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ABSTRACT: This paper presents the optimization of a micr® gr@concentrator (L-GP) system applied to atmagppellution

monitoring, with the help of a complete modelingtioé preconcentration cycle. Two different appreschased on kinetic equa-
tions are used to illustrate the behavior of thermigas preconcentrator for given experimental tmms. The need of a high
adsorption flow and heating rate, a low desorpflow and detection volume is demonstrated througs paper. Preliminary to

this optimization, the preconcentration factorigcdssed and a definition is proposed.

INTRODUCTION

In our previous studies, a Micro gas preconcentrgioGP)

for the detection of Volatile Organic Compounds %) in

trace level has been developed [1, 2, 3]. Durirgdhstudies,
we observed that the efficiency of this device wéssely

linked to four keys parameters such as the adsorpgnd

desorption flow rates, desorption heating rate datection

volume; hence the idea to optimize these param#étesagh a
complete modeling of the preconcentration from &xperi-

ments. Different couples of adsorbent-adsorbed agas be
simulated in order to predict the behavior of oavide when
it is used in defined conditions. In addition, thisodeling

allows as much to determine the breakthrough tifge5] in

order to describe the desorption peak aspect asr@ftive to
quantify the preconcentration performance. Theiqddrity

of this modeling is related to the fact that itatiethe precon-
centration system as a whole while the current nsdée 7, 8]

propose only to treat separately the adsorptiom wie de-
sorption or the detection.

PRECONCENTRATION FACTOR (PF)

Definition of preconcentration factor (PF)

The efficiency of a given preconcentration devEestimated
in term of PF which is defined in many ways throutje

literature. Nevertheless, the common point of ladise defini-
tions is its dependence on several parametersasutife sharp
and volume of preconcentrator, the adsorption asbigption

flows, the pressure drop and the heating rate.

Some authors [9, 10, 11] define the PF as the tmiwveen
peaks area obtained with and without preconcemtfatbro-

matography approach”). This approach supposes Ve ba
peak even without preconcentrator, i.e. a minimdradsorp-
tion, which is not evident to see or measure wherave fac-

ing with compounds in trace level. So, this defamtwould be
in some cases inaccurate because of the necetsigwving a
detection peak even without preconcentrator.

Since the preconcentrator acts like a “concentnaganplifier,
it seems more natural to define the PF as an aogildn gain
corresponding to the ratio between the maximal entration
measured after preconcentration and the mean ctvatien
of the target compound before preconcentration.

Maximization of the PF
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Figure 1: Schematic diagram of a preconcentratiabec in grey
the noises.

In order to evaluate and optimize the PF, we viiitfuse a
very simplistic model of the desorption, where tlesorbing
phase is a slot of high concentration (Figure 1).

For given preconcentration unit, the adsorptiomadeson
steps could be defined by six key parame@rd,, t; and G,

f,, t, which correspond to the concentration)(@e flow rate
(f) and the duration jJtof the adsorption (1) and desorption
(2) phases, respectively (Figure 1). The mass asatien
during the preconcentration is characterized byetiieation:



Ciofid1=Caof2d2 (.

Therefore, the PF defined as the ratio betweenesdrations
after (G) and before (g preconcentration is given by

C f10d
=2 = i (2) .
C, fa0c
According to the formula 2, for maximizing the PReowill
need:
- A high adsorption flow rate {f;
- Alow desorption flow rate £ ;

- A sufficiently long adsorption timet;

- And a very short desorption time meaning a high

heating rate .

In summary, the preconcentrator performance inesegso-
portionally with f andt; and decreases with dndt,. Since a
short analytical duty cycle (i.e short adsorptiomet, t) is

required for most safety and security applicatidhs, highest
flow rate possible is needed for compensating ¢ueiction of

the adsorption time {t The reduction of the desorption time

(t;) passes inevitably through a flash desorptionhef &d-
sorbed compound which is possible only with a Higlating
rate of the device. This high heating rate involeither a
large heating power, a very low mass and therefareniatur-
ized device. Furthermore, a low desorption flonerét) is
desired for maximizing the preconcentration fackdowever,
this flow cannot be reduced indefinitely due to #ampling
volume of the detection system.

In theory, the maximum PF reachable with a give@Rieould
be estimated following the ratio between the entokime of
target compound injected during the adsorption @lzasl the
total volume of the preconcentrator (including atisot
chamber, pipes and detector). But this value ificdit to

reach because of the inevitable losses of transpudt the
sampling volume of the detector.

Although the detector is a separate element ofyiséem, its
sampling volume is an important parameter for trez@ncen-
tration performance. Indeed, the volume of the @neentrator
has to be in same order of magnitude as the sagnptilume
of the detection system for avoiding any dilutiocanvenient
after the desorption of the preconcentrator.

