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� An attenuated total reflection microfluidic cell was designed.
� Optimization of the inner flow was obtained by 3D numerical simulations.
� Transport of the reactant is characterized by convection and diffusion.
� Criteria to operate under chemical control are presented.
� CO adsorption in aqueous phase on platinum thin film is studied.
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This work presents the design and characterization of an optimized attenuated total reflection (ATR)
microfluidic cell to assess intrinsic kinetic parameters of reactions at the liquid/solid interface under
chemical control. A theoretical and computational investigation of convection, diffusion, and adsorption
is presented. Transport dynamics in transient-flow experiments is characterized by a convective and dif-
fusive mass transport of the solution species to the surface of the ATR crystal. Criteria to determine the
mass transport limitations of the adsorption process are presented as a function of the Damköhler and
Biot numbers. The CO adsorption on a thin film of platinum is studied in order to validate the model.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

For a rational design and optimization of new efficient catalytic
systems, it is crucial to understand reaction mechanisms under
reaction conditions, that is, identifying and monitoring chemical
species involved in the reactions and finding relationships between
structure and reactivity. To this end, significant advances have
been done in the in situ investigation of catalysts under real condi-
tions of operation, e.g. operando spectroscopies [1,2].

In order to correlate chemical reactive surface species with the
observed reactivity (reaction rate, apparent activation energy), the
spectroscopic cell must perform as an actual catalytic reactor. In a
recent review of this topic, Meunier [2] point out that spectro-
scopic cells are typically not ideal catalytic reactors, since a com-
promise must be found between (i) allowing the electromagnetic
wave to probe the catalyst and (ii) keeping the bed geometry and
temperature/flow control appropriate. Thus, most of the operando
reactors have been developed for studies of reaction in the
gas(reactant)/solid(catalyst) interface. For instance, several cells
in diffuse reflectance infrared spectroscopy (DRIFT) [3,4], Raman
[5] and X-ray absorption spectroscopies (XAS) [6] have shown to
behave as plug-flow microreactors. Conversely, less developed
are the spectroscopic reactors to investigate heterogeneously cata-
lyzed reaction in liquid phase, this is probably due to the fact that
all problems listed before are augmented in the condensed phase.

Attenuated total reflection (ATR) infrared (IR) spectroscopy is
an appropriate tool for the investigation of reaction pathways in
liquid(reactive)/solid(catalyst) systems, because it provides the
detection of species adsorbed on a catalyst under reaction condi-
tions [7]. Catalysts are usually deposited on the internal reflection
elements (IRE) as films (e.g. metal film) or as layers of powders,
and they are exposed to the liquid phase reactants. Usually, the
presence of strongly absorbent condensate phase (solvents and
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reactants), spectator species and/or the catalyst itself can make
very difficult or preclude both the identification and tracking of
the true active species, that is, the reaction intermediates. Then,
transient experiments are widely applied in the analysis of reac-
tion intermediates by perturbing a catalytic system working under
steady state conditions (ss). Particularly, modulation excitation
spectroscopy (MES) with phase sensitive detection (PSD) has
proved to be an adequate methodology to study reactions in li-
quid/solid interfaces [7–10].

However, in most reported studies, an ATR cell is used as a qual-
itative technique to track surface intermediate species [7], and in
some cases the measurement of kinetic data do not consider the
mass-transport problems that are likely involved [11]. Therefore,
to obtain quantitative information, that is, determining intrinsic
reaction rates, the chemical engineering aspects of an ATR flow-
through cell must be developed. Thus, to correctly extract the intrin-
sic kinetics information of chemical steps such as adsorption or sur-
face reaction, mass transport in the ATR cell has to be considered.
This point becomes even more important when multiple internal
reflection elements (IRE) with high geometrical surface area are
used in the ATR experiments in order to improve the signal-to-noise
ratio. In this case the concentration may vary significantly not only
with time but also in space. For instance, Baiker and co-workers [12]
showed that, given the fluid dynamic characteristics of flow-
through ATR cells, the mass transport phenomena are governed
by a convection–diffusion mechanism. Later, Bieri and Bürgui [13]
employed this model to calculated relative adsorption and desorp-
tion rates of proline on self-assembled monolayers of L-glutathione
on gold by MES-ATR. Nevertheless to our knowledge no systematic
and quantitative characterization of the impact of mass-transfer
limitation to perform investigation in an ATR cell under kinetic con-
trol has been reported. In this work we present an optimized design
of a flow-through ATR cell for transient experiments in the solid–li-
quid interface and an analysis of the operative limits to obtain
intrinsic kinetic information under chemical control.
2. Experimental

