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a  b  s  t  r  a  c  t

In  aquaculture,  oxygen  transfer  and  carbon  dioxide  stripping  are  the  first  limiting  factors  to  fish  rearing
intensification.  In  this  study  we  measured  the  O2 and  CO2 mass  transfer  coefficient  (KLa)  for  a vacuum
airlift  in  fresh  (<1‰  salinity)  and  sea  water  (35‰  salinity)  recirculating  aquaculture  systems  (RAS).  The
airlift was  composed  of  two  concentric  tubes:  an inner  riser  tube  and  an  external  downcomer  tube  and
can be  adjusted  at  three  different  heights:  2, 4 or 6 m. Several  types  of  air  injectors  were  tested,  delivering
different  sizes  of  bubble  swarms  depending  on  their  porosity  and  functioning  conditions  (low or  high
injection  pressure),  with  air  flows  varying  from  0 to  80 L  min−1.  Experiments  were  also  carried  out  at
different  water  circulation  velocities  and  with  cold  (7 ◦C)  and  warm  water  (22 ◦C).  The  best  transfer
coefficient  (KLa)  value  was  obtained  at a  high  air  flow  rate,  a high  temperature  and  with  reduced  bubble
size. Results  showed  that  KLa was  not  affected  by water  salinity,  but  it  was  slightly  affected  by water
flow  (Qw),  airlift  inner  pipe  length  and  vacuum.  The  presence  of  vacuum  reduces  gas  solubility  in  water
and facilitates  CO2 stripping.  The  comparison  between  O2 and  CO2 transfers  showed  that  higher  KLa

values  were  obtained  for  O2 than  for  CO2 in  fresh  and  sea  water,  probably  due  to  chemical  reactions
between  the  CO2 and  water.  For  RAS,  the  vacuum  airlift  provides  a  Standard  Aeration  Efficiency  (SAE)  of
1.13  kgO2 kW  h−1 and  a  Standard  Stripping  Efficiency  (SSE)  of 1.8  kgO2 kW  h−1 or 0.023  kgCO2 kW  h−1.  In
rearing  water,  CO2 and  O2 transfers  were  negatively  affected  when  feed  was  added.  An  empirical  model
for CO2 mass  transfer  coefficient  prediction  was  developed  and  calibrated.  Simulation  shows  a good

icted 2
correlation  between  pred

. Introduction

In aquaculture, gas exchange is essential to keep the fish alive.
t is important to maintain oxygen concentrations above a safe
evel and to strip the carbon dioxide produced by the respiration of
sh and heterotrophic bacteria. Several pathologies are caused by
xcessive CO2 concentrations in the rearing tank. Toxic CO2 con-
entrations differ among fish species. For Tilapia, concentrations of
O2 as high as 60 mg  L−1 have shown no adverse effect (Timmons
nd Ebeling, 2010). For Atlantic salmon, values up to 26 mg  L−1 of
O2 have no significant effect on growth or health (Fivelstad et al.,
998) while spotted wolffish are unaffected by values as high as
3.5 mg  L−1 (Foss et al., 2003). However, CO2 concentrations over

han 55 mg  L−1 have a significant effect on European seabass mor-
ality (Grøttum and Sigholt, 1996). An excess of CO2 is the second
imiting factor for aquaculture finfish growth (Grøttum and Sigholt,

∗ Corresponding author. Tel.: +33 4 67 13 04 12; fax: +33 4 67 13 04 58.
E-mail address: Jean.Paul.Blancheton@ifremer.fr (J.-P. Blancheton).

144-8609/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.aquaeng.2011.10.004
 and  measured  values  (R = 0.87).
© 2011 Elsevier B.V. All rights reserved.

1996; Fivelstad et al., 1998; Cecchini et al., 2001; Blancheton et al.,
2007; Moran, 2010a).

Most recirculating aquaculture systems (RAS) are therefore
equipped with (1) a system for oxygen transfer in order to maintain
a sufficient oxygen concentration in the water and (2) a specific
exchange column to strip the excess CO2 and N2. These conven-
tional exchangers are being replaced by airlifts or air bubbling in
recent aquaculture systems (Mozes et al., 2004; Blancheton et al.,
2007; Mamane et al., 2010). Airlifts are widely used for mass trans-
fer in chemical and biochemical processes because they are easy
and economical to set up and use (Chaumat et al., 2007b; Yu et al.,
2008). They are also less energy-consuming than cascade columns,
which require energy to lift water to the top of the column (Watten
and Boyd, 1990; Colt and Orwicz, 1991; Grace and Piedrahita, 1994).
Moreover, airlifts can combine different functions such as water
transport, aeration, CO2 stripping and foam fractionation in the

same treatment device, which may  decrease the occurrence of
breakdown, facilitate technical supervision and reduce the space
used (Roque d’orbcastel et al., 2009). The exchange system has
to maximize air/water specific surface area and to reduce mass

