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Abstract It is generally accepted that carbon capture and

storage strategies will play a crucial role for mitigating

CO2 emissions at short- and mid-term scenarios. In this

study, a membrane gas absorption process was assessed as

potential candidate method for CO2 capture in a Greek

brick production industry. The membrane contactor pilot

unit was installed near the flue, where a slip stream of the

flue gases was continuously sampled and fed in the hollow

fiber membrane module. A 0.25 M aqueous diethanola-

mine solution was used as a typical solvent for CO2 cap-

ture. The % CO2 removal was chosen as a typical

performance indicator and the liquid to gas flow ratio was

chosen as the main controlling variable of the process. The

test results indicate that almost complete CO2 removal can

be attained with a liquid to gas flow rate around 1,

demonstrating the high potential of the proposed

technology.

Keywords CO2 capture � Membrane contactors �
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Introduction

It has been generally stated that climate change through

global warming is one of the most serious environmental

threats that humankind is facing; therefore, greenhouse gas

emissions (GHG’s) should be reduced in every field of

activities. During the last two decades, there was a growing

scientific consensus that the rising atmospheric levels of

CO2 as a result of man-made activities (e.g., fossil fuel

burning, cement and lime production, ammonia and ethy-

lene oxide synthesis, aluminum and glass industries, fer-

mentation, deforestation, use of fertilizers, etc.) are

responsible for around two-thirds of the greenhouse effects,

while CO2 was recognized as the most significant anthro-

pogenic greenhouse gas. For this reason, there is a pressing

need to find ways for reducing CO2 levels in the atmo-

sphere. The three possible ways towards this direction are:

(1) increase of energy efficiency, (2) change of the fossil

fuels to non-carbon forms of energy (e.g., renewable and

nuclear energy) and (3) create CO2 sinks with the help of

carbon capture and storage (CCS) technologies. Among

these CCS is visualized as a promising strategy for miti-

gating CO2 emissions at short- and mid-term scenarios. In

many industry sectors, CCS is the only technology that

allows deep reductions in CO2 emissions. However, CCS

in industrial applications has so far received little attention.

Moreover, most studies on the potential application of CCS

have focused on the power sector even though to achieve

its full potential to reduce overall emissions, many other

industry sectors must be considered [1–4].

Among the three steps of the CCS chain, CO2 capture is

by far the most expensive one, accounting for 50–90 % of

the overall chain cost depending on the CO2 emission

source. Chemical absorption with alkanolamines (or vari-

ants) is today the benchmark technology for CO2 capture
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from flue gas streams. This technology enables the sorbed

CO2 in the form of stable carbamate and/or bicarbonate

species to be further sequestrated in a separate vessel by

raising the temperature and/or lowering the pressure, so

that the regenerated solvent is recycled in the absorption

unit. However, despite the maturity of this process, it still

remains energy intensive and costly and it requires the

installation of voluminous units [5].

Gas separation membranes are a potential alternative to

the conventional CO2 capture methods. Many commercial

membrane technologies are available and already been

applied to natural gas sweetening, where the concentrations

of CO2 and H2S contained in high-pressure natural gas

should be lowered to the levels of meeting the gas pipeline

specifications. However, this does not necessarily ensure

the feasibility of these membranes to flue gas treatment,

because of several key differences between the two pro-

cesses. Many different types of membranes have been

considered for post-combustion CO2 capture, including

glassy polymer membranes, facilitated transport mem-

branes, mixed-matrix membranes and gas–liquid mem-

brane contactors. These membranes have been extensively

studied in lab or pilot scale, but no industrial application in

flue gas treatment has been reported up to now [6].

Among the different available membrane technology

methods, gas–liquid contact membranes seem to have the

highest potential for large-scale applications, since they

combine the advantages of gas separation polymeric

membranes with that of absorption processes, creating a

new way of contacting liquid and gases. In this respect,

membrane gas absorption is a novel method with the

advantages of higher efficiency, less required energy and

lower costs in a more compact unit compared to the con-

ventional absorption processes. Several extended reviews

on gas–liquid contact membranes have been presented in

the literature [7–9], where more details on the method and

the potential applications can be found. CO2 capture from

flue gases was among the first processes that attracted the

scientific interest as a potential field of application and it is

the currently most investigated target of membrane con-

tactors. This application, initiated by Kvaerner Company in

the late 1980s, clearly aims to use membrane contactors in

a harsh environment which is very different from the clean,

water-based applications developed up to now in the food

and pharmaceutical sectors. The susceptibility of mem-

brane material to wetting and membrane stability in

chemically aggressive industrial environments are consid-

ered as the major hurdles for large-scale commercial

applications [10].

