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Abstract

Indoor air cleaning systems that incorporate CO, sorbent materials enable HVAC load shifting and
efficiency improvements. This study developed a bench-scale experimental system to evaluate the
performance of a sorbent under controlled operation conditions. A thermostatic holder containing 3.15 g
sorbent was connected to a manifold that delivered CO2-enriched air at a known temperature and relative
humidity (RH). The air stream was also enriched with 0.8 — 2.1 ppm formaldehyde. The CO;
concentration was monitored in real time upstream and downstream of the sorbent, and integrated
formaldehyde samples were collected at different times using DNPH-coated silica cartridges. Sorbent
regeneration was carried out by circulating clean air in countercurrent. Almost 200 loading/regeneration
cycles were performed in the span of 16 months, from which 104 were carried out at reference test
conditions defined by loading with air at 25 °C, 38 % RH, and 1000 ppm CO- and regenerating with air
at 80 °C, 3 % RH and 400 ppm. The working capacity decreased slightly from 43-44 mg CO; per ¢
sorbent to 39-40 mg per g over the 17 months. The capacity increased with lower loading temperature (in
the range 15-35 °C) and higher regeneration temperature, between 40 and 80 °C. The CO- capacity was
not sensitive to the moisture content in the range 6 — 9 g m, and decreased slightly when dry air was
used. Loading isothermal breakthrough curves were fitted to three simple adsorption models, verifying
that pseudo-first order Kinetics appropriately describes the adsorption process. The model predicted
equilibrium capacities decreased with increasing temperature from 15 to 35 °C, while adsorption rate
constants slightly increased. The formaldehyde adsorption efficiency was 80-99% in different cycles,
corresponding to an average capacity of 86 + 36 pg g*. Formaldehyde was not quantitatively released

during regeneration, but its accumulation on the sorbent did not affect CO, adsorption.

Practical Implications

Aiir cleaning technologies that remove CO; and other indoor-generated pollutants can be used to increase
the amount of air that is recirculated in buildings, reducing the fraction of outdoor air used in ventilation
to enable peak load reductions and energy savings. In addition, the tested CO, sorbent was shown to be
effective in capturing formaldehyde, a ubiquitous indoor pollutant that is often difficult to remove with

most VOC air cleaning technologies.
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1 Introduction

Commercial buildings account for 18% of U.S. energy consumption, releasing approximately
1000 Tg carbon dioxide (CO2) y* to the atmosphere, which amount to 18% of the US, and 3% of
the global anthropogenic emission rate [1, 2]. Improving building efficiency thus can help carbon
abatement on a national and global scale. For commercial buildings in the US, an estimated 9.5%
of end-use energy is required for ventilation, heating and cooling [3]. Furthermore, heating,
ventilation and air conditioning (HVAC) systems are particularly energy intensive during peak
electricity demand, which is costly and adds strain to the grid. Reducing the rate of outdoor air
supply is an effective measure to decrease both peak loads and energy consumption in a building.
However indoor-originated pollutants (primarily COz2, other bioeffluents, and volatile organic
compounds) can accumulate with lower air change rate and negatively impact occupant

performance, indoor air quality perceptions, and building-related symptoms [4-6].

CO2 has been used for a long time as a surrogate for human bioeffluents in buildings [7]. The
ANSI/ASHRAE Standard 62.1-2016 “Ventilation for acceptable indoor air quality” (Appendix
D) stipulates that if indoor CO2 concentration do not exceed 700 ppm above outdoor levels, a
substantial majority of visitors entering a space will be satisfied with respect to human
bioeffluents” [8]. High occupant densities in inadequately ventilated spaces can generate indoor
CO2 levels that largely exceed this limit. For example, Seppénen et al. reported indoor CO2
levels as high as 3700 ppm in offices and 2800 ppm in schools [9]. Recent studies have shown
that moderate and elevated indoor CO: levels can have adverse impacts on cognitive
performance, comprising functions such as developing strategies, taking initiatives, searching
and using information, among others [10-13]. These initial studies should be supported by
additional research to provide a consistent quantitative picture on the potential impact, to
investigate effects of COz2 levels on children and sensitive populations (e.g., people with health
problems and the elderly), and to investigate long-term effects of continuous and periodical
exposures to CO2 [14].

Active CO2 removal in commercial buildings has the potential to provide better indoor air
quality, reduce peak loads and save energy by reducing the need for outdoor air ventilation when
outdoor air is particularly polluted and/or requiring substantial tempering. Such CO2-removing
technologies implemented in HVAC systems may also remove other indoor pollutants of
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concern. Among technologies to capture CO2 from air, amine-functionalized materials are
promising because of their high selectivity at low concentrations [15], tolerance to moisture due
to the chemical rather than physical nature of the sorbent—adsorbate interaction [16], and long-
term stability [15]. Amines can be coated onto different substrates, including zeolites [17, 18],
silica [15, 19-22], diatomaceous earth [23], and activated carbon [24], yielding capacities that are
in most cases in the range 10 — 100 mg CO: per g of sorbent. Two main mechanisms are
postulated for the chemical interaction of CO2 with surface-functional primary or secondary
amine groups on the solid sorbent material [19, 25-28]. Under dry conditions (RH ~0%),
carbamates are formed according to Eq. (1), as follows:

2(RR’NH) + CO2 <> RR’NCO2 + RR’NH2* (1)

where R and R’ may be organic substituents or H atoms. In the presence of moisture,

bicarbonates are formed according to Eq. (2):
RR’NH + CO2 + H20 <> RR’NH2 " + HCO3"~ (2)