dx.doi.org/10.1016/j.aquaeng.2011.10.004
http://www.sciencedirect.com/science/journal/01448609
http://www.elsevier.com/locate/aqua-online
mailto:Jean.Paul.Blancheton@ifremer.fr
dx.doi.org/10.1016/j.aquaeng.2011.10.004
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Nomenclature

a* interfacial area in the total volume (m2 m−3)
ag specific area of bubble (m2 m−3)
C0 dissolved CO2 (or O2) concentration in the liquid

phase at the beginning of the experiment (mg  L−1)
Ceff dissolved CO2 (or O2) concentration in the liquid at

the outlet of the vacuum airlift (mg  L−1)
Cin dissolved CO2 (or O2) concentration in the liquid at

the inlet of the vacuum airlift (mg  L−1)
CL dissolved CO2 (or O2) concentration in the liquid

phase (mg  L−1)
CS dissolved CO2 (or O2) concentration in the liquid

phase in equilibrium with atmosphere (mg  L−1)
Db bubble diameter (m)
�P pressure loss necessary to inject the air (Pa)
εg* gas holdup in the total volume (%)
H pipe length (m)
HRTi hydraulic residence time (s)
KLa mass transfer coefficient of liquid (s−1)
KLa* mass transfer coefficient in the total volume of liq-

uid (s−1)
Qg gas flow rate (m3 s−1)
Qw water flow rate (m3 s−1)
Vi volume of liquid in the inner tube of the vacuum

airlift (m3)
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VT total volume of liquid (m3)

ransfer resistance. When physical transfer is insufficient for CO2
tripping, a base can be added to the water to decrease the free
O2 concentration. The addition of a base (NaOH, or bicarbonates)

s frequently used to maintain a stable pH and decrease dis-
olved CO2 concentrations in water (Bisogni and Timmons, 1994;
race and Piedrahita, 1994; Summerfelt, 1996; Piedrahita, 1997,
998; Loyless and Malone, 1998). However, the use of chemicals is

ncreasingly discouraged because of quality standards (Summerfelt
t al., 2000).

Most studies on airlifts focus on diffuser porosity, gas holdup,
ift height, water flow rates (or liquid circulation velocity), air flow
ates (or superficial gas velocity) and temperature (Loyless and
alone, 1998; Kang et al., 1999; Letzel et al., 1999; Vandu and

rishna, 2004; Chaumat et al., 2007b; Moran, 2010b; Singh and
ajumder, 2011). All these parameters directly affect airlift mass

ransfer performance. Few studies have been carried out on com-
ined variations of the parameters, probably because of the large
umber of experiments required and the difficulties involved in
arrying them out. Loyless and Malone (1998) investigated the use
f airlifts to solve aeration and CO2 stripping problems in RAS.
owever, all the results were obtained in fresh water and there is
ery little information available in research literature on airlift effi-
iency for CO2 stripping and aeration in sea water. Recently, Moran
2010b), completed the work of Loyless and Malone by comparing
esults obtained in fresh (0‰ salinity) and saline water (35‰ salin-
ty). In their study, salinity was not found to have a significant effect
n the CO2 mass transfer characteristics of the airlift. The aim of this
tudy was to quantify the gas exchange capacity of a vacuum airlift
in fresh water, sea water and fish-rearing sea water) and to com-
are its performances with other mass transfer systems currently
sed in RAS.

The vacuum airlift technology consists in (1) a vertical tube at

he top of which a controlled vacuum is created by a vacuum pump
o keep the water level stable, and at the bottom of which gas is
njected similarly to a standard airlift, and (2) a downcomer tube to
rive the water back to the pumping tank. The addition of a vacuum
Fig. 1. Schematic diagram of the vacuum airlift set-up used for this study.

should have a positive effect on gas stripping (Henry’s law). The vac-
uum reduces air injection energy requirements while maintaining
a significant length of the pipe above water level, thereby increas-
ing the submergence ratio without the need for deep zones in the
pumping area (Fig. 1). In addition, the risk of gas oversaturation
is avoided by low air injection depths (Loyless and Malone, 1998)
and the gas injected or removed from the fluid can be collected for
storage before treatment in the case of off-gas.

2. Materials and methods

2.1. Experimental setup and parameters tested

The experimental equipment used to study the transfer function
of the vacuum airlift is shown in Fig. 1. It comprised a 1 m3 tank (1)
open to the air and connected to a vacuum airlift kindly provided by
COLDEP® (2) composed of two concentric vertical transparent PVC
pipes. The outer diameter (OD) of the internal pipe was 160 mm.
The diameter of the external pipe was 315 mm (OD) along the first
meter and 250 mm (OD) after the first meter and up to the top
(Fig. 1). The top of the vacuum airlift was hermetically sealed and
connected to a vacuum pump (3) (BUSCH—Mink MM.1100.BV) with
a maximum airflow of 60 m3 h−1. The vacuum created by the pump
allows water to rise in the internal pipe. A pressure gauge (4) rang-
ing from −1 bar to 1 bar, connected to the frequency converter of
the pump’s electric motor, was used to control pressure levels and
regulate the water height in the vacuum airlift. At the top of the
vacuum airlift, the difference in height between the internal and
external tubes was set at 0.2 m,  to limit head losses when water
flow passed from the internal to the external tube.

