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A new approach of enhancing the adsorption capability of the widely used polymer adsorbent Tenax
TA poly(2,6-diphenylene oxide) through its deposition on a nano-structured template is reported. The
modified Tenax TA-coated silica nanoparticles (SNP) are incorporated as an adsorbent bed in silicon
based micro-thermal preconcentrator (.TPC) chips with an array of square microposts embedded inside
the cavity and sealed with a Pyrex cover. The interior surface of the chip is first modified by depositing
SNP using a layer-by-layer self-assembly technique followed by coating with Tenax TA. The adsorption
capacity of the SNP-Tenax TA WTPC is enhanced by as much as a factor of three compared to the one
coated solely with thin film Tenax TA for the compounds tested. The increased adsorption ability of the
Tenax TA is attributed to the higher surface area provided by the underlying porous SNP coating and the
pores between SNPs affecting the morphology of deposited Tenax TA film by bringing nano-scale features
into the polymer. In addition, the adsorption ability of the SNP coating as a pseudo-selective inorganic
adsorption bed for polar compounds was also observed. The modified Tenax TA-coated SNP wTPC is a
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promising development toward integrated micro-gas chromatography systems.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Micro scale gas chromatography (GC) is considered to be one of
the leading techniques for the separation and analysis of volatile
organic compounds (VOCs). It has a wide range of applications
including on-site environmental monitoring, homeland security,
and real-time toxic industrial chemicals detection [1-3].

Such systems typically consist of an injector/pre-concentrator,
a separation column and a detector all fabricated using microelec-
tromechanical system (MEMS) technology. A MEMS-based thermal
pre-concentrator (WTPC) is one of the key components of wGC sys-
tem for the collection of trace level VOCs in air over a fixed time
period to concentrate the analytes before introducing them into a
GC column for separation. It consists of an etched cavity in a silicon
chip which is filled with adsorbent material. The chip cavity is then
sealed by bonding it to another substrate, with heaters and sen-
sors deposited or attached on the backside of the chip afterwards.
Analytes are typically desorbed from a wTPC in the form of a sharp
sample plug, usually via thermal desorption.
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Three different categories of WTPC have been reported in the
literature. They are distinguished from each other based on the
cavity layout (empty or either encompassing channels or micro-
posts) or by the adsorbent profile (granular or thin film). In the
devices using granular adsorbent material, channels and cavities
formed in silicon are filled with adsorbent beads and then sealed
(bonded) to another substrate [4-11]. The second type of WTPCs
utilizes adsorbent materials in the thin film form deposited on a
membrane or inside microfabricated channels or cavities [12-18].
There are trade-offs with both types of devices. The first type can
provide high sample capacity but suffers from high pressure drops
and power consumption during the thermal desorption process.
In addition, the difficulty in restricting the beads inside the cavity
makes the bonding process extremely cumbersome and can lower
the fabrication yield. The devices in the second category signifi-
cantly reduce the pressure drop, though they have limited sample
capacity due to less surface area interacting with the analytes. A
third type of WTPC addresses the limitations of the previous types
by embedding closely-spaced high-aspect-ratio (HAR) microposts
inside an etched cavity and coating them with a thin film adsorbent
layer. This approach has been extensively explored and established
in our previous work for both enhancing the adsorption capac-
ity and improving the flow distribution in the microchip devices
[19-22].
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Fig. 1. Fabrication process for wTPCs coated with three different adsorbents. For uncoated TPC and the one coated with SNP (not shown in the figure), the anodic bonding
and capillary tube installation is performed after the lift-off “T1” and calcinations “S2” process, respectively. (For interpretation of the references to color in this text, the

reader is referred to the web version of the article.)

There are a variety of commercially available adsorbents for
WTPC depending on the chemical properties of VOCs to be concen-
trated. For example, there is significant literature available on the
adsorption properties of Tenax TA in the granular form [23-31],
with a few describing the VOCs adsorption mechanisms [32-34].
Our group has published a systematic fundamental study of this
polymer in the thin film form with regard to surface topogra-
phy, crystal structure, thermal stability, modes of adsorption, and
adsorption/desorption characteristics [35,36].