2.1. Spectroscopic setup

A stainless steel flow-through ATR cell with small volume and
minimized dead volumes was design and constructed. The cell
was mounted onto an ATR attachment (Pike Technologies) inside
the sample compartment of the FTIR spectrometer (Thermo-Elec-
tron, Nicolet 8700 with a cryogenic MCT detector). The bench of
the spectrometer was continuously purged with dried air (Parker
Balston FTIR purge gas generator) to eliminate CO2 and water va-
por contributions to the spectra. Time-resolved ATR-FTIR spectra
were recorded in kinetic and rapid-scan mode at a resolution of
4 cm�1 (up to 1 spectrum/0.39 s). The IRE used was a 45� trapezoi-
dal ZnSe crystal, whose dimensions are 80 � 10 � 4 mm, providing
10 internal reflections at the liquid/crystal interface.

Liquids, provided from two separate bottles, were flowed
through the cell using a pulse-free peristaltic pump (Ismatec
ICP4) located at the end of the cell. A pneumatically actuated
three-way valve controlled by a computer software allows to
switch the stream of solutions. More details of the experimental
setup can be found elsewhere [10]. Carbon tetrachloride (CarboEr-
ba HPLC grade, 99%), isopropyl alcohol (Cicarelli, 99.8%), Triton X-
100 (Sigma–Aldrich), and deionized water (18 MX) were used.

For the CO adsorption experiments, a platinum layer with a
thickness of about 20 nm was prepared by vapor deposition. In or-
der to clear the platinum layer, the coated IRE was pretreated ex
situ under pure H2 (50 cm3/min) at 473 K for 2 h, and purged with
He at the same temperature (30 min). Next the Pt/ZnSe was fitted
on the ATR cell, and after purging with He, was exposed again to H2

(5%)/He at 293 K.
Dissolved CO in water was provided from a glass saturator, at

controlled temperature, where water could be saturated by bub-
bling CO, and flowed through the cell using a peristaltic pump lo-
cated downstream.

2.2. Computational simulation

2.2.1. Modeling and simulation of the cell fluid dynamics
Designing an efficient microfluidic device firstly demands a

careful knowledge of the fluid velocity filed in the transport and
reaction regions. Therefore we carried out numerical simulations
to study the 3D fluid streamlines in the ATR cell, mainly in the en-
trance/exit regions. In the framework of continuum fluid mechan-
ics, fluid velocity v and pressure p are governed by Navier–Stokes
equations [14],
�r � v ¼ 0 ð1Þ

q
dv
dt
þ v � rv

� �
¼ r � �pI þ lðrv þrvTÞ

� �
ð2Þ

Eq. (1) expresses the conservation of mass for incompressible
fluids. Eq. (2) expresses the conservation of momentum for Newto-
nian fluids of density q and viscosity l. Two computational do-
mains containing the fluid were considered and are shown
schematically in Fig. 1. The no-slip condition is imposed at the
walls, and isothermal conditions are assumed. The flow rate
through the cell was imposed by setting the appropriate velocity
at the inlet. Flow profile at the inlet was chosen as uniform and rel-
ative pressure was set to zero at the outlet.

The numerical simulations presented were performed in PETSc
(Portable Extensible Toolkit for Scientific Computation)-FEM (Fi-
nite Element Method), which is a parallel code primarily targeted
to 2D and 3D finite elements computations, on general unstruc-
tured grids [15]. PETSc-FEM provides a set of specialized applica-
tion programs addressed to a variety of multiphysics problems.
In particular, fluid flow computations presented in this article were
carried out within the Navier–Stokes module. Further details can
be found in [16]. Visualization and post-processing were carried
out in Paraview 3.6 [17].

2.2.2. Modeling and simulation of mass transfer in the cell
The 3D calculations described above demand an excessive com-

putational time if one aims to solve the convection–diffusion trans-
port problem of a given species in the full geometry of the cell.
Instead, one may take advantage of both the large width/height as-
pect ratio of cell (�14), and the fact that the flow is fully developed
(see below Section 3.1), which yield a practically unidirectional
flow profile throughout the cell. This suitable simplification allows
one to perform accurate numerical calculations of transport phe-
nomena in practical times.

Therefore, the following considerations are made to model the
convection–diffusion problem in the computational domain shown
in Fig. 2: (1) The cell operates at low Reynolds numbers (Re < 5),
hence the assumption of laminar flow is appropriate; (2) the fluid
velocity profile is uniform in the y-direction, and fully developed in
the x-direction (except by the relatively small entry/exit zones),
hence the velocity varies in z-direction only; (3) concentration varia-
tions in the y-direction are negligible small; (4) no adsorption of spe-
cies on the IRE is assumed; and (5) dilute solutions are considered.

