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Abstract

The sensitivity of miniaturized chemical analysis systems depends most of the time on the obtainable detection limit. Concentrating the

analyte prior to the detection system can enhance the detection limit. In this writing an analyte concentrator is presented that makes use of

evaporation to increase the ion concentration of an electrolyte. The evaporation rate can be enhanced using forced convection. In order to

control the evaporation rate a nitrogen flow is fed over a liquid channel covered with a hydrophobic vapor permeable membrane. Water vapor

can pass through this membrane in contrast to water itself because of the hydrophobic nature of the membrane surface. An electrolyte

conductivity detector is used to measure directly the concentration effect as a function of the nitrogen flow velocity. The influence of the

convective nitrogen flow and the residence time of the analyte inside the concentrator are investigated in this paper. It is shown that the

evaporation rate is enlarged with an increase in convective flow. The concentration effect is also enhanced when the residence time of the

analyte inside the concentrator is increased. The higher concentration enhancement due to the longer residence time, however, results in an

increase in water vapor present in the nitrogen flow. This results in a lower normalized evaporation rate when the available evaporation time is

enlarged.

# 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Lately, much research has been performed on the minia-

turization of chemical analysis systems. A major issue in

such systems is the obtainable detection limit. This paper

presents a method to increase the concentration of dissolved

small particles or ions by use of evaporation of the solvent.

Macro-evaporation concentrators are used in the chemical

and food industry, for instance in systems that remove water

from streams like milk or fruit juices [1,2].

The evaporation rate of aqueous solutions is normally

expressed as the decrease in mass of the solution per unit of

time. This mass decrease, _m (kg/h), depends on the diffu-

sivity of water vapor into the surrounding air, D (m2/h), the

size of the exchange surface, A (m2), and the difference

between the saturation vapor pressure of the solution, at the

liquid/gas interface, and the water vapor pressure of the

surrounding gas, @P=@x (mm Hg) [3]:

_m ¼ �DABA
@P

@x
(1)

Moreover, the evaporation rate is increased significantly

when the diffusivity of the water vapor, away from the

solution, is enlarged. This is accomplished by active removal

of water vapor by convection [3]:

_m ¼ ��hDA
@P

@x
(2)

The principle of evaporation is shown schematically in

Fig. 1. The convective mass transfer coefficient, �hD, is a

function of the velocity of the airflow causing the convec-

tion.

In spite of the fact that the theoretical description of

evaporation is readily available, calculating the evaporation

rate of an evaporations system is not straightforward. There-

fore, most of the literature about the evaporation rate, almost

a countless number dating back to the late 1800s, focuses on

empirical relations between air velocity and water evapora-

tion [3–7]. Ref. [4] is a review on equations for the calcula-

tion of the evaporation rate. Many of the reviewed articles

concern evaporation from swimming pools. Such measure-

ments are mostly performed in pans, installed in wind tunnel

experiments [6].

There are different approaches to construct a miniaturized

evaporation concentrator. The relative evaporation rates

found in pan experiments are not very high because of

the small evaporation surface in relation to the water
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volume. Such an approach is therefore not suitable for the

construction of a miniaturized concentrator. A much higher

surface/volume ratio is obtained in so-called thin film con-

centrators. Milk concentrators, for example, are constructed

using this principle. In this case a falling thin film is created

that is heated using steam [1].

An alternative to the thin film approach is the membrane

evaporator. The latter offers the advantage of a constant

surface/volume ratio. A second positive feature is the fact

that there is a membrane between the analyte and the gas

flow so that the analyte cannot be contaminated by particles

in the gas flow. This evaporator approach is also the easiest

approach to integrate in a miniature system [8]. The mem-

brane evaporation principle has already been used for con-

centrating solutions, [9], and has been applied as the driving

force for a micro pump [10].

2. Experimental

The membranes used in membrane evaporators must be

permeable for water vapor, but they should be water repel-

lent in order not to let the feed solution through. A very

suitable membrane would be a micro-porous hydrophobic

membrane, like commercially available Teflon1 membrane.

Fig. 2 shows a SEM picture of such a membrane and a

contact angle measurement picture showing the hydropho-

bic nature of the material.