Influence of the noise

However, the main purpose of using a trace detectistem
is to achieve a low detection which is characteriby the
limit of detection (LOD). The LOD is proportionab tthe
standard deviation (noise) for a signal close to.z& general,
the noise can be considered as constant all alegxperi-
ment. So in first approximation, the LOD is invdyspropor-
tional to the PF since the latter increases with slgnal-to-
noise ratio (Table 1a).

Indeed, the noise of the detector can be reducexpplying a
low pass filter such as averaging the largest nurobeneas-
urements possible. The average standard deviaitmeiratio
between the standard deviation of a single measmeand
the square root of the total number of measureméh{svith
some statistical conditions). Since the number efasare-
ments, N, is fixed by the acquisition tina (time interval
between two averaged measurements), therefore dise n

could be expressed as a function inversely propmatito the
square root ofAt (Table 1b). In fact, the signal of the detector
is not constant during the desorption phase anddawei inte-
grated duringa period of timet,.

Table 1: Signal-to-noise ratio (R) before and aftexconcentra-

Before preconcentration | After preconcentration
Single measurement Single measurement
G, C
R, =— R=—"2=kR,

g o

tion in the cases of single (a) and averaged nieltipasurements
(b). (At ,time interval between two averaged measurements)

a)
Before preconcentratior After preconcentration
Multiple measurements Multiple measurements
R =S b R=% i:@\@%q@
o\t g 2 12
b)

EXPERIMENTS CONDITIONS

Micromachined preconcentrator

The preconcentrators used in this work consist small pre-
concentration chamber with an area of 10x15°and a depth
of 325 um. The depth of the micro-channel was fige®25

pm for easing the insertion of fluidic capillari@hich have an
external diameter equivalent to this depth. Theqmeentra-
tors were silicon micromachined using deep readtweetch-

ing (DRIE) and sealed with glass cover. Three diifé shapes
(neutral, zigzag and straight) were designed fstirtg and
improving the flow distribution and also for fatdting the
deposition of the absorbent within the device [Bbwever,

only the neutral design (without structures in pineconcentra-
tion chamber) was used in the experiments for angiény

influence of structures within the preconcentratdramber.
Since the device was developed for targeting enwiental

applications, in particular benzene detection, ebaa na-

nopowder (from Sigma—Aldrich; CAS number 7440-44,8%

been identified as an adequate adsorbent matexcaluse of
its high adsorption capacity towards benzene asal itd rela-
tively low desorption temperature (down to 200 °Che

carbon nanopowder was inserted within the devicenfia

fluidic solution made of water and then dried irepvat 100
°C for evaporating the liquid phase. The heatirgment of
the device could also be used for evaporating tieest [2,

3].

Test bench setup

In this study, benzene vapor in dry air has beevseh as
target gas. The test bench used to validate oureliogl re-
sults is made of three mass flow controllers. lt,féow con-
centrations of benzene, between 10 and 500 pplyearerated
using a gas cylinder containing 100 ppm of benzersr and
a dilution-stage made of two mass-flow controlleosinected



to air cylinders. Pressure sensors are placed agvstrand
downstream of the mass-flow controllers for chegkiie
correct operation of the setup. A “TGS 2620" Figaemsor
was used to detect benzene molecules. The first tesre
dedicated to the validation of the setup and wendopmed
using a preconcentrator not filled with an adsotheaterial.
They consisted of injecting 100 ppm of benzeneughothe
empty preconcentrator, which resulted directly irbreak-
through since there was no adsorption of benzemdeed,
when 100 ppm benzene was injected in the deviees¢nsor
detects the right concentration without any retentime and
no desorption peak was then observed during thenlgestep
of device. All the other experiments were conductisihg
micro-preconcentrators filled with 1 mg of carboanopow-
der unless otherwise stated.

Experimental parameters

Given the fact that the main goal of this modelliago max-
imize the PF, all parameters on which relies thigedavere
varied in order to find the optimum experimentatgraeters
for the maximization of the PF. Therefore, the apgon and
desorption flow rates were varied between 33 ar8ir8B/min
whereas the heating rate during the desorption veaed
between 5 and 160 °C/min, depending on the typexpéri-
ments to conduct. Meanwhile, the detection volurmehe
sensor was also decreased to determine the ideglliag
volume.

MODELLING

ADSORTION  AND  DESORPTION

APPROACHES

Numerical modelling of adsorption-desorption inraqgoncen-
tration can be implemented in two main approaches:

The choice of non-equilibrium conditions suggestplement-
ing the model on base of equations of adsorptiahdesorp-
tion kinetics. This method will allow modelling agell the
adsorption as the desorption using iterative catas. How-
ever, in this complex case, we could develop ortyomolayer
model as Langmuir type.