Nanotechnology appears to offer the possibility of producing
better controlled films which exhibit unique chemistry compared
with more established adsorbents. Because of its high thermal
stability (up to 800°C) and large surface area, silica nanoparti-
cle (SNP) coatings would be a good candidate for an adsorbent
material, if they could be evenly and conformably deposited on
the inner surface of WTPC devices. Very recently, by utilizing the
layer-by-layer (LbL) self-assembly technique, our group success-
fully deposited SNP coatings as a stationary phase for micro GC
separation columns [37]. In this paper, we combine the two adsor-
bents (SNP and Tenax TA) previously used by our group to improve
the device performance. The results obtained indicate that the SNP
coating as a surface template for Tenax TA polymer can significantly
enhance the adsorption capacity of the latter. In addition, the SNP
adsorbent alone is found to be able to provide some selectivity in
analyte adsorption. These developments provide a novel approach
in enhancing the morphology and increasing the surface area of the
adsorbent material to improve the overall performance of the wWTPC
devices.

2. Experimental
2.1. Materials and instruments

Reagent grade VOC compounds, solvents, and Tenax TA (80/100
mesh) used in this work were purchased from Sigma-Aldrich (St.

Louis, MO) in >99% purity. Polyallylamine hydrochloride (PAH)
and colloid SNP (40-50 nm in diameter, 20-21 wt.% in water) used
for LbL deposition were purchased from Sigma-Aldrich (St. Louis,
MO) and NISSAN Chemical (Houston, TX) respectively. Single-
side polished silicon wafers (4in., 500 wm thick, n-type) and
double-sided polished (4in., 500 wm thick) Pyrex Wafers were
purchased from University Wafers (South Boston, MA). Ultrapure
gases (>99% purity) including helium and air were purchase from
Airgas (Christiansburg, VA). Fused silica capillary tubing (220 wm
outer diameter, 100 wm inner diameter) used as fluidic interfaces
were purchased from Polymicro Technologies (Phoenix, AZ). Agi-
lent 5890 and 6890 GC systems used for adsorption/desorption
tests and a 30-m long, 320 wm-ID, 0.25 wm film thickness fused
silica capillary GC column with dimethypolysiloxane as the sta-
tionary phase were purchased from Agilent Technologies, Inc. (Palo
Alto, CA). A high performance ceramic heater was purchased from
Power Module Inc. (Havertown, PA). Atomic Force Microscopy
(Bruker Dimension Icon, ScanAsyst mode) and Field Emission Elec-
tron Microscopy (LEO 1550, Zeiss) were used for surface roughness
evaluation and imaging purposes respectively.

2.2. WTPC chip fabrication/adsorbent coating

2.2.1. uTPC chip fabrication

The fabrication of WTPC chips starts with the photolithogra-
phy of micro-posts and fluidic ports using AZ9260 photoresist on a
standard 4” wafer. The wafer is then subjected to deep reactive ion
etching (DRIE) to achieve an etching depth of 240 wm. After dicing
the etched wafer into individual devices, the chips are ready for
adsorbent deposition as described below and in Fig. 1.

2.2.2. Coating thin film Tenax TA

After stripping photoresist with acetone, the etched device was
filled with Tenax TA solution (10 mg/ml in dichloromethane) and
allowed to evaporate to leave a thin film of the polymer adsorbent
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Fig. 2. Schematic procedure of layer-by-layer assembly of SNP coating on wWTPC.

on the cavity surfaces. The device is then sealed with a Pyrex 7740
wafer using anodic bonding with temperature, pressure, and volt-
age set to 320°C, 22kPa, and 1250V, respectively. Finally, fused
silica capillary tubes (220 wm O.D. and 100 pm LD.) are inserted
and sealed inside the fluidic channels with epoxy to serve as
inlet/outlets for the device, as shown in Fig. 1 (blue “T” process).