In this context, the conservation equation for the i species with-
out chemical reaction is given by [14,18]:
@Ci

@t
þ @Ci

@x
vxðzÞ ¼ Di

@2Ci

@x2 þ
@2Ci

@z2

 !
ð3Þ
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Fig. 1. Scheme of 3D flow domain used in fluid dynamic calculations. (a) Cell with circular-shape entrance/exit ports; and (b) cell with line-shape entrance/exit ports.

Fig. 2. Scheme of the rectangular flow cell. Simplified domain used to simulate the transport phenomena. Cell dimensions are h = 250 lm, w = 3.4 mm, L = 70.7 mm.
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where Ci is the molar concentration, Di is the diffusivity, and vx(z) is
the velocity profile given by:

vxðzÞ ¼ 6U
z
h

� �
� z

h

� �2
� 	

ð4Þ

In Eq. (4), U is the cross-section averaged velocity, obtained as
U = Qv/(wh), where Qv is the volumetric flow rate. This flow is in
steady state, and it involves the no-slip condition at the walls.
For the species concentration, the boundary conditions in the flow
domain of Fig. 2 are:

For t > 0:

z ¼ 0
@Ci

@z
¼ 0 ð5Þ

z ¼ h
@Ci

@z
¼ 0 ð6Þ

x ¼ 0 Ci ¼ C0
i ð7Þ

x ¼ L
@Ci

@x
¼ 0 ð8Þ

The initial condition for the species i is:

t ¼ 0 0 6 x 6 h; 0 6 z 6 L; Ci ¼ 0 ð9Þ

The set of Eqs. (3)–(9) were numerically solved by using the fi-
nite differences method implemented in Octave GPL software [19].

Finally, it is worth to remember that the signal recorded in the
ATR cell only senses the fluid volume in the close vicinity of the
IRE, due to the exponential decay of the evanescent wave. In order
to compare the numerical simulations with experimental results,
the normalized concentration of the solute i has to be calculated
by means of the following equation [20],

ANðk; tÞ ¼
2

Ldp

Z L

0

Z h

0

Ciðx; z; tÞ
C0

i

e�2z=dp dzdx ð10Þ

where ANðk; tÞ is the normalized absorbance relative to the maxi-
mum concentration C0

i and dp is the penetration depth of the eva-
nescent wave [20], which is given by:
dp ¼
k

2pn1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sin2 h� n2

n1

� �2
r ð11Þ

In this expression, n1 is the refractive index of the IRE, n2 the
refractive index of the sample, h is the incidence angle and k is radi-
ation wavelength.

Besides, Eq. (10) is normalized in the cell length L because a
multi-bounce ATR cell is used to enhance the signal from the spe-
cies in whole surface of the IRE element. Therefore, once the spe-
cies concentration in the cell domain is obtained through Eqs.
(3)–(9), the IR normalized absorbance is readily calculated from
Eq. (10).
3. Results and discussion

3.1. Design and optimization of a flow-through ATR microfluid cell

A flow-through ATR cell in which kinetic analysis of adsorption
and reaction can be performed was designed with the following
criteria: (a) the volume of the cell should be small enough to allow
rapid exchange of the reactants without dead volumes, (b) the fluid
velocity and the profiles of concentration into the cell should be as
uniform as possible to simplify data analysis. Particularly, the
geometry of the inlet and outlet ports, as well the height of the cell,
had to be optimized to avoid dead volumes and prevent backflow
zones.

A critical aspect in the design of a flow-through ATR cell are the
inlet/outlet ports due to the physical limitations imposed by the
fitting of the IRE to the cell body. Thus, two main configurations
are possible: (i) one inlet tube connected to one commutation
valve upstream, and (ii) two independent tubes, each one with
its own valve connected to the entrance orifice leading to the inte-
rior of the cell. The last option was used in the ATR cell presented
by Urakawa et al. [12]. That cell allows minimizing the exchange
times, since practically there is no volume previous to the ‘‘sensor’’
part of the cell. However, in that configuration, after switching the
flowing liquid remains in contact, through the shared entrance,
with the stagnant one with the possibility of diffusion of solvent
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or solute into the cell and hence cross-contamination of the cata-
lyst. On the other hand, the first configuration, which was the
one adopted in our design, allows circumventing problems of
cross-contamination due to the use of one valve to exchange reac-
tants. Although, it produces a lag in inlet of reactants into the cell
due to the tube connected to the cell, this lag time can be system-
atically corrected, as will be discussed later. Additionally, into the
connecting tube a mixing of reactants could occurs. We have run
simulations and concluded that this problem can be neglected in
comparison with the time needed to exchange the solute in the
ATR cell (for more details see Supplementary Information).

