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A microfabricated separation column designed for ultimate use in a wearable gas chromatographic
micro-analytical system (uwGC) for analyzing mixtures of airborne volatile organic compounds (VOC)
is described. The monolithic pcolumn chip measures 7.1 x 2.7 x 0.075cm and contains a 6-m long,
250 x 140 wm deep-reactive-ion-etched Si channel with a Pyrex cap, wall-coated with a polydimethyl-
siloxane (PDMS) stationary phase. Along the channel are three serial 2-m long spiral segments, each with
an independent integrated resistive heater and thermal isolation features etched in the substrate. By

ﬁ{‘:;ocﬂsl;mn turning the segment heaters on and off at strategic points during a separation, significant energy sav-
MicroGC ings could be realized relative to heating the entire chip simultaneously (i.e., globally), with no loss in

chromatographic resolution. A classical lumped element model was used as the basis for simulations of
energy consumption, and a published band trajectory model was used to estimate analyte residence times
in each segment. Four simple mixtures of volatile organic chemicals were used to evaluate the models
and assess the energy consumed for zone heating and global heating under isothermal and temperature-
ramped conditions. Modeled reductions in the required energy per analysis using zone (vs. global) heating
ranged from 14 to 31% among the cases considered, depending on the heating profile (i.e., isothermal
or ramped), heating schedule, and the retention times of the analytes in the mixture. Modeled energy
reductions tended to underestimate experimental reductions, but differed by <2% in all cases considered.
This approach to pcolumn design and operation shows promise for extending battery life in wearable
WGC instrumentation.
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© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Gas chromatography (GC) is the method of choice for analyz-
ing mixtures of airborne volatile organic compounds (VOC) [1]. In
bench scale GC, a solution of the VOC mixture in a volatile sol-
vent is injected into a heated separation column, typically between
100 and 530 wm in diameter, from 15 to 60m in length, and
wall-coated with a polymeric stationary phase (e.g. polydimethyl-
siloxane, PDMS). The mixture components are then separated by
virtue of differential partitioning as they are transported down the
length of the column under pressure driven flow of an inert car-
rier gas. One of several types of detectors is used to quantify the
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compounds eluting from the end of the column by measuring the
integrated peak area or peak height. Where a single-channel detec-
tor is used, retention time (tg) is used to identify the compound (via
prior calibration with known standards). Where a mass spectrom-
eter (MS) is used as the detector, the identification is enhanced by
use of the fragmentation spectrum [1].

Field portable GC instrumentation is available for applications
where direct, on-site analysis is needed [2-8]. For field deployment,
numerous instrument modifications are necessary; for example,
some inlets are adapted for automatic sample collection and injec-
tion, shorter columns are typically used, and various approaches
are employed to reduce size, weight, and power for heating compo-
nents and fluidic interconnects. Reliable analyses of VOC mixtures
are achievable, yet the relatively large size, high cost, and high
power requirements preclude routine or long-term deployment,
particularly where battery power is required.

In response, numerous efforts have been mounted over the past
four decades to create portable GC instruments that use microfab-
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ricated components (wGC) [3,6,9-19], some of which have been
commercialized [3,6]. Typical microfabricated components include
an adsorbent-packed preconcentrator or loop sampler that also
serves as an injector, one or more etched channels with wall-coated
stationary phases that serve as separation columns, and a detector
consisting of either an individual sensor or an array of sensors the
collective output of which may provide a response pattern that can
enhance analyte recognition. Although the reductions in size (mass)
associated with microfabrication lead to commensurate reductions
in heating power requirements, overall power demands in reported
GC systems remain high and represent a limiting factor in simul-
taneously meeting goals of high performance, miniaturization, and
long-term battery operation.

The pcolumn is a critical component of any wGC, and numer-
ous approaches to pcolumn chip design and operation have been
reported to address the challenges of maintaining high resolution,
sample capacity, and peak capacity over the inherently short sep-
aration distances available [20-30]. Although the power required
for heating chip-based pcolumns is generally lower than that of
conventional capillary columns due to their compact size and use
of thin, integrated resistive heating elements, only a few pcolumn
development efforts have focused on designs where power effi-
ciency was an overriding priority [23,25].

We are currently developing a wGC prototype, referred to as a
personal exposure monitoring microsystem (PEMM), small enough
to be worn by workers in industrial settings to measure their expo-
sures to VOC mixtures [31]. The PEMM is battery powered and
expected to perform several analyses per hour for at least 8 h/day.
Therefore, the power requirements of the system are critically
important. Since the separations require heating the p.column for a
significant fraction of a typical sampling and analytical duty cycle,
reducing the power required to heat the pcolumn can lead to sig-
nificant reductions in the energy per analysis.

Toward that end, we conceived of a pcolumn in which sequen-
tial heating of each of three segments (or zones) is used. We
hypothesized that with proper design and operation such a
pcolumn could offer the same, or better, chromatographic reso-
lution as that obtained with simultaneous (i.e., “global”) heating of
the entire pcolumn at once, but with less power. The concept is
straightforward: whether operating isothermally or with temper-
ature programming, by turning on and off the heaters serving each
segment (or zone) according to the needs of the separation, less
power would be needed, provided that sufficient thermal isolation
could be achieved between segments.

In contrast to multiple p.column systems [15,16,32-36], which
require heated interconnections and fluidic transitions that
increase complexity and invariably incur losses in performance
or power efficiency (in exchange for modularity), the segmented
pcolumn considered here is monolithic. In contrast to the parallel
(i.e., concentric) 3-channel pcolumn reported by Lu and cowork-
ers for use in their multidimensional separation subsystem, which
was also monolithic [36], our pcolumn is a single channel with each
segment adjacent to, and partially isolated thermally from, the next
to permit nearly independent heating. Although thermal gradient
KGC(WTGGC), such as reported by Wang et al. [37] and Navaei, et al.
[38], could ostensibly be implemented with a segmentally heated
column, the design pursued here was not intended for pTGGC
and would not be amenable to it due to the use of a convolved
spiral microchannel layout within each segment wherein the flow
direction changes in each adjacent microchannel within the spi-
ral. We are unaware of prior work on a p.column of this design or of
attempts to use zone heating to take advantage of the microchannel
density and low mass inherent in etched-channel wGC columns.

