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a b s t r a c t

Through a multi-disciplinary approach, the air amplifier is being evolved as a highly engineered device to
improve detection limits of biomolecules when using electrospray ionization. Several key aspects have
driven the modifications to the device through experimentation and simulations. We have developed a
computer simulation that accurately portrays actual conditions and the results from these simulations
are corroborated by the experimental data. These computer simulations can be used to predict outcomes
from future designs resulting in a design process that is efficient in terms of financial cost and time.
We have fabricated a new device with annular gap control over a range of 50–70 �m using piezoelectric
actuators. This has enabled us to obtain better aerodynamic performance when compared to the previous
odeling
etection limits

design (2× more vacuum) and also more reproducible results. This is allowing us to study a broader
experimental space than the previous design which is critical in guiding future directions. This work also
presents and explains the principles behind a fractional factorial design of experiments methodology
for testing a large number of experimental parameters in an orderly and efficient manner to understand
and optimize the critical parameters that lead to obtain improved detection limits while minimizing the
number of experiments performed. Preliminary results showed that several folds of improvements could

nditi
be obtained for certain co

. Introduction

Over the past three decades, researchers have invested heav-
ly in applying and understanding electrospray ionization (ESI) for

ass spectrometry and the return on investment has been pro-
ound [1–3]. Numerous applications have been the result of this
echnique which merges sample separation techniques such as
igh performance liquid chromatography, capillary electrophore-
is, and more recently microfluidic/chip based methods [4–10].

hile ESI mechanisms are still not fully understood, much has
een learned about the production of analyte ions from this elec-
rohydrodynamic process [11–16]. Continued efforts to understand
his process through experimentation, simulation, and modeling
ill further enable ESI practitioners to more efficiently exploit this
echnique for analytical studies.
The widespread usage of ESI for direct infusion and for coupling

iquid chromatography to mass spectrometry has made this a very
seful tool in the search for biomarkers [17]. Devices such as high-

∗ Corresponding author. Tel.: +1 919 513 0084; fax: +1 919 513 7993.
E-mail address: david muddiman@ncsu.edu (D.C. Muddiman).

387-3806/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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on of operations (up to 34 folds).
© 2010 Elsevier B.V. All rights reserved.

field asymmetric ion mobility spectrometry [18–20] (FAIMS), the
ion funnel [21–23], the air amplifier [24–29] and an interface plate
[30] are being developed in efforts to improve mass spectrometric
detection of diverse classes of analytes.

The air amplifier is an aerodynamic device which refocuses
the electrospray plume into the mass spectrometer inlet based on
Coanda and Venturi effects. The Coanda effect describes the for-
mation of a thin boundary layer of motive fluid along a curved
surface. The Venturi effect is based on Bernoulli’s Principle (con-
servation of energy) where a vacuum region is created from the
conversion of a high pressure fluid (gas or liquid) to a high velocity
jet [31]. The air amplifier design employed in this study has previ-
ously been utilized with higher flow rate systems (microflow) and
resulted in improved ion abundance [24–29]. The purpose of the
research presented herein is to guide future designs in an efficient
manner. Efforts directed towards an improved air amplifier design
that will provide a routine improvement in detection limits for ESI-

MS have involved a combination of aerodynamic simulations using
computer modeling, precision machining, bench testing, and mass
spectrometry experiments. This multi-disciplinary approach will
facilitate a fundamental understanding of how the device serves to
improve ESI-MS as it is applied in targeted and discovery biomarker

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:david_muddiman@ncsu.edu
dx.doi.org/10.1016/j.ijms.2010.04.006
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xperiments. The numerical tool used in the computational fluid
ynamics simulations is a general-purpose Navier–Stokes solver
termed REACTMB-MP) for multi-phase, multi-component, reac-
ive flows that has been developed in the Aerospace Engineering
omputational Fluid Dynamics Lab (AECFDL) at NCSU over the last
everal years. Air amplifier designs that have been considered to
ave good potential (those which have converging solutions under
he CFD simulations) are then precision machined using single-
oint diamond turning (SPDT) at the Precision Engineering Center.