The combination and the range of variations or values of each
parameter tested to quantify mass transfer efficiency are given in
Table 1.

Air was  injected near the bottom of the inner tube using an
electric compressor (5) (BECKER DT4.40 K), which delivers a maxi-
mum  of 40 m3 h−1 at a pressure of 1 bar. Different types of injectors
were used for air injection: an open tube diffuser which creates a
swarm of large bubbles (>3 mm),  an injector working at a pres-
sure of 0.5 bar which creates fine bubbles (1 mm)  and an injector
working at a pressure of 1 bar which creates tiny bubbles (<1 mm).
Injected air pressure was  controlled by a pressure gauge and air-
flow was measured using a rotameter (Key Instrument MR  3000

Series Flowmeter ±5 L min−1).

The effect of water flow on mass transfer efficiency was  tested
for three different flow rates: respectively 5, 10 and 15 m3 h−1. As
water flow is dependent on air flow rates, a valve was placed at the
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Table 1
Combination of all parameters tested to quantify the mass transfer efficiency of the vacuum airlift.

Pipe length H (m)  Depression (bar) Type of water Temperature (◦C) Type of injection Air flow Qg (L min−1)

6 −0.5 Sea water 7 Micro bubble 20, 40 and 60
Fine bubble 20, 40 and 60
Open tube 20, 40 and 60

22 Fine bubble 40
Fresh water 7 Micro bubble 40

Fine bubble 40
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meter at the beginning and at the end of each experiment were
checked with the CO2 probe until the value reached its equilibrium.

For all the experiments, the experimental tank water was
enriched in CO2 up to a concentration of 50 mg L−1. The pH

Table 2
Concentration of dissolved O2 and CO2 in fresh and sea water in equilibrium with
the  atmosphere for different temperatures used in this study.

Temperature (◦C) Salinity (‰) CS (O2) (mg  L−1) CS (CO2) (mg L−1)
4  −0.3 Sea water 

2 −0.15  Sea water

utlet of the vacuum airlift to control the water flow (6). Water flow
ate was measured using an electromagnetic flowmeter (Bürkert,
rance) (±0.01 m3 h−1) positioned at the inlet of the vacuum airlift.

.2. Method for mass transfer coefficient assessment

The determination of the mass transfer coefficient KLa depends
n the hydrodynamics and configuration of the system. In batch
eactors, the value of KLa can be deduced from an instantaneous
ass balance of solute as follows:

dCL

dt
=  KLa∗(CS − CL) (1)

here CL is the dissolved CO2 (or O2) molar or mass concentration
n the liquid phase at time t (mg  L−1), CS is the saturated dissolved
O2 (or O2) molar or mass concentration in the liquid (mg  L−1), KLa*

s the mass transfer coefficient of the system, i.e. the rearing tank
lus the vacuum airlift (s−1). The “a*” value directly depends on
he specific area of bubbles, ag, and on gas holdup, εg*, in the total
olume: a* = ag·εg*.

Integration of Eq. (1) allows the calculation of the global mass
ransfer coefficient KLa* relative to the total volume of liquid in the
ystem:

n
(

CS − C0

CS − CL

)
= KLa ∗ t (2)

here C0 is the dissolved CO2 (or O2) concentration in the liquid
hase at the beginning of the experiment (mg  L−1). The slope of the
egression line obtained from the relationship between the log-
rithmic function and time corresponds to the coefficient value
La*.

The actual mass transfer coefficient KLa of the vacuum airlift
elative to its volume may  be assessed by a first approximation
sing the following relation:

La =
(

VT

Vi

)
KLa∗ (3)

here VT and Vi respectively represent the total volume of liquid
n the system (i.e. 1100 L) and the volume of liquid inside the inner
ube of the vacuum airlift (i.e. 100 L) where effective contact occurs
etween the air and liquid phases as measurements showed that
he gas exchange between the liquid surface in the tank and the air
as insignificant during the duration of the experiments.

KLa can be converted to a standard reference temperature of
0 ◦C ((KLa)20) using the Arrhenius temperature relation:

La = (KLa)20�T−20 (4)

here � is the temperature correction factor (= 1.024) and T is the
ater temperature during the experiment (◦C).