Other contaminants are often present in the gas stream containing COz2, and can interact with the
amine-impregnated adsorbents. For example, studies described the adsorption of COz2 in the flue
gas of a natural gas fired boiler, in the presence of N2, O2, CO and NOx [27, 29]. In building
applications, volatile organic compounds (VOCs) are other contaminants are being treated along
with CO2. Formaldehyde is a particularly relevant VOC as it is ubiquitous in buildings and very
often at levels that exceed the California Office of Environmental Health Hazard Assessment
(OEHHA) chronic reference exposure level of 9 ug m2. Formaldehyde is emitted by building
materials, insulation, consumer products, and combustion. Exposure to formaldehyde at elevated
concentrations causes irritation of the respiratory tract membrane and eyes [30, 31]. Due to its
high volatility, most sorbent-based technologies are not particularly effective at removing
formaldehyde; for that reason, thermal regenerative systems are particularly promising for the
abatement of this compound [32, 33]. In the case of amine-based sorbents, formaldehyde and
other carbonyls can be trapped by chemisorption through the formation of imines (Schiff base)
[21, 23, 34-36]. Similarly, carboxylic acids were shown to chemisorb through acid-base

interactions [37].

CO2 adsorption kinetic data are important for the design of a CO2 removal system, and
simulation of its operation as a component of a building’s HVAC system. Adsorption capacity

4
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and rate determine the amount of sorbent required for the system, thus influencing device size
and capital cost [20, 38]. A wide variety of kinetic models of different complexities have been
developed to quantitatively describe the adsorption processes, and to identify the adsorption
mechanism. Due to the complexities associated with the exact description of kinetic parameters,
a common approach involves fitting the experimental results to conventional kinetic models, and
selecting the model with the best fit [15, 20]. Accordingly, three of the most common theoretical
kinetic models previously applied to describe the adsorbent—adsorbate interactions and
adsorption rate behaviour were used in this study: the pseudo-first-order, pseudo-second-order,
and Avrami models [24].

This study evaluated the performance of a sorbent material that removes CO2 and formaldehyde
from indoor air and has the potential to treat these contaminants for ventilation management in
commercial buildings. With the objective of advancing the use of sorbent-based air cleaning in
commercial buildings, we developed test methods and metrics, and then measured systematically
their performance under a range of conditions that may be encountered when deployed in a
building-scale system. This information is needed to incorporate the tested sorbents into air
quality management systems. The results of this material characterization study can be directly
integrated to the development and application of simulation tools that can serve as predictive

methodologies to identify optimal operation conditions in specific buildings and climates.

2 Methods
2.1 Sorbent material

The tested material was provided by BASF Corporation (Iselin, NJ). It is a granulated silica
coated with a polyamine, having granule size between 0.5 and 1.0 mm, prepared according to
methods described in a patent application [39]. This material can be readily scaled-up for
application in buildings. In this study, 3.15 g (4.5 cm®) fresh sorbent was placed in a holder, in
which the material remained during the testing process, including periods between experiments,

when no air flow circulated through the sorbent.



Accepted for publication in Indoor Air DOI: 10.1111/ina.12695 May 2020

Dry - | | sgnzgr
[wrc2]  [mFcs] L) B R vent
R L ‘ —
5% CO, WELGE o T/RH
Water :A sensor
bubbler Sorbent | ip - 4
holder I i EJ E
. I
l 2
1
Manifold SANCE
=
Nj
1

3
I
=

T/RH
sensor

A4
CO,
sensor

&
<

| Water Water
< 4 Bypass Ii Bypass,,

) 4

3-way switching l
valve vent

Figure 1. Schematic of the experimental setup. The 3-way switching valves enable the flow to
follow either loading (L) or regeneration (R) conditions in each period, respectively. Air flow
was adjusted using mass flow controllers (MFC).

2.2 Experimental apparatus

A fully-automated experimental apparatus was designed and built at Lawrence Berkeley
National Laboratory (LBNL) to evaluate the performance of the sorbent material under various
conditions, as shown in Figure 1. A cylindrical sorbent holder was made of stainless steel, 2.5 cm
in internal diameter and 10 cm long, wrapped by a built-in water jacket that allowed accurate
temperature control with circulating water. Two dense steel wire mesh plates were fixed at the
top and bottom of the holder, confining the sorbent material inside regardless of the air flow
direction. A manifold was used to prepare a gas mixture upstream of the holder. It combined four
streams of gases: 1) CO2 (5% balanced with air, Praxair), 2) formaldehyde-enriched air during
loading, or pure dry air during regeneration, 3) humidified air, and 4) balance dry air. The flow

rate of each stream was controlled individually by mass flow controllers (Alicat Scientific, Inc).
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The dry, CO2-free air was generated with a pure gas generator (Parker Balston Model 75-45NA,
Parker Hannifin Corporation). Humidified air was generated by passing dry air through a water
bubbler prior to entering the chamber. The formaldehyde source consisted on a beaker containing
solid paraformaldehyde (polyoxymethylene 95%, Millipore Sigma) housed inside a glass flow
cell at room temperature. Introduction of dry air led to a formaldehyde-enriched steady-state air
flow. An analytical standard of the formaldehyde derivative dinitrophenyl hydrazone (Millipore

Sigma) was used to identify and quantify formaldehyde. Carbonyl-free acetonitrile (=99.9%,

Honeywell) was used for cartridge extraction and as HPLC mobile phase.

