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ABSTRACT: A temperature-vacuum swing (TVS) cyclic process is applied |&
to an amine-functionalized nanofibrilated cellulose sorbent to concurrently

extract CO, and water vapor from ambient air. The promoting effect of the e

relative humidity on the CO, capture capacity and on the amount of

coadsorbed water is quantified. The measured specific CO, capacities range I
air

from 0.32 to 0.65 mmol/g, and the corresponding specific H,O capacities

range from 0.87 to 4.76 mmol/g for adsorption temperatures varying between e @
10 and 30 °C and relative humidities varying between 20 and 80%. ._—Hl.o:”/.,-——/

Desorption of CO, is achieved at 95 °C and 50 mbar,,, without dilution by a Con, capture capacity
purge gas, yielding a purity exceeding 94.4%. Sorbent stability and a closed - — -
mass balance for both H,O and CO, are demonstrated for ten consecutive Relative humidity

adsorption—desorption cycles. The specific energy requirements of the TVS

process based on the measured H,O and CO, capacities are estimated to be 12.5 kJ/molcq, of mechanical (pumping) work and
between 493 and 640 kJ/molcq, of heat at below 100 °C, depending on the air relative humidity. For a targeted CO, capacity of
2 mmol/g, the heat requirement would be reduced to between 272 and 530 kJ/molp,, depending strongly on the amount of
coadsorbed water.

B INTRODUCTION coextracted in a DAC process can thus become a valuable
byproduct. Note that, if seawater is accessible, fresh water
extraction via reverse osmosis desalination™ is about 2 orders
of magnitude more energy efficient than water extraction from
air via adsorption.

Solid amine-functionalized materials have been identified as
promising sorbents for DAC, as they offer relatively high
specific CO, capacities and uptake rates under extremely low
CO, partial pressures, such as in the case of ambient
air.”'%"22*73% The vast majority of previous studies on these

Among several strategies to mitigate anthropogenic CO,
emissions, capturing CO, directly from ambient air — usually
referred to as direct air capture (DAC) — has recently attracted
increasing interest.' "> The advantage of DAC is its ability to
address present and past emissions from distributed and mobile
sources, e.g, derived from the transportation sector. Fur-
thermore, DAC systems need not be attached to the source of
emission but can be logistically centralized and located next to

the site of CO, storage/processing or of vast renewable (e.g., ) maje ) : .
solar) energy resources. In particular, CO, extracted from the materials focused on maximizing their CO, adsorption capacity,

atmosphere can be processed to synthetic liquid hydrocarbon while sorbent regeneration was usually achieved by purging
fuels using renewable energy in a closed material cycle.">”" with an inert gas, yielding — again — highly diluted CO,.
Thereby, DAC uniquely offers the possibility of a truly Desorption of concentrated, high-purity CO, is evidently
sustainable liquid fuel-based energy future.''7 While some crucial for downstream applications, yet this issue remained

studies claim that DAC can potentially become competitive™'® mostly disregardéed.n A few studies applied steam stripping,*”

and others question its economic feasibility,"” " it is evident moisture swing,” or temperature-vacuum swing (TVS)""**

that additional R&D on the fundamentals of DAC is required processes to obtain concentrated CO, from the air.

to reliably assess its ultimate industrial-scale applicability. Another intriguing advantage of amine-functionalized solid
If, additionally, H,O is coextracted from ambient air, major sorbents is their tolerance to air moisture."*>"** In contrast to

logistical benefits can be achieved in the production of synthetic

liquid hydrocarbon fuels using concentrated solar en- Received: May 21, 2012

ergy.”~'>** Solar fuel production plants will be located in Revised:  July 22, 2012

deserted regions of the earth’s sunbelt with vast direct solar Accepted: July 23, 2012

irradiation but limited or no fresh water resources. Water Published: July 23, 2012
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physical sorbents such as zeolites, an increase of the CO,
adsorption capacity was observed under humid conditions
compared to dry conditions.”'"*>***> However, substantial
amounts of water are coadsorbed from moist gases.”>°
Formation of carbamates and carbamic acid was postulated as
the main underlying CO, adsorption mechanism on amine-
modified silica under dry and humid conditions.>” = Similar
mechanisms were concluded for amine-modified cellulose.”®
Additional adsorption of H,O presumably occurs through
physical adsorption.*

As opposed to flue gases, the molar water content of air is
typically 1—2 orders of magnitude higher than its CO, content.
Thus, water adsorption per gram of sorbent material can
substantially exceed CO, adsorption.”** This in turn implies
significant heat requirements for water desorption during
sorbent regeneration. The required heat of water desorption
will typically be of the same order of magnitude as the heat of
evaporation of the coadsorbed water.*' Corrosion and fouling
due to condensed water vapor might also be of concern in an
industrial large-scale implementation. Therefore, quantitative
data on coadsorption of H,O are important for the design of a
DAC process based on a solid sorbent material.