Aerodynamic performances of air amplifier are sensitive to
oanda profile geometry and gap width control. Commercial air
mplifiers or devices using a treaded insert to adjust gap width offer
imited precision on gap width control. In order to effectively char-
cterize the performance of the device we have designed a more
obust positioning mechanism for the air amplifier by employ-
ng piezoelectric actuators to change the annular gap. By precisely
ontrolling this annular gap (within �m), results are now easily
eproducible and the experimental space can be explored effi-
iently. These were measured by monitoring the static pressure
i.e., vacuum generated by the device in the axial direction) and
he stagnation pressure (i.e., gas flow out of the device nozzle).
he static pressure measured in our current design shows a greater
acuum was generated in the device with piezoelectric actuators
nnular gap control (2× vacuum generated by previous design).
dditionally, the stagnation pressure had improved symmetry over

he previous device. These characteristics should lead to a more
obust and reproducible method when using the air amplifier. Pre-
iminary measurements on a triple quadrupole mass spectrometer
ave indicated that the device offers improvements in ion abun-
ance even for low-flow ESI, where up to 34 folds of improvement
ere obtained under certain conditions. Continued exploration
ith designs and applications combined with LC–MS are expected

o result in further improvements and robustness of the device.

. Experimental

.1. Materials

Tetramethylammonium bromide (98% purity), tetrabutylam-
onium bromide (98% purity), tetraheptylammonium bromide

98% purity) and formic acid and sequencing grade melittin were
urchased from Sigma–Aldrich (St. Louis, MO). HPLC grade acetoni-
rile and water were purchased from Burdick & Jackson (Muskegon,

I). Nitrogen (99.98%) used to pressurize the air amplifier was
btained from MWSC High Purity Gases (Raleigh, NC).

.2. Methods

.2.1. Electrospray ionization mass spectrometer
The electrospray solution was infused at a rate of 1–2 �L/min

hrough 75 �m i.d. fused silica capillary terminating with a 30 or
5 �m PicoTip emitter (New Objective, Woburn, MA) using a Har-
ard PHD-2000 syringe pump. Mass spectra were acquired using a
riple quadrupole mass spectrometer (Thermo Fisher, San Jose, CA)
perating in positive ion mode. The capillary temperature was held
onstant at 250 ◦C. The standard inlet was replaced with a stainless
teel capillary with an internal diameter of 0.023 in. and an overall
ength of 8.5 in. such that the conductance and pressure in the first
umping stage of the mass spectrometer was unchanged.

.2.2. Modeling of air amplifier gas dynamics

Calculations of gas dynamics of flow within the air ampli-

er devices are performed using an in-house computational fluid
ynamics code, termed REACTMB. This code solves the compress-

ble Navier–Stokes equations governing a two-component gas
ixture (air and nitrogen). A finite-volume discretization method
ass Spectrometry 300 (2011) 99–107

is used. The discretization of the inviscid (non-viscous) compo-
nent of the Navier–Stokes equation system uses a low-diffusion
upwinding method [28], extended to mixtures of real fluids at all
speeds [29]. The formally first-order upwind scheme is extended to
second-order accuracy using a slope-limited variable extrapolation
technique. The viscous, diffusive, and heat-conduction terms in the
Navier–Stokes equations are discretized using central differences.

Turbulence effects are modeled using the Menter k–ω two-
equation formulation [30], in both its baseline (BSL) and
shear–stress transport (SST) forms. The SST modification essen-
tially reduces the eddy viscosity, which generally increases the
amount of separated flow that may be predicted. The governing
equations are solved on a simply connected set of multi-block
meshes, generated using the GridPro software (Program Devel-
opment Company, White Plains, NY). The computed flows are
assumed to be axisymmetric.

2.3. Electrospray modeling

To account for the response of a dilute spray under influences
of the electric field and aerodynamic drag, the following system of
equations is solved for each size class of droplet. Note that droplet
vaporization is not included.