The total flow rate exiting the manifold was 1.3 L min‘, from which 0.3 L min** was drawn by
the upstream CO: analyzer, and the remaining 1.0 L min entered the sorbent holder. Relative
humidity (RH) was controlled by adjusting the relative ratios of dry and humidified air, keeping
the total flow rate of 1 L min™t. Two CO2 gas analyzers (SBA-5, PP Systems) were used to
measure CO2 concentration continuously, upstream and downstream of the sorbent. Once before
and during the study, four-point calibrations were conducted to ensure linearity and accuracy of
CO2 measurements. In line with the CO2 analyzers, RH of the air entering and exiting the
chamber was monitored with an in-line digital sensor (HIH6100 series, Honeywell) and recorded
in real time. RH was measured at ambient temperature in all cases (20 °C), from which the
moisture content (absolute humidity) was calculated, and used to predict the RH at the working

temperature inside the sorbent holder during loading and regeneration.

Two digitally-controlled thermostatic water circulators were used to maintain a constant sorbent
temperature during the loading and regeneration phases. One of them was used to keep the
desired (moderate) temperature in the sorbent holder during the loading phase. During
regeneration, hot water from the other thermostat flowed through an air pre-heating apparatus
before entering the sorbent holder’s water jacket. The pre-heater was a sealed 1 L copper vessel
housing a 100 cm copper tube serpentine carrying the air flow from the manifold to the sorbent
holder. A bypass loop connected to a six-port valve enabled the continuous circulation of water
from the thermostat that was not in use during each phase of the experiment. The holder, pre-
heater, valve and tubing were insulated with a 2.5 cm layer of polyethylene foam to minimize

heat losses.
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The holder temperature was monitored with a K-type thermocouple in direct contact with the
metallic outside wall, underneath the insulation. Working temperature was also monitored with
another thermocouple placed directly on top of the upper mesh plate without direct contact with
metal parts, thus measuring the air flow temperature entering the chamber during loading, and
exiting during regeneration. A data logger thermometer (HH309A, Omega) recorded the holder

and air temperatures at a rate of 0.5 Hz.
2.3 System operation

The system was operated cyclically by switching on a continuous basis between loading and
regeneration mode. The loading CO2 concentration was 1000 — 1600 ppm, representing
commonly found levels in buildings with high-occupancy, and the regeneration concentration
was 400 ppm to simulate the use of clean outdoor air. Formaldehyde was only introduced during
loading, at concentrations between 0.8 and 2.1 ppm. Those concentrations are between one and
two orders of magnitude higher than typical levels found in US commercial buildings [40, 41].
The sorbent was challenged with a higher than typical formaldehyde concentrations to perform
an accelerated capacity test. This is a common approach in early-stage bench-scale evaluation,
which assumes that the uptake of the contaminant is not a function of the concentration. During
loading, the air temperature was in the range 15 — 35 °C, and the corresponding relative humidity
at the working temperature was between ~0 (dry air) and 68 %. Regeneration temperatures were
between 40 and 80°C. The relative humidity during regeneration was between ~0 (dry air) and
17 %. Reference test conditions were defined by a loading temperature of 25 °C, loading RH of
38%, regeneration temperature of 80 °C, and regeneration RH of 3%. All test conditions are
reported in Table 1.

Air flowed through the sorbent from top to bottom during the loading phase and the direction
was reversed during regeneration. Switching between loading and regeneration mode was
enabled by automatically actuated valves, controlled by lab-built electronic control boards that
were reading the downstream CO2 concentration. The end of the loading phase was set when the
CO2 concentration in the effluent air reached 900 ppm. For the end of the regeneration phase, a
CO: effluent concentration of 410 ppm was chosen. These target levels, which were respectively
lower and higher than the upstream CO2 levels, were selected for rapid operation, avoiding
lengthy asymptotic processes when the material was quasi saturated or almost fully regenerated.
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When signals were received from the control boards, the automatic switching valves 1) adjusted
CO2 concentration, 2) reversed air flow direction, 3) determining whether formaldehyde was

introduced or bypassed, and 4) switched the thermostat connected to the sorbent holder.
2.4 Evaluation of CO; adsorption/desorption capacity

The metrics used to evaluate the sorbent performance were the working adsorption and
desorption capacities, reported in mass of CO2 per mass of sorbent. The time for the sorbent to
reach equilibrium is impractically long to use equilibrium capacity as a performance measure.
Rather, working capacities that are defined for shorter adsorption times are more useful for
evaluation. In this study, the working adsorption capacity was determined for downstream CO2
concentrations reaching 900 ppm, which is 90% of the upstream levels for practically all tested
conditions (except for tests at upstream CO2 = 1600 ppm). For that reason, the working capacity
was always lower than the equilibrium capacity of the sorbent. The working regeneration
capacity was determined for downstream CO2 concentrations approaching 410 ppm, in all cases.

The mass of adsorbed and desorbed CO2 was determined by integrating the time-resolved CO2
concentration of the airstream upstream and downstream of the sorbent during loading and
regeneration phases, and multiplying by the air flow rate (Egs. 3 and 4). The CO: analyzers
recorded CO2 concentrations every 1.6 s, which were averaged every minute. The difference

between the beginning and end of the loading and regeneration cycles was computed as follows:
Amco, ., = Q X X([CO2lup — [CO1an) (3)

Amcozlde =Q X Z([COZ]dn - [COZ]up) (4)

where Amco, ., and Amco, 4, are the mass of CO2 being adsorbed and desorbed in the loading

and regeneration phase, respectively (expressed in mg). Q is the air flow rate (1 L min) and
[CO2]wp and [CO2]ux are the upstream and downstream CO2 concentration, respectively

(expressed in pug m). The adsorption and desorption working capacity (Cco,,, and Cco, 4, ,

expressed in mg CO:2 per gram of sorbent) were calculated by dividing the mass of captured or

released CO2 by the mass of sorbent in the chamber following Egs. (5) and (6):

Amcoz,ad

Ccoguq =

()

Msorbent
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Amcoz,de

(6)

C =
co
2,de Msorbent

The working capacity for each condition was calculated as the average of values determined in a
number of loading and regeneration cycles, and the experimental error is one standard deviation

of those determinations.