The Standard Oxygen Transfer Rate (SOTR) for absorption or des-

rption and the Standard Carbon dioxide Transfer Rate (SCTR) in
g m−3 s−1 are obtained using the following relations:

OTR = KLaCs (5)
Open tube 40
22 Fine bubble 40
22 Fine bubble 40

SCTR = KLaCs (6)

where KLa is the mass transfer coefficient of the vacuum airlift
in standard condition (s−1) and Cs is the water saturation con-
centration (10−3 mg  L−1). The saturated dissolved concentrations
of O2 were obtained from Benson and Krause (1984).  The satu-
rated dissolved concentrations of CO2 have increased significantly
(by around 30% over the past thirty years) but using Physical and
Engineering Data (1978) values do not significantly alter the KLa
values for CO2 mass transfer. The saturated dissolved concentra-
tions of O2 and CO2 are provided in Table 2.

The Standard Aeration Efficiency (SAE) for O2 and the Standard
Stripping Efficiency (SSE) for O2 and CO2 in kg KWh−1 may  then be
determined using the following relations:

SAE = 3.6106
(

SOTR
PS

)
(7)

SSE = 3.6106
(

SOTR or SCTR
PS

)
(8)

where PS is the specific power required (W m−3), defined as the
pressure loss �P  (Pa) needed to inject the air flow rate Qg (m3 s−1)
in the inner volume Vi (m3) of the vacuum airlift:

PS =
(

�P  Qg

Vi

)
(9)

2.3. CO2 stripping measurement

The concentration of dissolved CO2 in water can be measured
using an OxyGuard CO2 Analyzer (±1 mg  L−1). The probe of the gas
analyzer measures the partial pressure of CO2 (pCO2) in the water
via infrared absorption. However, as the probe takes a few minutes
to reach 95% of the pCO2 value, it was  decided to measure dissolved
CO2 by following changes in pH. A standard curve of CO2 concentra-
tion at equilibrium versus pH was  established in the laboratory for
the different types of water used in this study (Fig. 2). The curves
were used to determine the equilibrate CO2 values correlated to
pH levels during the decreased kinetic of CO2. The rise in pH levels
in the tank was measured using a pH-meter (Eutech instruments
Ecoscan pH 5 ± 0.01). The measurements obtained with the pH-
7 0 12.14 0.79
22 0 8.76 0.48

7 35 9.39 0.65
22 35 6.97 0.4
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ig. 2. Relationship between CO2 concentration in water and pH for different types
f  water and different temperatures. Alkalinities for fresh and sea water are 1.95
nd 2.36 mmol  L−1 respectively.

evels were measured in the tank every 2 min  for 1 h. A submersible
ump was placed in the tank to circulate the water to maintain a
omogenous concentration of CO2. To assess the effect of water
emperature and salinity on mass transfer, the experiments were
arried out in cold (7 ◦C) fresh and sea water and in warm sea water
22 ◦C) (Table 1). Seawater was derived from the sea and filtered
40 �m filtration) and subjected to UV sterilization before use. Bub-
le size was recorded for all the measurements using a double optic
bre probe (RBI) as described by Chaumat et al. (2007a). The aver-
ge bubble size produced by the different types of air injection is
resented in Fig. 3. Since the distance between two optic fibres

s around 2 mm,  this tool is not able to measure accurately bub-
les smaller than 2 mm.  Therefore, many microbubbles were not
easured when using diffusers in sea water with no occurrence of

oalescence (Ruen-ngam et al., 2008; Kawahara et al., 2009).

.4. O2 aeration and stripping measurement

The same experimental set up was used to evaluate O2 aer-
tion and stripping performances. For the aeration experiments,
ater was first deoxygenated by the addition of sodium disulfide
NaHSO3) until a concentration of 0.13 mg  L−1 of dissolved oxygen
1.4% saturation) was reached. Air flow rate was set at 40 L min−1

nd pipe length at 6 m.  A fine bubble injector was used. Oxygen
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was  measured using an oximeter (YSI 52 Dissolved oxygen meter),
which gives the results directly in mg  L−1 of O2 (±0.1 mg L−1) and
the % O2 saturation of the water (±0.1%). The O2 concentration of
the water was measured in the tank every 2 min for 1 h. For the
stripping experiments, the water was  first over-saturated in O2, up
to 20.72 mg  L−1 (223.5% saturation). Operating conditions were the
same as for the aeration experiments.

2.5. Method to evaluate the effect of vacuum on mass transfer
coefficients

Since the depression level in the vacuum airlift is dependent on
pipe length, it is not possible to assess the effect of vacuum on the
mass transfer coefficient (KLa) without varying the pipe length of
the vacuum airlift. Therefore, a specific airlift was  set up using a
vertical transparent PVC tube of 160 mm (OD) and 2 m in length. At
the bottom, air was injected with a fine bubble injector. All mea-
surements were taken with or without vacuum at the top of the
airlift in sea water. Airflow was fixed at 40 L min−1 and the water
temperature was  24 ◦C. The protocol was  the same as described
previously (Section 2.3).