In order to optimize the dimensions of the cell, a series of 3D
simulations of the flow was carried out. These simulations showed
that a circular-shape entrance/exit causes a significant distortion in
the flow due to low flow rates in the regions close to the axial ex-
tremes of the cell. Fig. 3a shows the simulation using that geomet-
rical configuration (usually used in commercial and research ATR
cells). As can be seen in the figure, streamlines take radial paths
at the exit of the port, with large fluid velocities towards the center
of the cell, and a slow backflow at the ends. This produces a dis-
torted concentration profile in the transverse direction of the cell,
and also let to a high exchange time. To circumvent these issues,
the optimized design (Fig. 3b) includes line-shaped entrance and
exit ports, placed as close as possible to the ends of the cell. In this
way back flows were minimized, hence the fluid velocity is quite
uniform across the cell, and fully developed immediately after
the ports.

On the basis of this optimized design, an ATR cell was micro-
mechanized in 316L stainless steel. The cell has three main parts
(Fig. 4a): (i) the top body with a drilled liquid-jacket to allow the
control of the temperature of the cell by means of a thermostatized
water bath (±0.5 K), a cavity to host a Viton O-ring which define the
height of the cell, and the inlet and outlet ports with the before de-
scribed geometry; (ii) the lower body, where the IRE is adjusted to
Fig. 3. 3D fluid streamlines at the entrance/exit of the cell, for water at room
temperature. Plotted lines are those corresponding to the midplane of the cell. (a)
circular-shape entrance port, 1 mm i.d., and (b) linear-shaped entrance port,
1 � 3 mm. Flow rate, Qv = 1 mL/min.
the O-ring defining a total cell volume of 60 lL
(3.4 � 0.25 � 70.7 mm); (iii) pieces to locate the mirrors to focus
the IR beam (more details of the cell are present in Fig. S1 in Sup-
plementary Information). The inlet and outlet have zero-volume
fittings (Vici-Valco) to connect the 1/1600 tubes to the 3-way valve
that allow exchange of the fluids (Fig. 4b). The cell is fitted with a
45� trapezoidal IRE whose dimensions are 80 � 10 � 4 mm, pro-
viding 10 internal reflections at the liquid/crystal interface. Exper-
iments presented here were performed with a ZnSe crystal.
3.2. Mass transport characterization

Firstly the fluid dynamic behavior of the cell was experimen-
tally probed by studying the exchange of two mutually insoluble
liquids: water and carbon tetrachloride. Fig. 5 presents the evolu-
tion of the integrated IR signal of water [d(OH) = 1640 cm�1] after
switching at three flow rates Qv = 0.8, 1.5 and 2.2 mL/min. In this
case, the surface tension forces domain and one fluid pushes the
other across the cell length, with a velocity equal to the mean
velocity U = Qv/S, where S is the cell cross sectional area. Zero time
is set when the valve is switched. Considering the geometric vol-
ume of the cell, 60 lL, the expected residence times (s = LS/Qv)
for the three flow rates are 4.5, 2.4 and 1.6 s, respectively. As
shown in Fig. 5, the experimentally obtained residence times are
in good agreement with the expected ones. There is a delay in
the observed signal due to the volume between the valve and the
cell. This experiment allowed correcting the time delay in follow-
ing measurements. In contrast, the commercial cell used as refer-
ence, which has a volume estimated in 500 lL showed a very
long time of exchange and also the impossibility to completely ex-
change water/tetrachloride due to the presence of important dead
volumes (see Supplementary Information Fig. S2).

The transport phenomena in the cell were experimentally
examined, by following the IR signals during the exchange of pure
water to a solution containing solutes with relatively low and high
diffusion coefficients. Results are compared to the theoretical pre-
dictions obtained by numerical simulations, which were carried
out for Triton X-100 (DM = 5.5 � 10�7 cm2/s [21]) and isopropyl
alcohol (DM = 0.8 � 10�5 cm2/s [22]).

Transient experiments were performed by changing pure water
to aqueous solution containing isopropyl alcohol (0.65 M) or Triton
X-100 (0.086 M), for Qv = 0.8, 1.5 and 2.2 mL/min, by using the
optimized cell, and the commercial cell as a reference. Time-re-
solved IR spectra were collected (1 spectrum/0.39 s) to register de-
tails during the transient exchange. Fig. 6 shows the evolution of
the selected IR signal [m(COC) = 1097 cm�1] of Triton X. The corre-
sponding figures for isopropyl alcohol [m(CO) = 1126 cm�1] are re-
ported in Supplementary Information Section for the sake of
brevity (Fig. S4).