The real-time CO2 breakthrough curves illustrated in Figure 2 describe the adsorption and
desorption behavior of the sorbent. During the loading phase, the downstream CO2 concentration
increased slowly, approaching asymptotically the challenge CO2 concentration. In the
regeneration phase, as the sorbent temperature increased sharply, a CO2 spike occurred initially
in a very short period, with a peak concentration up to almost 3000 ppm, followed by gradually
decreasing concentrations. The CO2 capacity was a function of the arbitrarily selected endpoints
of the loading and regeneration breakthrough curves, and it increased as the endpoints
approached the challenge concentrations. During initial method development, three different
loading endpoints were evaluated at 700, 800 and 900 ppm (Table S1, Supporting Information).
The endpoints of 900 ppm (loading) and 410 ppm (regeneration) were chosen to combine high

capacity with relatively short cycle duration.

2.5 Evaluation of formaldehyde adsorption/desorption capacity

All formaldehyde (HCHO) measurements were made under the previously defined reference
testing conditions. Formaldehyde was collected simultaneously upstream and downstream of the
chamber using a peristaltic pump connected to a 2,4-dinitrophenylhydrazine (DNPH)-
impregnated silica gel cartridges (Waters Corp., United States). Sample flow through each
DNPH cartridge was ~80 mL min™. The duration of each sample coincided with that of
individual loading or regeneration periods, between 2 and 4 hours. Formaldehyde samples were
collected on a sub-set of loading/regeneration (L/R) cycles for each test. The cartridges were
extracted with 2 mL of carbonyl-free acetonitrile and analyzed by High Performance Liquid
Chromatography (HPLC) with UV detection (Agilent 1200), following the EPA TO-11
method.[42]. A calibration curve was generated for quantification of formaldehyde using an

authentic standard of the formaldehyde hydrazone.

10
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Similar to the analysis described above for CO2, adsorption and desorption capacity of

formaldehyde (Crucro,; and Cucroy,, expressed in mg formaldehyde per g sorbent) were

evaluated based on the amounts retained and released during the loading and regeneration period,
respectively. The amounts measured in each cycle varied with the changes in loading
concentration of formaldehyde due to fluctuation in its generation system, leading to upstream
concentrations in the range 0.8 ppm to 2.1 ppm, with an average value of 1.5 + 0.6 ppb. The
adsorption and desorption efficiency (fus and fz., expressed in %) were introduced as additional
metrics for the quantification of formaldehyde capture performance, calculated using Egs. (7)

and (8). The parameter Amucuo,,,, iS the total mass of formaldehyde in the challenge gas stream
during the loading period, a fraction of which, Amucno,,, is the amount retained by the sorbent.

The desorption efficiency, fu, is defined as the relative fraction of released formaldehyde in the

effluent (4mucro,,) compared with the amount retained in the preceding loading cycle

(Amucroy,).
Amycho 4
= "ad 1 7
fad AmHCHOload 00 ( )
__ Ampchoy,
fae = —AmHCHOad x 100 (8)

Since Amucroiad and Amucroaa Were determined by sampling formaldehyde simultaneously
upstream and downstream of the sorbent, the determined adsorption efficiency, fu4, is not
sensitive to fluctuations in upstream formaldehyde concentrations. Similarly, the two quantities
used in the computation of the desorption efficiency, fz, while not measured simultaneously, are

strongly correlated because they correspond to the same L/R cycle.

2.6 Evaluation of the effect of residence time on CO; adsorption capacity

Four tests were carried out using a separate experimental setup that allowed for circulation of air
through the sorbent at higher flows, to evaluate the effect of residence time (R:), or face velocity.
In these tests, 12.6 g of the sorbent were placed in a cylindrical bed, with a depth of 25 mm.
Adsorption isothermal breakthrough curves were recorded by challenging the sorbent with
approximately 1000 ppm CO2 at 30 °C, at four different air flows: 56, 28, 14 and 5.6 L min™,
These flows corresponded to residence times of 25, 50, 100 and 250 ms, and to face velocities of

11
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1,0.5,0.25 and 0.1 m s, respectively. Loading was carried out using dry air (0% RH). After
each loading breakthrough curve was recorded, CO2 was desorbed with air containing 400 ppm
CO: at 65 °C with a flow of 11 L min™t. A 1% V/V water was added to the regeneration air,
equivalent to a moisture content of 7.4 g m™, corresponding to a relative humidity RH = 4% at
the regeneration temperature. The same sorbent sample was used consecutively for the four
determinations. A breakthrough curve was determined only during the loading phase, but not
during regeneration, for each condition. The working capacity was determined in each case using
Egs. (3) and (5). The experimental error assigned to single determinations was estimated from

the uncertainty in the upstream CO2 concentration measurements, [CO,],y,.