2.6. Method to evaluate the mass transfer coefficients in rearing
conditions

To study the mass transfer modification in fish rearing condi-
tions, the vacuum airlift was connected to a 15 m3 rearing tank
operated with an hourly water renewal rate of 100%. The vacuum
airlift and all the analysis devices were the same as described pre-
viously (Sections 2.1 and 2.3). The livestock consisted of 200 kg of
red drums (Sciaenops ocellata) with an average weight of 15 g. Feed
consisted of fish pellets with a diameter of 2 mm (LE GOUESSANT -
OMBRINE GROWER EXT-coul 2, 47% protein and 13% lipids) and the
daily feeding rate was 5% of total biomass. Dissolved CO2, pH and
O2 concentrations were measured every 10–30 min  at the inlet and
outlet of the vacuum airlift, when testing the influence of feeding
on the airlift mass transfer performance. The CO2 concentration is
not at equilibrium at the outlet of the vacuum airlift. It takes less
than 10 min  before the equilibrium is reached at these tempera-
ture (27 ◦C) and water velocity (around 0.3 m s−1) as described by
Moran et al. (2010), but this difference was taken in account as the
time between two  measurements was more than sufficient for the
CO2 concentration to reach its equilibrium and the variation was
below the precision of the CO2 probes. KLa was  calculated using the
following equation resulting from an instantaneous mass balance
on the inner airlift tube:

KLa = ln((CS − Cin)/(CS − Ceff))
HRTi

(10)

where Cin is the dissolved CO2 (or O2) concentration in the liquid at
the inlet of the vacuum airlift (mg  L−1), Ceff is the dissolved CO2 (or
O2) concentration in the liquid at the outlet of the vacuum airlift
(mg  L−1) and HRTi is the hydraulic residence time in the inner tube
of the vacuum airlift (Vi/Qw).

3. Results and discussion

3.1. CO2 desorption kinetics in the vacuum airlift

3.1.1. Effect of air bubble size and air flow rates
For all types of air injectors, increases in air flow rates from 20

to 40 L min−1 or from 40 to 60 L min−1 resulted in CO2 stripping

velocity increases of about 19% (namely a decrease in CO2 concen-
tration between 4.5 and 7.8 mg  L−1) after 30 min (Fig. 4). For all air
flow rates, use of fine bubble and micro bubble diffusers instead of
open tube injectors increased CO2 stripping velocity by about 11%



22 B. Barrut et al. / Aquacultural Engineering 46 (2012) 18– 26

0.0

10.0

20.0

30.0

40.0

50.0

60.0

0 10 20 30 40 50 60

CO
2

co
nc

en
tr

a�
on

 (m
g 

L-1
)

Time (min)

Open  tu be 60 L/mi n

Open  tu be 40 L/mi n

Open  tu be 20 L/mi n

Fine bu bbl e 60 L/mi n

Fine bu bbl e 40 L/mi n

Fine bu bbl e 20 L/mi n

Micr o bubb le 60 L/mi n

Micr o bubb le 40 L/mi n

Micr o bubb le 20 L/mi n

F
6
i

(
a
a
d
c
t
i
t
d

w
w
f
i
d
6
0
w
t

F
a
w
a
4
R
4
R
y

R² = 0.95

R² = 0.94

R² = 0.96

0

0.00 2

0.00 4

0.00 6

0.00 8

0.01

0 20 40 60

K L
a 

(s
-1

)

Air flow (L min-1)

Open tube

Fine bubb le

Micro bub ble

Fig. 6. CO2 mass transfer coefficient (KLa) versus air flow (20, 40 and 60 L min−1)
for  different types of injectors (open tube, fine bubble, micro bubble) in sea water
ig. 4. CO2 concentration in water versus time for different flow rates (20, 40 and
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n  sea water with a 6 m high vacuum airlift.

namely a decrease in CO2 concentration between 3 and 4.2 mg  L−1)
nd 21% (namely a decrease in CO2 concentration between 4.9
nd 8.5 mg  L−1), respectively after 30 min  (Fig. 4). Diffusers pro-
uce smaller bubbles and therefore more efficient CO2 stripping
ompared to the larger bubbles generated with open tube injec-
ors. Fig. 5 shows the log deficit ratio obtained from the decrease
n CO2 concentration (Fig. 4) and using Eq. (1).  The linearity of
he curves makes it possible to estimate the value of KLa for the
ifferent parameters tested using Eq. (2).