An evaporator is made comprising a Perspex substrate,

with the micro-porous Teflon1 membrane and an under-

lying feed channel, and a cover comprising a gas channel.

An electrolyte conductivity sensor is placed at the outlet of

channel containing the analyte.

In the proposed design of the micro-concentrator, a

membrane separates a gas/vapor channel from a liquid

channel. The feed liquid is pumped through the channel

underneath the membrane. Water vapor can pass through the

membrane into the gas channel where it is removed by a gas

flow. The gas is pumped into the second channel in counter

flow. In this way the vapor pressure difference at the

membrane surface is maximal over the total length of the

channel.

The concentration of a low concentration NaCl solution is

measured prior to the concentration step. The ion concen-

tration at the outlet of the system is measured to detect

whether the ion concentration has increased. A schematic

drawing of the described system is shown in Fig. 3.

In Eq. (2) it is stated that to enhance evaporation, the air

velocity can be increased (I), the membrane surface area can

be enlarged (II) or the difference between the saturation

water vapor pressure of the analyte and the water vapor

pressure of the gas phase can be made as large as possible

(III). The third option is commonly used and is fulfilled by

raising the analyte temperature. Therefore, many applica-

tions work at an elevated temperature. However, for biome-

dical tests, heating of the analyte is not always applicable.

On the other hand, it is possible to concentrate the analyte at

room temperature. Using an inert, dried, gas as the convec-

tion gas, for instance nitrogen gas, can also satisfy a high

vapor pressure difference.

Another option to enhance the concentration effect is to

increase the concentration time, in order to let more water

vapor be drained away. The influence of the gas flow velocity

and the analyte flow on the concentration enhancement due

to evaporation is investigated in this paper.

The liquid feed is a low concentration NaCl solution that

is pushed into the system, using a CMA 102 microdialysis

syringe pump. A low concentration is used because the

system is designed to increase the sensitivity of analytical

systems, where low ion concentrations have to be analyzed.

The time available for evaporation depends on the flow of

the analyte. Therefore, the pump velocity is a parameter for

the amount of concentration enhancement.

Fig. 1. Evaporation enhanced by a convective nitrogen flow.

Fig. 2. Micro-porous Teflon1 membrane image showing a SEM picture of

the 0.2 mm holes (A) and a contact angle measurement showing the water

repellency of the surface (B).

Fig. 3. Schematic diagram of the evaporation concentrator, comprising a

gas channel, an electrolyte channel and an electrolyte conductivity (EC)

sensor.
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A specially designed electrolyte conductivity sensor for

low ion concentrations [11] is integrated in the system to

measure the ion concentration increase due to the evapora-

tion. The sensor dimensions are 2 mm � 5 mm, resulting in

an internal volume of 113 ml. An interdigitated electrode

structure is used to lower the cell constant. This makes the

sensor sensitive enough to measure very low electrolyte

concentrations.

3. Results and discussion

The first concentration parameter that is investigated is

convection, in the form of the flow velocity of a nitrogen

flow. The concentration enhancement is determined as

function of the velocity of a dried nitrogen flow, blowing

over the analyte that flows through an underlying channel.

An 83 mM NaCl solution, measured with the electrolyte

conductivity detector, is pumped into the channel with an

internal volume of 135 ml at a flow rate of 7.5 ml/min. The

channel is covered with a Teflon1 membrane with an

estimated contact surface of 230 mm2. The concentration

of the analyte solution is measured at the outlet of the

concentrator. Fig. 4 shows the concentration of the electro-

lyte measured as a function of nitrogen velocity over the

membrane.

It is shown that the concentration can be increased without

heating up the system by enhancing the convection factor.

This is in correspondence with results found in literature,

describing pan experiments.

In order to compare the found results with literature on

evaporation, the mass decrease per hour is calculated as a

function of the nitrogen velocity, normalized for the eva-

poration area and the vapor pressure difference between the

analyte and the gas. Because dried nitrogen is used as

convective gas a bulk water vapor pressure of zero is

assumed for the gas flow. Fig. 5 shows the evaporation rate

calculated from Fig. 4 and, in dashed lines, results from pan

experiments conducted at different places in the world,

summarized in a review article by Smith et al. [5].

