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Abstract
Data directly comparing CO2 absorbents tested in identical and clinically relevant conditions are scarce or non-existent. We 
therefore tested and compared the efficiency of 16 different brands of Ca(OH)2 based CO2 absorbents used as loose fill or a 
cartridge in a refillable canister under identical low flow conditions. CO2 absorbents efficiency was tested by flowing 160 mL/
min CO2 into the tip of a 2 L balloon that was ventilated with an ADU anesthesia machine (GE, Madison, WI, USA) with 
a tidal volume of 500 mL and a respiratory rate of 10/min while running an O2/air FGF of 300 mL/min. After the 1020 mL 
refillable container was filled with a known volume of CO2 absorbent (derived from weighing the initial canister content 
and the product’s density), the time for the inspired CO2 concentration (FICO2) to rise to 0.5% was measured. This test was 
repeated 4 times for each product. Because the two SpiraLith Ca® products (one with and one without indicator) are delivered 
as a cartridge, they had to be tested using their proprietary canister. The time (min) for FICO2 to reach 0.5% was normal-
ized to 100 mL of product, and defined as the efficiency, which was compared amongst the different brands using ANOVA. 
Efficiency ranged from 50 to 100 min per 100 mL of product, and increased with increasing NaOH content (a catalyst), the 
exception being SpiraLith Ca® cartridge with color indicator (performing as well as the most efficient granular products) and 
the SpiraLith Ca® cartridge without color indicator (outperforming all others). Results indicated a spherical or bullet shape is 
less efficient in absorbing CO2 than broken fragments or cylinders, which in turn is less efficient than a hemispherical (disc) 
shape, which is in turn less efficient than a solid cartridge with a molded channel geometry. The efficiency of Ca(OH)2 based 
CO2 absorbent differs up to 100% on a volume basis. Macroscopic arrangement (cylindrical wrap with preformed channels 
versus granules), chemical composition (NaOH content), and granular shape all affect efficiency per volume of product. The 
data can be used to compare costs of the different products.

Keywords  CO2 absorbers · Efficiency · Anesthesia · Equipment · Anesthesia machine · Low flow · Rebreathing

1  Introduction

There is growing interest in the use of low flow anesthe-
sia because it minimizes anesthetic agent waste and thus 
its environmental impact and cost. In addition, automation 
of the low flow delivery process has eliminated any addi-
tional burden the technique might impose on the anesthesia 
provider (more frequent adjustments of vaporizer settings, 
fresh gas flows, and carrier gas composition) as well as the 
need for a detailed understanding of the complex effects of 
rebreathing [1]. Few good reasons remain not to use low 
flow anesthesia. Still, some have argued that the savings as a 
result of reduced inhaled agent consumption might be offset 
or surpassed by the increased use and cost of CO2 absor-
bents. In order to be able to address these cost concerns, 
the absolute and relative efficiency of CO2 absorbents has 
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to be known. The efficiency of prepacked CO2 absorbents 
has recently been described for two different anesthesia 
machines [2, 3], but “efficiency” was reported in “fractional 
canister utilization”, an efficiency parameter not generaliz-
able to other machine/absorbent combinations because many 
non-absorbent related factors also affect the efficiency of 
prepacks: (1) the shape of the plastic container; (2) the type 
of anesthesia machine used (which includes e.g. the configu-
ration of the breathing system); and (3) the absolute amount 
of absorbent it contains: the absolute canister content of the 
same brand differs among different machines, and so does 
the relative content of the canisters of the different brands 
for different machines. This study directly compares absor-
bents under standardized conditions, allowing efficiency to 
be expressed per volume of actual absorbent.