There was a linear increase in the calculated values of KLa
ith air flow rates (Fig. 6). At 0 L min−1 of air injected, the KLa
as 0.000024 s−1 irrespective of the type of injector. An increase

rom 20 to 40 L min−1 of injected air increased KLa values rang-
ng between 0.0015 and 0.004 s−1 to between 0.004 and 0.007 s−1,
epending on the type of injector used. An increase from 40 to
0 L min−1 of injected air produced KLa values ranging between

.005 and 0.01 s−1 (Fig. 6). Irrespective of air flow rate, KLa, values
ere higher when diffusers were used. Small air bubbling increases

he specific surface area of the bubbles and the gas holdup inside
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(35‰)  at 7 ◦C with a 6 m high vacuum airlift. The regression equations are as follows:
micro bubble, y = 1.46E−4x + 3.87E−4, R2 = 0.96; fine bubble, y = 1.11E−4x + 7.93E−4,
R2 = 0.94; open tube, y = 8.8E−5x + 2.35E−4, R2 = 0.95.

the system. These results are consistent with those of many other
studies (Letzel et al., 1999; Vandu and Krishna, 2004; Chaumat et al.,
2005a, 2007b; Contreras, 2007). However, bubbles with diameters
of less than 1 mm  are dragged into the downcomer tube (their
upward velocity is low). Consequently, the smallest bubbles flow
back to the pumping tank, which may  be detrimental to the fish
and result in a decrease in bubble gas, as described by Hussenot
(1987).

An empirical model for predicting the mass transfer coeffi-
cient of a 6 m high vacuum airlift with airflow injection rates
of 20–60 L min−1 was developed by integration of all the results
obtained from the experiments on mass transfer in fresh and sea
water for different bubble sizes and airflow rates. The empirical
equation of the model is as follows:

KLa = (0.9 − 62Db) Qg (11)

where KLa is the mass transfer coefficient (s−1); Db is the average
bubble diameter (m)  and Qg is the air flow rate (m3 s−1). The pre-
dicted values were compared with the experimental data in Fig. 7.

3.1.2. Effect of water flow
When operating, the air flow rate was  fixed and water flow was

varied using a specific valve. As widely described with multiphasic
reactors, water flow rate has a minor effect on KLa compared to

the effect of air flow rates. However, it was  noticed that the mass
transfer coefficient increased slightly with water flow, especially
when air was  injected at 60 L min−1 (Fig. 8). This can be correlated
with the accumulation of air bubbles in the downcomer tube of the
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in  the vacuum airlift of different average bubble sizes and different air flows. The
regression equation is as follows: y = 0.99x − 2.25E−4, R2 = 0.87.
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Table 3
KLa value for different pipe lengths (2, 4 and 6 m)  with an air flow of 40 L min−1 and
fine bubble injection in sea water.

Pipe length (m) Depression (bar) KLa (s−1)

2 −0.15 0.00725 ± 0.00022
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Fig. 10. Relationship between the mass transfer coefficient (KLa) and depression
4  −0.3 0.00718 ± 0.00009
6  −0.5 0.00753 ± 0.00013

acuum airlift with high water flow, which increases gas holdup
nd gas/liquid specific surface area.

.1.3. Effect of vacuum
The effect of vacuum was studied with two types of experiments.

he first involved variations in vacuum airlift height (Table 3) and
he second, variations in the depression value at the top of a defined

 m high static airlift.
In the first experiment, three different vacuum airlift heights

ere tested, i.e. 2, 4 and 6 m.  Results show that height had no effect
n mass transfer coefficients (Table 3, Fig. 9): average KLa values
ere relatively similar and ranged from 0.0072 to 0.0075 s−1. These

esults were surprising because theoretically, stripping should

ncrease when operating pressure decreases. Moreover, when vac-
um and airlift height were increased, the injection depth and
ater flow also increased (Barrut et al., submitted for publication).
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ig. 9. CO2 concentration in water versus time for different pipe lengths (2, 4 and
 m)  with a fine bubble injection and an air flow of 40 L min−1 in sea water.
values (below atmospheric pressure) in sea water with an airflow of 40 L min−1 and
a  6 m high vacuum airlift.

An increase in injection depth should result in an increase in mass
transfer efficiency (Jensen et al., 1989) and an increase in water cir-
culation velocity generally leads to a slight increase of the transfer
coefficient by more bubbles being carried into the downcomer and
by an increase in bubble residence time (Fig. 8).

In the second experiment, three depression values were tested
(Fig. 10). Vacuum had a positive effect on the mass transfer coef-
ficient for CO2 stripping, with a 16% increase of KLa due to (1) an
increase in gas holdup (Barrut et al., submitted for publication) and
(2) a decrease in CO2 solubility in water (Henry’s law). Conversely,
a decrease in pressure leads to an increase in the average gas bub-
ble diameters, in accordance with the ideal gas law. Some authors
recommended increasing hydraulic pressure to obtain smaller bub-
bles, even if an increase in bubble size leads to more turbulence and
thus higher KL values (Letzel et al., 1999; Kang et al., 1999, 2000).
However, as shown previously, the corresponding increase of KL
with water flow is insignificant (Fig. 8).

