 
concentrations are in the low ppm (mg/L) to ppb 
(µg/L) range [5], [12] but also because of 
frequent co-contamination by similar aromatic 
compounds including toluene, ethylbenzene, 
and xylenes. Here we address this challenge by 
evaluating both the steady-state frequency shift 
and the time-dependent behavior of the sensor 
response. In addition, various polymer materials 
are investigated as sensor coatings based on 
their partial selectivities for the analytes of 
interest [13]. A sensor array will eventually be 
designed for the purpose of benzene detection 
and quantification in water contaminated with 
multiple analytes. 

As long as the interaction between a polymer 
and an analyte is non-specific (physisorptive) 
and analyte concentrations are sufficiently low, 
the sorption of the analyte into the polymer from 
aqueous phase can be described by a single 
partition coefficient [14], and Henry’s law can be 
applied [15] together with the solubility of the 
analyte. As a result, at low concentrations the 
response time for sorption of an analyte into a 
given coating is independent of the analyte 
concentration in the aqueous phase, and 
responses to multiple analytes are additive. 
Because the objective here is to quantify 
benzene in a mixture, it was critical to first 
investigate the validity of Henry’s law in the 
concentration range (low ppm to ppb) of interest 
for the various polymers. It is demonstrated that 
the response time is specific to each coating-
analyte pair. Binary mixtures of aromatic 
analytes were next investigated. The resulting 
response curves were evaluated using dual-
exponential fits in order to determine benzene 
concentration in the presence of a single 
chemical interferent.  

Experimental 
The SH-SAW sensor platform used for this 
work has been previously described in [7] and 
[8]. The sorbent polymer coatings selected for 
this study include: poly(ethyl acrylate) (PEA), 
poly(epichlorohydrin) (PECH),and poly-
(isobutylene) (PIB) (Sigma-Aldrich). Sorbent 
polymers were deposited from solution by spin 
coating and baked for 15 min at 60 °C, resulting 
in thicknesses ranging from 0.6 to 1.0 µm as 
indicated below. The sensor platform utilizes a 
dual delay line design, with the second line 
coated with poly(methyl methacrylate) 
(Scientific Polymer Products) and baked for 120 
min at 180 °C, resulting in a glassy, non-

sorbent coating. The purpose of this reference 
line is to compensate for the influence of 
temperature drifts and other secondary effects. 
All BTEX analytes had purities of ≥ 98.5% and 
were purchased from Sigma-Aldrich. The 
experimental set-up consisted of a network 
analyzer (Agilent 8753ES) and a switch/control 
system (Agilent 3499A) to switch between the 
two SH-SAW delay lines. The sensor was 
placed inside a liquid flow cell made in-house, 
and the pump (Eppendorf EVA) was set to a 
sample flow rate of 0.4 mL/min. The 
temperature was held constant at 22.0 ± 0.1 °C. 
All data shown are corrected for baseline drift. 

Results and Discussion 
Our previous experiments on single analytes at 
relatively low concentrations (≤ 10 ppm) 
demonstrated that transient responses can be 
modeled using a single exponential fit. A 
characteristic response time constant was 
found for each coating-analyte combination 
which, within experimental error, was 
independent of analyte concentration in the 
range of interest. As an example, Fig. 1 shows 
the response of a sensor coated with 0.8 µm 
PIB to ethylbenzene in the concentration range 
of 170 ppb – 8 ppm. 
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Fig. 1. Response of a SH-SAW sensor coated with 
0.8 µm PIB to ethylbenzene, added in various 
concentrations as indicated in the graph (in ppb). 

No significant deviation from Henry’s law was 
observed. Therefore, response curves to binary 
mixtures were modeled using a dual-
exponential fit of the form: 

))/exp(1())/exp(1()( 2211 ττ tytyty −−+−−= .  (1) 

In Eq. (1), y(t) is the frequency change as a 
function of time and τ1,2 are the respective 
response time constants to analytes 1 and 2 
obtained from single-analyte measurements. 
The steady-state frequency shifts, y1,2, are 
proportional to the concentrations of the two 
analytes in the binary mixture. If the response 
to each analyte is known from single-analyte 
measurements, then the analyte concentrations 
can be readily extracted. Both the values for the 
measured sensitivity, S, (frequency shift/analyte 
concentration) and τ are obtained from multiple 
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measurements and are listed as average 
values for various coating-analyte combinations 
in Tables 1 and 2. 
Table 1: Measured sensitivities, S (in Hz/ppm), for 
three different polymer coatings to various BTEX 
analytes. 

Polymer Sbenzene Stoluene Sethylb. 

1.0 µm PEA 244 690 2238 

0.6 µm PECH 109 435 1450 

0.8 µm PIB 63 344 1669 

Table 2: Measured response times, τ (in s), for three 
different polymer coatings to various BTEX analytes. 

Polymer τbenzene τtoluene τethylb. 