12
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Figure 2. Isothermal breakthrough curves corresponding to (A) Loading at 25 °C, and (B)
Regeneration at 80 °C. The shaded areas between the curve and the challenge CO2 concentration

are proportional to the mass of CO2 adsorbed during loading, and desorbed during regeneration.
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3. Results and Discussion

The COz2 loading and regeneration working capacities determined under different experimental
conditions are listed in Table 1. Nearly 200 loading/regeneration cycles were performed using
the same sorbent material in different experiments carried out over a 17-month period (June 2017
to October 2018). Tests carried out in reference conditions allowed for an evaluation of the
sorbent’s performance under typical building operation conditions. Those tests were repeated at
different times, allowing for an evaluation of changes in performance as the material aged
(section 3.1). Other tests evaluated the impact of higher CO2 upstream concentrations (section
3.2), and the effects of loading temperature, regeneration temperature, and loading relative
humidity (section 3.3). The results were rationalized using simple partitioning models (section

3.4). Finally, the material’s retention efficiency for formaldehyde was quantified (section 3.5).
3.1 CO; adsorption and desorption under reference test conditions

After initial evaluation of several conditions (June-July 2017), the reference testing conditions
were established as 25 °C, 38 + 5% RH and 1 atm pressure for adsorption (loading), and 80 °C,
3% RH and the same pressure for desorption (regeneration). For both loading and regeneration,
the relative humidity measured at room temperature (20 °C) far from the sorbent holder was 50 +
5%. The challenge CO2 concentration was 1000 ppm and 400 ppm for loading and regeneration,

respectively.

14



Accepted for publication in Indoor Air

DOI: 10.1111/ina.12695

May 2020

15

1  Table 1. Working capacity determined under various experimental conditions (cutoff target during loading: 900 ppm)
Loading Regeneration
#of | Challenge | Residence _ Working _ Working
Test Date L/R | CO, conc. time T RH Moisture | capacity T RH Moisture capacity
cycles | (ppm) ms) | oy | o0 | Uy (mgefoz 0) | @) | Qs | (mgCO, per
g sorbent) g sorbent)
9/2017 | 32 1000 270 25 38 8.7 43+2 80 3 8.7 44 %2
10/2017 | 29 1000 270 25 38 8.7 45+2 80 3 8.7 45+3
Reference
test 4/2018 | 36 1000 270 25 38 8.7 40+1 80 3 8.7 43+£2
conditions g 1018 | 4 1000 270 25 | 38 8.7 40+1 80 3 8.7 a1t1
10/2018 | 3 1000 270 25 38 8.7 391 80 3 8.7 40£1
Loading COz | 612017 | 5 1600 270 25 | 38 8.7 0+1 | 80 | 3 8.7 31
7 1000 270 15 68 8.7 521 80 3 8.7 54+1
7/2017
Loading 6 1000 270 35 22 8.7 43+1 80 3 8.7 431
temperature 9 1000 270 15 | 68 8.7 43+1 80 3 8.7 44 +1
10/2018
16 1000 270 35 22 8.7 32+1 80 3 8.7 32+1
Regeneration | ¢ 10 1000 270 25 38 8.7 18+1 40 17 8.7 171
temperature 13 1000 270 25 38 8.7 331 60 7 8.7 331
_ 9/2017 4 1000 270 25 28 6.4 46+1 80 2 6.4 46£1
Loading &
regeneration 5 1000 270 25 0 0 36+1 80 0 0 36+1
RH 10/2018
1000 270 25 30 6.9 391 80 2 6.9 40£1
1 1000 25 30 0 0 41+2 65 4 74 not measured
Residence 1942017 1 1000 50 30 0 0 40+2 65 4 7.4 not measured
time 1 1000 100 30 0 0 471 65 4 7.4 not measured
1 1000 250 30 0 0 49+1 65 4 74 not measured
2




Accepted for publication in Indoor Air DOI: 10.1111/ina.12695 May 2020

Figure 3 illustrates the CO2 loading and regeneration capacity determined under reference
conditions at different times over more than a year. Tests performed over a large number of
cycles in September and October 2017 showed a stable capacity between 43 and 45 mg CO:2 per
g sorbent for both adsorption and desorption. Subsequent measurements in April, August and
October 2018 showed a moderate decline of the performance, with a final capacity between 39
and 40 mg CO,, per g sorbent.

50

45
40 29
35 32 36 4 3

30
25

20

@ Loading
15

@-Regeneration
10

Working capacity (mg/g)

5

0
8/1/17 9/30/17 11/29/17 1/28/18 3/29/18 5/28/18 7/27/18 9/25/18 11/24/18

Figure 3. CO2 working capacity determined during loading and regeneration under reference
test conditions. The figures shown next to the results correspond to the number of L/R cycles

used in each case to determine the working capacity.

The moderate loss of capacity is likely due to aging of the material over more than a year, even
when there was no air circulation through the sorbent. The loss of performance was correlated
with the exposure time, but not with the number of cycles, as the initial >60 cycles (9-10/2017)

showed no significant degradation. By contrast, the major decrease of working capacity was

16
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observed between 10/2017 and 11/2018, during which only 43 cycles were performed, rather
than during the first 61 cycles. Overall, the capacity determined during regeneration was slightly
higher than that determined during loading, although both determinations were within the
experimental error. The gap is probably due to a systematic difference in the integration of the
CO2 breakthrough curves.