Table 2: summary of the different parameters fosoagtion-
desorption modelling.

Zero Dimension

One Dimension

Adsorption iso-
therms equations

Thermodynamic

Langmuir BET
or Dubinin Theo-

Finite elements +
Langmuir, BET or

o ries Dubinin ...
equilibrium
Adsorption- By Finite differ- | By Finite differ-
desorption kinetic ences ences,
equations One variable t | Two variables t, x

Non-equilibrium

Langmuir only

Langmuir only

Langmuir theory

The fundamental theory of gas adsorption on salithé first
model implemented; it was proposed by Langmuirl®, 13,
14]in 1918 and is based on three key hypotheses:

 a monolayer adsorption localized on sites well-
defined and equivalents;

» an uniformity of the adsorption surface;

¢ and finally, no interaction between adsorbed mole-
cules (Figure 2).

A simplified approach in zero dimension, not taking
into account the geometry of the micro-
preconcentrator, considers the device as a "puhctua
box" with a limited adsorption capacity (depending
on the temperature). This modelling version of ad-
sorption is simple and can be implemented in a
spreadsheet program. Nevertheless, it does nat allo
describing the breakthrough curve since with tipis a
proach the breakthrough is abrupt (step) as soon assigyre 2: Monolayer adsorption model representiregadsorption
the “box” capacity is reached. sites and the arrangement of the adsorbed gas uhesec

A more complex approach in one dimension which
in addition to the time dimension, takes into actdou
the one-dimensional geometry of the micro-
preconcentrator. It allows modelling the break-
through either by finite differences even for a ©on
equilibrium system or by finite elements but ordy f
a system in thermodynamic equilibrium. The Table 2
summarizes the different conditions of the adsorp-
tion-desorption modelling.

Adsorbed compounds Empty adsorption sites

' Indeed, ifs is the adsorption site, G the gas molecules ad-
sorbed, for a recovery rate and a number Nof available
adsorption sites per unit of surface, the equatioadsorption
is represented by:

G+sl ﬁsﬁpﬁﬂ]qG—S@)

In thermodynamic equilibrium, the adsorption rateequal to
the desorption rate and the recovery rate is obthfrom the

The choice of the thermodynamic equilibrium stayeulking
the equations of the adsorption isotherms (LangnBIET,
Dubinin ...) simplifies the modelling of the systeBut this

choice supposes that the system has “no memorygteffe

Indeed, the desorption is activated as soon agabenjection
stops even at room temperature, since in thermadignequi-
librium, the recovery rate is zero when the pressarzero.
Therefore, there is no possibility to model the aiption
phase at equilibrium conditions.

equation:
aC
1+aC

where k and kg are the constants of adsorption and desorption
rates (described in equations 14 and 15).

0= @ with @ = ke @
ka



Breakthrough time modeling

The breakthrough time means the time after whipolatant
gas in concentration ;Cinjected through an adsorbent bed
"begins" to be detected out of this adsorbent habeacertain
concentration (Gy). It can be evaluated from multiple models
including the Wheeler-Jonas one [4, 6, 15] whiamaims the
most commonly used, for the adsorption of volatitganic
compounds (VOC) :

= M EVVe_WeDObln Cin — Cout
b QILCin kv[Cin Cout

In this equation tis the breakthrough time (min) to reach,C
M the weight of the carbon bed {g.), We the equilibrium
adsorption capacity (Qghoy), Q the volumetric flow rate
(cm®/min), G, the contaminant concentration in air (gfm
Cou the chosen breakthrough concentration (§fcm, the

bulk density of the carbon bed.{g./cnv) and kv the overall
adsorption rate coefficient (mifj

From this Wheeler-Jonas model for breakthrough tyobar-
acterization, the adsorption capacity We is defilgdthe

relation:
2
(%) 0
£° \ Cin

Where W, (cn / g) is the microporous volume of the adsor-
bent, dL (g/cr) the liquid density of the VOC, B (¥ struc-
tural constant of the adsorbent, T (K) the expeniraketem-
perature,p the coefficient of affinity between adsorbent and
VOC, G (g/cnt) and G, (g/cnt) concentrations of VOCs
respectively at the vapor saturation pressure anthe air
(vector gas).

The adsorption rate coefficient kmin™) is determined from
the molecular weight of VOC M(g/mol), the average diame-
ter of adsorbent particles, gcm), the coefficient of affinity
between adsorbent and VOCand the velocity through the
adsorbent bed \V

We = Wo [dL EEX[{—

- We
kV = SOOw 033 WLOJS m p1.5 ( j (7)
Mw
However, this model is applicable only for concatitms

verifying the relationCOfUt< D% .