1.0 µm PEA 36.1 76.7 204 

0.6 µm PECH 26.5 77.6 175 

0.8 µm PIB 29.3 84.2 245 

Fig. 2 shows the frequency responses, Δf, of a 
sensor device coated with 1.0 µm PEA to two 
BTEX analytes and their binary mixture. The 
figure demonstrates that the response to the 
binary mixture can be modeled using a dual-
exponential fit with response times, τ1,2, taken 
from the single analyte responses as indicated 
by Eq. (1). 

-18

-14

-10

-6

-2

2

0 5 10 15 20 25

Fr
eq

ue
nc

y 
Sh

ift
 (k

Hz
)

Time (min)

Ethylbenzene
Toluene
Ethylb.+Tol.
Fit Ethylb.
Fit Toluene
Fit Ethylb.+Tol.

analyte in

Fig. 2. Response of a SH-SAW sensor coated with 
1.0 µm PEA to toluene, ethylbenzene, and their 
binary mixture, respectively. All concentrations used 
are 10 ppm (binary mixture: 10 ppm toluene + 10 
ppm ethylbenzene). Experimental data are modeled 
with single and dual-exponential fits, respectively.   

Fig. 3 shows the frequency response, Δf, of a 
sensor device coated with 0.6 µm PECH to 
several aromatic analytes and binary mixtures. 
It can be seen that the sensitivities to the 
analytes fall in the order Sethylbenzene > Stoluene > 
Sbenzene (for concentrations expressed in ppm). 
Note that in order to determine the true affinity 
of a polymer for an analyte, sensitivity has to be 
normalized to the solubility in the aqueous 
phase, CS, and the molar mass, MW, of the 
analyte: 

)//()/( SambWnormalized CCMff ∆∆=∆ .                 (2) 
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Fig. 3. Response of a SH-SAW sensor coated with 
0.6 µm PECH to various single analytes and binary 
mixtures. Concentrations used are 3 ppm (benzene) 
and 5 ppm (toluene and ethylbenzene), respectively. 

ΔCamb is the ambient concentration of the 
analyte. After normalization, it is seen that the 
polymers used in this work have a higher 
affinity for benzene than for the other BTEX 
compounds [10]. Fig. 3 also shows the different 
response times for the analytes, benzene being 
the fastest. For binary mixtures, the transient 
response is the sum of a faster response (to 
benzene) and a slower response (second 
component). The steady-state frequency shifts 
for single analytes add to give approximately 
the frequency shift observed for their binary 
mixture. In order to extract the concentrations of 
the individual analytes in a binary mixture, 
response curves to binary mixtures were fit 
using Eq. (1) and the single-analyte parameters 
listed in Tables 1 and 2. For the data presented 
in Fig. 3, the following concentrations were 
obtained: 

• binary mixture of toluene and benzene: 0.9 
ppm benzene, 5.8 ppm toluene; 

• binary mixture of ethylbenzene and 
benzene: 1.7 ppm benzene, 4.9 ppm 
ethylbenzene. 

Similar results were obtained for other coating 
materials and analyte concentrations. The 
(small) observed errors are expected due to the 
inaccuracy in analyte concentration in the 
manual sample mixing procedure. The fact that 
responses to multiple analytes are additive was 
independently verified by a different set of 
experiments. For this purpose, a sensor device 
was first exposed to 10 ppm of a single analyte. 
As soon as equilibrium was reached, the device 
was immediately (i.e., without intermediate 
flushing with water) exposed to a binary 
mixture, again containing 10 ppm of the above 
analyte together with a second analyte. The 
resulting response to the binary mixture should 
then show a transient which only reflects the 
addition of the second analyte since the 
concentration of the first analyte remains 
constant. As indicated by the results of Fig. 4, 
this is indeed the case within experimental 
error. 
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Fig. 4. Response of a SH-SAW sensor coated with 
1.0 µm PEA to various single analytes and binary 
mixtures. All concentrations used are 10 ppm (binary 
mixtures: 10 ppm benzene + 10 ppm ethylbenzene). 

Conclusion 
It has been shown that in the concentration 
range relevant for BTEX detection in 
groundwater, the responses of polymer-coated 
SH-SAW sensors to multiple analytes in a 
mixture are additive, and the response time is 
specific to each coating-analyte pair. Based on 
these findings, it has been demonstrated that 
evaluation of transient responses can help 
identify and quantify benzene in a mixture. For 
example, the response to ethylbenzene in Fig. 
3 shows about the same frequency shift as the 
response to the binary mixture of benzene and 
ethylbenzene, but benzene concentration can 
still be extracted from the different response 
time characteristics. Within experimental error, 
concentrations for ethylbenzene and toluene 
can usually be predicted with high accuracy 
while the concentration of benzene, due to its 
higher solubility in water and lower partition 
coefficient for the coatings, is quantified with 
slightly lower accuracy. (It is noted that 
benzene was easily measurable down to 500 
ppb in water). Therefore, the eventual approach 
will involve the use of a sensor array utilizing 
both the transient and the steady-state 
responses to further enhance the accuracy in 
benzene quantification. 
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