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Demonstration of motionless Knudsen pump based micro-gas chromatography
featuring micro-fabricated columns and on-column detectors
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This paper reports the investigation of a micro-gas chromatography (mGC) system that utilizes an array

of miniaturized motionless Knudsen pumps (KPs) as well as microfabricated separation columns and

optical detectors. A prototype system was built to achieve a flow rate of 1 mL min�1 and 0.26 mL min�1

for helium and dry air, respectively, when they were used as carrier gas. This system was then employed

to evaluate GC performance compromises and demonstrate the ability to separate and detect gas

mixtures containing analytes of different volatilities and polarities. Furthermore, the use of pressure

programming of the KP array was demonstrated to significantly shorten the analysis time while

maintaining a high detection resolution. Using this method, we obtained a high resolution detection of

5 alkanes of different volatilities within 5 min. Finally, we successfully detected gas mixtures of various

polarities using a tandem-column mGC configuration by installing two on-column optical detectors to

obtain complementary chromatograms.
Introduction

In application arenas that range from environmental monitoring

to oil exploration, and homeland security there is a significant

need for highly sensitive, specific, and robust gas analysis systems

that are able to detect/identify in situ the trace level of volatile

organic compounds (VOCs) in real-time. Micro-gas chroma-

tography (mGC) is particularly suited for analyzing VOC

mixtures of arbitrary composition.1–7 Typically, a mGC system

consists of a preconcentrator for analyte sampling,8–10 a short

capillary column11,12 or micro-fabricated column3–6,13–18 for rapid

VOC separation, one detector or more to detect separated ana-

lytes,1,11,15,19–21 and one pump or more to provide carrier gas flow

for sample delivery.19 Significant progress has been made toward

the miniaturization and performance improvement of each

component of the mGC system, in particular, detectors1,11,15,19,21,22

and separation columns.3–6,11–18

The progress in using new types of miniature pumps,

however, has been modest. To date, diaphragm pumps11,21,23

and turbo molecular pumps24 have been integrated with

various mGC systems. Although different in design details and

pumping mechanisms, these pumps all rely on mechanical

motion to provide the flow needed in mGC systems. The
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moving parts present challenges with reliability, and typically

require lubrication and maintenance, making these unsuitable

for extended deployment in remote locations or harsh envi-

ronment. Additionally, miniaturization of mechanical pumps

compromises performance, as frictional forces assume a domi-

nant role.

In contrast, the Knudsen pump (KP) is a motionless pump

based on thermal transpiration, which drives the flow of gas

molecules from the cold end to the hot end within a narrow

channel subjected to a temperature gradient.25–30 In the long

term, the KP has a number of potential advantages over the

mechanical pump. First, the absence of moving parts results in

enhanced reliability and maintenance-free operation exceeding

104 h of continuous operation, making these pumps attractive for

operation in remote and inaccessible environments. Second, the

absence of any noise or sound from these pumps is appealing for

hospital environments or surveillance applications. Third, the

KP’s performance scales favorably with its size. In order to make

the transpiration phenomenon significant in the KP, it is neces-

sary for the channel diameter to be on the order of sub-micron or

nanometre.

Although the thermal transpiration phenomenon was first

studied back in 1879 and recognized as a promising technology

for making motionless pumps, most of the KPs reported before

early 2000s were operated at sub-atmospheric pressure due to the

lack of appropriate materials or methods to form sufficiently

small channels. The introduction of new materials with sub-

micron channels and the advance of micro-fabrication tech-

nology have recently led to miniaturized KPs capable of oper-

ating at the atmospheric pressure and generating reasonably high

pumping pressures.26,31–33 However, flow rate and pressure have
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remained as challenges, and the practical application of a mini-

ature KP to mGC systems has not been reported prior to this

effort.