Cin
The wheeler-Jonas breakthrough model seems more@pp
ate for devices with short length and large crosstien of
adsorbent bed such as gas masks. Thus, the idh& ipara-
graph is to implement a simple and more appropriaidel in
case of micro-preconcentrator with thin adsorbeed land
longer resident time.

As mentioned previously, the breakthrough time degeon
the adsorption capacity of the adsorbent bed aed:¢mcen-
tration and flow rate of the target gas. Insofarwas have
always observed a relatively sudden breakthroughg first
approximation, we can consider that the breakthnotigne
corresponds to the time required by the targettgafil all

available adsorption sites of the adsorbent mdteria

Indeed, if N(t) is the number of gas moleculesdtgd into the
adsorbent bed for a period of time t, by supposingomplete
adsorption of the injected gas molecules on theraést, N(t)
is then given by:

NE)=f[C, [t (g

With f the flow rate during the adsorption ang the concen-
tration of the target gas (supposed constant).

If N, is the maximum number of gas molecules which ean b
adsorbed per unit of surface on the adsorbent bedgiven
temperature, so at the breakthrough timettere is equality
between the injected quantity of gas and the adisorpapaci-
ty of the adsorbent:

Nm

Ny, = f[Calty, = —

Furthermore, it should be noted that the breakidinotime is
often reported with an outlet concentratiop,,@eaning the
threshold concentration at which the breakthrowgleadnsid-
ered effective. This concentration,Crelated to the limit of
detection of the sensing system shows that thengstgan of
complete adsorption of the injected gas molecidespiproxi-
mate and it goes the same for a “perfect” breakidno

Moreover, if N, is the maximal number of available adsorption
sites on the adsorbent bed and by assuming thaygiem is

in thermodynamic equilibrium during adsorption phasp-
proximation of not activated adsorption), the numdieoccu-
pied adsorption sites Non the adsorbent bed could be ex-
pressed using the recovery r@tt'om Langmuir model (equa-

tion 4):
N,=N,[8

Following the equation 4 describing the recoverg rand
equations 9 and 10, the breakthrough time is tinamdy:

t, =

9

(10)

t, = aNo (11) ith G, equival C
b - T = << with G, equivalent to C.
f {1+ aC)
Two limit cases can be deduced from this equation 1
No 1
Case lgC>>1 = 61 = [ = == (12
b frc cC

This case describes both the use of relatively bigicentra-
tions of gas and adsorbents having high adsorpéittnsuch as
activated carbon or carbon nanotubes. In this dhsebreak-
through time observed is an inverse function ofcertration.
Higher the concentration is, shorter is the breaktgh.

_aNo

Case2gC<<1 = L0 = tb = . = Cte

13)
This case symbolizes experimentations conducedvatcbn-
centrations of target gas and with adsorbents lgaldw ad-
sorption rate too. The breakthrough time obtaimethis case
is independent to the concentration and depends amlthe
flow rate and the length of the adsorbent bed.

This breakthrough model is in good correlation woilr ex-
perimental results on breakthrough time measuresnebt
tained from a p-GP filled with 10 mg of carbon aedted at



different concentrations of benzene injected dow fatef of

166 mL/min. This is particularly true for the Langimmodel

which reproduces closely the experimental poinfguiie 3).

The parameters used in the Langmuir modeloa®81 and

No= 1.10“ when  is in min, f in mL/min and C in ppm

whereas thel model is implemented with a constant k
C

[k =N°j of 40.38.
f

180
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~ 140 \ .
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Figure 3: Comparison between the experimental Itheakgh
times at different concentrations and the fittegotietical models
(Langmuir and 1/C) for 10 mg of carbon.

Adsorption — Desorption modeling algorithms

Zero dimension modelling (OD)

The zero dimension models proposed in the liteeatare
generally based on systems in thermodynamic eaiuilib
using Langmuir, BET or Dubinin adsorption isotherfi$,

16, 17]. Most of these OD models were developegraulict
the gas masks or cleaners saturation. The zerondiore and
non-equilibrium model developed in this paragraptbased
on the finite differences method with a single abhe: the
time t and no spatial variable. In this model, wemse that
the adsorption of gas molecules is monolayer type the
adsorption sites of the solid, energetically edieivg may
contain only one molecule per site and there isnteraction
between different molecules adsorbed (Theory ofybaunr).

The reactions of adsorption and desorption, cherized by
their rates Y and \,, are thermally activated and their activa-
tion energies are respectively &d E.

Vaz dé,
dt

~ ke [CNo(l—8) with ka:kg@x;{‘;](lzt)

99, —1atNoB with ka= ko exd -E¢]  (15)
dt RT

Vd =
Where k and kg are the adsorption and desorption coefficients,
respectively.

