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Abstract

The biological production of H, by dark fermentation is being extensively
investigated due to the great potential of the two-phase hydrogen/methane fermentation
process for recovering energy from carbohydrate-rich wastes. However, the purification
of the bio-hydrogen and biogas obtained is needed to produce high-purity H, and CHy
streams appropriate for industrial application. In this study, the performance of three
activated carbons (Nol1KCla-600, No1KClb-1000 and No20OS-1000), synthesized from
phenol-formaldehyde resins, as potential adsorbents for CO, capture from bio-hydrogen
and biogas streams has been evaluated under dynamic conditions. Adsorption-
desorption cycles by means of temperature swings were conducted at ambient
temperature and atmospheric pressure with CO,/H; (40/60 and 70/30 vol.% at normal
conditions) and CO,/CHy (50/50 vol.% at normal conditions) binary gas mixtures in a
purpose-built fixed-bed set-up. The performance of the resin-derived carbons to
separate CO, was superior to that of reference commercial carbons in terms of CO,

uptake, breakthrough time and column efficiency. These adsorbents presented high
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CO,/H; and CO,/CHy selectivity values, were easily completely regenerated and did not
show capacity decay after multiple cycling. Breakthrough capacities reached 2.11 and
2.03 mmol g'l at 25°C for 70/30 CO,/H, and 50/50 CO,/CHa, respectively. The
No20S-1000 adsorbent, produced from phenol-formaldehyde resin and olive stones
(20:80 wt.), gave the greatest values of CO, capture capacity on a volumetric basis and
CO,/CHy selectivity, which may be advantageous to biogas purification applications

because it reduces the size of the necessary equipment.
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1. Introduction

Hydrogen is currently recognised as a clean energy carrier for the future energy
economy. Amongst the variety of alternatives available for its generation, the hydrogen
production by biological means, although still far from being a commercially viable
technology, shows great promise for the future [1]. Biological approaches could
contribute to large-scale hydrogen production as various microorganisms can produce
H, under moderate conditions from readily available, renewable substrates, making
biological strategies potentially competitive with chemical processes such as reforming
and gasification. Bio-hydrogen processes are ‘COj-neutral’, being fuelled by
carbohydrates originated from photosynthetic fixation of CO; [2]. Within the different
microbial processes which use microorganisms capable of forming H,, the dark
fermentation is one of the technologies that has been investigated with a focus on bio-

hydrogen production due to its ability to produce hydrogen continuously from a number



of renewable feedstocks, such as biomass-derived sugars, organic wastes, and
carbohydrate-rich wastewater, without an input of external energy [3, 4]. Thus, the dark
fermentation technology has successfully been used to treat residual biomass sources [1,
5-8] in order to recover hydrogen gas. These works indicated that two-phase
hydrogen/methane fermentation process may have a great potential for recovering
energy from carbohydrate-rich wastes. Gémez et al. [4] pointed out that the dark
fermentation process is the only biological method of hydrogen production with a
prospect of being rapidly scaled-up owing to its similarities to the well-known and in
use at full-scale anaerobic digestion process.

Anaerobic fermentation is mediated by two major types of bacteria: acidogenic
bacteria that break down substrates into primarily H,, acetic acid, and CO,; and
methanogenic bacteria that convert them to methane gas. Such two-phase fermentation
method has been proposed to optimize the growth of each type of bacteria in separate
reactors. Then, the hydrogen produced in the acidogenic fermentation and the methane
obtained during the methanogenic fermentation may be recovered [9]. In the last years,
several authors have investigated the two-phase fermentation process to produce H, and
methane simultaneously from food wastes [9-14]. The concentration of H; in the gas
generated in the hydrogen fermentation reactor can reach values of up to 30-70 vol.%
on average. Likewise, the produced biogas from the methane fermentation reactor can
reach values of up to 45-80 vol.% of CH4 on average. The presence of CO, on both
streams (20-70 vol.%) is undesirable for further utilization of H, and CH4. Thus, CO,
needs to be separated and concentrated to allow the efficient exploitation of the bio-

hydrogen and biogas produced.



Different technologies have been proposed to separate CO, from biogas streams
[15]. These techniques include chemical absorption by water washing or amine
scrubbing [16, 17], membrane separation [18-20] and physical adsorption by
temperature swing adsorption (TSA) or pressure swing adsorption (PSA) [21-24].
Amine scrubbing is the most economical upgrading process, but only for high flow
rates. For smaller size plants, pressure swing adsorption (PSA) technologies using solid
adsorbents are proposed [25]. Vacuum pressure-swing adsorption (VPSA) also seems to
be a suitable process for locations with small to medium flow rates under mild
temperatures [26].