∂�k

∂t
+ ∂

∂xj
(�kuk,j) = 0 (droplet mass conservation) (1)

mk
Dui,k

Dt
= Fi,drag + qd,k(Ei,ext + Ei,int)

(droplet momentum conservation) (2)

Here, �k = �dnk(�/6)d3
k

is the mass density of size class k, ref-
erenced to the total system volume, �d is the intrinsic density of
the droplet, nk is the number density of size class k, dk is the aver-
age droplet diameter for size class k, uk,j is the jth component of
the droplet velocity vector. The mass of a particular droplet of size
class k is denoted as mk and the charge on each droplet is qd,k, as
defined by the Rayleigh limit. Aerodynamic drag is modeled using
the Stokes formulation:

Fi,drag = Cd
�

8
�dd2

k |uk − V |(uk,i − Vi) (3)

where Vi is the ith component of the gas velocity vector and Cd is the
Stokes drag coefficient. The combination of external and induced
electrostatic forces on the droplet population is modeled as

Ei,ext + Ei,int = − ∂�

∂xi
(4)

The electrostatic potential is determined through the solution
of the Poisson equation

ε0
∂2�

∂xj∂xj
=

∑

k

nkqd,k (5)

Because of the presence of the number density in Eq. (5), the
Poisson equation for the electric potential must be solved in tan-
dem with the droplet-transport equations. This accounts for the
influence of the charged droplets on the electric field. The governing
equations for the electrospray are discretized using a finite-volume
method. The Poisson equation for the electric field is advanced
using an implicit method based on the Generalized Minimal Resid-

ual (GMRES) algorithm of Saad and Schultz [31]. The equations
for droplet transport are solved using an implicit technique based
on an incomplete lower–upper decomposition of the linear sys-
tem resulting from a Newton linearization of the droplet-transport
equations. The analyses performed to date have assumed one-way
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Table 1
Comparison of maximum vacuum measured with old and new air amplifier. Maximum differ-
ential static pressure obtained along the axis of the air amplifier using a pitot tube for different
plenum pressures and annular gaps. For new air amplifier, even if maximum static pressure
increases as the annular gap increases for a constant plenum pressure, the maximum static
pressure is similar for each annular gap setting is relatively the same. This is due to the fact
that Coanda effect is lost at lower plenum pressure for larger annular gap.
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oupling in that the motion of the gas affects droplet transport
hrough the drag laws but the droplets do not affect the motion
f gas. In this, converged solutions for the air amplifier flow field
re obtained first and are then used to force the solution of the
roplet fields. The cases presented later consider only one droplet
ize class (1 �m diameter), assumed to be the result of the primary
reakup of the Taylor cone. Secondary droplet formation through
ragmentation of the parent droplets is not yet considered.

.3.1. Mechanical design and fabrication
The new air amplifier was fabricated with 6061 aluminum. This

aterial was chosen for its good machining characteristics (i.e., low
ardness) and resistance to chemical corrosion. Rough machining
f the parts was performed by an external machine shop using pre-
ision CNC machine and final machining of the critical surfaces
as performed at the PEC using a single point diamond turning
achine or DTM (ASG 2500 from Pneumo Rank). An in-house con-

roller allows a resolution of the tool position in the order of 2.5 nm
nd as a result the dimension of the parts can be fabricated below
�m accuracy.

Dimensional controls were performed using a Gage 2000 Coor-
inate Measurement Machine (CMM) from Brown and Sharpe
North Kingstown, RI). Direct measurements are obtained with a
esolution of 1 �m and an accuracy of approximately 3 �m. Each
achined part was measured independently and upon assembly,

nal parallelism and distance between face of bottom insert and
ating surface of top insert was measured to determine the final

eight of the top insert that would lead to a 50 �m nominal gap.
imilar methodology was used to plot the annular gap dimension
s a function of the voltage applied to the piezoelectric stacks.

Three PZT actuators D1CM20 from Kinetic Ceramics (Hayward,
A) were mounted inside the air amplifier to control the annular
ap with a DC voltage source. A white light interferometer from
ygo New View (Middlefield, CT) was used to verify the surface
nish of the critical Coanda profiles. The New View software can
etect surface defects with nanometer resolution.