2.2.3. Coating SNP

Another alternative adsorbent to Tenax TA which is explored
in this study is SNP. Following silicon etching while having pho-
toresist over the un-etched regions, LbL technique [38] was used to
coat the interior surfaces of the wTPC with SNPs as shown in Fig. 2.
The positively-charged long-chain inert PAH acts like a polymeric
“glue” to hold the negatively-charged SNP “bricks” together. The
pH of the 10 mM PAH solution and SNP colloid were adjusted to 7.0
(£0.1) and 9.0 (£0.1), respectively, by adding HCl and NaOH solu-
tions in order to achieve maximum surface charge differences for

100um
—i

enhancing the electrostatic bonding between the adjacent layers
while maintaining colloidal stability.

An automatic dipping system (StratoSequence VI Robot, nanoS-
trata Inc.) was used to perform the LbL deposition process. Eight
beakers were placed in a circle, with one containing PAH solution
and another containing SNP colloid. Three beakers were placed
between them on each side that could automatically be emptied
and refilled with de-ionized (DI) water for rinsing purposes. The
WTPC chips, held on glass slides, are first dipped into the PAH solu-
tion for 2.5 min, followed by three consecutive one-minute rinsing
in DI water. They are then dipped into SNP colloid for another
2.5 min followed by another three rinsing steps before the chips go
back into PAH solution. The resulting coating covers the entire sur-
face of the WTPCs, including the internal etched 3D structures and
the photoresist left on the top of the chip from the chip fabrication
process.

A lift-off procedure via sonication in acetone for 5min is then
used to remove the photoresist along with the SNP coating on top of

B

Fig. 3. SEM images of (A) the wWTPC coated with 10 BLs SNP (B) top view of the SNP coating on the bottom of the wTPC (C) cross-section view of SNP coating on the sidewall
of the micro posts, inset C (a) shows the high magnification view and inset C (b) shows the thickness of SNP coating on the bottom (D) cross-section view of Tenax TA thin
film on micro posts, inset D (a) is the closer view of Tenax TA coating on the sidewall of the pillars, inset D (b) shows the thickness of the Tenax TA coating on the bottom of

WTPC.
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the unetched areas, leaving SNP only on the sidewalls and bottom
of the etched features. This process guarantees a smooth clean top
surface which is crucial for anodic bonding while in the meantime
keeps the SNP coating elsewhere intact. Prior to anodic bonding, the
chips were placed in an oven at 500 °C for 4 h. This calcination step
removes the PAH and slightly fuses the SNPs together, resulting in
a firm SNP coating as the only adsorbent material for the wTPCs.
The devices were then sealed by anodic bonding and inlets/outlets
installed as previously described in Section 2.2.2.

2.2.4. Coating SNP-Tenax TA

After the SNP calcination step, some of the coated WTPCs were
further coated with Tenax TA using the same method previously
described. The devices were then sealed by anodic bonding and
inlets/outlets installed as previously described in Section 2.2.2. The
process is shown in Fig. 1 (orange “S” process).

2.3. Adsorption procedures

All the various chip configurations (SNP, Tenax TA thin film and
SNP-Tenax TA) were tested under the same flow conditions (typi-
cally 1 ml/min). The sample volumes and injection split ratios were
varied to determine the adsorption capacity over a range of polari-
ties using hexane, toluene, 1,2-dichloroethane, and isopropanol as
test compounds. Flasks were prepared with septum caps containing
each compound and the headspace allowed to become saturated
with vapor. For example, assuming ideal gas law behavior, a 1 pl
injection of hexane vapor at 1 atm and 25 °C with a 50:1 splitinjec-
tion (1% reaching the wWTPC) would be 70 ng. Samples were drawn
from the headspace using gas tight syringes and injected immedi-
ately into the heated GCinjection port. The GC oven was maintained
under isothermal conditions at 30 °C. Helium was used as the car-
rier gas supplied via the GC split/splitless inlet and controlled by
the electronic flow controller. The chips were connected directly
between the injection port and the flame ionization detector (FID)
maintained at 250°C. The wTPC was mounted on a high perfor-
mance ceramic heater which was rapidly heated to 250 °C ataramp
rate of ~100°C/s. A K-type thermocouple coupled to a digital volt-
meter was used for manual temperature monitoring and control.
After the sample vapor injection, the breakthrough signal (analyte
not retained by the preconcentrator) was allowed to return to a
baseline level prior to heating for analyte desorption. The ratio of
the retained area to total area (unretained plus retained) relative
to the total mass injected provides the mass adsorption capacity.