Although several proposed DAC concepts are based on
amine-functionalized materials, their coadsorption of water
during CO, capture has hardly been quantified.”'""> Data on
H,O adsorption on an amine-based sorbent was shown for
spacecraft air regeneration without CO, concentration.*' Water
adsorption isotherms on amine-grafted pore expanded
mesoporous silica gel were measured®*>*> but only for single
component adsorption. Co-adsorption of CO, and H,O on
amine-functionalized silica was analyzed in column-break-
through experiments, but no concentrated CO, was extracted.”®

In a previous paper, we analyzed the TVS process applied to
an amine-functionalized solid sorbent material.**> The objective
of the present paper is the detailed measurement of
coadsorption of CO, and H,O and the analysis of the effects
of varying adsorption temperature and relative humidity (RH)
of air. For this purpose we have designed an experimental setup
that uses a membrane-based gas dryer to selectively extract the
water vapor from the desorbed stream under vacuum
conditions prior to its condensation, enabling an accurate
mass balance. These measurements further enable a more
reliable estimate of the energy requirements of the TVS
process.

B EXPERIMENTAL SECTION

Synthesis and Characterization. The sorbent material
(APDES-NFC-FD) was obtained through a one-pot reaction of
an aqueous suspension of nanofibrillated cellulose (NFC) and
3-aminopropylmethyldiethoxysilane (APDES) similar to a
procedure described elsewhere.”® Details of the synthesis and
characterization are provided in the Supporting Information.
The BET surface area of the APDES-NFC-FD sorbent material
was 12.2 m*/g. Its amine content was 3.86 mmoly/g sorbent.

Experimental Setup. The TVS adsorption/desorption
cycles were performed on an experimental setup similar to a
setup described elsewhere.’® A packed bed of 10 g of sorbent
material that was contained in a 45 mm X 45 mm rectangular
reactor with an oil-filled jacket for cooling and heating was used
for cyclic adsorption and desorption. The bed length of 80 mm
was chosen to obtain a low pressure drop because a sharp
breakthrough, which would require a larger bed length, was not
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relevant for this study. A detailed description and a schematic of
the setup are contained in the Supporting Information.

All experiments used dried, technical-grade pressurized air for
adsorption obtained by compressing ambient air with a CO,
content varying between 400—510 ppm. By comparing several
otherwise equal adsorption/desorption runs with different inlet
CO, concentration, it was verified that this variation has
negligible effect on the results (see Figure S2, Supporting
Information). This can be explained with the relatively flat
shape — far beyond the Henry’s law regime — of the CO,
adsorption isotherms of amine-modified porous adsorbents
even at CO, concentrations of 400 ppm.’

To quantify the amount of H,O desorbed under vacuum
conditions, the gas flow exiting the reactor was passed through
one channel of a Nafion membrane gas dryer (Perma Pure
MD-070-72S) before entering the vacuum pump. Dried
pressurized air, controlled by an electronic mass flow controller
(Bronkhorst EL-FLOW), was passed through the other channel
as a “drying gas” in counter-current flow configuration. The
piping between the reactor and the gas dryer was heated to
avoid condensation. Nearly all water vapor contained in the
desorption gas diffused through the Nafion membrane into the
drying gas, as corroborated by blank experiments. This amount
of H,0 was quantified by measuring the RH of the drying gas
at the exit of the channel with an electronic sensor (Vaisala
HMP110).

For comparison, the CO, adsorption capacity for 10 h
adsorption at 20 °C and 0/40% RH after N, purge desorption
was measured on an experimental setup described elsewhere.*?