.3.2. Pressure profile measurements
A stainless tube of 1/16 in. OD (0.020 in. ID) from VICI® (T30C20

eries, Houston, TX) with four 0.020 in. diameter holes were drilled
as used as pitot tube in order to measure the static pressure profile

long the main axis of the air amplifier for different pressure and
nnular gap position. A digital manometer was attached to the pitot
ube for measurements.
. Results and discussion

The Aerospace Engineering Computational Fluid Dynamics Lab
orked together with the Precision Engineering Center to develop
first iteration of the air amplifier profile that was suitable for both
Fig. 1. Section view of air amplifier assembly.

fabrication and performance. The result is the design and fabrica-
tion of a high precision air amplifier with annular gap width control
from 50 to 70 �m with deviation of less than 2 �m, while paral-
lelism between the two faces of the annular gap is maintained at
less than 1 �m. By measuring the change in elevation on the top face
of the air amplifier as a function of the applied voltage, a voltage-
annular gap calibration curve was created and used throughout
the experiments (presented in Fig. S2). Belleville washer stacks
were used to preload the top and bottom part of the air ampli-
fier assembly (100 N). This preload was stiff enough to maintain
the annular gap when the plenum is pressurized with nitrogen,
but flexible enough to allow actuation with the piezoelectric actu-
ators. The air amplifier was designed so that top and bottom inserts
are interchangeable to facilitate the implementation of future iter-
ations of the device. A cross-sectional view of the first design is
presented in Fig. 1. When pressurized, the air amplifier successfully
created a Venturi effect. Static pressure has been measured along
the flow axis. These results showed that for every gap and plenum
condition, the maximum measured vacuum at the same location:
1 mm downstream of the annular gap. Also, it was observed that
increasing the plenum pressure or increasing the annular gap both
increased the maximum vacuum pressure, while keeping the pres-
sure profile nearly the same. These experimental data are provided
in supplementary material Fig. S2. Moreover, even though a higher
vacuum peak can be obtained with a larger annular gap if pres-
sure is kept constant, the maximum vacuum that can be obtained

for each annular gap is the same as the Coanda effect is eventu-
ally lost when annular gap or the plenum pressure is increased
beyond a maximum (see results in Table 1). More specifically, at
30 psi the annular nitrogen jet exiting from the 50 �m annular gap
reaches Mach 1 at the nozzle exit and expands slightly to supersonic
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ig. 2. CFD Simulation of Coanda effect at different annular gap for a pressure of 30
urface creating a Venturi effect in the air amplifier. At 70 �m gap, the jet no longer

ow speeds. It then curves around the Coanda surface, remaining
ttached to the surface. In contrast, the annular jet formed through
he 70 �m annular gap detaches from the Coanda surface as shown
y prediction from aerodynamic model (Fig. 2). Though not shown

n this close-up view, the annular jet for the 70 �m gap impinges
pon the air-amplifier centerline, disrupting the entrainment of air

nto the device and ultimately leading to the complete loss of the
enture effect.

The pressure measurements described above have also been
sed to validate the gas-dynamics model. Mach number contours
nd streamlines showed that Menter SST turbulence model predicts
ore flow separation than the Menter BSL turbulence model (plots

re presented in Fig. S3). The nitrogen injection pressure for this
ase is 30 psi, and the annular inlet gap is 50 �m. The flow separa-
ion itself is a consequence of the adverse pressure gradient induced
n the divergent portion of the air amplifier. The larger region of flow
eparation provides more resistance to the motion of the core fluid,
nhibiting the amplifier’s ability to accelerate the entrained fluid to
igh velocities. Consequently, the pressure drop predicted for the
enter SST model is less than for the Menter BSL model and as it can

e seen in Fig. 3(A), results predicted by Menter BSL model better
atch with the experimental results. Fig. 4(A) shows the effect of

ncreasing the nitrogen injection pressure on the pressure distribu-
ions within the air amplifier for an annular gap of 50 �m. Only the
SL turbulence model is used in these calculations. As expected, the
igher injection pressure induces more flow entrainment, indicated
y a larger pressure drop. The predicted pressure distributions are

n good agreement with experimental measurements, though the
alculations do not converge to a completely steady state due to
scillations in the separated-flow region. Experiments performed
n FTMS showed that the maximum signal was obtained when the
ip of the MS inlet was located 1 mm downstream of the annular
ap, i.e., at the location of the maximum static pressure (data not
ublished). This confirmed that there exists a relation between the
acuum profile in the air amplifier and the signal and that focusing
f ions is possible.