3. Results and discussion
3.1. Theoretical background

The adsorption process of a particular compound on the adsor-
bent bed depends upon several factors, including the mass of the
adsorption bed, the number of available adsorption sites, the flow
rate of the carrier gas, the vapor pressures and boiling points of the
VOCs, surface area of the adsorbent, and the adsorption tempera-
ture.

Different ways of enhancing the surface area have been reported
in the literature [19,39-41]. For example, our group has reported
[19] the role of different shapes and arrangements of microposts in
increasing the surface area. Similarly, another strategy to increase
the surface areais to increase the porosity [41] or the surface rough-
ness [22,39]. The current method uses both methods for increasing
the surface area by employing an innovative technique of nanopar-
ticle deposition. The wTPC was evaluated in terms of the adsorption
capacity and flow rate (resident time) through the chip.

Fig. 4. (A) Cross-section view of Tenax TA coated SNPs on the sidewall of the micro
posts, the inset shows the nano-scale structure of Tenax TA brought in by the SNP
coating underneath (B) Tenax TA conformably deposited on the SNP template on
the bottom.

3.2. Surface characterization of the wTPC chip

FESEM images of the wWTPCs with the three different adsor-
bents (SNP, thin film Tenax TA and SNP-Tenax TA) are shown in
Figs. 3 and 4. Fig. 3A-C shows the FESEM images of the wTPC with
only SNP as the adsorbent. Fig. 3A shows the top view of the WTPC
after the lift-off procedure. A clean top surface is achieved and is
beneficial for the anodic bonding process. Meanwhile, the bottom
(Fig. 3B) and the sidewall of the microposts (Fig. 3C) are covered
with a homogeneous, porous SNP coating (insets of Fig. 3B and C).

The FESEM image of the surface profile of thin film Tenax TA
coating in the wWTPC is shown in Fig. 3D. Thin film Tenax TA coating
on the sidewalls of the microposts experiences low density pores
(inset a). From the cross-sectional view of the thin film Tenax TA
coating on the bottom, it can be seen the coating has a micro-fiber
like structure underneath a dense, relatively smooth surface. Thus,
the total available surface area is somewhat limited.

In comparison, the morphology of the Tenax TA coating inside
the WTPC was significantly modified by the underlying SNP coat-
ing. The FESEM images illustrating this change are shown in Fig. 4.
The nanoscaled structure of Tenax TA was developed on the SNP
coating present at the sidewall of the microposts. With the help of
the SNP coating underneath, the nano “drips” and “strips” Tenax
TA fine structure are developed in three dimensions, which signif-
icantly increases the surface area of Tenax TA. A different surface
morphology of Tenax TA on SNP is achieved on the bottom of the
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Fig. 5. 3-D AFM image of the surface of (A) silicon wafer surface and (B) 10 bilayers
SNP coating on the silicon surface. The analysis was performed on 1 um x 1 wm chip
area.

WTPC, where Tenax TA is conformably coated on the rough surface
of the SNP, as shown in Fig. 4B. This may be caused by the different
amount of Tenax TA attached to the sidewall of the microposts and
the bottom, due to gravitational effects during the Tenax TA depo-
sition and solvent evaporation. This conformal coating could also
largely increase the surface area of the Tenax TA by inheriting the
large surface area and porosity from SNP coating.