Data Processing. The CO, and H,O adsorbed during a
single TVS cycle Aq(cugi) (mmol CO,/g sorbent material) and

Aqlid)

integrating the breakthrough profiles

(mmol H,0/g sorbent material) are determined by

dt
=0 m; (1)

(ads) [T nair'(CO,COZ/HZO - CI,COZ/HZO)
CO,/H,0 .

where ¢, is the adsorption time, 7, is the molar flow rate of
the air stream, cco m0 and ¢ co o are the CO,/H,0O
concentrations at the inlet and outlet of the reactor, and m; is
the mass of the sorbent material contained in the reactor. The

CO, desorbed during a single TVS cycle Aq(cdoesz) (mmol CO,/g)
is determined by integrating over the desorption process
t=ty 7
= [
: t=0 m (2)

where t,, is the desorption time, and ¢, is the measured

molar flow rate of desorbed CO,. The H,O desorbed during a
(e (mmol H,0/g) is determined by

single TVS cycle Agyg
integrating over the H,O concentration profile in the drying gas
stream at the exit of the membrane gas dryer

/f:tdes "€y 1,0 it
t=0 m (3)

(des) _

H,0
where 7, is the molar flow rate of the drying gas stream, and
cas1,0 is the H,O concentration in the drying gas leaving the gas
dryer calculated from its RH, temperature, and pressure.

The baseline operational parameters of the adsorption/

desorption experiments are listed in Table 1. These were varied
for the purpose of evaluating the effects of adsorption
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Table 1. Operational Parameters of the CO, and H,0
Adsorption/Desorption Experiments

parameter
adsorption time (h) S
desorption time (h) 1
adsorption flow rate (ly/min) 4
adsorption temperature (°C) 10/20/30
adsorption relative humidity (% at adsorption temperature) ~ 20/40/60/80
adsorption CO, concentration (ppm) 400—-510
desorption temperature (°C) 95
desorption pressure (mbar) 50

temperature and RH. All other operational conditions, in
particular those during desorption, were fixed. Each adsorption
cycle started therefore from the same equilibrium baseline state
of the sorbent material to facilitate comparison of the individual
cycles with varying adsorption conditions. The adsorption time
of 5 h was required to attain sufficient loading of the sorbent
material but did not lead to full adsorption equilibrium. For
each parameter combination, two adsorption/desorption cycles
were performed to ensure reproducibility; the reported results
represent the average of both cycles. All experiments use the
same sorbent sample. Periodic repetitions of a standard cycle
during the parametric study verified that no measurable
degradation of the sample occurred.

B RESULTS AND DISCUSSION

CO, and H,0 Adsorption/Desorption Capacities. The
results of the TVS adsorption/desorption measurements are
shown in Figure 1. The specific CO, and H,O adsorption/
desorption capacities are plotted as a function of the air RH for
adsorption temperatures of 10, 20, and 30 °C. The RH was
varied between 20 and 80% at 10 and 20 °C, and between 20
and 60% at 30 °C, to prevent condensation in the piping in the
latter case. The CO, adsorption/desorption mass balance is
well closed for all parameter combinations, with average
deviation <2.5%. The corresponding H,O mass balance exhibits
discrepancy for some data points, caused by inaccuracies in the
RH measurement during adsorption. Due to the relatively high
water content of air compared to its CO, content, the H,O
adsorption measurement is more sensitive to small sensor
deviations than the CO, measurement. Thus, the more accurate
desorption values are used in the analysis that follows.

At 10 °C adsorption temperature, the CO, capacity increases
from 0.36 mmol/g at 20% RH to 0.63 mmol/g at 80% RH,
corresponding to amine efficiencies (moles CO, adsorbed per
moles of amine groups) of 0.09 and 0.16, respectively. At 20 °C
adsorption temperature, the CO, capacity varies from 0.39
mmol/g at 20% RH to 0.65 mmol/g at 80% RH. At 30 °C, it
varies from 0.32 mmol/g at 20% RH to 0.50 mmol/g at 60%
RH. The amine efficiencies are lower than reported elsewhere,
because (i) the adsorption process was stopped after 5 h before
attainment of the complete full capacity, and (ii) desorption
under TVS conditions, while resulting in a stream of
concentrated CO,, is known to yield lower capacities than
desorption under inert purge gas, which results in a stream of
diluted CO,.** The purity of the desorbed CO, for all data
points was between 94.4% and 96.7%. The corresponding H,0
capacity at 10 °C adsorption temperature increases from 0.87
mmol/g at 20% RH to 4.20 mmol/g at 80% RH. At 20 °C
adsorption temperature, the H,O capacity increases from 0.94
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Figure 1. Specific CO, and H,O adsorption/desorption capacities of
APDES-NFC-FD in the TVS cyclic process as a function of the air
relative humidity for adsorption temperatures of 10 °C (a), 20 °C (b),
and 30 °C (c).

at 20% RH to 4.76 mmol/g at 80% RH. At 30 °C, it increases
from 0.96 at 20% RH to 3.02 mmol/g at 60% RH.