In this article, we describe the design, fabrication, modeling,
and initial characterization of a monolithic p.column having three
partially isolated segments, each with an independent heater, capa-

ble of segment/zone heating. Focus is placed on energy efficiency,
rather than chromatographic efficiency, per se. The latter will be
dealt with in a subsequent publication. Finite element thermal
modeling was performed to optimize the design of the heaters and
a classical lumped-element model that accounts for inter-segment
heat transfer was used to estimate power and energy dissipation.
The migration times of compounds in the p.column were estimated
by adaptation of a published band trajectory model (BTM) [39]. The
accuracies of the latter models were evaluated and both the chro-
matographic resolution and energy requirements of zone heating
vs. global heating were assessed for isothermal and temperature
programmed separation conditions.

1.1. Band trajectory model (BTM)

Implementation of such an approach to pcolumn design and
operation requires knowledge of the locations of eluting com-
pounds along the channel, and thus in each segment, over the
course of a separation. Toward this end, we adapted the BTM
reported by McGuigan and Sacks originally developed for use in
dual-column, pressure-tuned ensembles [39]. The key expression
from the model is given in Eq. (1):

(1)

where t,/ is the total time required for an analyte band to migrate
a distance, x’ (=x+ Ax), along the length, L, of the pcolumn,
d is the effective inner diameter of the pcolumn, pg is the
outlet pressure, P/, is the inlet:outlet pressure ratio, 7 is the
temperature-dependent viscosity of the carrier gas, and k is the
temperature-dependent retention factor of the analyte. By dividing
Linto a series of incremental length intervals, Ax, Eq. (1) allows the
trajectory of each analyte to be mapped over time. Values of 7 are
available in the literature [40], and k can be determined empirically.
A plot of time vs. distance gives the segment-specific retention
times, tg, needed to effectively implement the zone heating tech-
nique.

1.2. Thermal modeling

Assuming uniform temperature within each segment, i, the
heating of the segments of the pcolumn can be represented by
a classical lumped capacitance model [41,42], the equivalent cir-
cuit of which is given in Fig. 1, which considers three adjacent
pcolumn segments, each with a heat capacity, C;, thermal resis-
tance, R;, and source of power, P;, that is capable of generating
a certain rate of heat flow, dQ/dt, to the segment. The resistance
to heat transfer between segments is R and the additional power
required to compensate for such inter-segment heat transfer (i.e.,
thermal cross-talk) can be expressed simply as P. According to
this model, the power required to create a temperature difference
above ambient, 6;, is given by:

dQ _ . db 6

= =% Ty,

+ Py (2)

where each R; would be measured experimentally and therefore
would implicitly account for convective heat transfer to the sur-
roundings.
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Fig. 1. Thermal model of the segmented column for zone heating energy analysis.

The energy, Ej;, consumed to raise the segment to a specified set-
point temperature, 6s, and maintain it there for some time period,

tj, as in an isothermal separation, can be expressed as

b

)
Ej = /P,-dt =G0s + ﬁftj +Egj (3)
1
0

where E; accounts for the energy lost to the adjacent segments. If
enough time elapses for steady-state conditions to be reached and
maintained, then we can approximate Ej; as follows:

0 0
Ej=Pitj = (Rj + RZ) t (4)

where 6. is the inter-segment temperature difference at steady
state.

For the case of a linear temperature ramp, as is often employed
in a temperature-programmed separation, 6;, and therefore P;,
increase with time and the energy consumed can be expressed as

Ej = GMt; + z%rjz + Egj (5)
where M is the temperature ramp rate. Since Ej; is a quadratic func-
tion of time and it also depends on C;, a linear approximation like
Eq. (4) no longer applies.

For the purpose of this analysis we next consider an isothermal
separation and compare the total energy required to perform such
a separation via zone heating of the individual segments, Ez, to
that required via “global” heating, E;, where the three segments
are heated simultaneously to achieve 6 for the entire analysis time
period, t,. For the latter scenario, 6 ~ 0 (Eq. (4)), and assuming, for
simplicity, that R; =R, =R3, then we can express the total energy as

0
Ec=3%ta (6)

In the simplest zone heating scenario, there would be a sequence
of three discrete time windows: t;, when only segment 1 is heated;
t; when only segment 2 is heated (segment 1 is turned off); and t3
when only segment 3 is heated (segment 2 is turned off). The sum
of these t; values is t4, and for the special case where t1 =t; =t3, the
segment heating time is t;. Regardless of the duration of each time
window, if we consider the ideal situation where R is infinitely
large, then the Ez/E; is 0.33 and the energy reduction from zone
heating is 0.67 (i.e., 67%). This represents the maximum possible
energy savings.

In fact, this simple case would rarely occur in practice because
it requires that the analytes migrate in close proximity throughout
the separation. Normally, there would be alarger range of migration
rates and associated retention times (and residence times) such
that some analytes would be present within all three segments for a
significant portion of time. Acknowledging this, another isothermal
scenario can be considered for which we designate five discrete
time windows (t; — t5), wherein heating of the first segment for t;
would be followed sequentially by heating of the second and third
segments for t, and t3, respectively, all to the same 6;. At the end

of t3, the first segment heating would be discontinued, and then at
the end of t4, the second segment heating would be discontinued.
The last period (i.e., t5) would extend to the point where the last
compound elutes from the pcolumn, marking the end of the run,
at t=tq.

From Eq. (4) we can express E; as the sum of the energies con-
sumed during each t;, i.e.

E:=) D Fi (7)

and for any isothermal scenario we expect the migration rates of
the analytes to be nearly constant throughout the separation (vida
infra), so that each analyte spends an equal amount of time in each
2-m segment. Since the schedule of segment heater turn-on and
turn-off times is specified by the retention time of the analyte of
highest volatility (t;) and the retention time of the analyte of lowest
volatility (tq), respectively, we can express the time windows ¢; in
terms of those limiting values (i.e. t; =t; =t;/3, t3 =tq/3-2t/3, and
ty =t5=tq/3). If we designate the range of analyte retention times
spanned in a given analysis as Atg=t, —ty, then we can express
the fractional reduction in energy attributable to zone (vs. global)
heating, Eg (=1—Ez/E¢) as follows:

1 1 1

Er=|1-3 1+RC/R+(

1\ !
1+(1+RC/R) ) +Rc/R

2 Aty

<§ T ) (8)
Eq. (8) shows the two main factors that influence the attainable
energy savings due to zone heating. The first term on the right-
hand side (within large parentheses) accounts for inter-segment
thermal isolation, expressed as the ratio R./R. When R./R is «1 (i.e.
poor isolation), this first term approaches zero and there would be
little or no reduction in energy with zone heating. As Rc/R becomes
larger, the term gradually approaches unity, following the trend
shownin Fig. S1 of the online Supplementary Material (SM), and the
energy reduction would be maximized with respect to this factor.
Thus, the p.column should incorporate design features that increase
R to the extent permitted by the physical constraints of the device
structure and material properties.