The most significant result of these experiments is the fact that
the mass transfer coefficient obtained with the 2 m high vacuum
airlift was  the same as that obtained with a higher vacuum airlift.
The explanation could be that bubbles coalesce rapidly and that the
first two meters are sufficient for gas stripping to occur, with the
diameters of the bubbles becoming too large beyond this height
for efficient transfer. It is therefore unnecessary to increase airlift
height (and vacuum) to increase mass transfer in the system.

3.1.4. Effect of water salinity
Stripping velocities in fresh and sea water were similar irrespec-

tive of the injector used (Fig. 11). The differences in KLa obtained
with the two types of water were not significant (P > 0.556), when,
for both water types, the differences between the types of injection
were significant (P < 0.001). Moran (2010a,b), showed that salinity
had no effect on mass transfer efficiency. He suggested that this was
due to the poor stripping efficiency of the airlift. This was surprising
as bubble size distribution is very dependent on water salinity. In
sea water, the average bubble diameter was smaller than in fresh
water under the same conditions and with the same injector (Fig. 3).
Nevertheless, saturated concentrations of solutes in seawater are
significantly lower than in fresh water (Table 2) and transfer inten-
sity may  be modified, which indirectly modifies the value of KLa. It is
also important to take into account the specificity of CO2 that reacts
with water as free CO2. These reactions are dependent on temper-

ature and the ionic composition of the water (Moran, 2010a). The
differences in the ionic composition of fresh and sea water could
explain why we  obtained equivalent mass transfer coefficients.
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.1.5. Effect of water temperature
Increases in temperature significantly improved mass transfer

inetics (P < 0.002). Consequently, stripping velocity was higher
n warm water (22 ◦C) than in cold water (7 ◦C). The average KLa
alue is 0.0075 s−1 at 22 ◦C whereas it is 0.0055 s−1 at 7 ◦C (Fig. 12).
hen converted to a standard reference temperature of 20 ◦C using

q. (4),  similar (KLa)20 results of about 0.007 s−1 were obtained
P > 0.671), which confirms the single effect of temperature.

Water temperature affects mass transfer efficiency because
he Henry constant and the diffusion coefficient increase with
emperature. Gas solubility therefore decreases with increasing
emperature (at 7 ◦C, the Henry constant is about 94 MPa whereas
t 20 ◦C, it is about 142 MPa).

.2. Oxygen transfer

Quantification of oxygen mass transfer was carried out either
tarting from oxygen-oversaturated water or starting from oxygen-
esaturated water. The system was considered as a batch reactor
nd the dissolved oxygen concentration was plotted versus time
Fig. 13a).

In both cases, an asymptotic value was reached after 30 min  of
peration at 80% of the saturation concentration (i.e. 7.5 mg  L−1 of
issolved oxygen). Under the same working conditions, the aver-
ge KLa values were 0.0233 s−1 for absorption and 0.0319 s−1 for

esorption (Table 4). The stripping kinetics for oxygen transfer are
bout 20% higher because of an additional stripping effect due to
he partial vacuum (it was 16% with CO2).
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seawater (a) and in fresh and sea water stripping experiments (b) with an airflow
of  40 L min−1 and a 6 m high vacuum airlift.

The SOTR, SAE and SSE were calculated using Eqs.
(5), (7) and (8).  Results are presented in Table 4. The
SOTR was 1.74 × 10−4 kgO2 m−3 s−1 for absorption and
2.32 × 10−4 kgO2 m−3 s−1 for desorption and both were supe-
rior to the values obtained by Loyless and Malone (1998),
which ranged from 3.89 × 10−6 to 4.72 × 10−6 kgO2 s−1. With
the adapted required power for vacuum airlift, the average SAE
was  1.13 kgO2 kW h−1 and the average SSE was 1.52 kgO2 kW h−1

(Table 4). The vacuum airlift shows better SSE than SAE because of
the vacuum. In aquaculture, SAE ranges from 0.5 to 1.5 kgO2 kW h−1

under ordinary conditions when standard aeration systems such as

cascade columns, diffused air systems, paddlewheels or propeller-
aspirator pumps are used (Jensen et al., 1989; Loyless and Malone,
1998).

Table 4
Comparison of KLa, SOTR/SCTR and SAE/SSE obtained from O2 in absorption and
desorption and from CO2 in desorption for fresh and sea water with the vacuum
airlift (airflow of 40 L min−1, fine bubble air injection and a 6 m high vacuum airlift).