.1. Design of experiments

During preliminary tests performed with the air amplifier
not reported in this paper), 10 different variables or parameters

ere identified as potentially having an effect on the perfor-
ance of the air amplifier. Clearly identifying the parameters

hat do have an effect on the output by randomly tuning each
f the parameters individually will give no guarantee that all
he experimental space has been covered. For this reason, a
At 50 �m, the air jet coming from the plenum pressure curves around the Coanda
attached to the curved surface and Coanda effect is lost.

more systematic approach was implemented through a proper
design of experiment strategy to screen these variables and
determine the primary effects on the performance of the air ampli-
fier.

One way to cover the entire experimental space is to experi-
mentally test all of the possible combination of settings. Although
very effective in theory, it is unrealistic to proceed according to
this approach. If for example two levels, high (+) and low (−) val-
ues, are chosen for n variables suspected to have an effect on a
given output, 2n experiments will be needed in order to effec-
tively identify the main effect and the all the possible interactions
between variables having an impact on the results. As the number
of experiment increases exponentially with the number of vari-
ables tested, it quickly becomes unrealistic to test all the possible
combinations. If one accepts to reduce the resolution of the analysis
by allowing the confounding of the main effects with some inter-
actions, the number of experiments can be reduced significantly.
This is achieved using fractional factorial design (FFD): allowing the
setting of one or more variable to be defined by the combination
of other variable throughout the experiments. For example, if the
effect of five variables is investigated, say ABCDE, all level combina-
tions (+ and −) of the four first variables can be tested (ABCD) and
the level of the fifth variable E can be defined as the combination
of A and B (e.g., if AB = ++ or −− → E = +). Consequently, the num-
ber of experiments will be reduced to 16 (see Table 1S for details).
However, it will not be possible to differentiate the effect of some
variables with the effect of combination of other variables. The fol-
lowing confounding structure will be created in this specific case:
A & BCDE, B & ACDE, C & ABDE, D & ABCE, ABCD & E, AB & CDE, AC &
BDE, etc. As some two-variables interactions are confounded with
three-variables interactions, it is by definition a FFD of resolution
V. The number of experiments can be reduced to eight experiments
if variable D is defined by AB and variable E is defined by BC. How-
ever, resolution will then be reduced to III as the main effect of a
variable will be confounded with some two-variables interactions
(D & AB for example) and two-variables interactions will be con-
founded with other two-variables interactions. Any two-levels with
n variables that would be a full factorial design with 2n experiments
can be converted in a fractional factorial design with 2n−k exper-
iments, with k being the number of variable settings that will be
defined by the combination of others. The resolution of the result-

ing FFD is defined by the variables that are confounded as follow
[27]:

Resolution III designs: Main effects are confounded or con-
founded with two-variables interactions and two-factor interac-
tions are confounded with each other.
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Fig. 3. (A) Compares both turbulence models with the experimental results at 30 psig Plenum pressure. Menter SST turbulence model better correlate with the experimental
data. (B) Menter SST model is compared with experimental data for both 30 and 45 psig plenum pressure.

Fig. 4. (A and B) Example of half normal probability plot generated by JMP (top of figure) compares and orders the estimated effects of the variables (vertical axis) with a
normal quantile distribution assuming variables have no effect on the measured abundance (horizontal axis). Consequently variables on the right that are away from the
normal quantile curve are considered to have a significant effect. Their calculated t-ratios and P-values (testing the probability to obtain these results assuming the variable
has no effect) also confirm the significance of these variables.
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Fig. 5. Spectrum comparison for 75 �m ESI tip, ESI flow rate of 2 �L and 100%
water solvent composition. (A) Spectrum obtained when using the air amplifier. (B)
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Resolution IV designs: No main effects are confounded with
wo-variables interactions, but two-variables interactions are con-
ounded with each other.