Data from the commercial ATR cell clearly shows that very high
exchanging times are needed to fill and empty the cell due to its
big volume and non-uniform flow profile (see Fig. S5). In contrast,
the optimized cell shows a rapid exchange of both solutes (Fig. 6).
However, after correction of the delay time, it can be noticed that
the time to exchange each solution is clearly longer than the resi-
dence times shown before (Table 1). This behavior indicates that
some transport limitations are taking place in the cell [12]. Note
again that the IR beam is only sensing ca. 2 lm of the fluid above
the IRE.

Fig. 7 shows snapshots calculated at different times during the
solvent/solution exchange for Triton X solution (isopropyl alcohol
is shown in Fig. S6). As seen in the figures, the slow fluid velocity
in the bottom and top as compared with the center of the cell
makes that the solute takes a longer time to reach the steady state
concentration of the species i. Then, the swept of the solute is



Fig. 4. (a) Scheme of the main parts of the ATR cell (see text); and (b) details of the entrance/exit ports.

Fig. 5. Normalized IR signal of water [d(OH) = 1640 cm�1] after switching from CCl4

to H2O at Qv = 0.8 (squares), 1.5 (triangles) and 2.2 mL/min (circles). The residence
time of the cell (s) is calculated as the time at which the IR signal reaches the
maximum intensity minus the signal delay time.

Fig. 6. Evolution of the IR signal of Triton-X [m(COC) = 1097 cm�1] into the
optimized ATR cell for Qv = 0.8 (green line), 1.5 (blue line) and 2.2 mL/min (red
line). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Table 1
Comparison of the exchange time of different solutes with the residence time of a
fluid volume equivalent to the geometric cell volume.

Flow rate (mL/min) 2.2 1.5 0.8
Residence timea (s) 1.6 2.5 4.5
Exchange time isopropyl alcoholb (s) 9.0 13.5 18
Exchange time Triton-Xb (s) 14 20 26

a Obtained from Cl4C/H2O exchange.
b Exchange time calculated as the time at which the IR signal reaches 99% the

maximum intensity (average of the experimental points) minus the signal delay
time.
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governed by the diffusion. Similar results were reported by Uraka-
wa et al. [12].

The isopropyl alcohol and Triton X responses of the experi-
ments measured by ATR and the convection–diffusion model con-
sidering the penetration depth of the evanescent wave are
compared in Fig. 8 at different flow rates. As seen in the figures,
the agreement between the experimental results and the model
is excellent and only minor deviation (<5%) observed at the exit
of the cell due to the effect of the inlet and outlet ports, which
are not considered in the 2D model.

The difference in the times required to attain the steady state
concentration between isopropyl alcohol and Triton X solutions
can be attributed to the lower diffusion coefficient in the last
one. These results show that the optimized ATR-FTIR flow cell en-
ables a rapid exchange of fluid, but the time necessary to reach a
homogeneous concentration near the IRE, where the catalyst is
deposited, is transport-limited by a convection–diffusion regime.

It is important to notice that this is a general problem in any
ATR cell, mainly in cells without an optimized flow design, which
is commonly not taken into account when kinetics measurements
are performed [12].
3.3. Assessment of the operative limits

The determination of intrinsic reaction rates require that
the chemical engineering aspects of operando reactors be fully



Fig. 7. Time-resolved snapshots of the convection–diffusion model predictions for the exchange of water to Triton X-100 solution.

Fig. 8. Normalized IR signal as a function of time for (a) the exchange from pure
water to isopropyl alcohol solution [m(CO) = 1126 cm�1], and (b) the exchange from
pure water to Triton X solution [m(COC) = 1097 cm�1], at different flow rates: 0.8
(green lines), 1.5 (blue lines) and 2.2 (red lines) mL/min. Symbols are experimental
data, lines are the prediction of the convection–diffusion model. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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considered. As stated in the introduction section, the aim of the
optimization of an ATR cell is to be able to measure kinetic process
at liquid/solid interfaces, such as adsorption and surface reactions
in heterogeneous catalysis. In this sense, the obtained data in tran-
sient experiments of this kind should be under chemical control
that is, ideally, free of mass transport limitations. However, as
was proved before, a diffusion-convection regime governs the
transport of the reactants to the surface of the IRE where the cata-
lyst would be deposited. Therefore, operational limits should be
determined. Recently, a similar problem has been addressed by
Gervais and Jensen [23] and Hansen et al. [24] for the appropriate
operation of surface-based sensors in microfluidic system based on
surface plasmon resonance (SPR). It is worth noticing here that, un-
like SPR devices, an ATR cell allows one the simultaneous measure-
ment of the bulk concentration of the reactant(s) – at least near the
IRE- and the adsorbate coverage bounded to the surface sites [7].