We tested and compared the efficiency of 16 different 
brands of CO2 absorbents used as loose fill in a refillable 
canister under identical low flow conditions, with “effi-
ciency” being defined as the time for FICO2 to reach 0.5%, 
normalized to 100 mL of product. Products are compared on 
a per volume base, not a per weight base for several reasons. 
First, both prepacks and refillable canisters are filled up to a 
certain volume, not a certain weight. In addition, the mor-
phology of the granules (and thus the void space between the 
granules which affects density) affects efficiency, so there 
will be an inherent difference in efficiency just based on 
this parameter—neither weight nor volume in and by itself 
determines efficiency. Finally, we pay per volume of the CO2 
absorbent.

2 � Materials and methods

2.1 � In vitro setup

Table 1 lists the 16 different commercially available brands 
that were tested, and includes the manufacturer, major dis-
tributor, as well as chemical composition and other prop-
erties. The in vitro setup is similar to that used to test 
prepacks with the Aisys and Zeus [2, 3] (Fig. 1), and the 
reader is referred to those studies for details. Briefly, a 
2 L breathing bag was ventilated in controlled mechanical 
ventilation mode via a circle breathing system (DAR Adult 
Breathing Circuit, Covidien, Mansfield, MA) by an ADU® 
anesthesia machine (GE, Madison, WI, USA) with the fol-
lowing settings: tidal volume 500 mL, respiratory rate 10 /
min, I:E ratio1:1, and 0 cm H2O PEEP. CO2 from the wall 
outlet was titrated via a rotameter towards a line pressure 
distal to the rotameter that corresponds with a 160 mL/min 
CO2 flow which was directed into the tip of the breathing 
bag. Four resistors between the CO2 rotameter and the tip 
of the balloon attenuated the backpressure of ventilation 
on the CO2 flow. Because the resolution of the rotameter 

(50 mL/h) is not sufficient for the purposes of this study, 
the CO2 flow was titrated towards the pressure in the CO2 
line distal from the rotameter using a previously derived 
pressure-flow calibration curve. This pressure-flow cali-
bration was constructed by dialing at least five different 
(arbitrary) rotameter settings, recording the corresponding 
line pressure, and measuring the corresponding CO2 flow 
volumetrically.

Gases were sampled via a sampling port in the D-lite 
spirometer (GE) by the gas analyzer (M-CAiOV module, 
GE) which has an average sampling rate of 201 (5) mL/min 
(average and standard deviation), measured 5 times volu-
metrically by measuring the time to empty a 250 mL glass 
syringe (Popper and Sons, Inc. New Hyde Park, NY, USA). 
The sampled gas plus an average of 39 (0) mL/min of air 
which the analyzer continuously entrains as the reference 
gas for its paramagnetic O2 analysis (also measured volu-
metrically) were returned from the analyzer’s exhaust port 
to an HME filter (Ref 352/5877, Covidien™, Mansfield, 
MA) placed between the expiratory limb and the so-called 
“Compact BlocⓇ (GE)” onto which a refillable canister was 
mounted (see Fig. 1). A second HME filter was positioned 
between the D-lite spirometer and the circle system Y-piece 
because it was empirically found to minimize artifacts on the 
capnogram resulting from gas entrainment in the inspiratory 
limb during the expiratory phase.

CO2 absorbent granules were poured into a refillable 
container that was mounted onto the Compact BlocⓇ, either 
from a jar or—if the product was unavailable to us as loose 
fill—from an opened prepacked canister. The plastic refill-
able container has an internal volume of 1020 mL (measured 
by water displacement) (Fig. 2). A plastic septum separates 
the container into two compartments, forcing the gases pass-
ing the absorbent to flow from the bottom to the top through 
the first part of the container, and from the top to the bottom 
in the second part. To prevent dust from entering the circle 
breathing system, a 1 cm thick sponge was placed on a plas-
tic grid at the bottom of each compartment. If the canister 
was filled up such that the granules just covered the septum, 
the volume available to hold granules ranged from 686 to 
730 mL (see Sect. 3).