On the other hand, separation of CO, from biological hydrogen obtained by dark
fermentation has been hardly explored, and the published works are based on membrane
systems, in which the gas mixture must be previously compressed [27-29]. However,
PSA units are commonly used in the purification of hydrogen produced from natural gas
steam reforming [30] and they are able to produce very pure H, by removing relatively
high concentrations of CO,. Adsorption by biomass-derived activated carbons was
proposed for the purification of hydrogen from a gas stream generated from the dark
fermentation process in a previous work carried out in collaboration with the University
of Ledn [1] and the results demonstrated a successful separation of CO,. However, the
authors highlighted that the success of this approach is dependent on the development of
low-cost adsorbents with a high CO, selectivity and adsorption capacity and with a
good performance in multiple adsorption/desorption cycles.

A wide variety of solid sorbents has been and is currently being investigated to
separate CO, from gas streams, such as zeolites, activated carbons, calcium oxides,

hydrotalcites, supported amines and metal-organic framework (MOF) materials.



Zeolites are the most extensively studied and commercially used CO, adsorbents, due to
their stability at high temperatures and pressures and high selectivity to CO,. Many of
the published works on the separation of CO, from biogas streams are based on
adsorption on zeolites [21, 23, 31-33]. However, activated carbons show a high
adsorption capacity at atmospheric pressure and present important advantages over
zeolites, such as their hydrophobicity, their significant lower cost and the lower amount
of energy required to regenerate them. Phenol-formaldehyde resin-derived microporous
activated carbons have been previously prepared in our laboratory and they have been
successfully applied as CO, adsorbents under high pressure CO,/H, gas streams [34,
35]. Therefore, adsorption with phenolic resin-derived activated carbons could also be a
promising technology to separate and concentrate CO, from CO,/H; and CO,/CH4 gas
streams at atmospheric pressure and to obtain high purity hydrogen and methane,
respectively. Phenolic resins constitute a family of low-cost polymers, one of the most
common being those produced from phenol and formaldehyde [36]. Phenolic resin-
derived activated carbons offer further advantages in that they can be produced in a
wide variety of physical forms (e.g., granular or extruded, as fibres or as monolithic
structures), they allow a close control of porosity and present a very low level of
impurities and good physical strength [37, 38]. On the other hand, biomass residues,
such as olive stones, are also a low-cost and relatively abundant by-product that can be
used as a feedstock for the successful production of microporous activated carbons [39-
41]. Previous research conducted in our laboratory has successfully proved the potential
of olive stones based carbons for post-combustion CO, capture [42, 43].

A high CO; adsorption capacity coupled with a high CO,/H, or CO,/CH4

selectivity will be key properties of an adsorbent material for the separation of CO,



from bio-hydrogen or biogas streams. Most of the literature on CO, capture with solid
sorbents is based on equilibrium CO, adsorption capacities, determined from CO,
adsorption isotherms at the desired temperature [44-46]. However, the suitability of an
adsorbent for CO, capture relies on efficient regeneration and cycling, since solid
adsorbents are typically used in cyclic, multi-module processes of adsorption and
desorption, with desorption being induced by a swing in pressure and/or temperature
[47].

Thus, in the present work three microporous activated carbons have been synthesized
using phenol-formaldehyde resins and olive stones as precursor materials. The
performance of the adsorbents to separate CO, from CO,/H, and CO,/CHy4 binary
mixtures in a temperature swing adsorption (TSA) process at atmospheric pressure has
been evaluated by means of breakthrough adsorption tests conducted in a purpose-built
lab-scale fixed-bed unit. Additionally, two commercial activated carbons (Calgon BPL
and Norit C) were evaluated under the same operating conditions to be used as reference

carbon adsorbents.

2. Materials and methods
2.1. Materials

Three activated carbons (NolKCla-600, NolKCIlb-1000 and No20S-1000)
prepared in our laboratory from Novolac phenol-formaldehyde resins and olive stones
(OS), a low-cost biomass residue from the Spanish food industry, have been evaluated
as adsorbent materials. Moreover, two commercial activated carbons, Calgon BPL and

Norit C, were also tested for comparison purposes.



Calgon BPL is a bituminous coal-based carbon activated at a high temperature
with steam. It shows an apparent BET surface area of 1129 m”> g and a total pore
volume of 0.50 cm® g'. Norit C is a wood-based granular carbon manufactured by
phosphoric acid activation. It shows an apparent BET surface area of 1361 m”> g™ and a
total pore volume of 0.97 cm® g

Nol1KCla-600, No1KClb-1000 and No20S-1000 were prepared by a first step of
carbonization under inert atmosphere, followed by activation in CO, atmosphere.
Details on the synthesis of these materials have been reported elsewhere [48].
Accordingly, the temperature and burn-off degree values used in the activation step
were as follows: 810° C and 22% burn-off degree for Nol1KCla-600; 800° C and 20%
burn-off degree for Nol1KClb-1000; and 940° C and 38% burn-off degree for No20S-

1000.

2.2. Characterization of materials

The carbons were characterized by physical adsorption of N, at -196 °C and CO,
at 0 °C using a Micromeritics TriStar 3000 volumetric apparatus. The samples were
outgassed overnight at 100°C under vacuum prior to adsorption measurements. The total
pore volume was estimated from the amount of nitrogen adsorbed at a relative pressure
of 0.99. The micropore volume was determined by the Dubinin-Radushkevich (DR)
equation [49]. The average micropore width was calculated by means of the Stoeckli-
Ballerini relation [50]. The apparent surface area was estimated from the N, adsorption
isotherms at -196 °C by means of the Brunauer—Emmett-Teller (BET) equation [51].