For the purpose of comparison with published data, Figure
1b contains in addition the values of the adsorption capacities
of 0.82 and 0.94 mmol/g measured for 10 h adsorption at 0 and
40% RH, respectively, after N, purge desorption.

Evidently, the measurements reveal a strong promoting effect
of the RH during adsorption on both CO, and H,O capacities
for all investigated adsorption temperatures. The influence is
larger on H,0 adsorption than on CO, adsorption. For
example, the H,O capacity increases by a factor of 5, while the
CO, capacity increases by a factor of 1.7 when the RH varies
from 20% to 80% at 20 °C adsorption temperature. These
results are in agreement with the generally known promoting
effect of humidity on CO, adsorption on amine-functionalized
solid sorbent materials.*** The fact that a higher level of RH
leads to a stronger increase of the CO, capacity has been
previously observed.”>*** H,0 coadsorption of 4.7 and 7.29
mmol/g was observed for 27% and 64% RH, respectively, on
amine functionalized mesoporous silica that was regenerated by
purging inert gas.”> Our results quantify for the first time the
promoting effect of the RH of air on the coadsorption/
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desorption capacities of CO, and H,O for the TVS process
extracting pure CO, from air.

While the detailed mechanisms of binary adsorption of CO,
and H,O are not yet fully understood, hydrogen bonding with
the surface functional groups and multilayer adsorption have
been proposed as general mechanisms for the coadsorption of
H,0 and CO, on porous sorbent materials.** On cellulose
fibrils, H,O molecules are assumed to mainly adsorb in
multilayers on the cellulose hydroxyl surface groups.*’ Besides
the chemical interaction of H,O and CO, with the surface
functionalities, the smaller van der Waals diameter of H,O
molecules compared to that of CO, molecules* can be one
reason for the observed H,O capacities largely exceeding the
corresponding CO, capacities. Moreover, multilayer adsorption
of H,O is presumably responsible for the stronger increase of
the H,O capacity with RH vis-a-vis that of the CO, capacity.

The TVS adsorption/desorption CO, capacities achieved in
this study for an amine-functionalized nanofibrilated cellulose
sorbent are about twice higher than those obtained previously
for an amine-functionalized silica gel sorbent,>® while
adsorption time was only S h instead of 24 h. This is associated
with the higher amine content of the APDES-NFC-FD sorbent
used in this study and its more favorable adsorption kinetics.*®
In another TVS study, a CO, capacity of 0.13 mmol/g under
moist conditions was reported for an amine-grafted silica
sorbent."!

From Figure 1 and Figure S3 in the Supporting Information,
which shows the capacities as a function of the adsorption
temperature, it can be seen that the influence of the adsorption
temperature on the CO,/H,0O capacities at fixed RH is minor.
For example, the CO, capacities for adsorption temperatures of
10, 20, and 30 °C at a fixed 40% RH are 0.42, 0.44, and 0.38
mmol/g, respectively. The corresponding H,O capacities are
1.67, 1.69, and 1.74 mmol/g, respectively. Since the RH at
different adsorption temperatures does not reflect the absolute
water content of the air, the measured capacities are also
plotted as a function of the partial pressure of H,O in Figure 2.
For clarity, only the desorption values are shown. It becomes
evident that, at constant H,O partial pressure, both CO, and
H,O capacities strongly decrease with increasing adsorption
temperature. For example, at a partial H,O pressure of about 9
mbar, the H,O capacities at 10, 20, and 30 °C are 4.20, 1.69,
and 0.96 mmol/g, respectively. The corresponding CO,
capacities are 0.63, 0.44, and 0.32 mmol/g, respectively. This
coherence is a direct consequence of the relation between the
three variables H,O partial pressure, temperature, and RH, of
which only two are independent and the respective third one
can be calculated from the corresponding vapor pressure of
H,0.