Before the start of each test, the density of the product 
to be tested was determined. The granules were poured into 
a 200 mL plastic cup (measured by water displacement). 
After slightly overfilling and gently tapping the cup, a plastic 
ruler was gently swiped over the edges of the cup, remov-
ing granules in excess of 200 mL. The empty and filled cup 
were weighed on a high precision weighing scale (XP1002, 
Mettler-Toledo, Columbus, Ohio; accuracy 10 mg), and from 
these data the density of the product was calculated. This 
process was repeated three times (with new granules each 
time), and the average value was used as the density of the 
granules during the upcoming experiment.
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After the empty canister was weighed, it was filled with 
granules until these just covered the top of the septum divid-
ing between the two compartments. The now filled canister 
was weighed again, allowing the weight of the fresh granules 
to be calculated (by subtracting the weight of the empty can-
ister) as well as the volume of the fresh granules (using the 
density). Between runs, the refillable canister was cleaned, 
water was removed from the breathing hoses, the HME fil-
ters were changed, and the system was allowed to run with 
an empty canister and a high fresh gas flow for at least an 
hour to remove as much water as possible.

One product had to be treated differently due to its inher-
ently different nature, the SpiraLith Ca® (see Table 1 for 
details). The absorbent’s main ingredient also is Ca(OH)2, 
but it is made up of a solid sheet that has been wound into a 
cartridge around a central plastic core, giving it its cylindri-
cal shape with preformed channels (Fig. 2). Two different 
formulations exist, one with and one without color indica-
tor, and both were tested (4 runs each). A custom-made 
plastic container is used to house the cylinder (Fig. 2) that 
is mounted onto the Compact BlocⓇ. The density of the 

CO2
absorber

FGF

10 x 500 mL

2 L
O2 air

Gas analyzer
FACO2 FICO2

CO2

P
(mmHg)

Flow 1

P1

Flow 2

P2

Pressure - flow calibration 
for CO2 flowmeter

Fig. 1   Experimental setup: CO2 from the wall outlet is titrated via 
a rotameter to flow at 160 mL/min into the tip of the breathing bag. 
Four resistors between the CO2 rotameter and the tip of the balloon 
attenuated the backpressure of ventilation on the CO2 flow. Because 
the resolution of the rotameter (50 mL/h) is not sufficient for the pur-
poses of this study, the CO2 flow was titrated towards the pressure 

in the CO2 line distal from the rotameter using a previously derived 
pressure-flow calibration curve. This pressure-flow calibration was 
constructed by dialing at least five different (arbitrary) rotameter set-
tings, recording the corresponding line pressure, and measuring the 
corresponding CO2 flow volumetrically. FACO2 = end-expired CO2 
partial pressure; FICO2 = inspired CO2 partial pressure

Fig. 2   The ADU refillable canister (left) and the SpiraLith Ca® car-
tridge and container (right)
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SpiraLith Ca® product was calculated by dividing its weight 
(weight of the entire cartridge minus the weight of the plas-
tic core plus any inner and outer wraps) by its volume (the 
volume of the cartridge minus the volume of the plastic core, 
both calculated as height*π*radius2; also see Fig. 2).

Immediately after the freshly filled canister (with gran-
ules or the SpiraLith Ca®) was placed onto the Compact 
BlocⓇ, ventilation was started as described above with O2 
and air fresh gas flows of 0.15 L/min each—this defined 
the start of the study. Spirometry data, inspired and expired 
O2 and CO2 partial pressures, and the pressure in the CO2 
inflow line (used to calculate CO2 inflow—see reference [2] 
for details) were downloaded every minute using RUGLoop 
(DEMED, Temse, Belgium). Each test ran until the FICO2 
had increased above 0.5%, a threshold commonly used to 
replace the absorbent. For each brand, four test runs were 
done (all of the same lot), except for SoLo, for which the 
four runs were repeated with an interval between tests of 
2 months to document consistency of the experimental 
setup. Therefore, for one product, SoLo, a total of eight runs 
was done.