In previous publications, our group studied both exper-

imentally and theoretically CO2 capture from simulated

flue gases using a membrane contactor, as well as the effect

of membrane wetting in CO2 mass transfer resistance [11–

13]. The results indicated that CO2 capture with a mem-

brane contacting process had very high potential for com-

mercial application but the tests have to move from

laboratory to a real industrial environment for a proof of

concept validation in power generation as well as in other

industry sectors. To the best of our knowledge, there are

very few experiments conducted in real industrial envi-

ronments, published in the open literature. Probably, the

most prominent exception is the work conducted from the

TNO group, who installed a membrane gas absorption pilot

unit and studied CO2 capture from real flue gases, coming

from a gas fired pilot plant [14].

The main goal of this study was the performance

assessment of CO2 capture in a membrane gas absorption

pilot unit installed in a Greek brick production industry (V.

Maliouris S.A.). In the brick production process, large

quantities of CO2 are released to the atmosphere during

bricks calcination. In this step, the bricks enter the process

furnace where they are heated up to *950 �C using crude

oil as a fuel. Crude oil combustion except of CO2 also

results to the formation of SO2, NOx and other trace ele-

ments which further increase the loading of gas pollutants

in the atmosphere. The company, except of the environ-

mental considerations, has also profits from CO2 emissions

reduction, as it is placed in the Emissions Trading System

(ETS) for CO2 emissions monitoring. The special feature

of this process is that the system is far from steady state,

mainly because of furnace doors opening when wagons

with bricks enter and exit the furnace. This causes signif-

icant dilution of flue gases and variability with time. All the

above render the effective application of a membrane gas

absorption unit for CO2 capture, to be a very challenging

task, which has not been studied extensively up to now.

Experimental

A sketch of the bricks calcination process of Maliouris S.A.

is shown in Fig. 1. The flue gases move reversely to the

bricks direction and exit from the flue of the kiln.

The main pollutants in the flue gases were determined

before the installation of the membrane contactor pilot unit,

using the following standard analysis methods:

• Humidity according to EN 14790:2005

• Particulate matter according to EN 13284:2001

• HCl according to EN 1911:2010

• VOC according to EN 13649:2002

• Smoke point according to ELOT 525.1

• The gases O2, CO, NO, NO2 & SO2 were determined

with a portable gas analyzer with an electrochemical

sensor and the CO2 with a portable gas analyzer with an

NDIR sensor.
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Various measurements were conducted at different time

periods to account for the variations with time and to test

the reproducibility of the methods.

In this study, a Liqui-Cel MiniModule 1 9 5.5 was used

as a gas–liquid contactor. The main characteristics of the

module are presented in Table 1. The gas flow is fed in the

lumen side of the fibers and the liquid flow in the shell side

of the module. The membrane acts as a barrier between gas

and liquid phases and does not add selectivity for one gas

species over the other. The gas fills the pores of the

hydrophobic membrane but does not spread in the liquid as

long as the pressure of the liquid phase is kept higher than

that of the gas phase. Therefore, a gas–liquid interface is

created at the pores mouth, where the absorption process

takes place.

The membrane gas absorption pilot unit whose process

flow diagram is shown in Fig. 2 was installed near the flue,

where a slip stream of the flue gases was continuously

sampled and fed in the lumen side of the hollow fiber

membrane module. The slip stream was cooled down from

*90 to *30 �C and pretreated for particulate matter and

water vapor removal before entering the membrane mod-

ule. A 0.25 M aqueous (diethanolamine) DEA solution was

chosen as a typical solvent for CO2 capture processes. The

solvent was counter-currently fed in the shell side of the

membrane module in a cross flow configuration, using an

ISM446 BVP-Z Standard Gear Pump, chosen to provide a

pulseless liquid flow. Figures 3 and 4 show two pictures of

the equipment installed in Maliouris facilities for the pilot

tests.