Therefore, describing the H,0/CO, capacities as a function
of the relative humidity turns out to be most convenient, since
this representation is nearly independent of the adsorption
temperature in the temperature range considered in this study.
This is in agreement with other studies in which water
adsorption was observed to be only marginally influenced by
temperature at constant RH.***” In fact, both the strong
temperature dependence of the adsorption capacities at
constant H,O partial pressure (Figure 2) and the negligible
dependence at constant RH are predicted from thermodynamic
principles. According to the Clausius—Clapeyron equation, the
temperature dependence of the adsorption capacity scales with
the isosteric heat of adsorption. As shown elsewhere,** when
the H,O capacity is expressed as a function of H,O partial
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Figure 2. Specific CO, (a) and H,O (b) desorption capacities in a
TVS cyclic process as a function of the H,O partial pressure for
adsorption temperatures of 10, 20, and 30 °C.

pressure, the corresponding isosteric heat of adsorption to be
used for the evaluation of the Clausius—Clapeyron equation is
the total heat of adsorption, ie. the sum of the “net” heat of
adsorption and the latent heat of evaporation. On the other
hand, when the H,O capacity is expressed as a function of RH,
the Clausius—Clapeyron equation needs to be evaluated by
using the “net” heat of adsorption only. The latter is relatively
small, since the heat of adsorption for amine modified sorbent
materials is known to approach the value of the heat of H,0
evaporation.41

While thermodynamics predict a marginal decrease of the
CO,/H,0 capacities with increasing temperature, the observed
minimal increase for several data points (Figure S3, Supporting
Information) is attributed to — besides measurement
uncertainty — the nonideal behavior of the binary CO,/H,0
system.** For the CO, capacities, further overlapping of
equilibrium and kinetic effects is likely.

To compare the rates of CO, and H,O adsorption, the
breakthrough curves at 20 °C adsorption temperature and 40%
RH are shown in Figure 3. Breakthrough of water occurs much
faster than that of CO,, which is consistent with previous
results obtained with diluted CO, streams.”® After approx-

500
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% 300 &
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Figure 3. CO, and H,O adsorption breakthrough curves at 20 °C
adsorption temperature and 40% RH.
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imately 1 h, H,O adsorption reaches completion, while CO,
adsorption does not reach equilibrium within 5 h adsorption
time. Thus, longer adsorption times yield higher CO, to H,O
adsorption ratios for a DAC process. This is confirmed by
Figure 4, which shows the cumulative CO, and H,O uptakes

07F - : - - =
(a) 80% RH:
@ 06 60% RH: 1
=
S 0.5f 1
£
£ 04 1
e
S 03t )
502t 40%RH 5004 RH -
=01t 1
0 . , \ , ,
0 1 2 3 4 5
Adsorption time (h)
5 E T T T T |
(b
- / 80% RH
. 1
°
E 3 60% RH -
S |
IS, 40% RH
Ex7, 1
o
20% RH
0 , , , , ,
0 1 3 4 5

2
Adsorption time (h)

Figure 4. CO, (a) and H,O (b) uptake during adsorption at an
adsorption temperature of 20 °C and an air relative humidity of 20, 40,
60, and 80%.

over the adsorption process for 20 °C adsorption temperature

mmol/g and 0421 mmol/g, respectively. The amount of
desorbed H,O also remains stable with an average of 1.73
mmol/g. The water adsorption/desorption mass balance is well
closed for cycles 3, 4, 5, 8, and 9. For the other cycles,
discrepancy is associated with the sensitivity of the H,O
adsorption measurement to small drifts in the RH measure-
ments.

Energy Requirement. The influence of the adsorption
conditions on the energy consumption of a TVS process is
estimated based on the experimentally measured capacities.
The mechanical compression work of desorbed CO,, heat of
desorption of CO, and H,O, and heat for the thermal swing of
the sorbent material and adsorbed species are considered. The
heat capacities of the adsorbed species CO, and H,O were
approximated by the pure component heat capacities of gaseous
CO, and liquid H,O, respectively. Parasitic losses such as
pressure drops across pipes, heat losses, and heat transfer
irreversibilities are omitted from consideration. The molar
amount of desorbed water per mole of desorbed CO, is the
ratio of the measured values in this work. The assumptions are
summarized in Table S1 (Supporting Information).