2.2 � Data analysis

Absorbent use on a volume basis was calculated by divid-
ing the time (min) for FICO2 to reach 0.5% by the volume 
of the fresh absorbent in the canister prior to the start of 
each experiment, which then was normalized to 100 mL of 
product.

The following parameters of the different products 
were compared: CO2 inflow, FACO2–FICO2, time (min) 
until FICO2 reached 0.5% per 100  mL of product, and 
time (min) until FICO2 reached 0.5% per 100 g of prod-
uct. FACO2–FICO2 is a measure of both ventilation and CO2 
inflow according to the general air equation:

Groups were compared using ANOVA followed by a 
Holm-Sidak test to analyze between group differences (all 
data were normally distributed) (Sigmaplot, Systat Soft-
ware Inc., San Jose, CA, USA). Statistical significance was 
defined by p < 0.05. Data are presented as mean (standard 
deviation).

3 � Results

Results are presented in Tables 1 and 2. ANOVA indicated 
that differences amongst groups were significant (p < 0.05). 
Those groups that did not differ according to the Holm-
Sidak test used to analyze between group differences carry 
the same symbol in the last two columns of Table 2. Effi-
ciency ranged from 50 to 100 min per 100 mL of product, 

FACO2= FICO2+ VCO2/alveolar ventilation

and increased with increasing NaOH content (a catalyst), 
the exception being the SpiraLith Ca® cartridge with color 
indicator (performing as well as the most efficient granu-
lar products) and the SpiraLith Ca® cartridge without color 
indicator (outperforming all others). A spherical or bullet 
shape is less efficient in absorbing CO2 than broken frag-
ments or cylinders. Broken fragments or cylinders are less 
efficient than a hemispherical (disc) shape. A hemispherical 
(disc) shape is less efficient than a solid cartridge with a 
molded channel geometry.

4 � Discussion

We tested and compared the efficiency of 16 different brands 
of CO2 absorbents used as loose fill in a refillable canis-
ter under identical low flow conditions. Table 2 and Fig. 2 
organizes the different brands from top to bottom according 
to their efficiency per 100 mL. Efficiency is the time per 
100 mL of absorbent for the FICO2 to rise to 0.5% when 
160 mL/min CO2 flows into the tip of a 2 L balloon that 
is being ventilated with an ADU anesthesia machine with 
a tidal volume of 500 mL and a respiratory rate of 10/min 
while running a O2/air FGF of 300 mL/min, with approxi-
mately 700 mL of granules contained in a 1020 mL refillable 
container (the SpiraLith Ca® cartridge is placed in a spe-
cially designed container). Three factors determined absor-
bent life per 100 mL of a product: macroscopic arrangement 
(cylindrical wrap with preformed channels versus granules), 
chemical composition (NaOH content), and granular shape.

Efficiency improves as the NaOH content increases, the 
exception being the SpiraLith Ca® cartridge with indicator 
(performing as well as the most efficient granular products) 
and SpiraLith Ca® cartridge without indicator (outperform-
ing all others). The SpiraLith Ca® results are compared to 
the loose fill results because both are refillable absorbents—
but and instead of letting the granules randomly settle, the 
CO2 absorbent is pre-molded into a consistent shape.

The uniform, consistent geometry of the solid sheets 
wound into a cartridge around the plastic core forms chan-
nels with a consistent arrangement. This arrangement seems 
to maximize the contact surface for CO2 (allowing greater 
utilization of the chemicals contained in the cartridge on 
a volume basis) and eliminates random channeling (that 
occurs in granules), which explains the low variability in 
efficiency observed in this study (see coefficient of variation 
in Table 2) and in previously published work [2, 3].