Results and discussion

The mean concentrations of the main pollutants in the flue

gases are shown in Table 2. The results indicated that the

flue gas stream is loaded with a number of other pollutants

which could have synergistic effects and affect the per-

formance of the process compared to laboratory experi-

ments. Based on the flue gas analysis, the slip stream was

cooled down and filtered for humidity and PM removal to

protect the membrane module located downstream.

Figure 5 illustrates the CO2 (left) and NO (right axis)

concentration in the flue gas slip stream (inlet of the

membrane module) with time. CO2 concentration varies

between 0.5 and 3.75 % in a 23-min time period; the same

behavior is observed for NO concentration varying

between 5 and 60 ppm. This is due to a fluctuant dilution of

the flue gases caused by the furnace doors opening when

wagons with bricks enter and exit the furnace. Therefore, it

is preferable to assess the module’s performance by mea-

suring the CO2 concentration in the inlet and outlet of the

module continuously rather than working with mean

concentrations.

The same figure depicts the temperature variation in the

chimney and the membrane module inlet with time. It is

evident that the same pattern with CO2/NO concentrations

variations exists, which indicates that temperature and

concentration curves are strongly correlated as they both

are affected by the different steps of the furnace operation.

When chimney’s temperature falls below 90 �C, it is

anticipated that bricks’ firing process has already been

stalled and tunnel’s cooling is in progress. Below this

temperature there is also a decrease of the CO2/NO con-

centrations, while for higher temperatures these concen-

trations increase. A slight hysteresis of the temperature

response may be attributed to gaseous accumulation within

the tunnel, and most importantly due to the thermal inertia

of the tunnel walls material to endure the high temperatures

imposed by the process. The gaseous components are

cooled before entering the membrane module not to exceed

40 �C, so that the module’s inlet temperature remains

constant over time.

The % CO2 removal was chosen as a typical perfor-

mance indicator and the liquid to gas flow ratio as the main

Fig. 1 Sketch of the bricks

calcination process

Table 1 Main characteristics of the Liqui-Cel MiniModule 1 9 5.5

Feature Value

Flow configuration Parallel

Lax. flow rate 500 ml/min

Total length 22 cm

Membrane material Polypropylene

Membrane porosity 40 %

Outer (OD)/inner diameter (ID) 300 lm OD/220 lm ID

Number of fibers 2300

Effective membrane area 0.18 m2
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controlling variable of the process. In this study, four sets

of experimental conditions were used to assess the per-

formance of the membrane contactor process as indicated

in Table 3, while the concentration of DEA remains con-

stant at the mild level of 0.25 M. Specifically, four dif-

ferent liquid to gas flow rates were tested (starting from a

low value of 0.09 and increasing up to 1.26) to study the

effect of the main controlling variable to process

performance. These four cases were developed on-site, by

gradually increasing the liquid to gas flow rate until an

almost complete CO2 capture was attained.

At this point, it must be noted that studying solvent

regeneration after CO2 capture was out of the scopes of this

study. DEA regeneration is an energy-intensive process

which apparently affects process economics. However, it is

a common problem met in any scrubbing process,

Fig. 2 Process flow diagram of the membrane contactor pilot unit

Fig. 3 Picture of the slip stream

taken from the flue and the CO2

analyzer used for on-line

measurements
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regardless of how CO2 capture was realized, which must be

separately studied.

Figure 6 shows the test results for Case A. Specifically,

the molar fraction of CO2 in the inlet and outlet stream of

the membrane module, and the respective CO2 recovery

attained, with time, are presented. In Case A where a low

liquid to gas flow rate was chosen, the CO2 molar fraction

at the outlet, as well as the CO2 recovery, varies according

to the variation of CO2 at the inlet. A maximum of *90 %

recovery can be attained when the inlet CO2 is low, which

drops to *60 % when the inlet CO2 is high. This indicates

that the liquid flow rate is inadequate to handle the feed gas

stream and higher liquid to gas flow rate must be used.

Figure 7 shows the test results for Case B. When a

higher liquid to gas flow rate was used the molar fraction of

CO2 in the outlet as well as the CO2 recovery, after an

initial transient period tend to reach a plateau despite the

fluctuation of CO2 concentration in the inlet. In this case, a

*90 % CO2 recovery can be attained.

Figure 8 shows the test results for Case C where a

higher liquid to gas flow rate was used. In this case, the

system has no observable variation regarding the outlet

CO2 concentration and CO2 recovery despite the fluctua-

tion of the inlet CO2 concentration. In this case, a *95 %

CO2 recovery can be attained.