The adsorption phase is often considered "inaeilat.e. it
occurs spontaneously and instantaneously evenoat tem-
perature (since IE<RT)

If ni is the number of molecules adsorbed at timéhén at
time t + dt, we have:

t MO -5 t+dt
, (16)
ni O - ni + dn
But dn is given from the adsorption and desorptiates (\
and V) by the relation:

dn=(Va-Va) [dt (17)

dn = [kg [CNo(1-6 )Daxp( - Eaj — k9 N o6 Daxp(ﬂﬂ dt (18)
RT RT

As in a monolayer adsorption-desorption model, rdeovery
rate 0i is the ratio between the number of adsorbed gasti
() and the number of available site in the same efm
(No):

ni

(from equation 10)

i
0
In case of adsorbents with high adsorption capduityich is

of interest for the present application), the apon is not
activated and does not depend on temperaturer:eithe

'Ea) ~ 1(19).

ex
o e

a+1=a+[k2ccc(1-a)-ak3ex;{ R'?D@it Dfo.q (20)
The desorption activation energy can be calculétech the
difference of temperatures between the maximumesorp-
tion peaks obtained when operating at differentingarates
(see equation 35 hereafter).

This zero dimension model has “very limited” int&réor the
adsorption phase and does not allow predicting bireak-
through curve.

However, this model fits well with our experiment#sorp-
tion peak obtained from a p-GP filled with 1mg @frlzon
after an adsorption of 250 ppb@5min of benzene amtk-
sorption at 20 °C/min and 100 °C/min (Figure 4)eTarame-
ters K, and E used in this model were calculated from equa-
tions 35 and 36 (below) and are equatt®.10° and 4.18" J,
respectively. This model could easily be implemdnite an
Excel spreadsheet
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Figure 4: Comparison between experimental datareddarom a
u-GP filled with 1 mg of carbon after an adsorptmn250 ppb
during 5 min of benzene at a flow rate of 166 mio/rand a de-
sorption at a flow rate of 33 mL/min at a) 20 °Qdnaind b) 100
°C/min and theoretical “OD” model of desorptiontdd to the
experimental conditions.

One dimension modelling (1D)

Several one-dimension adsorption-desorption modeise
been developed in recent years and are mostly based
discretization of the system in finite elementdioite differ-

ences [7, 8]. Among these models based on finimehts, we
can enumerate the one implemented by A. Joly arRetrard
[8] based on a thermodynamic equilibrium systems Tiodel
is governed by a system of equations:

9. W

0 ot -
aﬂ:kT(C—Cs)
ot

in which F, C, Cs, Wp,, S and kcorrespond to the target gas
flow rate, concentration inside the adsorbent bedi @ncen-
tration on the surface, the quantity of gas adsbier mass
unit of adsorbent, the density of the adsorbent besl cross-
section of the adsorbent bed and a constant refatéte tem-
perature of the bed, respectively.

However, this model is applicable only for systémghermo-
dynamic equilibrium since the concentration Csdseasible

only from the adsorption isotherms using the refatiepend-
ence of W versus Cs. Their model allows predicting ad-
sorption phase only at constant concentration angérature
and thus cannot describe the desorption phase.

Therefore, we have implemented a model in one dsinen
which treats the adsorption in more general conteking
into account the non-equilibrium case. In additionthe ad-
sorption-desorption kinetic equation, this modedludes the
transport equations and allows predicting both Hreak-
through curve and the adsorption-desorption pea&. Have
also established the diffusion equations of thepiese. Nev-
ertheless, the influence of this effect remainedligidle for
our case. Our model is based on the discretizatidhe sys-
tem by finite elements.

To develop a simple mathematical model of gas audieor
inside the micro-preconcentrator, we assumed tietriicro-
device area is a parallelepiped with a defined meluV. The
absorbent particles are deposited uniformly in thgume.
The target gas flows constantly (fldjvwithin the device and
its concentration C varies gradually when flowihgough the
adsorbent because of the adsorption phenomenarimegim
gas-solid interface (Figure 5).

This parallelepiped is divided into a set of ideativolume
elements, dV, much smaller than the volume V ofrthiero-
device. Each element of volume dV is characterizgdhe
relationship:

dV =Sldx (22)

where S and dx correspond to the effective seatibithe
micro-preconcentrator and the length of the elernémblume
dV, respectively.

If the micro-device has a total length L, then:
L =nldx (23)

with n the number of elements (typically, n=50)cE&lement
i with a volume d¥ is defined by a gas concentratiop &n
adsorption recovery rat¢ and a number of pollutant mole-
cules adsorbed dn

dv 3

i+1

H|+1

Figure 5: Diagram schematic of a preconcentratar bo

Since the recovery ratg symbolizes the number of occupied
adsorption sites, its evolution during the periddtime be-
tween t and t+dt is given by the equation:

dn,
No
where 6;(t) is the recovery rate at time t and; dime global

variation of the quantity of molecules between ¢ an+ dt
within the "-element.