In this paper, we report the integration of a KP array with

a mGC system comprised of micro-fabricated GC columns and

on-column optical detectors.34 The KP array consisted of six KPs

connected in series, with each KP element made of a mesoporous

polymer having a high nano-channel density,26,33 which can

provide a sufficient flow rate (>0.1–1 mL min�1) for the mGC

system with either helium or dry air as the carrier gas rate. The

capabilities of the KP driven mGC system to separate and detect

gas mixtures containing analytes of different volatilities and

polarities were demonstrated. The use of pressure programming

of the KP array for improved VOC separation was shown to

shorten the analysis time while maintaining a high chromato-

graphic resolution. Increased separation capability was also

achieved in a tandem-column mGC configuration by installing

two on-column detectors at the end of the first and the second

micro-fabricated columns, respectively, to obtain complemen-

tary chromatograms.
Experimental section

The KP-based mGC system included three integrated modules:

a KP array to transport gas samples along the system,

a micro-fabricated GC column to separate gas mixtures, and

an optical on-column detector to detect analytes without any

interruption to the flow. Fig. 1(A) and (B) illustrate the two

mGC configurations tested, and Fig. 1(C) shows the measure-

ment set-up. Each of the components in the system is dis-

cussed as follows.
Fig. 1 (A) Schematic of the single-column system. It consisted of a 25 cm

long micro-fabricated GC column coated with OV-1 and an on-column

optical detector. (B) Schematic of the tandem-column system. It had two

micro-fabricated GC columns. The first column was 50 cm long and was

coated with OV-1, whereas the second column was 25 cm long and was

coated with OV-215. Two on-column optical detectors were installed at

the end of the first and the second column, respectively; (C) Schematic of

the measurement set-up.

Lab Chip
KP array

The KP array had six KP elements connected in series, which

could provide a typical flow rate needed for the proposed mGC

system. Each KP element was made of a mesoporous polymer

membrane (diameter z11.5 mm, thickness z105 mm, pore

diameter z25 nm, porosity z70%) sandwiched between

a heated brass top and a passively cooled brass base. A single KP

element is shown in Fig. 2(A), whereas series arrangement is

illustrated in Fig. 2(B). The density of the mesoporous polymer

membrane is approximately 1011/cm2; this, along with a structure

that is relatively free of defects, allow the relatively high flow rate

necessary for the mGC operation.26,33

The temperature bias between the hot and cold brass plates

results in the gas movement from the cold end to the hot end, as

illustrated in Fig. 2(C). At equilibrium, the pressure ratio

between the hot end (PH) and the cold end (PC) is ideally

provided by the ratio of the square roots of the absolute

temperature (TH and TC):
PH

PC

¼
ffiffiffiffiffiffiffi

TH

p
ffiffiffiffiffiffiffi

TC

p . In our experiment, a DC

voltage supply ranging from 0 to75 V was applied on the KP

array, which was equally allocated to each KP element to

generate a temperature bias ranging from 38 to 96 K across each

of the KP elements. The temperature bias was controlled and

monitored in real-time by a customized LABVIEW� program

through thermocouples (Newport Electronics, 5SRTC-TT-K-40-

36) attached to the hot and the cold end, respectively (as shown in

Fig. 1(C)). The hydraulic connections between elements were

made by clear Tygon tubes (inner diameter 0.18 mm).
Micro-fabricated GC column

The micro-fabricated GC column (see Fig. 3(A)) was fabricated

by deep reactive ion etching of a 25 cm long double spiral channel
Fig. 2 (A) Photo of the KP element used as a building block for the KP

array; (B) Diagram of the KP array that connected six single KP in series;

(C) Schematic of a KP element that uses narrow channels (which can

sustain free-molecular or transitional flow) subjected to a longitudinal

temperature gradient to pump gas along the temperature gradient.

This journal is ª The Royal Society of Chemistry 2011
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Fig. 3 (A) Photo of a 25 cm long silicon-glass micro-fabricated GC

column; (B) Schematic of the FP sensing probe fabricated by sequentially

coating the endface of a single mode optical fiber with metal and polymer.

The two optical beams (R1 and R2) were reflected by the metal layer and

polymer-air interface to form the interference spectrum. In our experi-

ment, approximately 15 nm thick gold and 2 mm thick poly-

dimethylsiloxane were used; (C) Schematic of the on-column optical

detector assembled by inserting the FP sensing probe into a fused-silica

capillary. Dimensions in (B) and (C) are not to scale.
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into a silicon substrate, having a footprint of 1.1 cm by 1.1 cm.15

A Pyrex 7740 glass cover plate was bonded anodically to the

silicon substrate to seal the channel. The rectangular cross

section of the channel was 150 mm wide and 240 mm deep. The

connection of the micro-fabricated column to other components

was made by inserting short conventional GC columns (inner

diameter 100 mm, outer diameter 245 mm) to its inlet and outlet

ports (245 mm wide and 245 mm deep).