Figure 9 shows the test results for Case D where the

highest liquid to gas flow rate ratio of the set examined was

used, exceeding unity. In this case, the system has the same

behavior as in Case C but a *98 % CO2 recovery can be

achieved.

An overall assessment of the test results confirms that

the liquid to gas flow rate is the main controlling variable

of the process. The membrane-based gas absorption pro-

cess premises CO2 transport from gas to the liquid phase.

This mass transport phenomenon can be described with a

resistance in series model. Specifically, three different

resistances can be identified; the gas phase resistance, the

membrane resistance and the liquid phase resistance, with

CO2 concentration gradient to be the driving force in any

case. As the liquid to gas flow rate increases all the resis-

tances decrease and the CO2 recovery increases. This is

caused both by the improved hydrodynamic conditions as

Fig. 4 Picture of the membrane contactor unit installed in Maliouris

facilities for CO2 capture (1 Unit’s control panel, 2 Membrane

module, 3 Liquid feed pump, 4 Gas compressor installed in the gas

outlet of the module, 5 DEA feed tank)

Table 2 Mean concentration of the main pollutants in the flue gases

Pollutant Value

PM (mg/Nmdry
3 ) 9.53

HCl (mg/Nmdry
3 ) 0.52

VOCs (mg/Nmdry
3 ) 1.07

Smoke point (Bacharach scale) 2–3

Humidity (% v/v wet) 8.7

O2 (% v/v dry) 18.1

CO2 (% v/v dry) 2.2

CO (ppmv dry) 110

NO (ppmv dry) 56

NO2 (ppmv dry) 2

SO2 (ppmv dry) 18
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well as by the increased driving force, due to the lower CO2

concentration in the liquid phase [11, 15]. Therefore, we

can precisely control the overall process performance,

according to the specific process needs, by controlling the

liquid to gas flow rate. It is evident that high liquid to gas

flow rates could lead to an almost complete CO2 capture,

which would not be affected by CO2 concentration varia-

tion in the flue gases. However, this would lead to high

solvent consumption, which would negatively affect the

process economics, rendering it unpractical for industrial

application.

At this point, it must be noted that a detailed techno-

economic analysis and a feasibility study of the proposed

technology are out of the scopes of this study. Neverthe-

less, it can be noted that a comparison of the proposed

technology with the conventional gas absorption towers is

in favor of membrane technology when substantial benefits

are expected by the much smaller volume and high flexi-

bility of membrane contactors relative to packed columns,

since the use of a membrane absorber can lead to a tenfold

reduction in equipment size [11, 14]. However, it is often

pointed out in the literature that the price of the membranes

must be reduced and their reliability must be increased to

displace the well-established technologies [16, 17].

Conclusions

A membrane contactor pilot unit was installed and tested

for CO2 capture from the flue gases of a Greek brick pro-

duction industry. The special feature of this process com-

pared to the common combustion ones is that the system is

far from steady state and the CO2 concentration in the flue

gases strongly varies with time. The CO2 recovery was

chosen as a typical performance indicator and the liquid

(0.25 M aqueous DEA solution) to gas flow ratio as the

main controlling variable of the process. The experimental

results indicated that a steady CO2 capture of 90–95 % can

Table 3 Main process

variables for the different cases

tested for CO2 capture

Case T (�C) P (atm) Ql (cc/min) Qg (cc/min) Ql/Qg DEA concentration (M)

A 31 1 50.8 550.9 0.09 0.25

B 30 1 314.7 527.2 0.60 0.25

C 31 1 490.6 521.3 0.94 0.25

D 32 1 490.6 389.0 1.26 0.25
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Fig. 6 CO2 recovery and molar fraction in the inlet/outlet of the

module for Case A
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module for Case B
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be achieved using mild concentration of the amine solution

regardless of the CO2 concentration variation in the flue

gases, using a liquid to gas flow rate of 0.6–0.95. Lower

liquid to gas flow rate ratios have a poor performance

presenting high variation (depending on the fluctuation of

CO2 concentration in the flue gases), but still higher than

60 %; higher liquid to gas flow rate ratios require high

solvent consumption with marginal increase in CO2 cap-

ture. An overall assessment of the process demonstrates the

high potential and flexibility of the proposed technology to

post-combustion CO2 capture in many industrial sectors.
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