B,(t+dt)=6,(t)+ - (4)



This global variation of quantity of moleculesli®tsum of the
transport, the adsorption and the-desorption varat be-
tween t and t + dt within th&ielement:

dn, =dn/ +dn?+dn’ (5
The transport term is given by:

dnit f.(Ci_l_Ci)dt

Following the Langmuir hypothesis concerning ratésad-
sorption and desorption,,\and V; (equations 14 and 15), the
adsorption and desorption variation is expressed by

Adsorptionterm:dn * =V _C, (1 - 6,)

(26)

(27)

Desorption term:dn id =V,0. (28)

The diffusion term is negligible and the outlet centration
Cout IS the gas concentration in the last element ifmese
equations are iteratively calculated for each etgmend for
all steps of time dt.

For this kind of iterative calculation, the choickthe step of
time dt is of course very important:

- If dtis too large, the CFL (Courant-Friedrich-Lewy
[18, 19]) stability condition cannot be respected:

f.dt <S.dx (29

With f, S and dx the flow rate, the effective sectionthod
micro-preconcentrator and the length of the elernénblume
dV, respectively

- If dtis too low, calculations may take long tinsad
the transport term could create a problem called
“numerical diffusion” [18].

This model of adsorption-desorption in 1D can bsilgam-
plemented in a classical langage like C or Matlalour case,
we have used the Labview graphical computer languag

The characteristics of the adsorbent and the addoghs are
defined on this model from the activation energgle$orption
Ey and the frequency factorg knd k which can be deter-
mined from a thermal programmed desorption wittiedint

heating rates.

If T, and {, define the temperature and the time of the maxi-
mum of a desorption peak respectively, then thévaive of
the desorption function is zero at the period t=tm:

(d\/d) =(dtg%j _o (0)
dT T=Tm dar dt t=tm

Since the temperature of the p-GP increases lneath the
heating rateg, thus the temperature can be determined by:

T=T°+al (3

By supposing Ed and Kd independent on the tempreratod
following the equation (15), the relation 30 coblel expressed

by:
(%)) = )
a7 )o@l dt ), RT: \a RIT,

The activation energy and frequency factor of teeadption
could be calculated from two different heating saderring the

desorption of the preconcentrator. So, jfafid T, characterize
temperatures corresponding to maximum of the désorp
peak for two different heating rates,and a respectively, one
will obtain:

5 =(de Eéxp{— 2 J @)
RT? | & RIT,
E, :(kd]@xr{— S ] (34)
RT? |a, RIT,

In case that the standard deviatiaf, between Tand T, is
less than 10KAT is negligible in regard to ] the average of
T, and T. The division and multiplication between relations
33 and 34 will lead respectively to:

2]

AT
Ed

This implemented model was used to predict the ratisn
curve of activated carbon tested in experimentaldiémns
close to the model parameters. Indeed, the par&m&e ¥d,
and E of 1D model were defined from calculation at 10,
1.10™ and 9.1¢, respectively, whereas Ea is fixed at zero
since no activation energy is needed for the adisorpAt
these conditions, the 1D model describes correéb#ybreak-
through shape since the theoretical curve obta@etDO ppb
follows the same trend than the experimental ortaiéd in
identical conditions (Figure 6).
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Figure 6: Breakthrough curve obtained from a p-@edfwith 10 mg of
carbon after an adsorption of 400 ppb of benzed&@&mL/min: compar-
ison between experimental and theoretical restl3; model.

The effect of the heating rate during the desompti@s tack-
led through series of tests realized at the sarpererental
conditions, except for the heating rate which wased. In-
deed, these experiments have demonstrated théhéadiaster
is the heating rate, higher is the desorption p&glerefore,
the desorption height at a heating rate of 160 C/s 12
times higher than the one obtained at 50 °C/miguifé 7).
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Figure 7: Experimental desorption peak obtainednfra u-GP
filled with 1 mg of carbon after an adsorption &02ppb@5min
of benzene at a flow rate of 166 mL/min and desbetadifferent
heating rate from 5 to 160 °C/min with a desorptitow of
33mL/min.

Our 1D model was also used to predict the effe¢dhefheat-
ing rate on the desorption peak height. This mathews a
good correspondence with experiments conductedffateht
heating rates from 5 to 160 °C/min obtained fronu-&P
filed with 1mg of carbon after an adsorption of 025
ppb@5min of benzene (Figure 7). However, no sigaift
improvement is observed in regards to the “OD” ni¢B&ure
4).