3.2 Influence of higher CO, concentration on sorbent performance

By increasing the challenge CO2 concentration to 1600 ppm from 1000 ppm, the adsorption rate
increased. The 900 ppm breakthrough endpoint was reached earlier: in 60 min at 1600 ppm vs.
290 min at 1000 ppm. The shorter adsorption period associated with a higher CO2 challenge
level resulted in a lower working capacity under this condition of 30 mg g for adsorption and
34 mg g'* for regeneration. The CO2 concentration during regeneration was maintained at 400

ppm, and the endpoint at 410 ppm.
3.3 Influence of temperature and humidity on sorbent performance

CO: adsorption was affected by the loading and regeneration temperature and RH, as illustrated
in Figure 4. Tests were carried out with loading temperatures of 15 and 35 °C in July 2017, and
repeated in October 2018. The second test included also a test at 25 °C (reference conditions).
The regeneration temperature (80 °C), loading RH (38%) and regeneration RH (3%) were
maintained at the reference values in all cases. The observed decrease of the CO2 adsorption
capacity was proportional with increasing loading temperature, as shown in Figure 4A. The
working capacity measured with a loading temperature of 35 °C was 17-25% lower than that at
15 °C, suggesting that operating the system at a low temperature can maximize the sorbent
capacity. Figure 4A also shows a clear effect of sorbent aging in reducing the working capacity.

Additional tests were conducted by lowering the regeneration temperature from the reference
condition (80 °C) to 60 °C and 40 °C. In these tests, the loading temperature (25 °C), loading RH
(38%) and regeneration RH (3%) were maintained at reference levels. With the higher
regeneration temperature, the working capacity was highest as a result of a more complete
recovery of the sorbent (Figure 4B). However, the ratio between the relative change of
adsorption capacity and temperature was the same for loading and regeneration temperature:

0.55 mg COz2 per g sorbent per degree Celsius (Figure 4A and 4B).
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Tests evaluating the effect of moisture content (absolute humidity) explored values between ~0
and 9 g m3, while keeping both loading (25 °C) and regeneration (80 °C) temperatures at their
reference values. Changes in loading and regeneration RH had a moderate influence on the
adsorption capacity (Figure 4C).
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3.4 Influence of residence time on sorbent performance

The breakthrough curves corresponding to loading of the sorbent at four different face velocities
(or residence times, R/) are presented in Figure 5. Longer breakthrough times were observed as
the residence time increased, with the two curves corresponding to the lowest values (R, = 25
and 50 ms) showing initial downstream concentrations higher than 0 ppm (approximately 400
and 100 ppm, respectively). The reason for this incomplete CO2 retention at higher face
velocities is likely mass transfer limitations. The time required to reach quasi steady-state
breakthrough conditions was approximately 20-30 min for experiments carried out at R; = 25 and
50 ms. The same target was reached at nearly 50 min for R; = 100 ms, and 120 min for R; = 250
ms. The CO2 working capacity increased with higher R; in the range 40 — 49 mg CO,, per g
sorbent, as reported in Table 1. These changes illustrate the fact that, under the experimental
non-equilibrium conditions, the adsorption process is not determined exclusively by the total

number of active sites, but by those accessible to the air circulating through the sorbent.

1000

800
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200
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Figure 5. Breakthrough curves determined at four different residence times: 25, 50, 100 and 250

milliseconds. The working capacities determined in each case are reported in Table 1.
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3.5 Describing CO> adsorption using simple partitioning models

The three kinetic models described in Table 2 had previously been used to fit CO2 adsorption
isothermal breakthrough curves, and were adapted from Shafeeyan et al (2015) [24]. The
pseudo-first order model assumes reversible partition of CO2 between gas and solid phases, the
pseudo-second order model assumes chemical control of the adsorption kinetics, and the Avrami
model is a variant of the pseudo-first order equation, incorporating an empirical exponent ». In
these models, ¢ is the time (min) elapsed from the beginning of the adsorption process, g: is the
amount of CO2 (mg) adsorbed within a specific period ¢, and g. represents the equilibrium
capacity expressed in mg CO2, corresponding to the maximum CO2 adsorbed at a given
temperature and face velocity (residence time). The corresponding kinetic constants for each
model are kr (first order), ks (second order) and k4 (Avrami). The Avrami model also

incorporates an empirical exponential parameter (n).

Table 2. Three adsorption models evaluated in this study, and parameters calculated for the

reference test conditions during initial (9/2017) and final (10/2018) operation.

Parameters Reference test
Model Equation (units) conditions
9/2017 10/2018
Pseudo kr (s 9.8x 105 | 1.2 x 10°*
first order qr = qe(1 — e7F%) ge (mol kg?) 15 13
4q (%) 3.8 8.8
1 -
Pseudo kot ks (mol')kg | 19x10%| 35x10°
second g = ——— o
order 1+ qekst ge (mol kg™) 2.7 2.1
Aq (%) 3.4 9.3
ka (s 1.1x10%| 1.8x10*
i — = (ka)" n 1.05 1.18
Avrami qe qe(l e~ (ka ) 7ol 5 v T
A4q (%) 2.0 4.0

Fitting was evaluated by considering the deviation between experimental results and values
predicted by the kinetic models, applying the error function Aq, defined as [43]:

2
ACI (%) — \/Z[(Qt(exp)_Q;\;r_ml)d))/CIt(exp)] x 100 (9 )
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where g:exp) 1S the amount adsorbed at a given time determined experimentally, g:moa) is the
amount adsorbed as predicted by the model, and N is the total number of experimental data
points. The calculated error did not exceed 10% for any of the three types of kinetic models, as
illustrated in Table 2 for experiments carried out under reference test conditions during initial
(9/2017) and final cycles (10/2018). The Avrami model showed relatively lower 4q, but
introduced an additional parameter. Considering that all models provided an acceptable fit, the
pseudo-first-order model was used to model CO2 adsorption. This model was successfully used
to describe the adsorption kinetics of CO2 on physical adsorbents such as activated carbon [18]
and MCM- 41 molecular sieves [44]. The pseudo-first order kinetic model allows for a simple
integration in algorithms to design, optimize and evaluate the performance of air cleaning
systems. It can also be used to determine kinetic properties when the geometry of the particles is
known [45]. This model assumes reversible interactions between the gas and solid surfaces [46],
and is widely used in the description of fixed bed and cyclic CO2 adsorption processes.