Sea water Fresh water

Absorption Desorption Desorption

KLa20O2 (s−1) 0.0233 0.0319 0.0301
KLa20CO2 (s−1) – 0.00721 0.00706
SOTR (kgO2 m−3 s−1) 1.74 × 10−4 2.32 × 10−4 2.76 × 10−4

SCTR (kgCO2 m−3 s−1) – 3.03 × 10−6 3.56 × 10−6

Power required (W m−3) 551.5 551.5 551.5
SAE  (kgO2 kW h−1) 1.13 1.52 1.80
SSE  (kgCO2 kW h−1) – 0.020 0.023
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Under the same working conditions, O2 stripping efficiency
nd stripping kinetics are higher in fresh water than in sea water
Fig. 13b). The saturation reached in fresh water is lower (66%sat)
ompared to that in sea water (82%sat). However, KLa values are rel-
tively similar with an average value of 0.0319 s−1 obtained for sea
ater and a value of 0.0301 s−1 obtained for fresh water (Table 4).

he slightly higher level of final saturation in sea water can be
xplained by (1) the differences in saturated dissolved concentra-
ion values due to salinity (Table 2) and (2) the differences in gas
oldup, notably when fine bubbles inside the downcomer allowed
dditional aeration.

.3. Comparison of CO2/O2 stripping

Differences were observed between CO2 and O2 KLa values
nder the same operating conditions (Table 4). With oxygen, KLa
alues were 0.0301 s−1 and 0.0319 s−1 for fresh and sea water,
espectively, whereas with carbon dioxide, they were 0.00706 s−1

nd 0.00721 s−1, respectively. In both cases, stripping appeared
ndependent of salinity.

The difference in KLa values can be due to differences in O2 and
O2 diffusion values. In water at 20 ◦C, the O2 diffusion coefficient

s equal to 1.97 × 10−5 cm2 s−1 and the CO2 diffusion coefficient,
qual to 10−5 cm2 s−1, i.e. less than half (Lide, 1998). The solubility
oefficient of carbon dioxide is also forty times higher than that
f oxygen (Lide, 1998). Moreover, dissolved CO2 reacts chemically
ith water, modifying water pH. These chemical reactions skew
ass transfer coefficient estimations, because when CO2 is stripped

y the vacuum airlift, a release of CO2 from hydrogen-carbonates
nd carbonates (HCO3 and CO3) linked to an increase in pH slows
own the simultaneous decrease in CO2 concentrations. This means
hat it is easier to strip oxygen from water than carbon dioxide.

The SCTRs obtained with the vacuum airlift for CO2
tripping, i.e. 3.56 × 10−6 kgCO2 m−3 s−1 in fresh water and
.03 × 10−6 kgCO2 m−3 s−1 in sea water (Table 4), are higher than
hose obtained with other airlifts. Loyless and Malone (1998) found
CTRs ranging between 0.1 × 10−6 and 0.2 × 10−6 kgCO2 m−3 s−1

nd Moran (2010b) found SCTRs ranging between 0.03 × 10−6 and
.2 × 10−6 kgCO2 m−3 s−1, with both results being dependant on

ift height and obtained with the same air flow rate as that used
n our study. The differences are certainly due to the larger airlift
olume of the vacuum airlift, the addition of vacuum and the
maller average bubble sizes obtained with fine bubble injectors.

.4. Test in rearing conditions

In a recirculating aquaculture system, it appears that mass trans-
er coefficients for O2 and CO2 vary widely throughout the day,
n particular when fish feed is added to the system (Fig. 14a). For

2, KLa values ranged from 0.05 s−1 to 0.02 s−1 according to water
uality. For CO2, the values ranged from 0.02 s−1 to 0.01 s−1.

Addition of fish feed changes the quality of the water because
f the fat content of the feed. The presence of lipids reduces sea
ater surface tension and facilitates bubble coalescence (Guyon

t al., 2001), thereby decreasing gas holdup. These successive phe-
omena significantly decrease mass transfer coefficient KLa values.
oreover, bubble coalescence increases water circulation velocity

n the vacuum airlift, which leads to lower instantaneous residence

ime (Barrut et al., submitted for publication). Gas/liquid exchanges
re thus reduced and the O2 and CO2 inlet/outlet concentration
ifferential was found to decrease from around 2 to 0.5 mg  L−1

Fig. 14b).
4. Conclusion

Mass transfer with vacuum airlifts is not sensitive to salinity
but increases significantly with airflow, temperature and average
bubble size reduction. Vacuum, pipe length and water flow have
little effect on mass transfer efficiency. The effects of bubble size
and air flow on the mass transfer coefficient (KLa) for CO2 were
summarized using an empirical equation that allowed CO2 mass
transfer to be predicted accurately. Stripping efficiency is higher
with O2 than with CO2 under the same working conditions due to
differences in diffusivity and solubility coefficients and because of
chemical reactions between CO2 and water that impact pH. The SAE
values obtained with the vacuum airlift are close to those obtained
with other air diffusion systems. SSE is always higher than SAE due
to vacuum. In RAS, the addition of feed has a negative effect on KLa.
After feeding, the retention time in the vacuum airlift decreases
and mass transfer efficiency is reduced. Finally, the SCTR and SOTR
results obtained in fresh and sea water make the vacuum airlift a
promising tool for CO2 stripping and O2 aeration in RAS. However,
additional work is required to accurately predict mass transfer in
the vacuum airlift and to adapt its geometry to various RAS rearing
conditions.
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