INFLUENCE OF THE FLOW RATE AND OF THE
DETECTION SYSTEM

In order to test the effect of the desorption fi@ate on the PF,
several cycles of preconcentration were done abwsrde-
sorption flow rates. The results obtained are shioviigure 8.
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Figure 8: Experimental desorption peak obtainednfra p-GP
filled with 1mg of carbon after an adsorption 0D2&b@5min of
benzene at a flow rate of 166 mL/min and desortbdd@ °C/min
with different desorption flow rates (f) from 33166 mL/min.

These experiments confirmed that the concentratibrihe
outlet of the micro-preconcentrator is decreasirith wthe
desorption flow rate for flow rates greater than r88/min

(figure 11). However, the case of very low gas #astould be
taken into consideration because of the detectmone of
the sensing system which may act as a dilutiorofatience
modelling the sensor response is crucial for undeding the
effect of low flow rates on the PF of the coupl&g{Sensor.

Like any detector, the sensor used in this stuttestaup a
certain volume of injected gas. So, a large deiactiolume

(up to 10ml) may lead to a significant dilutiontb® desorbed
gas and therefore may lower the sensor sensitiViys, the
optimization of the detector response could beeagd only
in the sense of minimizing this sampling volume.

Gas Sensor

Concentration (Co(t))

Concentration (C(1))

Cell volume (V)

Sensor cell

Figure 9: Schematic diagram showing the intercotioecbe-
tween the micro-preconcentrator and the detectistem.

By supposing that the sensor is immersed in thigicoously
stirred cell volume V (Figure 9), one can calculdite a give
flow ratef, the variation of the gas concentration seen by th
sensor after period of timt:

C(t+Aat)y=c(t)+[c,({t)- c(t)]VLAt 37

This established formula shows that the gas coretion C(t)
seen by the sensor passes through a one orderassvijiter

with a constant time equal to\;_. This low-pass filter could

reduce the amplitude of the detector responseeifctinstant
time 1 is greater than the duration of the desorptiorkpga
This diminution of amplitude is the consequence tlo¢
spreading of the desorption peak since the widttheflatter
increases while its total surface remains consteim. theory
of first order filter shows that:

- if t;> 7, the amplitude of desorption is inversely
proportional toty. A high heating rate is enough to
maximize the PF.

- If t> 7 although the PF of the preconcentrator is in-
versely proportional to the flow ratg,it is useless to
decreasé because this will lead to an increase of the
constant timer and thus the diminution of the signal
amplitude by the low-pass filter. In this case, blest
solution for increasing the PF is to minimize the d
tection volume of the sensor.

If t< 7, the effect of the low-pass filter is preponderant
thus a reduction of the sampling volume V and/oinmnease
of the flow rate are suggested for diminishing teastantz.

For that reason, we have integrated the outlehefprecon-
centrator in the sensor packaging (Figaro, TGS p&R0rder
to reduce considerably the detection volume (Vjnfrd3d mL
to 0.2 mL (Figurerigurel10).



Figure 10: Figaro metal oxide (MOX) sensor with raichannel
capillary connected through its packaging.

However, changing the flow rate during the expentaeaus-
es temperature fluctuations on the sensing layeh@fsensor
and thus affects dramatically the sensitivity ahd tesponse
time of the sensor. Therefore, a calibration of se@sor in
terms of flow rate is needed to compensate thesatizens.
Another solution is to change the nominal heatioiage of
the sensor in order to maintain constant the teatpes of the
sensing layer despite flow rates changes (theisolwie have
chosen).After the calibration of the sensors, serperiments
have been done for confirming the existence of ptinal
flow. The optimal flow need to be not too small deoid a
reduction of sensor response and not too high ¢idaa dilu-
tion of the desorbed quantity of molecules. For pre&concen-
trator and experimental setup, this optimal flowerhas been
found between 20 and 40mL/min. Moreover, we haweseh
a flow of 33 mL/min for some practical reasons édkio the
dependence of the sensor sensitivity on the flow (Rigure
11).
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FIGURE 11: Maximum concentration of benzene veidesorp-
tion flow rate obtained from a u-GP filled with 1gnof carbon
after an adsorption of 250 ppb@5min of benzene witlow rate
of 167 mL/min and desorbed at 160 °C/min and wittmadi-
fied” Figaro sensor.

CONCLUSION

The good correlation between the theoretical modats the
complete experimental preconcentration cycle obthiwith a
micro gas preconcentrator has been demonstratési niddel
allows predicting the behavior of preconcentratns many
adsorbent - adsorbed gas couples (carbon-benzanegne
toluene, carbon nanotubes-benzene, carbon
nitrobenzene, Tenax-xylene...) in any experimentald@ions

nanetube

with only two experiments necessary to determine kiky

kinetic parameters (activation energy, frequenaydig to be

included in the model. However, the implemented etod
cannot describe all adsorption forms because d@sgentially

based on a monolayer adsorption model.