It should be noted that the equilibrium capacity ¢g. determined with the pseudo-first order model
was 1.5 and 1.3 mol kg for initial and final reference tests, respectively. These correspond to
~66 and 57 mg/g, which are higher than the reported working capacities in those tests. The main
reason for this difference is that the working capacity was determined by interrupting loading
when downstream CO2 concentration reached 900 ppm, at a point in which the sorbent was far

from saturation.

Both the equilibrium capacity and the adsorption rate constant were affected by changes in
experimental parameters. In Figure 6, the predicted equilibrium capacity g. is shown to correlate
inversely with adsorption temperature, due to the exothermic nature of the adsorption process.
By contrast, the Kinetic rate constant (k) increased with temperature, consistent with increases
in the rate of diffusion of CO2 molecules inside the pores of sorbent, and higher chemical
reaction rates. From the data shown in Figure 6, it can be observed that the relative reduction of
the equilibrium capacity, of 18-23%, was larger than the relative increase in the adsorption rate,
of 12-17%. Hence, the overall dependence on loading temperature shown in Figure 4A is
dominated by changes in the equilibrium capacity. Results in Figure 6 show changes of the
parameters over time that are consistent with the changes in the working capacity illustrated in

Figure 3 for experiments carried out under reference tests conditions.
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Figure 6. (A) Equilibrium capacities (g., mol kg), and (B) kinetic rate constants (kr, s*)
determined at different loading temperatures with the pseudo first-order kinetic model. Error bars

show +10% of the calculated values.
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determined in reference test conditions at R; = 270 ms, reported in Table 2.
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The results presented in Figure 7 illustrate the changes in the first-order model parameters with
increasing residence time. The equilibrium capacity grew with increasing R¢, reaching a plateau
at the higher residence times. This result suggests that equilibrium capacity is a function of the
face velocity, as the higher velocities tested here likely changed the adsorption equilibrium
conditions at the boundary layer. By contrast, the rate constant decreased as the residence time
increased. The equilibrium capacity g. = 1.3 — 1.5 mol kg determined for the automated system
operating in reference conditions at Rt = 270 ms were higher than those determined for the
highest residence time of 250 ms on the manual system, likely due to the fact that those
experiments were carried out at different temperature and humidity. In particular, tests evaluating
the effect of residence time were carried out using dry air, limiting the adsorption process to the
reaction described in equation (1), not capturing additional CO: as bicarbonate in the presence of

water, as described in equation (2).

3.6 Formaldehyde adsorption and desorption

The formaldehyde adsorption capacity was evaluated with integrated samples collected upstream
and downstream, simultaneously, during the loading phase. Although formaldehyde was
introduced continuously during all tests, sampling was carried out only in a sub-set of L/R
cycles. The efficiency to adsorb and desorb formaldehyde was measured while the system was
operating in reference conditions during two L/R cycles in September 2017 and six L/R cycles in
April 2018. Formaldehyde was very effectively removed from the air stream, especially
considering that the loading concentration (1.5 = 0.6 ppb) was one to two orders of magnitude
higher than typical indoor levels. During the loading period, a formaldehyde adsorption
efficiency f.« = 80-99% was calculated (Figure 8), corresponding to a capture capacity of 86 +
36 pug g sorbent. Variation of the capacity determined in different loading cycles correlated
linearly to the varying challenge formaldehyde concentration. This was confirmed by performing
linear regression between the two parameters resulting in R? >0.9 and intercept equal to 0 (Figure

S3, Supporting Information), suggesting that the maximum adsorption capacity was not reached.

Unlike CO2, formaldehyde was not desorbed completely from the sorbent during regeneration at
80 °C. A desorption efficiency of fz. = 10-69% was observed, as shown in Figure 8. This
suggests that the reaction between the amine-impregnated material and formaldehyde was

partially irreversible, and/or that the material has a large capacity to store formaldehyde, in
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agreement with previous reports of formaldehyde adsorption to similar amine-based silica
sorbents [34-36]. In the two series of formaldehyde data, the first L/R cycle shows significantly
lower desorption efficiency (fz. = 10-16 %) than several cycles of the same series (fua. = 48-

69 %). One possible explanation for such initial lower desorption is the presence of a higher
moisture content in the sorbent due to equilibration with ambient air during idle periods, as

compared with dryer conditions achieved immediately after regeneration.

9/2017 ] adsorpti.on 4/2018 [ ] adsorpti.on
M desorption M desorption
100 100
90 90
80 80
__ 70 __ 70
£ 60 £ 60
g 9
§ §
£ 40 £ 40
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30 30
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Figure 8. Formaldehyde adsorption efficiency (f.s) and desorption efficiency (fz.) determined in
different cycles during tests performed in reference conditions in September 2017 (32 cycles)
and April 2018 (36 cycles). The cycle number corresponds to the overall set of experiments,

from which #20 and #83 were the first cycles of each of the two tests presented here.

4 Implications

The pseudo-first order kinetic model described the adsorption kinetics of CO2 throughout the
range of temperature tested in this study, suggesting that the adsorption process is primarily due
to reversible chemisorption. This simple model can be used to predict the behavior of a sorbent

bed treating recirculated building air. The measured CO:2 capacity at different temperatures
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commonly found in buildings suggest that keeping the sorbent bed at relatively low temperatures
has a positive effect in the loading capacity of the sorbent. Instead, operating the sorbent at the
relatively high temperatures commonly found in a non-air conditioned machine room during the
summer can lead to reduced performance. This temperature effect is in line with the observed

trends for equilibrium and kinetic parameters as a function of temperature.