The three dimensional surface profiles of the bare silicon wafer
and the 10 bilayers SNP coating on silicon wafer were compared
using Atomic Force Microscope (AFM) in Fig. 5. It is quite clear that
the roughness, and thus the surface area, is substantially increased
by the SNP coating. The measured roughness fora1 pum x 1 pmarea
of these two surfaces was around 0.4 nm and 13 nm, respectively,
which implies that the surface roughness is increased by a factor
of 30. In the case of the Tenax TA coating, the large scale struc-
tures limited the use of AFM for measuring the surface roughness.
Since the AFM could not probe the real chip due to the fabricated
microstructures, the surface measurements were all performed on
a planar surface prepared using the same procedure.

3.3. Adsorption capacities

Assuming ideal gas law behavior, the mass amount of analyte
injected from a saturated vapor above the pure liquid can be cal-
culated from the injection volume and the split ratio used for the
injection. The mass retention of the chips can then be determined
from the fraction of the total area retained relative to the total area
(breakthrough peak plus retained peak). In this study, the capacity
of the devices were initially characterized with .l volumes of ana-
lyte sampled from a saturated headspace using gas tight syringes.
An example of a typical retention profile for toluene using an SNP-
Tenax TA chip is shown in Fig. 6 for three replicate runs. Tailing from
the excess hexane in the breakthrough peak is expected due to the
porous nature of the SNP layers coupled with weak intermolecu-
lar adsorption of multiple analyte layers from oversaturation of the
chip; however, the thermal desorption of the trapped hexane at
ca. 250°C was very sharp (w, <6-8s; where wy, represents width
of the peak at the base) as well as reproducible over multiple fir-
ings. This is a very desirable attribute and necessary for efficient

Retained

Breakthrough

Signal pA
b

[+] 5 10 15 20 25

Time [min}

Fig. 6. Triplicate desorption profiles for hexane from an SNP-Tenax TA wTPC.

transfer of analytes as a narrow band to a chromatographic column
for separations.

Comparisons of the adsorption capacities for the three types of
WTPC chips used are graphically depicted in Fig. 7. All the chips were
tested under identical conditions with respect to adsorption tem-
perature (30°C), flow rate (1 ml/min), and desorption temperature
(~250°C). The adsorption capacity of the SNP-Tenax TA relative to
the Tenax TA chip improved by factors of 2.7, 1.3, 1.4, and 3.0 for
hexane, toluene, 1,2-dichloroethane, and isopropanol respectively,
which represents a range of polarities. The enhanced surface area
and morphology of Tenax TA most likely result in these enhance-
ments for low to medium polarity compounds.

The most striking impact from polarity was observed for the
SNP chip. Virtually no hexane (a very non-polar compound) was
retained by the SNP chips; however, substantially more isopropanol
was retained than for either the Tenax TA and SNP-Tenax TA chips
(by factors 0of 9.0 and 3.0 respectively). This is due to the large num-
ber of active hydroxyl sites present on the silica surface that will
have very strong intermolecular attractions via hydrogen bonding
to very polar compounds such as alcohols. The reduced capacity for
isopropanol in the presence of Tenax TA is most likely the result of
a significant number of these sites being covered by the Tenax TA
film. This type of interaction could be advantageous for producing
pseudo-selective chips for retention of polar compounds; how-
ever additional studies must be performed to ascertain whether

Hexane
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100 250
T 80 - T 200
2 2
9 60 Q 150
3 3
2 40 ® 100
20 50
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Tenax SNP-Tenax SNP Tenax  SNP-Tenax
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Fig. 7. Adsorption capacities of SNP, Tenax TA, and SNP-Tenax TA wTPCs for hexane,
toluene, 1,2-dichloroethane, and isopropanol.
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Fig. 8. The performance of the wTPC with SNP-Tenax TA chip for eight VOCs. Adsorption conditions: 5 psi and 10:1 split injection ratio. Desorption conditions: 20 psi
and temperature programming (30 °C-15°C/min-90 °C). Compound identification: (1) chloroform, (2) isopropanol, (3) 1-propanol, (4) toluene, (5) tetrachloroethylene, (6)

chlorobenzene, (7) ethylbenzene and (8) p-xylene.

irreversible adsorption could occur with more active polar com-
pounds such as phenols or amines.