The second term on the right-hand-side of Eq. (8) accounts for
the fraction of the total separation time the segment heaters are
off. As in the ideal scenario presented above, this term approaches
its highest value of 2/3 when Atg (=t, —t;,) is small, which would
occur for a set of compounds with very similar retention times
for which the three segment heaters could be switched on and off
in succession (i.e. ts ~ tq/3). For a broader spectrum of compound
retention times, Atg would be a larger fraction of t,, the heating
times of the segments would overlap, and Eg would decrease. This
second term would approach its minimum value of 1/3 as Aty
approaches tq. However, even for modest values of t; there would
be delays in the turn-on of segment 2 and 3 heaters and commensu-
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Fig. 2. (a) Concept diagram of the segmented pcolumn; (b) top-side view and (c)
bottom-side view of the pcolumn mounted on its printed circuit (carrier) board,
with the channel visible from the top side and heater patterns visible from the
bottom; (d) enlargement of the center of the spiral of one pcolumn segment; (e)
enlargement of the slot/fin thermal isolation structures.

rate savings of energy. In practice, the schedule of segment heating
would be determined by the residence times of the mixture com-
ponents in each segment, which could be accurately predicted by
BTM (vida supra).

For the more complicated cases involving temperature pro-
grammed separations, account must be taken of the scheduling and
durations of the different time windows, segment heating rates,
minimum and maximum temperatures, and thermal capacitances,
as well as the temperature dependence of thermal resistances, the
use of PWM with feedback control, and the limited power available
to actuate the heaters. Computer simulation was used to account
for these factors using algorithms that allowed E; and E; to be
evaluated for any conceived heating scenario, as discussed below.

2. Materials and methods
2.1. Materials

All solvents, test compounds, and reagents were obtained from
Sigma-Aldrich (Milwaulkee, WI) or Fisher Scientific (Fair Lawn NJ)
in >98% purity and used as received. PDMS was purchased from
Ohio Valley Specialty Company (OV-1, Marietta, OH). Deactivated
fused-silica capillaries (intermediate polarity, 0.25 mm i.d.) and
press-fit connectors were obtained from Supelco (Bellefonte, PA).

2.2. uColumn design, fabrication, and preparation

Fig. 2a shows the conceptual layout of the segmented Si
pcolumn channel and thermal isolation structures. The pitch, cross
section, length, and spiral patterns of the channel mimic those of
the early p.columns reported by Lambertus, et al. [20], and later ver-
sions on which we reported [9,14-16,28]. The chamfered-square

spiral pattern (apparent in the micrograph in Fig. 2d, but not in
Fig. 2b) offers a tighter packing than a circular-spiral or serpentine
channel layout, and thus a smaller thermal mass. Chamfering the
corners reduces turbulence and, thus, band dispersion.

The thermal isolation structures (Fig. 2e) consist of slots etched
through the substrate with fins extending lengthwise within each
slot to increase surface area for dissipating heat convectively to the
ambient while reducing in-plane heat conduction. These are similar
to those reported by Manginell, et al. for thermally isolating their
pcolumn from a psensor integrated on the same Si substrate [19].
The meander-line heater dimensions were designed to minimize
temperature gradients across a segment while also minimizing
power dissipation. Fluidic inlet and outlet ports are located on one
edge of the chip, opposite that where the heater bonding pads are
located, to facilitate integration into the PEMM prototype.

SolidWorks (Release 2014, Dassault Systems, Waltham, MA) and
COMSOL Multiphysics (R4.2, Burlington, MA) were used for design
and simulation purposes, respectively. Simulations accounted for
Joule heating of the pcolumn segments and convective, radiative,
and conductive heat losses. Several different slot and fin configura-
tions were assessed, and the final configurations included tradeoffs
related to fabrication, such as pattern fidelity and mechanical
strength. Details have been omitted for brevity. For the final heater
design, simulations indicated that the p.column would have ther-
mal gradients of only~1°C across all segments when all three
segments were heated to as high as 180°C and only ~6 °C when
heated individually.

The pcolumns were fabricated from 0.5-mm thick, 100-mm
diameter, (100) double-side polished Si wafers (University Wafer,
Boston, MA). First, a 1.5-pm thick layer of thermal SiO; was
grown on both sides of the wafer. Then, the pcolumn channel
(150 wm wide, 50 wm wall within spiral area), thermal isolation
slots (600 wm wide) and fins (50 or 80 pwm wide, spaced by 80 pum
gaps) and expansion sections at the inlet and outlet of the channel
(430 wm wide, 1950 wm deep) were defined photolithographically
and the SiO, layer was reactive-ion-etched (RIE) to form a hard
mask on the substrate (note: horizontal thermal-isolation slots
have 3 fins, vertical slots have 4 fins, and the vertical fins at the
outer edges of the chip are 80 wm wide while those between seg-
ments are 50 wm wide). A new layer of photoresist was then used
to selectively pattern the fluidic expansion ports and slot struts on
the front side, and deep reactive ion etching (DRIE) was used to etch
these regions of the Si substrate to depth of 140 wm. The photore-
sist was then stripped and, using the initial SiO, hard mask, DRIE
was used to create the pcolumn channel and to continue to etch the
fins and inlets. DRIE was concluded once the pcolumns and inlets
reached depths of 250 and 400 wm, respectively.

Next, the front-side oxide mask was selectively stripped with
buffered HF, and then a 0.2-mm thick, 100-mm diameter Pyrex
wafer was anodically bonded to the front side of the wafer, sealing
the pchannel. Ti/Pt (30/360 nm) was then patterned on the back-
side using e-beam evaporation and liftoff to generate the heaters,
resistive temperature devices (RTD), and dice lines. The fin struc-
tures were then patterned on the backside of the Si wafer and,
after removing the oxide by RIE, DRIE was used to complete the
thermal isolation slots and fins. Etched feature dimensions were
confirmed throughout the fabrication process using a 3-D optical
profiler (NewView 5000, Zygo, Middlefield, CT). Finally, the wafer
was diced into pcolumns, and water and air were used to clean out
dicing debris. Sections of deactivated fused-silica capillary (250 pm
i.d.,) were inserted into the inlet and outlet ports and sealed with
epoxy (Hysol 1C, Rocky Hill, CT).