Resolution V designs: No main effect or two-factor interaction is
onfounded with another main effect or two-variables interaction,
ut two-variables interactions confounded with three-variables

nteractions.
If one compares the resulting number of experiments for full

actorial design with n variables with fractional factorial design
xperiments of different resolutions it is obvious that for large n,
he use of FFD becomes a necessity. A comparison plot of number
f experiments for different resolutions of FFD and full fractional
esign as a function of n is presented in supplementary material
ig. S4.

The analysis of the results obtained after performing the exper-
ments as per the FFD can be performed as follow: each effect or
nteraction contrasts can be extracted by adding or subtracting
or each column the results Yi, depending of the sign it has been
ssigned for each experiment. A large positive value would mean
hat the variable assigned to the “+” level has a positive effect on
he output when compared to the value assigned to the “−” level. A
arge negative would mean the opposite, i.e., that the value assigned
o the “−” level has a positive effect on the output. A value close to
would mean that the choice of the “−” or “+” value has a minimal

mpact on the results. P-values, t-ratio or other statistical hypoth-

sis tests can then be calculated for each in order to weight and
ompare significance of the different effects and interactions. For
ur experiments, JMP version 8.0 from (SAS, Cary, NC) was used
o generate the experimental pattern and perform the screening
nalysis.

ig. 6. Results with air amplifier: (A) droplet stream lines; (B) logarithm of droplet densit
s present as droplets remain centered axially. The distance between the ESI tip is 6 mm.
Although electrospray was established, only very weak signal (below noise level)
was obtained without the air amplifier. Comparing average abundance of (M+4H)4+

and (M+5H)5+ ions for 124 spectrum, an improvement of 34 folds is obtained using
the air amplifier under these conditions.
3.1.1. Screening experiments using FFD
To find the variables that could potentially have an effect on

the air amplifier performances, a resolution V FFD experiment
with nine variables was performed. The variables and the two
levels evaluated for each of them are presented in Table 2. The

y; (C) velocity contours; (D) electrical potential. Focusing effect of the air amplifier
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Table 2
Summary of the variables and their low/high levels for which used to test the air amplifier performances. Device was tested in three different fractional factorial design
experiments.

Variable Level + Level − Motivation

Position of vacuum
peak

1 mm from ESI inlet 1 mm from MS inlet Previous experiments showed that
these two parameters could have a
positive impact

ESI gap 9 mm 6 mm As no improvement was found at 3 mm
with the amplifier during previous
experiment, larger space was explored

ESI voltage 3200 V 2800 V Range that showed good performance
in previous experiments

N2 temperature 100 ◦C 25 ◦C Hot N2 can improve desolvation
Air amplifier
pressure

45 PSI 30 PSI Amplifier pressure range

Composition 100% H2O 25% H2O /75% ACN Test the hypothesis that the air
amplifier can improve desolvation of
aqueous solvents

Air amplifier radial
alignment

Centered 0.75 mm offset Previous experiments performed
earlier showed that some

ESI tip size 100 �m 75 �m As previous experiments showed no
overall signal improvement with air
amplifier. This is to test the hypothesis
that better results can be obtained
with larger tips

Flow 2 �L/min 1 �L/min

Table 3
Presented here are the setting that were tested for the four combinations of ESI capillary tip size and solvent composition.

Pattern ESI gap (mm) Temperature (◦C) Flow (�L/min) Pressure (psi)

1 −+−+ 6 100 1 45
2 ++++ 9 100 2 45
3 ++−− 9 100 1 30
4 −−++ 6 25 2 45

25
100

25
25

e
(
i
R

1

2

3

s
fi
b
w
1
t
a
s
o
s

5 −−−− 6
6 −++− 6
7 +−−+ 9
8 +−+− 9

xperiments were performed at high flow rates and ESI tip sizes
75–100 �m tip and 1–2 �L/min of 1 �M melittin) as prescreen-
ng experiments showed significant improvement in that range.
esults of these experiments are presented in Fig. 4.