The working capacity determined in this study can be used to predict the amount of sorbent
required to maintain CO2 levels below a certain target concentration in commercial buildings.
ASHRAE Standard 62.1 requires a minimum of 5 cfm per person to address occupant-associated
indoor contaminants, which include but are not limited to CO2. The IAQ procedure allows for
reduction of outdoor air using engineered air cleaning systems [8]. The sorbent studied here
could be part of the solution for occupant-associated contaminants. Considering that the average
amount of CO2 emitted by a resting adult is 34 g h™! [22], the mass of sorbent required to prevent
CO2 concentration to increase beyond 1000 ppm is approximately 2 kg per person. This
estimation assumes that the sorbent is placed in the return loop to defer an equivalent amount of
outdoor air over four hours of daily operation in loading mode, with nighttime regeneration, as a
peak reduction strategy. The predicted sorbent mass is comparable to amounts of granular
activated carbon (GAC) recommended for HVAC systems operating in conditions of severe

outdoor air pollution [47].

While the main motivation for operating air cleaners containing this sorbent is reducing indoor
CO: concentrations, these materials show great potential also for scrubbing formaldehyde from
indoor air. Unlike CO2, formaldehyde accumulates over time in the sorbent. However, during the
almost 200 loading/regeneration cycles reported here, there was no saturation of formaldehyde
despite being challenged with concentrations that were one to two orders of magnitude higher
than those commonly found in buildings. For future application in real-world scenarios, the
reversibility of formaldehyde chemisorption on amine-modified sorbents should be explored in
more detail, to assess the possibility of materials saturated with formaldehyde becoming a
potential pollutant source. Previous studies on similar aminosilicas suggested that release of
adsorbed formaldehyde at room temperature is unlikely. Nomura and Jones showed that
adsorbed aldehydes (including formaldehyde) are stably attached to amines on the silica surface,
with no loss observed after one week of storage under an ambient atmosphere [35]. The same

authors reported adsorbed formaldehyde on two types of porous aminosilicas did not desorb at
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temperatures below 130 °C [36]. Ewlad-Ahmed et al observed permanent removal of
formaldehyde from indoor air under dynamic chamber conditions comparable to our experiments
[34]. These observations coincide with the low desorption efficiency determined in our study.
Similarly, the presence of formaldehyde did not affect dramatically the sorbent’s ability to
capture CO2, nor its regeneration efficiency.
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Table S1: Evaluation of different loading endpoint values at 50% and 9% relative humidity

CO2 capacity Fraction of CO2 capacity Fraction of

. at RH~50% at RH~9% Difference
Endpoint consumed consumed
(mg CO2 per capacit (mg COz2 per capacit (%)
g sorbent) pactty g sorbent) pacity
700ppm 37.7 85% 42.4 86% 11%
800ppm 40.8 92% 45.7 93% 11%
900ppm 443 100% 49.1 100% 9.8%
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Figure S1: Example of (A) temperature measured at the outer surface of chamber and in the air
flow downstream of the sorbent, and (B) relative humidity measured upstream and downstream

of the sorbent, at room temperature (20 °C).
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The sorbent temperature changed almost instantaneously upon switching between loading and
regeneration phases, but the air temperature took longer (~60 min) to equilibrate (Figure S1).
The temperature difference between the sorbent and air was within 2°C. Changes in moisture

content (measured as RH at ambient temperature in Figure S1) followed the same patterns
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observed for CO», as water vapor was also captured and released by the sorbent. In the loading
phase, water in the air flow was retained by the sorbent, leading to a lower downstream RH,
which slowly reached equilibrium with the upstream. When the sorbent was heated during the

regeneration phase, water was quickly released back into the air.

Figure S2: Measurement of CO; sorption and desorption capacity in multiple cycles. (A)
Breakthrough isotherms during 36 consecutive adsorption/desorption cycles; (B) CO; capacity
determined in each of the cycles.
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Figure S3: Linear correlation between formaldehyde adsorption capacity and challenge
concentration.

120

y = 54x
100 Rz2=0.92

(o]
o
']

Formaldehyde adsorption capacity
(ug/ g sorbent)
B (o))
o o

0 L] L] L] L] L]
0.5 0.7 0.9 11 1.3 15 1.7 1.9

Formaldehyde concentration (ug/L)

S5



	Performance of a CO2 Sorbent for Indoor Air Cleaning Applications- Effects of Environmental Conditions, Sorbent Aging, and Adsorption 
	Abstract
	Practical Implications
	1 Introduction
	2 Methods
	2.1 Sorbent material
	2.2 Experimental apparatus
	2.3 System operation
	2.4 Evaluation of CO2 adsorption/desorption capacity
	2.5 Evaluation of formaldehyde adsorption/desorption capacity
	2.6 Evaluation of the effect of residence time on CO2 adsorption capacity

	3. Results and Discussion
	3.1 CO2 adsorption and desorption under reference test conditions
	3.2 Influence of higher CO2 concentration on sorbent performance
	3.3 Influence of temperature and humidity on sorbent performance
	3.4 Influence of residence time on sorbent performance
	3.5 Describing CO2 adsorption using simple partitioning models
	3.6 Formaldehyde adsorption and desorption

	4 Implications

	Performance of CO2 Supporting Information