Next we analyze the simplest case, that is, the molecular (non-
dissociative) adsorption–desorption process in a non-porous layer.
The equation that describes the evolution of the surface concentra-
tion, C(x, t), with is:

@C
@t
¼ kaCw

i ðC0 � CÞ � kdC ð12Þ

where ka and kd are the adsorption and desorption (independent of
the coverage), Cw

i is the concentration of the solute at the catalyst
surface (z = 0), and C0 is the total number of binding sites. Note that,
as stated before, no concentration gradient is supposed in the y-
direction. Ideally, in an ATR flow cell the concentration near the
IRE is identical to the bulk concentration at any time subsequent
to the time needed to completely exchange the reactant, which
means true chemical control without resistance to mass transfer.
If this occurs, Eq. (12) can be easily solved to give

ln 1� h
h1

� �
¼ �ðkaC0

i þ kdÞt ð13Þ

where h = C/C0 is the relative coverage, and h1 is the coverage at
steady state. Thus the ratio h

h1
as a function of time is obtained. Fit-

ting the experimental data with Eq. (13) allows one to obtain ka and
kd, since the equilibrium constant Keq = ka/kd is available from the
adsorption isotherm also measured in the same ATR cell [25–28].

When mass transport limitation are present, the observed sur-
face concentration, h(t), involves information of the chemical ki-
netic process as well the diffusion process. In that case, Eq. (12)
must be solved numerically with Eqs. (3)–(9), by replacing the
boundary condition (5) by



Table 2
Parameters employed for the simulations and corresponding Bi and Da numbers.

Simulation 1 2 3

ka (M�1 s�1) 5 � 103 5 � 104 5 � 105

Da 0.093 0.93 9.3
Bi 0.875 8.75 87.5

Fig. 9. Dimenssionless bulk concentration of the adsorbate A ðC�AÞ at t = 12.5 s, as a
function of the cell height, for different positions along the x-direction, near the
entrance (1 cm, full lines) and near the exit (7 cm, dotted lines). Colors refer to
Damköhler numbers: green, 0.093; red 0.93 and blue, 9.3. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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z ¼ 0; Di
@Ci

@z
¼ @C
@t

ð14Þ

and with the following initial condition:

t ¼ 0; 0 6 x 6 L; C ¼ 0 ð15Þ

In order to simplify the analysis of the different variables that
affect the operative performance of ATR cell, a dimensionless anal-
ysis can be carried out. Thus, the mass balance for species i takes
the form,

@C�i
@s þ a � Pe � v�gðh

�Þ � @C�i
@g
¼ a2 � @

2C�i
@g2 þ

@2C�i
@h�2

ð16Þ

where C�i ¼
Ci

C0
i
; s ¼ Di

h2 t; g ¼ x
L ; h� ¼ z

h; v�gðh
�Þ ¼ 6ðh� � h�2Þ; a ¼ h

L is a
geometric factor; and Pe ¼ Uh

Di
is the Péclet number, which repre-

sents the ratio between the characteristic velocities of convective
and diffusive processes. In addition, the coverage equation is

@h
@s
¼ b � Bi½C�i ð1� hÞ � KDh� ð17Þ

where b ¼ C0
i h

C0
is the relative adsorption capacity; Bi ¼ kaC0h

Di
is the

Biot number; and KD ¼ kd

kaC0
i

is the dimensionless equilibrium

desorption constant. The corresponding boundary condition is,

h� ¼ 0;
@C�i
@h�
¼ 1

b
@h
@s

ð18Þ

The relative adsorption capacity b is the ratio between the bulk
concentration and the fully saturated surface coverage, that is, a
small b lead to longer saturation times. The Biot number represents
the ratio between the adsorption rate and the diffusivity of the
reactant. When Bi	 1, the transport is limited by the reaction at
the surface, while at Bi
 1 the transport becomes diffusion-lim-
ited [24]. However, this dimensionless number does not take into
account the convective transport. Then, the Damköhler number,
Da ¼ kaC0

kl
, is a better representation of the ratio between the rate

of adsorption and the flux of reactant from the bulk to the (reac-
tive) surface considering both diffusion and convection [24]. In this
expression, kl is the mass transport coefficient defined by [14,24],

kl ¼ 1:2819Pe1=3 Di

L1=3h2=3 ð19Þ

Thus, the Damköhler number is related to both the Biot and
Péclet numbers as follows