From these results, the following was deduced:

It confirmed that better signal is obtained when the low vac-
uum zone is focused on the mass spectrometer inlet (radially and
axially).
Value of ESI voltage does not have a significant impact on the
results. Once electrospray is established, increasing or lowering
the voltage does not have a significant effect on the performance
of the air amplifier. Voltage should be adjusted slightly above
electrospray onset voltage for each experiment.
Tip size, flow size and solvent composition have an important
contribution on the performance of the air amplifier. Better
results were obtained were obtained with a 75 �m ESI tip,
2 �L/min flow and higher organic solvent composition.

With the primary effectors identified, the objective of the next
et of experiment was to compare the performance of the air ampli-
er at different combinations of flow and capillary tip size to the
est result that can be obtained without using the air amplifier
ith a ESI gap of 3 mm (distance between emitter and MS inlet).

00% H2O and 50% H2O/50% ACN solvent compositions were both

ested with 75 �m and 30 �m ESI emitter tips. For all tests, ESI volt-
ge was set at 100 V above the electrospray onset voltage. Table 3
hows the different variable combinations that were tested for each
f these four solvent/ESI emitter tip combinations. No significant
ignal improvement was achieved by using the air amplifier for
1 30
2 30
1 45
2 30

50% H2O/50% ACN solvent composition when compared to the best
result that can be obtained without using the air amplifier. At 100%
H2O solvent composition and 75 �m ESI emitter tips, obtained sig-
nal without the air amplifier was below noise level. However, using
the air amplifier, it has been possible to obtain a signal superior or
equal to the signal obtained with a 30 �m tip and no air amplifier
(see Fig. 5). By averaging the sum of (M+4H)4+ and (M+5H)5+ signal
for 124 measurements, a 34 folds improvement was obtained using
the air amplifier under these conditions. This result is important as
it shows that ESI-MS can be performed at high flow regime and
larger ESI tip using the air amplifier.

As expected, ESI emitter tip size and solvent composition had a
significant effect on the observed signal. Analysis of the results for
each composition/tip combinations with JMP software showed that
except for the flow, none of the variables were that were tuned for
each of the four combinations (ESI Gap, N2 Temperature and pres-
sure) had a considerable effect on the results (JMP output example
presented in Fig. S5). This indicates that previous screenings suc-
cessfully identified that the important variables and that the air
amplifier is now operating very close to its optimal condition.

3.1.2. Additional QqQ tests with tetraalkyl ammonium
compounds

Additional tests on a triple quadrupole mass spectrometer with
an equimolar mixture of tetraalkyl ammonium compounds has led

to further conclusions. These tests showed that the use of the air
amplifier improved signal stability compared to signal with ESI
alone (no air amplifier) for each tetraalkyl compound. Furthermore,
the relative signal stability is improved using the new air amplifier
compared to the earlier version. These experiments also showed
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F plet density; (C) velocity contours; (D) electrical potential. With the air amplifier turned
o efficiency of the particle transmission to the MS inlet is reduced despite the fact that the
d lations made with the air amplifier).
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Table 4
Values used in the fluid numerical model. These are the same setting used in the
experiment performed at 100% aqueous composition and 75 �m ESI emitter tip for
which air amplifier was found to improve the signal significantly.

Case 1 (with AA) Case 2 (without AA)

ESI gap 6 mm 3 mm
ESI voltage 1600 V 1850 V
Solution type 100% aqueous 100% aqueous
Pressure in the Plenum 30 psig –
Temperature of N2 100 ◦C –
ig. 7. Results without air amplifier: (A) droplet stream lines; (B) logarithm of dro
ff, the charged particles rapidly scatter away from the ESI inlet. Consequently, the
istance between the ESI tip and MS inlet is only 3 mm (was 6 mm during the simu

hat the air amplifier was removing some of the bias due to the
ydrophobicity of the molecule, i.e., the difference in abundance

s shown to be the highest with ESI. The old air amplifier device
emoves some of the bias due to the varying hydrophobicities of
hese molecules, and the new device delimits this bias most effec-
ively. This could be explained by the fact that the air amplifier also
ncreases evaporation rate of the charged droplets, allowing the
esolvation of more hydrophilic molecules. The results for these
xperiments are presented in Fig. S6 and Tables S2 and S3.