The pcolumn was then statically coated with PDMS from a
solution (4.38 mg/mL, methylene chloride/n-pentane, v/v=1) that
contained dicumyl peroxide (1% w/w of PDMS) as curing agent
according to reported methods [ 19]. Briefly, the solution was drawn
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through the pcolumn until the entire volume was filled. Then, one
end was sealed with a septum, the pcolumn chip was placed in a
water bath (30°C) and gentle suction was applied to the other end
to evaporate the solvent. The p.column was heated to 180 °C under
N, atmosphere in a GC oven to cross link PDMS. On the basis of
the internal surface area of the channel and the concentration of
PDMS used, the average thickness of PDMS coated on the channel
wall was 0.20 pm. The sections of interconnecting capillary, which
were also coated and crosslinked, were cut to 4 cm.

The pcolumn was then affixed with a minimum of epoxy at
each corner onto a printed circuit board (PCB) that had a slightly
smaller rectangular hole cut out beneath the p.column chip, and
the bonding pads for the heaters and RTDs were wire-bonded to
the corresponding pads on the PCB. Additional epoxy was used to
mechanically anchor the capillaries to the PCB. During testing the
PCB was suspended by clips on a clamp-stand fixture.

2.3. nColumn characterization

All GC measurements were collected with a bench scale GC
equipped with a flame ionization detector (FID) (Model 7890B,
Agilent Technologies, Palo Alto, CA). The pcolumn was connected
between the GC inlet and FID with sections of deactivated fused
silica capillaries using press-fit connectors. GC injection port and
detector temperatures were both 250°C. For determinations of
column efficiency the pcolumn temperature was controlled by
the GCoven.For collecting k values used for BTM and for subsequent
testing, the pcolumn temperature was controlled by the on-chip
heaters.

For isothermal separations with global heating, all three heaters
were turned on 35 s prior to the injection to allow all segments to
come to the set-point temperature (note: this could have been done
faster but there was need to do so for this set of tests). For temper-
ature ramped separations with global heating all segments were
ramped at the same rate to the same temperature. For isothermal
separations with zone heating, segment heaters were turned on
and off in sequence as dictated by BTM for the subset under test.
For comparisons of global and zone heating retention times, the
rate of heating was between 41 and 55 °C/min and segments were
heated sufficiently early to achieve the set-point temperature at
the required time. For comparisons of power dissipation between
global and zone heating, segments were heated at 200 °C/min. For
temperature ramped separations with zone heating, segments 2
and 3 were rapidly preheated in sequence to bring the segments to
the temperatures needed to maintain the temperature ramp rate
for the experiment.

The separation efficiency of the pcolumn was determined at
30°C (GC oven) using n-octane as the probe by serial injections
(splitless) with an autosampler and gas-tight syringe of headspace
vapor from a septum-sealed vial containing liquid n-octane to
which methane was added from the house supply. The adjusted
retention times (tg’ =tg — t);) and full width at half-maxima (fwhm)
of eluting peaks were measured as a function of average N, carrier
gas velocity, where the hold-up time, ty;, was taken as the methane
retention time. The average velocity was calculated as L/ty. The
plate number, N=5.545(tz’/fwhm)? and plate height, H=I/N, were
calculated and the latter used to generate a Golay plot to determine
the minimum plate height, Hp,i,, and maximum plate count, Nyax,
at the optimal velocity (see Fig. S2, SM) [1].

Table 1 lists the test compounds along with their corresponding
vapor pressures, py. They have been grouped into four subsets based
roughly on p, ranges for the purposes of testing (described further
below). The fourth subset in Table 1 consists of one member from
each of the first three other categories, so as to span the range of
pv values of the entire set of compounds — this is referred to as
the “general” subset. Values of k ( = tg'/ty;) for each compound were

Table 1
List of test compounds, subset assignments, and vapor pressures, py.
Subset #2 Compound py (kPa)®
High 1 Trichloroethylene 6.25
2 Toluene 3.78
3 2-Hexanone 1.46
Medium 4 n-Octane 1.88
5 Ethylbenzene 1.27
6 3-Heptanone 0.187
Low 7 n-Nonane 0.59
8 1,2,4-TMB 0.27
9 n-Decane 0.191
General 1 Trichloroethylene 6.25
4 n-Octane 1.88
9 n-Decane 0.191

2 Refers to peak assignment in Fig. 3.
b At 25°C; Ref. [43].

determined individually at each of five temperatures between 30
and 100°C. Autosampler syringe injections of 0.1 L liquid samples
(~10 mg/mL in CS;) were performed with a 20:1 split at an inlet
pressure of 13.5 PSI using He as carrier gas. The same conditions
were used for subsequent experiments.

For subsequent comparisons of zone vs. global heating, com-
pounds were tested in the subsets shown in Table 1 under both
isothermal and temperature-ramped conditions. The three seg-
ment RTDs were calibrated in the GC oven. A custom LabVIEW
program run from a desktop computer was used to heat each seg-
ment independently by use of a proportional-integral-derivative
(PID) feedback loop between the voltage applied to each heater
and the set-point temperature or temperature ramp. Pulse-width-
modulated (PWM) voltages were applied to the heaters through
solid-state relays at 4 Hz. Isothermal separations were performed
in 10°C increments from 50 to 100°C. Temperature programmed
separations were performed from a baseline temperature of 30 °C
in 10°C/minincrements from 10 to 60 °C/min to a final temperature
of 100°C.

2.4. Band trajectory modeling

For BTM (via Eq. (1)), values of log k were plotted against 1/T
and linear regression models fitted to the data were used to obtain
kvalues at intermediate temperatures. (see Fig. S3, SM; r2 >0.998 in
all cases). Values of P;, were calculated as the ratio of p;/p, where p,
was atmospheric pressure and p; was the sum of p, and the applied
pressure at the GCinjection port (13.5 PSI, displayed on workstation
readout). Values of 7 for the He carrier gas were obtained from ref.
40.

The pcolumn was divided into 2.5-mm intervals (Ax in Eq. (1)).
For accurate results it was necessary to account for the 4-cm long
PDMS-coated capillary sections epoxied into the inlet and outlet of
the chip, and the 23-and 33.5-cm long sections of deactivated inter-
connecting capillary extensions used, all of which were 250 pm i.d.
Note that the PDMS-coated-Si pcolumn was assumed to have an
i.d., equivalent to a circular channel with an i.d. of 206 p.m.