The energy requirement for sorbent regeneration in the TVS
process is given by the electrical input for operating the vacuum
pump (eq 4), the heat input for bringing the sorbent material to
the desorption temperature (eq S), and the heat input for the
desorption enthalpies of CO, and H,O (eq 6).** The specific
sensible heat, heat of desorption, and total required heat in kJ

Table 2. Heat Requirements for Sorbent Regeneration at
Various Adsorption Temperatures and Relative Humidity

and various RH. After S h adsorption time, the CO, uptake T s Quone Quee Q= Qupe + Ques
curves are still considerably increasing, while the corresponding (°C) (% RH) (KJ/moleo,)  (KJ/molcoy) (kJ/molc,)
H,O curves have reached a constant plateau for all RH values. 10 20 352 205 557
Slight variations are due to sensor deviations. Further, the CO, 10 40 311 276 588
uptake curves exhibit the same profile for all RH levels, 10 60 291 348 639
indicating the same underlying rate controlling mechanism 10 80 236 404 640
determined presumably by diffusion and surface reaction with
the amine groups. 20 20 288 205 493
Multicycle Experiment. The stability of the material and 20 40 266 272 538
repeatability of the measurements are examined by performing 20 60 230 344 575
10 equal, consecutive adsorption/desorption cycles. The 20 80 206 434 639
adsorption temperature and RH were fixed at 20 °C and
40%, respectively. The measured CO, and H,O adsorption/ 30 20 302 231 532
desorption capacities for each cycle are shown in Figure 5. The 30 40 267 308 575
CO, adsorption/desorption values remain stable over all cycles, 30 60 213 373 586
and the corresponding mass balance is accurately closed. The
average adsorbed and desorbed amounts of CO, are 0.415
@ 2 i
E ik Il :l(f()z Adsorption
= DL‘.U: Desorption
S gk - :‘HEO Adsorption
3 - HZO Desorption
= 05F L
< L HAE 112 MNEi Wl 114 WI%i Wi
0 . ] :
1 2 3 4 5 6 7 8 9 10
Cycle number

Figure S. Specific adsorbed/desorbed amounts of CO, and H,0O in multicycle experiment at an adsorption temperature of 20 °C and an air relative

humidity of 40%.

9195

dx.doi.org/10.1021/es301953k | Environ. Sci. Technol. 2012, 46, 9191-9198


http://pubs.acs.org/action/showImage?doi=10.1021/es301953k&iName=master.img-004.png&w=214&h=216
http://pubs.acs.org/action/showImage?doi=10.1021/es301953k&iName=master.img-005.jpg&w=475&h=112

Environmental Science & Technology

per mole of CO, separated are shown in Table 2 for 10, 20, and
30 °C adsorption temperatures and 20, 40, 60, and 80% RH.

1 pumb
Wiy = —-R~Tpump-ln[ ]
'pump Ries (4)
. Aq (des)
H,0
Qsens = A (des) .Cp,sorb + Cp,CO2 + (des) .CP,HZO '
co, co,
(I:ies - ’Iz'zds) (5)
(des)
H,0
des — des,CO, —- des,H,0
Q h + A (des)
Aco, (6)

For example, at 20 °C adsorption temperature and20% RH,
the measured amounts of (desorbed (CO, and H,O are (0.39
mmol/g and 0.94 mmol/g, respectively, and the corresponding
required total heat is 493 kJ/molcg,: On the other hand,
increasing the RH to 80% while keeping all other parameters
results in an increase in the amount of|desorbed CO, and H,O
to (0.65 mmol/g and 4.76 mmol/g, respectively, while the
corresponding required heat is increased to(639 kJ/molqg,: The
required mechanical work for the vacuum pump is 12.5 kJ/
molco, for all cases. Thus, although a higher RH significantly
promotes CO, adsorption and, consequently, reduces the mass
of the sorbent material per mole of adsorbed CO, and the
corresponding sensible heat input, the overall heat con-
sumption may still increase with RH due to disproportionately
higher coadsorption of H,O and the corresponding heat of
desorption. Therefore, unless increased water adsorption is
explicitly desired despite the associated energy penalty — e.g,
when a source of fresh water such as that obtained via reverse
osmosis desalination of seawater is unavailable — it will be more
favorable to operate the DAC system in air with low RH. In
contrast, the effect of the adsorption temperature on the energy
consumption is less pronounced. For example, the total
required heats for a TVS at 10 and 30 °C adsorption
temperatures and 40% RH are 588 kJ/molco, and 575 KkJ/
molcq,, respectively. These effects have evidently an impact on
the economic viability of the DAC process, especially when
evaluating the costs of the sorbent material and the energy
requirements.