.1.3. Droplet simulations with and without the air amplifier
Numerical model for the fluid dynamics has been adapted in

rder to replicate the experimental conditions tested with 100%
queous solution and 75 �m tip. Fig. 7(A) shows the outline model
uilt to simulate the fluid mechanics and data used for this model
re presented in Table 4. A view of the complete model as well as
ome additional dimensions is presented on Fig. S7. In Case 1, the
itrogen gas in the plenum is kept at 100 ◦C and 30 psi gauge pres-

ure. The gap between the ESI emitter and the Mass spectrometer
s 6 mm. For the second case the Nitrogen gas is kept at the atmo-
pheric pressure (hence no Coanda effect is produced), the ESI gap is
ecreased to 3 mm and the ESI voltage (voltage on the ESI emitter)

s increased to 1850 V from 1600 V used in Case 1.

In spite of the above changes it can be clearly seen from the

treamlines in Figs. 6(A) and 7(A), that the droplet stream is more
ocused towards the spectrometer when the air amplifier is used
n Case 1 than in Case 2. For Case 1 around 4.48% of the mass com-
ng in is captured in the spectrometer, for Case 2 it is 2.48%. The
Mass-in per second (kg/s) 5.041523 × 10−12 2.788 × 10−12

Mass-out per second (kg/s) 2.26145 × 10−13 6.9307 × 10−14

Mass-in-out ratio 4.48565 × 10−2 2.4855 × 10−2

main advantage of using an air amplifier is that it is capable of
focusing the droplet stream over larger distances, i.e., when com-
pared to Case 2 where the ESI gap is 3 mm, the air amplifier delivers
more droplets into the spectrometer in Case 1 where the ESI gap is
6 mm. Another advantage of having longer distances between the
emitter and the spectrometer is that the droplets get more time
to evaporate and desorb gas phase ions. Unfortunately the numer-
ical model does not yet discriminate the gas phase ion produced
upon reduction of droplet size by evaporation and desolvation from
the charged droplets entering the mass spectrometer inlet. This
would explain why the difference in signal predicted by the model

between Case 1 and Case 2 is different than what was measured,
i.e., droplets might enter the mass spectrometer as predicted by
the model but ions are never being measured because they are
incompletely desolvated.
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. Conclusions

Based on initial computation fluid dynamic simulations, a new
teration of an air amplifier with a piezo-actuated annular gap has
een designed and fabricated using precision engineering princi-
les and equipment. Pressure profile measurement later confirmed
n improvement in the aerodynamic performance for the new air
mplifier when compared to the previous iteration. Furthermore,
xperimental aerodynamic measurements were used to validate
nd improve the gas dynamic model.

Fractional factorial Design was used to systematically cover the
xperimental space and optimal conditions of operation for the
ew iteration of the air amplifier were successfully narrowed down.
he results presented here show that the air amplifier significantly
mproves ESI-MS signal at higher flow rates and high aqueous con-
ent solutions. Without corroborating entirely with experimental
esults, the numerical simulation of the droplet also predicted the
mprovement in signal obtained using the air amplifier under these
onditions. Gas dynamic model and numerical simulation of the
roplet are currently used to design the next iteration of the air
mplifier.

Additional tests performed with tetraalkyl ammonium com-
ounds provided strong indications that the air amplifier can
educe the signal bias due to the different hydrophobicities. More
ests will be performed in order to further explore the effect of the
ir amplifier under higher flow rates with LC–ESI-MS. We anticipate
hat the air amplifier will be an efficient and easy to implement way
o increase detection limit in electrospray mass spectrometry at a
elatively low cost.
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