2.5. Energy consumption simulations

In order to estimate the energy savings for all the different heat-
ing scenarios, the model represented by Fig. 1 was translated to
a multiple-input/multiple-output (MIMO) dynamic system, with
heating power values as inputs and segment temperatures as out-
puts, and simulated in a PID feedback loop using Matlab (version
8.5, MathWorks, Inc., Natick, MA). The scheme of the MIMO model
used is given in Fig. S4 of the SM. The temperature set-point profile
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directing each feedback loop was constructed on the basis of the
time windows obtained for each case from the BTM analysis. The
transfer function matrix of the system, containing the ratios of all
the combinations of 6; and P;, was obtained in Matlab by applying
frequency-domain analysis to the pcolumn thermal model via a
Laplace transform.

The transfer functions were evaluated using the thermal param-
eters G;, R;, and R¢, which were estimated experimentally. Each
feedback loop was also provided with a saturation block to prop-
erly account for the limit of the power imposed by the supporting
system; the PEMM system uses a 24-V power supply, which gives a
maximum of 5W for p.column heating and limits the ramp rate to
~200 °C/min. For switching the segment heaters from the off state
to the desired temperature, faster heating rates for shorter time
periods were found to consume less energy than slower rates for
longer periods. This heating rate was standardized to 200 °C/min
for all simulations and experiments related to energy consumption
estimation. Furthermore, for this study, we placed a conservative
limit of 100°C on the maximum p.column temperature, such that
the maximum 6; would be 70°C, since 30°C is the assumed base-
line temperature inside the PEMM prototype. Under this constraint,
separations were complete in <161 s in all cases.

2.6. Power measurements and thermal parameter estimates

To demonstrate the zone heating programming and validate the
thermal model for the energy estimations, discrete measurements
of power were performed for isothermal and linear temperature-
ramp separations. A 16-bit DAQ card (USB-6218 OEM, National
Instruments, Austin, TX) was used to record the PWM voltage
applied to each segment heater at a sampling rate of 250 Hz. The
supplied current was measured from the voltage drop acrossa 12
series resistor. The instantaneous power, P;, was obtained by tak-
ing the product of the voltage and current waveforms. The energy
consumption of a given separation experiment was calculated by
integrating P; over the total separation time.

To obtain the thermal parameters of the pcolumn, first C; and R;
were estimated by placing all three segment heaters in controlled
feedback loops and heating them at the same linear ramp rate,
M=10°C/min, while temperature was simultaneously monitored.
When the three temperatures are equal, 0¢/R. approaches zero and
C; and R; could be evaluated from the intercept and slope, respec-
tively, of the linear portion of the power-time profile via Eq. (2)
when P,; =0.

To estimate the inter-segment thermal resistance, R. (Fig. 1), the
pecolumn was placed in the GC oven at 30°C and 1.2 W of power
was applied only to the segment 2 heater. After several seconds,
all segments came to steady-state temperatures, 0s. Under these
conditions the capacity term in Eq. (2) goes to zero and R, could be
evaluated from P,, 6s, 6: and R, using Eq. (4), accounting for the
(2x) crosstalk losses to both flanking segments.

3. Results and discussion
3.1. Initial characterization

Fig. 2b-e shows images of the pcolumn: (b) front side and (c)
back side photographs of the PCB-mounted device, along with pho-
tomicrographs of (d) the center of the first segment and (e) the
thermal isolation slots between spiral segments and at the periph-
ery of the chip. Due to the size of the chip, each Si wafer yielded
a maximum of only two devices. Owing, apparently, to the grain
boundaries of the e-beam evaporated Pt films, their resistances
were higher than expected. Therefore, the thickness of the Pt in

the heaters and RTDs was increased from 300 to 360 nm to match
the modeled target resistance values.

Measured power profiles of segments 1-3 are shown in Fig. S5
(SM). From these, the following values of heat capacity and ther-
mal resistance were determined: C;=C3=0.85]/°C,C,=0.68]/°C,
R1=R3=42°C/W and R, =72°C/W (see caption of Fig. S5). The
slightly higher thermal capacities for segments 1 and 3 (vis a vis seg-
ment 2) can be ascribed to their having three open sides. The lower
thermal resistances for segments 1 and 3 can also be explained by
the presence of an extra open side, and to the added thermal losses
via epoxy connections to the substrate and capillaries. Steady-state
heating measurements gave a value of R =30 °C/W. Measured ther-
mal crosstalk among segments was about 56% between adjacent
segments, and 32% between the opposite side segments (e.g. for a
30°Ctemperature difference above ambient in segment 1, segment
2 increased 16.8 °C and segment 3 increased ~9.6 °C).

From the n-octane data used to construct the Golay plot in
Fig. S2 of the SM characterizing the efficiency of the PDMS-
coated pcolumn, k values ranged from ~4 to 6 and the minimum
plate height, Hy,;, =0.026 cm, was obtained at the optimal veloc-
ity, tlop =11 cm/s, which corresponds to a volumetric flow rate of
0.24 mL/min of N,. The maximum plate count, Nax, was estimated
to be 23,000 plates, or 3800 plates/m. This value is somewhat lower
than Npax values we have reported previously [27],and, in fact, sub-
sequent pcolumns coated in a similar fashion yielded Nyax =4100
plates/m.

For reference, the energy required for a typical analytical
cycle with the PEMM prototype was determined experimen-
tally using global pwcolumn heating. A 60-s air sample was
collected at 5mL/min, followed by thermal desorption of the
micro-preconcentrator/focuser (WPCF) at 225°C for 40s. Then,
a temperature programmed separation was performed, which
entailed holding the pcolumn at 30°C for 35s followed by a lin-
ear ramp at 40°C/min to 110°C and a 5-s hold at that temperature.
Are-set period of 3 min was then allowed for cool-down and purg-
ing of the inlet. Both the wPCF and the pcolumn returned to the
baseline temperature of 30 °C within the 3-min cool-down period.
The total cycle was 5.5 min and required 2710], including all ther-
mal, pneumatic, and electronic components and functions. Of this
total, 475] (18%) was required for (global) wcolumn heating. If
the energy required for electronic components were excluded,
then the pcolumn would account for 37% of the total energy (i.e.,
475/1283]), amply justifying efforts to reduce its contribution.