Figure 6 shows the requirements of heat at below 100 °C of
the TVS process as a function of the specific CO, adsorption/
desorption capacity varying between 0.5 mmol/g (experimen-
tally verified in this study) to 2 mmol/g (targeted for an
optimized sorbent): The adsorption temperature is 20 °C.(The
specific H,O capacity is assumed to be 2.4, 3.9, 54, and 7.3
times that of CO, as measured in this work for 20, 40, 60, and
80% RH, respectively. At a H,0:CO, capacity ratio of 2.4, the
heat requirement decreases from 429 to 272 kJ/molq, when
the specific CO, capacity increases by a factor of 4 from 0.5 to 2
mmol/g. At a H,0:CO, capacity ratio of 7.3, it decreases from
687 to 530 kJ/molcq,. The required mechanical work remains
constant at 12.5 kJ/molcq, for all cases. A higher CO, capacity
beyond 2 mmol/g results in an ever decreasing heat
requirement because the contribution of the sensible heat
term becomes less significant. On the other hand, the influence
of the specific H,O capacity on the heat requirement is much
larger, which again justifies its accurate quantification as
accomplished in this study.
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Figure 6. Requirement of heat at below 100 °C of the TVS process as
a function of the specific CO, adsorption/desorption capacity, for the
measured H,0:CO, capacity ratios at 20 °C adsorption temperature.

B ENVIRONMENTAL IMPLICATIONS

The sorbent material examined in this study is based on
cellulose as solid support. This minimizes the environmental
impact of large-scale manufacturing as it uses a natural,
abundant, renewable feedstock. Evidently, the full advantage
of such a renewable-based support is achieved provided its
adsorption capacity is comparable to that of conventional
sorbent materials based on nonrenewable supports. The
quantification of adsorbed/desorbed CO, and H,0O allows for
a more accurate estimation of the specific energy requirements
of the TVS process and, consequently, its viability for future
industrial implementation.

The separation of CO, from atmospheric air in combination
with its processin% to synthetic liquid hydrocarbon fuels with
solar energy'>™'>** can significantly contribute toward
mitigation of anthropogenic greenhouse gas emissions in the
transportation sector. Especially for the case of CO,-neutral
aviation fuels, this approach can overcome sustainability
limitations of biofuels while avoiding the inherent restrictions
associated with other alternative fuels, such as H,, that require
major changes in aircraft design and infrastructure. Ultimately,
combining DAC that concurrently separates CO, and H,O
with the solar conversion of CO, and H,O into liquid fuels may
reduce energy requirements and costs by avoiding long-range
transportation of CO, and eliminating the use of fresh water
resources as well as driving the DAC process with waste heat
recuperated from the solar process.
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B NOMENCLATURE

cocoymo  CO,/H,O concentration upstream of the adsorp-
tion reactor

ccoymo  CO,/HyO concentration downstream of the
adsorption reactor

Ca,0 H,O concentration in the drying gas at the exit of
the gas dryer

Cpysorb heat capacity of the sorbent material

€y,CO, heat capacity of adsorbed CO,

Cp H,0 heat capacity of adsorbed H,O

hges.co, heat of CO, desorption

ges 1,0 heat of H,O desorption

m mass of the sorbent material sample

iy molar flow rate of air

fico, molar flow rate of CO,

1y molar flow rate of drying gas (air)

Pamb ambient pressure

pg’es desorption pressure

qc"gs) mo(t) cumulative CO,/H,0 uptake during adsorption

ch”g“/Hzo cyclic CO,/H,0 adsorption capacity in TVS

A process . o

qcoumo cyclic CO,/H,0 desorption capacity in TVS

process

Q total heat requirement for sorbent regeneration

Ques total heat of desorption

Ques sensible heat required to heat up sorbent material
for desorption

R ideal gas constant

t time

T temperature

Tpump operating temperature of the vacuum pump

comp mechanical compression work

Npump efficiency of the vacuum pump
relative humidity

Subscripts

ads adsorption
des desorption

Acronyms

APDES 3-aminopropylmethyldiethoxysilane
APDES-NFC-FD sorbent material used in this study
DAC direct air capture of CO,

NEC nanofibrillated cellulose

RH relative humidity

TVS temperature-vacuum swing
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