Columns micro-fabricated for this study were coated with

non-polar polymer of OV-1 or polar polymer of OV-215. The

coating procedure included four steps.18,35 (1) The non-polar

coating solution was prepared by dissolving 22.3 mg OV-1 and

0.2 mg dicumyl peroxide in a 6 mL mixture of 1 : 1 (v:v) pentane

and dichloromethane, whereas the polar coating solution was

prepared by dissolving 20 mg OV-215 and 0.2 mg dicumyl

peroxide in a 5 mL mixture of 1 : 4 (v:v) ether and ether acetate;

(2) The micro-fabricated channel was filled with coating solution

and held for 5 min; (3) The solvent was evaporated from one end

of the column by a vacuum pump while the other end was sealed

with a septum; (4) The polymer coating was cross-linked to the

inner wall of the column by ramping the column temperature

from 160 �C to 180 �C at a rate of 0.2 �Cmin�1 and staying at 180
�C for one hour. The resultant column coating had a uniform

thickness of around 200 nm.

Optical on-column detector

The fabrication and assembly methods of the optical on-column

detector (shown in Fig. 3(B) and (C)) were previously
This journal is ª The Royal Society of Chemistry 2011
reported.36,37 Briefly, the Fabry-P�erot (FP) based sensing probe

(see Fig. 3(B)) was fabricated by sequentially depositing a thin

layer of metal (such as gold and silver, 15 nm thick) and a layer of

sensing polymer (such as polydimethylsiloxane and polyethylene

glycol) on the end-face of a single mode optical fiber. The FP

sensing probe was then assembled into a detector module by

inserting it into a hole (approximately 160 mm in diameter)

drilled on the wall of a short fused silica capillary (shown in Fig. 3

(C)), which can be easily connected to conventional GC columns

through a press tight column connector from Restek (part#

484244). A 1550 nm tunable diode laser was coupled into the FP

sensing probe through an optical circulator. The incident light

partially reflected at the metal layer and polymer-air interface,

generating an interference spectrum. By fixing the laser wave-

length near the quadrature point around 1550 nm, the interfer-

ence shifting caused by the polymer-analyte interaction can be

converted to the intensity change of the reflected light; this was

monitored by a photo-detector at the output port of the optical

circulator. A customized LABVIEW� program was used to

monitor the signal change in real-time, and the data was recorded

at a rate of 20 Hz.

The use of the optical on-column detector has several unique

merits for the KP driven mGC system. First, the on-column

detector does not interrupt the flow, which allows the KP to work

in either pushing or pulling mode without involving any

complicated connectors and valves, which potentially provides

more flexibility and simplicity to the system fluidic design.

Second, the on-column detector does not contribute any addi-

tional dead volume, and therefore, is particularly attractive to

work under the low flow rate provided by current KP without

degrading the system resolution. Finally, on-column detection

technology can increase the detection specificity of the mGC

system by integrating multiple detectors tailored for detecting

different gas species. It can also be installed between two

GC columns in the tandem-column mGC configuration

(see Fig. 1(B)) to provide complementary chromatograms for

higher chromatographic resolution, as discussed below.
Experimental set-up

Two mGC configurations were built to characterize the perfor-

mance of the KP array, as illustrated in Fig. 1(A) and (B). For the

single-column configuration (see Fig. 1(A)), an optical on-

column detector was connected to the injection port installed on

a Varian 3800 GC through a 25 cm long micro-fabricated column

coated with OV-1. For the tandem-column configuration

(see Fig. 1(B)), the first optical on-column detector was installed

at the end of a 50 cm long micro-fabricated column coated with

OV-1, and the second detector was installed at the end of a 25 cm

long micro-fabricated column coated with OV-215. The columns

were kept isothermally at room temperature during the experi-

ments in this study. The KP array was installed at the down-

stream end of both configurations to pull the carrier gas and

analytes through the whole system. A pressure sensor (Motorola,

Inc. MPX2053DP) was installed to monitor the pressure on-

column. Gas samples extracted from the head space of each

sample container by a solid phase microextractor (SPME) was

injected through the injection port. The temperature of the

injection port was kept at 200 �C and its head pressure was set to
Lab Chip
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zero to prevent inadvertent flow from it. Either ultrahigh purity