The capturing ability of the SNP-Tenax TA chip coupled with
a chromatographic separation was successfully demonstrated by
testing a mixture of eight commonly found VOCs. The liquid vol-
umes of the VOCs used to produce the mixture were based on the
relative vapor pressures of each VOC such that the vapor state mix
contained comparable mole amounts of each VOC, assuming ideal
gas law conditions. The mixture was contained within a septum
sealed bottle. During the adsorption phase, the chip was loaded
with a 10 ] headspace volume of the mixture using a gas tight
syringe. The pressure was maintained at 5 psi (0.5 ml/min flow rate)
to allow sufficient interaction between the analytes and the adsor-
bent. Before the thermal desorption, the pressure was increased to
20 psi (1.5 ml/min flow rate) and the signal was allowed to return
to original level. The increased pressure was necessary to produce
an adequate flow rate in the 30-m GC column. In addition, this
assists in producing a narrower plug during the thermal desorp-
tion process for subsequent separation by increasing the volumetric
flow rate. The GC column was then coupled to wTPC and the chip
was quickly heated to 250°C to desorb the compounds. The chro-
matogram in Fig. 8 is the result of coupling the WTPC to the GC
column. Itis evident from the chromatogram that the last few peaks
widths (compounds 4-8) are significantly narrower than the pre-
ceding ones (compounds 1-3). This is due to the condensation of
less volatile compounds onto the beginning of the cold GC column
after thermal desorption resulting in a narrower sample plug. On
the other hand, the more volatile compounds may tend to remain
in the vapor phase and continue through the column, resulting in a
broader peak width that is based on the desorption characteristics
of the wWTPC. The results shown in the top inset of Fig. 8 indicate
that the chip successfully captured/concentrated all of the injected
analytes from the mixture with a desorption peak width of ~10s
and a negligible breakthrough peak, which was expected since the
volume injected and split ratio used were comparable to the con-
ditions used for testing the adsorption capacities of the individual

compounds previously described. Chromatograms obtained from
multiple injections were highly reproducible.

4. Conclusion

A novel approach for enhancing the adsorption capacity of
Tenax TA-coated wTPCs using nanoparticle deposition as a surface
template has been demonstrated. A promising improvement was
attained under similar conditions over ones coated only with thin
film Tenax TA. The better capturing ability is attributed to the larger
surface area provided by the SNP coating, thus increasing the inter-
action of gas molecules with the adsorbent surface. The exception
to these observations was with a very polar compound, which was
pseudo-selectively adsorbed with much higher retention on the
SNP chip.

5. Future work

In future work, we envision incorporating the LbL technique
to deposit other nanoparticles, such as lead sulfide (PbS), tita-
nium dioxide (TiO, ) or cadmium sulfide (CdS) as reported in Kotov
et al. work [42] and investigate their impact on the performance of
WTPCs. The thickness, and thus, the number of bilayers of adsorbent
may play a vital role in this regard. Additional work will focus on
optimizing the number of bilayers to accommodate the best perfor-
mance of the device for both adsorption and desorption phases. In
addition, both surface area and intra-granular porosity can be con-
trolled by changing the size and shape of SNPs. The current study
has utilized SNPs with an average diameter of 40-50 nm. There
are other types of commercially available SNPs with 20-30 nm and
70-100 nm average diameters [43] that can be explored for adsorp-
tion performance. Functionalized nanoparticles could also provide
a unique opportunity for selective adsorption of species of interest
as well. The capacity of the devices in this study were characterized
with pl volumes of analyte sampled from a saturated headspace
using gas tight syringes. The same amounts when diluted into a
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larger volume (to simulate trace level concentrations) and sampled
using a micro-flow pump for testing devices under actual environ-
mental conditions will be considered in future studies [2,44].
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