The efficiency measurement, which is the fundamen-
tal basis for comparing the absorbents, is based upon the 
determination of the volume of absorbent. For the granular 
absorbents, the method for determining volume is based 
upon dividing the measured weight by the volume of the cup 
(200 mL) and should result in a comparable measurement 
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for all absorbents. Since SpiraLith Ca® absorbent is non-
granular, the volume measurement is different from the 
granular absorbents, and therefore a direct comparison with 
the granular absorbents is not possible. Our goal is to pro-
vide the reader with some idea on how their efficiencies 
compare. Thus, in order to compare the SpiraLith Ca® effi-
ciency results to those of the granular products, the method 
for measuring SpiraLith Ca® volume needs to be justified 
as equivalent to the method of volume measurement used 
for the granular products. The volume measurement for the 
SpiraLith Ca® is directly based upon the absorbent cartridge 
geometry and is not derived from the density value—meas-
uring the density in a manner analogous to the granular 
products would require the SpiraLith Ca® cartridge to be 
fragmented to fit in a 200 mL cup. But this will alter the per-
formance of the product, thereby making the results irrele-
vant. For these reasons, we believe the imperfect comparison 
we made is clinically relevant and fair. If desired, the results 
can always be expressed and compared on a weight basis by 
using the density data in Table 1, that for the SpiraLith Ca® 
excludes the central core and wrapping material.

Within the group of granular products, efficiency 
improves with increasing content of the catalyst NaOH. 
While the removal of Ba(OH)2 and KOH has eliminated the 
clinical risk of sevoflurane decomposition into compound 
A, trace amounts of compound A may still be produced in 
the presence of NaOH. This has been the impetus for several 
companies to develop low NaOH or NaOH free products. 
While these trace amounts of compound A are clinically 
irrelevant, some users may still prefer not to use the NaOH 
containing products for medicolegal purposes. Obtaining the 
exact composition of several products has been found chal-
lenging by us and other authors [4].

Finally, for products with the same or similar NaOH con-
tent, a spherical or bullet shape is less efficient in absorbing 
CO2 than broken fragments or cylinders, which in turn is less 
efficient than a hemispherical (disc) shaped configuration, 
and a solid absorbent cartridge is most efficient. Difference 
in shape likely affects how well CO2 can penetrate into the 
center of the absorbent, thus affecting efficiency.

“Efficiency” of a CO2 absorbent can be defined in differ-
ent ways. When considering prepacks, it is expressed as the 
FCU, the fraction of the canister used per hour until FICO2 
reaches 0.5% after inflow of a specific amount of CO2 [2, 3]. 
When considering loose fill (this study), it is expressed as 
the time 100 mL of product lasts until FICO2 reaches 0.5%. 
Efficiency can also be defined as the time 100 g of product 
lasts until FICO2 reaches 0.5%, but this would be largely 
irrelevant for cost calculations for either prepacks or loose 
fill (even if they would be sold on a weight basis), because 
refillable canisters are filled up to a certain volume, not a 
certain weight. Finally, efficiency can also be defined as the 

ratio of the amount of CO2 absorbed over the maximum 
CO2 absorption capacity. Each definition conveys different 
information.

The limitations of in vitro studies have been previously 
discussed: (1) CO2 loads in real life vary; (2) no canister 
is used for more than 24 h straight; and (3) the degree of 
rebreathing might be slightly different from that in the 
experimental setup because O2 was not removed from the 
system [2]. Preliminary clinical data indicate that the effect 
of these factors on canister life is small. Finally, because 
many factors are known to affect CO2 absorbent efficiency, 
care should be taken to extrapolate the results of this study 
beyond the conditions described in this study.

To summarize, we tested and compared the efficiency of 
16 different brands of CO2 absorbents used as loose fill in 
a refillable canister under identical low flow and CO2 load-
ing conditions. Three factors determined absorbent life per 
100 mL of product: macroscopic arrangement (cylindrical 
wrap with preformed channels vs. granules), chemical com-
position (NaOH content), and granular shape. The data can 
be used to compare costs of the different products.
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