When the convective mass transfer coefficient is

increased, by accelerating the nitrogen flow velocity, the

evaporation rate is enhanced. At the membrane there will be

a water vapor film. The thickness of this film is dependent on

the velocity of the gas flow. This means that faster removal of

the water vapor at the membrane interface results in a thinner

water vapor film and therefore in an enlargement of the

amount of water that is removed form the analyte flow. This

result was already described by Eq. (2).

Although it is not very clear from Fig. 5, there is quite

some difference between evaporation rates found in experi-

ments reported in literature. Especially at zero wind-velocity

the differences are significant. For gas velocities approach-

ing 0, the measured evaporation shown in Fig. 5 is lower,

compared to the results found in other investigations. This

can be explained by looking at the used experimental

setup. The found evaporation curves are all measured in

pan experiments where even at zero air velocity water vapor

can diffuse into the air. In our case the gas flows through a

channel. At zero gas velocity the vapor pressure inside the

channel will saturate soon because there is only a small

outlet where water vapor can diffuse out of the channel. The

lower diffusion rate will reduce the evaporation rate, as

shown in Eq. (1). At higher gas velocities the measured

evaporation is higher than expected from literature.

A second evaporation parameter that is investigated is the

time that is needed for the analyte to flow through the

concentrator, the residence time. The analyte flow of a

low NaCl concentration is varied between 5 and 25 ml/

min. A nitrogen flow velocity of 0.14 m/s is applied. The

concentration is measured again using the electrolyte con-

centration detector. The result of this experiment is shown in

Fig. 6.

Fig. 6 shows that a reduction of the analyte flow in the

evaporator does result in a higher concentration enhance-

ment, as expected. From the internal volume, 135 ml, and
Fig. 4. Concentration at the outlet of the concentrator as a function of the

nitrogen flow velocity. The initial NaCl concentration was 83 mM.

Fig. 5. Normalized evaporation rates as a function of the gas flow

velocity at the liquid/gas interface. The dashed lines are taken from

literature [5].
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the analyte flow, the residence time of the analyte inside

the concentrator can be calculated. In order to determine

whether the mass reduction caused by evaporation is time

dependent, the normalized evaporation rate is calculated

as a function of the residence time. This result is shown in

Fig. 7.

When the residence time of the analyte is prolonged, the

normalized evaporation rate decreases significantly.

Although the nitrogen flow velocity at the interface is much

higher than the analyte flow velocity, it seems the analyte

flow has an influence on the normalized evaporation rate.

When the analyte flows slowly underneath the membrane,

more water vapor diffuses into the gas stream than at higher

analyte flow rates. In the calculations resulting in Fig. 7, it is

assumed that the water vapor pressure of the gas flow is very

low compared to the water vapor pressure of the analyte

flow. There is, however, a difference between the amounts of

vapor in the gas flow at different analyte flow velocities. At

the smaller residence times more water vapor is present in

the boundary layer above the membrane, resulting in a

higher evaporation rate. This might be explained by a

regional concentration effect. At a low analyte flow much

water will evaporate, resulting in a high ion concentration

directly underneath the membrane. The high concentration

will reduce the saturation water vapor pressure and therefore

the vapor pressure gradient. This will limit the evaporation.

Water will diffuse towards this layer but this will take some

time.

4. Conclusions

An electrolyte concentrator for increasing analyte con-

centrations in order to improve the detection limit of analy-

tical systems has been demonstrated. The concentrator is of

the membrane evaporator type. The analyte is fed through a

channel covered with a hydrophobic, vapor permeable,

membrane. The concentration effect is enhanced by apply-

ing forced convection using a dried nitrogen flow over the

membrane. The evaporation rate is shown to increase when

the velocity of the nitrogen flow is raised. It is also shown

that reducing the analyte flow results in a higher concentra-

tion effect but that there is a limit in reducing the analyte

flow velocity. Not only will the system become very slow,

also the normalized evaporation rate, describing the change

in mass over time, will become lower. A threefold concen-

tration effect has been demonstrated.
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