3.2. BTM vs. experimental retention times

The accuracy of the BTM was evaluated by comparing pre-
dicted and experimental tg values for the test compounds under
a range of isothermal (i.e., 50-100°C) and temperature ramped
(i.e., 10-60°C/min) conditions. Complete results are tabulated in
Tables S1 and S2 (EM). Representative results at 60 °C (isothermal)
and at 40°C/min (programmed) are presented in Figs. 3a and 3b,
respectively. As shown, the errors were quite small, ranging from
—0.31 to +2.1sin Fig. 3a and from —0.57 to +2.4 s in Fig. 3b. In both
cases, the errors increased as tg increased (i.e., as the volatility of
the compounds decreased). Among all tests run under isothermal
conditions, absolute errors were <1.4 s for the six most volatile com-
pounds and <3.3 s for the three less volatile compounds, with the
exception of n-decane at the lowest temperature (50 °C) which had
an error of —6.1 s. Since the magnitudes of the errors increased with
tg value, the fractional errors were small and the model performed
adequately well for all practical purposes.

Among all tests run under temperature ramped conditions,
absolute errors were generally higher than for isothermal tests
but showed similar trends with compound volatility (i.e., tg value)
and, again, the model performed adequately well for the purposes
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Fig. 3. Experimental chromatograms of the nine test compounds under (a) isother-
mal (60°C) and (b) temperature ramped (40°C/min starting at 30°C) conditions.
Experimental traces are shown across the top of each panel and the BTM-predicted
trajectories are shown beneath. GC conditions: ~0.05 pg injection for each com-
pound; 13.5 PSI He inlet pressure; 6-m long PDMS-coated pcolumn; FID. Note:
solvent peak (CS;) appears before peak 1. Identities of peaks 1-9 are given in Table 1.

of guiding segmented heater scheduling. The observed tendency
toward negative errors can be ascribed to wall adsorption on inter-
connecting capillaries, to temperatures being slightly lower than
indicated by the RTDs due to small vertical thermal gradients for
isothermal cases, and additionally to lags in actual heating rates
due to the thermal mass of the wcolumn for temperature ramped
cases.

3.3. Separations with global vs. zone heating

Isothermal and temperature programmed separations of each
ternary subset mixture designated in Table 1 were performed with
zone and global heating. The zone heating schedule was based on
BTM. Fig. 4a and b presents representative results for the “general”
subset and show that the values of tg were nearly identical, regard-
less of the heating method. The complete set of tg values obtained
for all subsets are presented in Tables S3 and S4 (SM) and confirm
the close agreement in tg values in all cases.
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Fig.4. Superimposed (a)isothermal (60 °C)and (b) temperature ramped (40 °C/min)
chromatograms of the “general” subset of compounds (Table 1) with global (solid
lines) and zone (dashed lines) heating. The first peak in each trace is solvent (CS;). In
order to see the similarities in tg values for zone vs. global heating when the traces
were superimposed, slightly different injection volumes were used. Zone heating
schedule was determined via BTM (see Tables S3 and S4 of the SM for more details).

3.4. Temporal profiles of temperature and power

Figs. 5a and b show experimental temperature and power pro-
files, respectively, for global and zone heating of the pcolumn for an
isothermal separation at 60 °C, suitable, say, for the low-volatility
subset in Table 1 (note: the global temperature profile is not actu-
ally shown because it would have obscured the details of the zone
heating profiles), but it would correspond to an initial rise along
the solid line shown in the plot in Fig. 5a and then a constant
temperature for the remainder of the run. Figs. 5c and d show the
corresponding profiles for a linear temperature ramped separation
from 30 to 83 °C at 40 °C/min (in this case, the global temperature
profile corresponded to a linear increase to ~95 s for all segments).
The PWM power profiles represent 1-s averages (i.e., they were
not smoothed significantly). For the zone-heated isothermal case,
the segment 1 heater was turned on a t=0 and brought up to
60°C within 9s (i.e., at 200 °C/min). The turn-on times of the seg-
ment 2 and 3 heaters, 20 and 34 s, respectively, were determined
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Fig. 5. Measured (a) and (c) temperature profiles and (b) and (d) power profiles of
the zone-heated p.column for an isothermal separation at 60°C[(a) and (b)], and a
temperature-ramped separation at 40°C/min [(c) and (d)]. Shown are the temper-
atures of segment 1 (solid line), 2 (dashed line) and 3 (dot dashed line) of the zone
heated pcolumn. Applied instantaneous total power is shown for zone (solid line)
and global heating (dashed line). Profiles correspond to conditions suitable for the
low volatility subset.

from BTM estimates of the residence times of n-nonane (i.e., the
earliest eluting component of the mixture) in segments 1 and 2
(see Table S3, SM), after adding the offset required for pre heating
the first segment and subtracting the time required to bring the
current segment to 60 °C (~6 s for both segment 2 and 3). The cor-
responding turn-off times for segments 1 and 2 were determined
from BTM estimates of the residence times of n-decane (the last-
eluting component) in segments 1 and 2 and were set at 42 and
70 s, respectively. As shown, control was quite good, as the set point
temperature was reached in all cases within &1 °C and a slight over-
shoot was only evident for segment 1 (Fig. 5a, solid line). Note that
the initial gradual rise in temperature for segments 2 and 3 was due
to thermal cross talk from segment 1 over the first ~20s and from
segments 1 and 2 over the first 38 s, respectively.

The power profile for the global heating case (Fig. 5b) showed
an initial rapid increase followed by a slower increase to its maxi-
mum within 9 s, consistent with PWM control. Having reached the

set-point temperature of 60 °C, the power then dropped to a steady-
state value of ~2 W, which maintained the p.column at 60°C over
the 100-s run. For the corresponding zone heating power profile,
there were peaks in power dissipation at the three points in time
corresponding to the initial heating of the successive segments fol-
lowed by a biphasic decline to the levels required to maintain the
60 °C steady-state temperature.

As expected, the peak power required to heat each separate seg-
ment was much lower than that required for global heating. After
the second power peak, both segments 1 and 2 had to be main-
tained at 60°C, so the steady-state power level increased slightly.
Since the turn-off time for segment 1 coincided with the turn-on
time for segment 3 (Fig. 5a), the third power peak was attenuated.
About 1.5W was required to maintain segments 2 and 3 at steady-
state until t=71s, when the segment-2 heater was turned off and
the power was decreased to the value needed to maintain segment
3 at steady state.