In summary, the maximization of the PF passes sacésby:

- high adsorption flow rate(333 mL/min in our case)
to accumulate the highest amount of the targetsgase
in a short time, which is only limited by the press
drop;

- an optimal desorption flow rate (about 33 mL/min
for our application) to avoid not only a dilutiofithe
guantity of the desorbed molecules but also the low
pass filtering effect linked to the detection vokim

- a high heating rate (fixed at 160 °C/min for our de
vice) to avoid the spreading of the desorption peak

- a low detection volume to avoid the low-pass effect
of the latter.

AUTHOR INFORMATION

Corresponding Author

* Philippe Breuil, Phone : + 33 (0) 4 77 42 01 Ejail :
pbreuvil@emse.fr.

REFERENCES

[1] C. Pijolat, M. Camara, J. Courbat, J-P. Viricelz Briand, N.F.
de Rooij, Application of carbon nanopowders for gagro-
preconcentrator. Sensors and Actuators B, 127 (2007) 859-1

[2] E. H. M. Camara, P. Breuil, D. Briand, L. Guill&Z, Pijolat , N.
F. de Rooij, Micro gas Preconcentrator in porous siliibed
with carbon adsorbent, Sensors and Actuators B 1480§2810—
619.

[3] E. H. M. Camara, P. Breuil, D. Briand, N.F. dedi§oC. Pijolat, A
micro gas preconcentrator with improved performance &diup
tion monitoring and explosives detection, Analytilaimica Acta
688 (2011) 175-182.

[4] M. J. G. Linders, E. P. J. Mallens, J. J. G.\Mn Bokhoven, F.
Kapteijn and J. A. Moulijn, Breakthrough of shallaetivated
carbon beds under constant pulsating flow, AIHA Jalir64
(2003) 173-180.

[5] P. Lodewyckx, G.O. Wood, S.K. Ryu, The Wheellmmas equa-
tion: a versatile tool for the prediction of carbwed breakthrough
times. Carbon 42 (2004) 1351-1355.

[6] L. A. Jonas, J. A. Rehrmann, The rate of gaoud®n by acti-
vated carbon, Carbon, 12 (1973) 95-101.

[7] Jufang Wu, Modeling adsorption of organic compdsion acti-
vated carbon: A multivariate approach. Thesis (2088N: 91-
7305-697-9.

[8] A. Joly, V. Volpert and A. Perrard, Dynamic adstion with
FEMLAB, modeling breakthrough curves of gaseoudupolts
through activated carbon beds, Proceeding of COM3@il-
tiphysics conference (2005) Paris.

[9] T. Sukaew, E. T. Zellers, Evaluating the dynangiention capaci-
ties of microfabricated vapour preconcentrators asnatifan of
flow rate. Sensors and Actuators B 183 (2013) 163— 171.

[10] P. R. Lewis, R. P. Manginell, D. R. Adkins, R.Kottenstette, D.
R. Wheeler, Recent Advancements in the Gas-Phaseo-Mic
ChemLab. IEEE Sensors journal, Vol. 6, NO. 3, Jur@620

[11] I. Gracia, P. lvanov, F. Blanco, N. SabatéVXanova, X. Cor-
reig, L. Fonseca, E. Figueras, J. Santander, C. Gaéppm gas
sensor detection via spiral p-preconcentrator. Serssatsactua-
tors B 132 (2008) 149-154.

412] M. A. Slasli, Modélisation de l'adsorption parsleharbons

microporeux : Approche théorique t expérimentale. €H{2602)
université de Neuchatel-Suisse.



[13] P. Le Cloirec, Adsorption en traitement de l'aiechinique de
I'Ingénieur, G1770-1 a G1770-12.

[14] F. Rouquerol, L. Luciani, P. Llewellyn, R. Deres, J. Roouque-
rol, Texture des matériaux pulvérulents ou poreuxhmigue de
IIngénieur, P1050-1 & P1050-24.

[15]L. A. Jonas, E. B. Sansone, T. S. Farris, Pregfictf activated
carbon performance for binary vapor mixtures. Am. IndgHy
Assoc. J. 44 (1983) 716-719.

[16] G. O. Wood, Review and comparaisons of D/R neaélequi-
librium adsorption of binary mixtures of organic vapors acti-
vated carbons. Carbon 40 (2002) 231-239.

[17] X. Ye, N. Qi, Y. Ding, M. D. LeVan, Predictionf @dsorption
equilibrium using a modified D-R equation : Pure orgacom-
pounds on BPL carbon. Carbon 41 (2003) 681-686.

[18] F. Jedrzejewski, introduction aux méthodes miopés. Springer
2005.

[19] R. Courant, K. Friedrichs and H. Lewy, "On thertmal differ-
ence equations of mathematical physics", IBM Jdurktarch
1967, pp. 215-234.