helium or dry air was used as the carrier gas.
Fig. 5 Chromatogram obtained from single-column configuration with

pressure programming of the KP array. The pumping pressure was set at

10.5 kPa at the beginning. After the elution of the third analyte, the

pressure was increased to 20.6 kPa. Inset: Temperature recorded at the

hot and cold end of a single KP element. 1. pentane; 2. heptane; 3. octane;

4. decane; 5. undecane.
Results and discussion

Single-column configuration

A gas mixture composing of pentane, heptane, octane, decane,

and undecane was used to test the separation and detection

capability of the KP-based single-column mGC system. Fig. 4

shows the separation chromatograms obtained at two different

KP pumping pressures. A temperature bias of 84 K applied

across each element of the KP array generates a pumping pres-

sure of 20.6 kPa (and a helium flow rate of 1 mL min�1), which

unambiguously demonstrates the feasibility of using KP in

a mGC system. In this effort, a rapid detection was completed

within around 4 min, with a high resolution between heavy

analytes of undecane and decane. However, the three light ana-

lytes of pentane, heptane, and octane were eluted out close to

each other, making them nearly indiscernible. Another typical

chromatogram was obtained with a lower flow rate

(0.55 mL min�1) by lowering the temperature bias across each of

the KP elements to 38 K. This reduced the pumping pressure to

10.5 kPa, which allowed us to easily separate the three light

analytes. However, this increased resolution was achieved at the

expense of the overall analysis time. As shown in Fig. 4, the

elution of heavy analytes was significantly slowed down, result-

ing in an analysis time of around 7 min.

In order to obtain superior resolution of this set of analytes

without sacrificing the detection speed, simple pressure

programming was used to modulate the pumping of the KP array

during the analysis. A low pumping pressure of 10.5 kPa was

applied at the beginning of the test to obtain high resolution for

the light analytes. After the elution of the three light analytes, the

pumping pressure was increased to 20.6 kPa to accelerate the

elution of heavy analytes. In the resultant chromatogram, as

illustrated in Fig. 5, the light analytes were eluted at 11.1 s, 16.7 s,

and 27.4 s, respectively, and heavy analytes eluted out within

5 min. The inset of Fig. 5 shows the temperature measured at the

hot end and the cold end of a single KP element. The pressure
Fig. 4 Chromatograms obtained from single-column configuration

when the pumping pressure was maintained at 20.6 kPa (corresponding

flow rate was 1 mL min�1) and 10.5 kPa (corresponding flow rate was

0.55 mL min�1). Helium was used as the carrier gas. Curves are vertically

shifted for clarity. 1. pentane; 2. heptane; 3. octane; 4. decane; 5.

undecane.

Lab Chip
programming of the KP array was implemented by simply

modulating the temperature at the hot end of each KP element

while allowing the cold end to remain in equilibrium with the

environment. Multi-level pressure programming is certainly

possible to analyze more complex gas mixtures and to optimize

both system chromatographic resolution and detection speed.

We further tested the performance of the KP-based mGC

system using dry air as the carrier gas. Employment of dry air for

gas analysis is particularly appealing for mGC systems intended

for use in environmental VOC monitoring. The use of inert

carrier gas (such as helium and nitrogen) would require storage

and replenishment adding to operation costs, and eliminating the

possibility of use in remote and in accessible environments. In

our experiment, the dry air was obtained by passing ambient air

through a desiccant. Fig. 6 shows the separation chromatogram

of five gas analytes: pentane, octane, decane, dimethyl methyl-

phosphonate (DMMP) and undecane using the single-column

mGC configuration when a temperature bias of 96 K was applied

across each of the KP elements in the KP array. Note that

because the average molecular diameter of air is larger than

helium, the thermal transpiration driven flow rate decreased to

0.26 mL min�1, compromising the chromatographic resolution
Fig. 6 Chromatogram obtained from single-column configuration. Dry

air was used as the carrier gas with a flow rate of 0.26 mL/min. 1. pentane;

2. octane; 3. decane; 4. DMMP; 5. undecane.