After the segment-3 heater was turned off, the temperature
decreased at a rather low rate (Fig. 5a), in part, due to the lack of
active cooling within the GC oven. (note: in the PEMM, active cool-
ingis provided by fans that bring all three segment down to baseline
temperature within 3 min). It is apparent by visual inspection that
the integrated area under the power-time profile for zone heating
was less than that for global heating (Fig. 5b). Indeed, for this run,
the value of Eg was 0.26.

Fig. 5c shows the corresponding temperature profiles for BTM-
guided zone heating of the temperature-ramped separation. The
profile for the global heating case would follow the line formed
by the combination of zone-heated profiles. Segment 1 was heated
from the outset at the designated rate of 40 °C/min. Heat transfer
to segments 2 and 3 was, again, evident by the gradual increase
in their temperatures prior to their heaters being turned on at 26
and 40s, respectively. Turn-off times corresponded to the elution
of n-decane through each segment.

The power profiles (Fig. 5d) followed the expected patterns,
where an initial rapid step was required to overcome the thermal
capacitance (first term of Eq. (2)) and then a linear increase was
required to overcome the heatloss to the environment and adjacent
segments while continuously increasing the pcolumn or segment
temperature at the specified rate. As with the isothermal cases, the
power required early in the run was lower for zone heating, and
was primarily driven by C; and R; of segment 1 (R notwithstand-
ing). The peaks corresponded to the turn-on times of segments 2
and 3, and the latter peak was higher because segment 3 needed
to be brought to a higher temperature to keep pace with the ramp.
The successive decreases in power at 48 and 70 s corresponded to
the turn-off times of segments 1 and 2, respectively. Once again,
apparent by visual inspection (Fig. 5d), the energy for zone heating
was less than that for global heating (i.e., Ez <E¢). In this case, the
value of Eg was 0.27.

3.5. Energy per analysis

Fig. 6 plots the simulated values of energy versus analysis time
(tq) for three different isothermal (Fig. 6a) and temperature ramped
(Fig. 6b) separations. Each data point along a given curve is desig-
nated by a symbol corresponding to the subset to which it belongs
(see Fig. 6 caption). Furthermore, the x-coordinate for each data
point corresponds to the time required for elution of the least-
volatile component of the given subset mixture, as determined
by BTM. For a given temperature condition there are three curves
shown, one for global heating (filled symbols, solid curve) and two
for zone heating. Of the latter, one (open symbols, dashed curve)
entailed all three segment heaters being turned on at the outset,
followed by segment 1 and 2 heaters being turned off in sequence
as the least volatile compound eluted through them. We refer to
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Fig. 6. Simulated energy consumption vs. analysis time for the separation of each
subset mixture under different (a) isothermal and (b) temperature ramped separa-
tion conditions. The analysis time was defined by the latest eluting compound in
each subset: 2-hexanone (high volatility, triangles), 3-heptanone (medium volatil-
ity, circles), and n-decane (low volatility, squares). Filled symbols and solid lines
are for global heating cases; unfilled symbols and dashed lines are for zone heating
cases with only early turn-off of segments 1 and 2; and unfilled symbols and dotted
lines are for zone heating cases with both early turn-off of segments 1 and 2, and
late turn-on of segments 2 and 3.

this below as the “early-off” scenario. The other zone heating sce-
nario (open symbols, dotted curve) entailed each segment heater
being turned on and then turned off on a schedule dictated by the
residence times of the eluting compounds within that segment. We
refer to this as the “late-on/early-off” scenario.

As expected from Eqs. (3) and (5), and as observed in Figs. 6a and
b, the time dependence of the energy consumption is linear for the
isothermal separations and quadratic for the temperature ramped
separations. The y-intercept of each curve in Fig. 6a corresponds to
the C;0s term from Eq. (3), which increases with increasing set-point
temperature and contributes equally to the energy for all heating
scenarios at a given set point. As a result, its fractional contribution
to the total energy varies directly with the volatility of the subset.
For example, at 50°C, it is ~60% of the total energy for the high
volatility subset (triangles) but only ~25% of the total energy for
the low-volatility subset (squares). Hence, the energy saved by use
of zone heating will vary inversely with the volatility of the subset
(i.e., high<medium <low) for isothermal separations. This is not
the case for temperature ramped separations (Fig. 6b) because the
capacitance term contributes continuously to the energy consumed
throughout the separation.

The higher the set-point temperature (Fig. 6a) or ramp rate
(Fig. 6b), the greater the energy consumed for the separation, in
spite of the shorter total elution times (i.e., smaller value of t;). But
the dependence on set-point temperature or ramp rate varies with
subset volatility in the order low < medium < high, which is appar-
ent by looking at the same symbol across different temperatures or
ramp rates, regardless of whether global or zone heating is used. For
example, in Fig. 6b, the ratio of energies consumed at 100 °C/min
and 10 °C/min for the zone-heated separation of the high-volatility

0]
S

350 ~
300
250

200 A

Energy (J)

150 A

100 T T T
40 60 80 100

Temperature (°C)

(e}
S

350 4

300 -

250 A

200 A

Energy (J)

150 A

100 T T T T T
0 20 40 60 80 100

Ramp rate (°C/min)

Fig.7. Simulated energy consumption for the low volatility subset under (a) isother-
mal conditions and (b) temperature ramped conditions at different temperatures
and ramp rates, respectively. Filled squares and solid lines are for global heating;
unfilled squares and dashed lines are for zone heating with only early turn-off of
segments 1 and 2; open squares with dotted lines are for zone heating with both
early turn-off of segments 1 and 2, and late turn-on of segments 2 and 3. The heating
times were based on BTM derived retention time values.

subset (open triangles) is ~103]/19] or about ~5 fold, whereas for
the low-volatility subset (open squares) it is 255]/135], or only ~2
fold. In all cases, however, the energy consumed with zone heating
is less than that with global heating.

The extent of energy savings from zone heating bears closer
examination. As shown in Figs. 6a and b, and highlighted further
with the example in Fig. 7a and b, the specific zone-heating sce-
nario employed affects the energy saved to a greater degree for
isothermal separations than for temperature ramped separations.
For all isothermal set-point temperatures, the energy reduction
for the “early-off” zone-heating scenario is about 55% of that for
the “late-on/early-off” scenario. This is true for all analyte sub-
sets, and is shown clearly in Fig. 7a, for the specific example of the
low-volatility subset. In contrast, for the temperature-ramped sep-
arations, regardless of the ramp rate, the energy reduction for the
“early off” zone-heating scenario is about 82% of that for the “late-
on/early-off” scenario. That is, the reduction in energy for zone (vs.
global) heating is predominated by turning off the heaters for seg-
ments 1 and 2 as soon as they are no longer contributing to the
separation. This, in turn, indicates that the residence times of the
latest eluting component of a mixture (i.e. typically that with the
lowest py value) in the first two segments of the pcolumn dictate
the energy reduction achievable with zone heating in a temperature
ramped separation.