Bi=Da ¼ 1:2819ðaPeÞ1=3 ð20Þ

A reasonable experimental condition, considering the usual prop-
agation of errors involved in the experimental measurement in a ATR
cell, could be that the observed rate deviates less than 10% from the
theoretical value [29], then this criteria requires that the concentra-
tion of the reactant A at surface (z = 0) should be at least the 90% of
the bulk concentration for a kinetic control. In that case, the Damköh-
ler number should be lower than 0.1. Considering this criterion, it is
possible to identify the range of operative conditions that can be ap-
plied to measure kinetic parameters in our ATR cell. As an example,
the transport model with adsorption was solved numerically with
typical parameters taken from the literature for adsorption of pro-
teins [30,31]: DA ¼ 1� 10�10 m2 s; C ¼ 70 fmol=mm2; C0

A ¼ 1 lM,
Keq ¼ 1� 108 M�1. The flow rate was Qv ¼ 2:2 mL=min, leading
to Pe � 105. Table 2 summarizes the parameter values used in
calculations.

Fig. 9 shows the bulk concentration of the adsorbate for differ-
ent Damköhler numbers, and different positions along the x-direc-
tion (near the entrance and near the exit). The concentration
profiles are taken at t = 12.5 s, that is, when the bulk and surface
concentration reaches a steady state in a blank experiment (with-
out adsorption). As seen in Fig. 9, the concentration gradient in the
z-direction increases with Da. For Da = 0.093, only a slightly con-
centration gradient is observed, which enable measurements un-
der the kinetic control, in agreement with the pre-fixed criteria
(wall concentration is a 90% of the bulk concentration).

ATR technique allows to distinguish a condition where impor-
tant mass transport problems are present due to the simultaneous
observation of the IR signal of the adsorbate in solution and
bonded to the surface. Fig. 10 compares the time evolution of the
surface coverage without mass transport limitation and with a
10% of deviation (Da = 0.093). There, almost identical profiles are
observed. However, from a practical point of view, when studying
an unknown system the time response of the concentration of the
adsorbate in solution registered by IR during the transient experi-
ment provides a more straightforward information. Fig. 11 shows
the calculated evolution of the normalized concentration of the
adsorbate in solution seen by the IR beam in a blank experiment
and using with the Damhköler numbers from Table 2. As shown
before, in the transient experiment without adsorption a steady
state concentration is reached at ca. 12 s. Then, deviations from
this profile increases as the Damhköler number does, indicating
the presence of mass transference problems.

To summarize, Fig. 12 includes the Biot number as a function of
the Péclet number, which allows one to define an operational zone
where kinetic control is assured, under the adopted criteria. The
lower line corresponds to Da < 0.1, as required to fulfill the chem-
ical control regime where the observed rate is 90% of the real one.
At higher Da numbers, an intermediate regime is found where the
observed reaction rate is influence by both intrinsic kinetics as well
as mass-transfer. In this zone, kinetic parameters can also be ob-
tained by solving numerically the full model.

Finally, in the highest part of the plot, mass-transport controls
the process and it is impossible to obtain kinetic values (diffusive



Fig. 10. Relative surface coverage as a function of time, for adsorption reaction
without mass-transfer limitation (full line), and with Da = 0.093 (dotted line).

Fig. 11. Calculated normalized concentration of the adsorbate in solution seen by
the IR beam in a blank experiment and using the Damhköler numbers from Table 2.

Fig. 12. Operative limits for the ATR cell defined in a Biot-Péclet numbers diagram,
by using limiting Damköhler numbers as criteria to differentiate mass transport
regimes.
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control). This graphic chart serves as a practical guide to determine
the operational limits of an ATR cell.

3.4. Case of study: CO adsorption on a Platinum thin film

As an example of the use of our optimized ATR cell and the
developed criteria, results of the adsorption of CO on a platinum
layer deposited on a ZnSe IRE are presented.

Time-resolved IR spectra were acquired during the CO/H2O flow
into the cell (Fig. 13, inset). Infrared peak at 2048 cm�1, assigned to
linear or on-top Pt–CO, increased its intensity until saturation was
reached. Also, a very low signal at 1810 cm�1 due to bridged CO
was detected, but the following analysis is focused on the linear
Pt–CO. The integrity of the platinum film was verified by compar-
ing the intensity after saturation for the IR signal of adsorbed CO in
liquid phase with the one register after flowing CO(5%)/He gas on
the fresh film (see Fig. S7).