This journal is ª The Royal Society of Chemistry 2011

http://dx.doi.org/10.1039/c1lc20511k


D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

M
ic

hi
ga

n 
L

ib
ra

ry
 o

n 
28

 A
ug

us
t 2

01
1

Pu
bl

is
he

d 
on

 2
5 

A
ug

us
t 2

01
1 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
1L

C
20

51
1K

View Online
and broadened peak width. Consequently, as shown in Fig. 6,

pentane/octane and DMMP/undecane were co-eluted. This type

of co-elution problem can be addressed, as described in the next

section, using a tandem-column mGC configuration with two on-

column detectors (see Fig. 1(B)) for better chromatographic

resolution.
Tandem-column configuration

The tandem-column configuration has been used in mGC systems

aimed to improve the mGC separation capability. It employs two

columns with different coatings to first separate analytes by

vapor pressure, followed by another separation by polarity.38–40

In this study, two micro-fabricated GC columns with coatings of

different polarities were used; two on-column detectors were

installed at the end of the first and the second column, respec-

tively (see Fig. 1(B)), to provide complementary chromatographs

for enhanced chromatographic resolution.37,41 Dry air was once

again used as the carrier gas in this configuration. The temper-

ature bias across each element of the KP array was maintained at

96 K, which resulted in a pumping pressure of 10 kPa and a flow

rate of 0.14 mL/min. As shown in Fig. 7(A), although octane and

trans-2-hexenal co-eluted after the first column because of the

limited separation capability of the single column, all analytes

were separated at the end of the tandem-column system. Note

that the benefit of the tandem-column configuration may not be

fully realized with the traditional end-column detector placed at

the terminal end of the second column, as the analytes already

separated after the first column may still co-elute after the second

column,37,41 which creates the same co-elution problem as in the

single-column configuration. In contrast, installation of an

additional on-column detector at the end of the first column

allows us to monitor the separation from the first and the second

column simultaneously, thus providing complementary chro-

matograms that significantly improve the analyte separation and

identification capability of the mGC system. This point is well

illustrated in Fig. 7(B), where the two complementary chro-

matograms were obtained from the first and the second on-
Fig. 7 Chromatograms obtained from the two optical detectors installed

in the tandem-column configuration. Dry air was used as the carrier gas

with a flow rate of 0.14 mL/min. All peaks are normalized to the highest

peak in each chromatogram. Curves are vertically shifted for clarity. (A)

At Channel #1 (placed after the first column), analyte #1 and #2

co-eluted, while at Channel #2 (placed after the second column) all

analytes were resolved. 1. octane; 2. trans-2-hexenal; 3. decane; 4. unde-

cane. (B) At Channel #1, all analytes were resolved, while at Channel #2

analyte #3 and #4 co-eluted. 1. octane; 2. decane; 3. DMMP; 4.

undecane.

This journal is ª The Royal Society of Chemistry 2011
column optical detectors, respectively. Although a co-elution of

DMMP and undecane occurred after the second column, the

complementary chromatogram obtained from the first detector

was able to adequately separate the gas mixture.
Conclusion and future work

In this paper, we reported, for the first time, the integration of

a KP array based mGC system featuring on-column optical

detectors and the micro-fabricated GC column. Using helium

and dry air as the carrier gas the system demonstrated both

strong separation and detection of gas mixtures with various

polarities and volatilities. Pressure programming of the KP array

enhanced chromatographic resolution while shortening the

analysis time. We also evaluated a tandem-column configuration

utilizing two on-column optical detectors, which provided

complementary chromatograms following each of the twomicro-

fabricated columns.

Future work will be directed at improving the performance of

each component of the KP-based mGC system and optimizing

the system configuration. For component improvement, the KP

will be further miniaturized and designed to achieve a higher

pumping pressure and flow rate. We will also implement the

temperature programming capability of the micro-fabricated GC

column, which, in combination with pressure programming, will

greatly improve the system chromatographic resolution and

shorten the analysis time. A preconcentrator will also be inte-

grated on board to further scale down the size of the whole mGC

system.
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