To probe this matter further, Fig. 8 presents the ratio of the resi-
dence (orretention) time in segment 1, tg1, to the total analysis time
(tg) under isothermal and temperature-ramped conditions for the
least volatile component of each subset mixture. For isothermal
conditions (Fig. 8a), the ratio was about 0.4 and there was very
little difference among the subsets or across the set-point temper-
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Fig. 8. Simulated fraction of time spent by acompound in the first jicolumn segment
as a function of (a) isothermal temperature and (b) ramp rate. This variable is a
measure of the curvature of the band trajectory. Triangles: 2-hexanone; diamonds:
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atures. This is a reflection of the linearity of the band trajectories
(see Fig. 3a). In contrast, for the temperature-ramped conditions
the tgq/t, ratio increased monotonically with ramp rate and also
increased with the p, values of the three analytes. These trends arise
from the curvature of the band trajectories under temperature-
ramped conditions (Fig. 3b), and from the different degrees of
curvature that arise as a function of both the ramp rate and analyte
volatility.

Since the relative amount of time spent in segment 1 (and, thus,
segment 2) differed markedly, so, too, did the impact of the spe-
cific zone-heating scenario. In all cases, the time spent in a given
segment was in the order segment 1>segment 2 >segment 3. Fur-
thermore, since the lower volatility compounds spent relatively
(and absolutely) more time in segment 1 than the high volatility
compounds, the energy reduction was smaller for the low volatility
subset. That s, since the segment 1 heater could be turned off earlier
in the separation of the higher volatility subsets, it spent relatively
more time off than it did in the separation of the low volatility sub-
set. Also, across all subsets, the energy reduction decreased with
increasing ramp rate, for the same reason.

Figs. 9a and b compare values of energy reduction, Eg, for
isothermal and temperature-ramped separations, respectively, of
all four subset mixtures. Experimental Eg values (filled symbols)
differed from modeled Er values (unfilled symbols) by —0.1 to
1.8% for isothermal conditions and by —0.1 to 1.2% for tempera-
ture ramped conditions, i.e., they were generally slightly higher
than the modeled values. For isothermal separations, the energy
saved by use of zone heating (i.e., with the “late-on/early-off” sce-
nario) decreased as the temperature increased and as the volatility
of the mixture components increased, consistent with the data in
Fig. 6a. That is, the mixture requiring the longest time for separa-
tion yielded the most savings, with the largest Eg value in this data
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Fig. 9. Fractional energy reduction, Eg, due to zone (vs. global) heating of the
ecolumn for (a) isothermal and (b) temperature ramped separations of different
compound subsets: high volatility (triangles), medium volatility (diamonds), low
volatility (squares), and general (circles). Unfilled symbols represent simulated data
and filled symbols represent experimental data.

set estimated to be ~26%, at the lowest temperature of 50 °C for the
lowest volatility subset.

Fig. 9a also shows that the energy reductions for the general
subset fell between those of the high and medium subsets and had
less of a temperature dependence. This is because of the wider
range of volatility spanned by this subset and the corresponding
demands for longer segment heating times. For the temperature
ramped cases in Fig. 9b, the reductions in energy with zone heating
were greater than those for isothermal cases. In these cases, how-
ever, high and medium volatility subsets yielded greater energy
reductions than did the low volatility and general subsets, which is
expected from the BTM curvature differences seen in Fig. 8b.

The range of Eg values among all conditions and subsets in Fig. 9
is 14-31%. For a given subset a larger range of values was spanned
for isothermal separations across the different temperatures than
for temperature ramped separations across the ramp rates exam-
ined. In all cases, the price paid for more rapid elution times was
smaller energy savings, with the amount depending on the mixture
components and time of analysis. Regardless of the specific value
of Eg, the energy savings was significant.

4. Conclusions

From the results reported here, we conclude that zone heat-
ing of this novel segmented pcolumn can afford significant energy
savings without sacrificing chromatographic resolution or analy-
sis time relative to global heating of the entire chip. The energy
saved is a function of the structure of the device and materials
of construction, the heating profile employed in the separation,
and the absolute and relative vapor pressures of the analytes in
the mixture being separated. For the limited data set generated
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here the fractional reduction in energy due to zone heating ranged
from 14 to 31%. Since p.column heating can account for >35% of the
energy consumed by the fluidic components of a wearable wGC,
such as the PEMM prototype we have developed, a net reduction
of ~5-10% in the energy per analysis could be realized (electronics
notwithstanding), with a corresponding increase in battery life.

The measures taken here to thermally isolate the segments still
allowed thermal cross talk of 56% between adjacent segments. Fur-
thermore, the substrate and cover plate used were rather thick
(i.e., 500 and 200 pwm, respectively). Additional efforts to reduce
the mass of the device and to improve thermal isolation (i.e., to
increase R.) would lead to improvements in energy savings. The
substrate thickness is currently constrained by the need for edge-
wise connections to capillaries having outer dimensions >300 p.m.
The use of Si as the substrate offers advantages of well-established
machining methods such as DRIE. Its thermal conductivity reduces
thermal gradients and thermal response times, but also increases
cross talk. On balance, Si would seem to be a suitable substrate.
Although we have found Pyrex wafers to become fragile below a
thickness of 200 pm, post-bond polishing might be used to reduce
the thickness by a substantial fraction with less risk of fracture.

Integral to this concept is the use of BTM and the associated
need for temperature dependent k values of all analytes, which
increases the overhead associated with implementing this tech-
nique. However, since the temperature dependence of retention
factors, particularly with PDMS stationary phases, is predictable, it
should be possible to collect a minimum of reference data points
(e.g., at, say, two temperatures) and to then interpolate or extrapo-
late k values with sufficient accuracy to implement BTM and, thus,
to schedule the zone heating required for separation of even mod-
erately complex vapor mixtures.

In follow-on work, we plan to explore the extent to which
zone heating might enhance peak capacity while simultaneously
minimizing analysis time. The capability for rapidly and precisely
ramping the segment temperatures should facilitate such efforts.
Since we have installed these pcolumns in the PEMM prototypes
we are currently testing, any enhancements we might discover
could be readily put into practice in a field-ready, wearable unit.
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