The normalized integrated absorbance, representing the frac-
tional coverage of Pt–CO, as a function of time is presented in
Fig. 13 for a flow rate of 2.0 ml/min (Pe = 5.2 � 103). The number
of adsorption sites was assumed to be 1015 sites/cm2, the CO con-
centration was 9.3 � 10�4 mol/L and the diffusion coefficient of CO
in water, D, equal to 1.93 � 105 cm2/s (calculated with the Stokes–
Einstein equation [14]).

The shape of the registered curve cannot be fitted using Eq. (12)
(see Fig. S8). The shape of the adsorption curve is similar to the one
reported by Ferri et al. [32] and Ebbesen et al. [33] using ATR to
study the adsorption of CO on platinum films. That is due to CO
adsorption on platinum depends on the coverage. Usually, a Temp-
kin isotherm, that is a linear variation of the heat of adsorption (E)
with the coverage, is used to represent the adsorption of CO on
platinum. For instance, Bianchi and co-workers reported a
E(h = 0) = 200 kJ/mol and E(h = 1) = 115 kJ/mol in platinum sup-
ported catalysts by means of variable temperature infrared spec-
troscopy to measure the isobaric heats of adsorption [34].
Likewise, the stinking coefficient, or in other words the rate of
adsorption, also has been reported to be linearly dependent of
the coverage [35]. Then, in this case, the evolution of the surface
concentration for the irreversible adsorption of CO takes the form
[35]:
Fig. 13. Evolution of the normalized IR signal of Pt–CO (2048 cm�1) as function of
time. Lines are the best fitting of the data considering the complete convection–
diffusion model (blue line) and only Eq. (21) (red line). For the complete model the
results are: k0

ad ¼ 104� 11 M�1 s�1 and a ¼ 7:6� 3:1 kJ=mol: Solving the differen-
tial equation are: k0

ad ¼ 80� 17 M�1 s�1 and a ¼ 6:7� 2:7 kJ=mol. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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dCCO

dt
¼ k0

ad � exp �
a CCO

C0

RT

 !" #
� C0

COðC0 � CCOÞ ð21Þ

where the term between brackets stand for the variation of the kad

with the coverage. k0
ad is the adsorption rate at coverage zero, C0

CO is
the concentration of dissolve CO, C0 is the total number of sites, CCO

is the surface coverage of CO and a is the sticking factor.
The adsorption of CO on platinum at 298 K is irreversible. After

saturation, the cell was purged with pure water and the signal of
Pt–CO remains stable for more than 3 h. This result confirms the
high stability of the adsorbed CO on platinum at room temperature
and justify that the desorption rate can be considered as zero
(kd = 0).

Note here, that the above adsorption model is equal to Eq. (12)
at low coverage, were kad is a maximum. With the aim to estimate
the influence of mass transport in the kinetic process using the cri-
teria described in Section 3.3, the kad at initial coverage was calcu-
lated, that is, the more demanding condition. The kad (t = 0)
obtained by fitting the experimental data was 60 M�1 s�1. Then,
the Bi and Da numbers are: 0.13 and 0.037, respectively. These re-
sults show that under this experimental condition the criteria for
chemical control are fulfilled. Fig. 13 shows the fitting of the exper-
imental data using only the differential Eq. (21) and the complete
diffusion-convection model coupled with Eq. (21). As can be seen
from the figure, the fitting of the data is satisfactory with both
models, confirming that adsorption process is under chemical
control.
4. Conclusions

Full 3D simulations of the streamlines allowed the optimization
of a flow-thought attenuated total reflection (ATR) cell for the
investigation of surface reactions. Linear-shaped entrance and exit
ports, close to the extremes of the cell, avoid dead-volume zones
and permits an uniform fluid velocity profile across the cell, which
fully developed immediately after the ports.

The optimized cell was constructed and theoretical and experi-
mentally characterized. Time-resolved IR spectra showed details of
the exchange of solutions into the cell, whose evolution could be
correctly described by a convection and diffusion transport model.

The mass-transfer limitation in the ATR cell was investigated
using the simplest case of adsorption in a non-porous surface.
The analytical solution of the transport model for an adsorption
was carried out by means of the nondimensional analysis in terms
of Péclet, Biot and Damköhler numbers. A suitable criteria to deter-
mine kinetic parameters under chemical control, was develop con-
sidering the geometry and experimental flow rates of the
constructed ATR cell.

As a proof of the utility of the cell and the criteria for mass
transport limitation, the CO adsorption was investigated on a Pt
thin film deposited on the IRE. By fitting the experimental data,
it is demonstrated that the operative conditions employed in the
ATR cell determines the possibility of extracting useful kinetic
data.

It is expected that the development of quantitative models of
spectroscopic microreactors allows the determination of true reac-
tion rates of surface reactions that improves the capabilities of
operando methodology.
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