The apparent density was determined at 0.1 MPa in a Micromeritics Autopore IV 9500



mercury porosimeter. The helium density was measured in an Accupyc 1330 apparatus
at 35 °C.

Table 1 summarizes the main characteristics of the evaluated adsorbents.
NolKCla-600, No1KCIb-1000 and No20OS-1000 present apparent BET surface areas
(1091, 804 and 1233 m? g, respectively) close to that of Calgon BPL, high carbon
contents (99, 99 and 98 wt.%, respectively) and well-developed microporosity (N-
micropore volume of 0.43, 0.32 and 0.50 cm’ g, respectively, assessed from the DR
equation applied to the N, adsorption isotherms at -196 °C). Narrow micropore volumes
(determined from the DR relation applied to the CO, adsorption isotherms at 0 °C)
account for the majority of the microporosity (70-85%) in the produced carbons. This
parameter has been pointed out as critical to the CO, adsorption capacity of solid

sorbents at atmospheric pressure [52].

2.3. Breakthrough adsorption experiments with CO,/H; and CO,/CH4 binary mixtures
in a fixed-bed reactor

In order to evaluate the performance of the studied adsorbents to separate CO,
from COy/H; and CO,/CH4 gas streams, breakthrough experiments with binary gas
mixtures were conducted in a purpose-built fixed-bed adsorption unit (Fig. 1). The
detailed description of the adsorption unit has been reported previously [53]. The
column was packed with the activated carbons in order to measure the dynamics of
adsorption of CO,, H, and CH4 during the experiments. The composition of the outlet
gas stream was analysed by a dual channel micro-chromatograph, Varian CP-4900,
equipped with a thermal conductivity detector (TCD) in which He and Ar were used as

the carrier gases. The main characteristics of the adsorbent beds are summarized in



Table 1. Breakthrough tests consisted in consecutive adsorption-desorption cycles: the
adsorbent reached saturation (maximum adsorption capacity of the adsorbed
components) during the adsorption step and it was completely regenerated during the
desorption step.

In a representative cyclic adsorption-desorption experiment (Fig.2), the
adsorbent was dried (i.e., cleaned) by flowing inert gas (50 mL min™' STP) for 50 min at
100 °C and 120 kPa. N, was used as inert gas in the experiments with CO,/H; mixtures,
whereas He was selected for the experiments with CO,/CH4 mixtures. After the drying
step, the bed was cooled down to the adsorption temperature (25 °C) under inert gas
atmosphere. Then, the adsorption step was launched feeding the selected CO,/H,
(40%C0,-60%H, or 70%CO0,-30%H;) or CO,/CH4 (50%CO0,-50%CH,) gas stream
-representative to the concentrations attained in a dark fermentation process- to the pre-
conditioned column, filled with inert gas at the adsorption temperature and pressure, for
60 min. A total feed gas flow rate of 30 mL min" STP was kept constant during the
adsorption step. The CO, and H,, or CHy, concentrations in the gas stream exiting the
adsorption column were continuously monitored as a function of time (breakthrough
curve) until the composition approached the inlet gas composition set point, i.e., until
saturation was reached. The adsorbed CO, was completely desorbed by raising the
temperature of the bed to 80 °C —similarly to a temperature swing adsorption operation—
under inert gas atmosphere for 60 min. The adsorbent bed was subjected to six
consecutive adsorption-desorption cycles and the maximum adsorption capacity of the
adsorbent for each component in the feed stream and the breakthrough time under the

tested conditions were assessed.



Examples of a complete breakthrough adsorption experiment for 40/60 vol.%
CO,/H; and 50/50 vol.% CO,/CH4 binary feed gas mixtures are shown in Figs. 3 and 4,
respectively. The outlet gas concentrations and the bed temperature profiles for the six
consecutive adsorption-desorption cycles are shown. The first step (1) corresponds to
the initial drying at 100 °C under inert gas flow and the second step (2) to the pre-
conditioning of the adsorbent bed with a decrease in temperature under inert gas flow.
The third step (3) corresponds to the adsorption stage, in which the CO,/H; or CO,/CH4
gas mixtures are fed into the adsorbent bed at 25 °C and 120 kPa. The last step (4)
corresponds to the desorption stage, where the bed is heated up to 80 °C under inert gas
flow to achieve complete regeneration of the adsorbent bed. The adsorption step (3) is
characterized by zero CO, (and CHy) outlet gas concentrations at the beginning while
these components are being adsorbed. When the breakthrough time is reached, an
increase in CO, (or CHy) concentration is observed. Once the bed is fully saturated, the
outlet gas concentrations return to the inlet conditions. H, adsorption on the carbons is
negligible and its concentration profile remains unchanged throughout the adsorption
stage. During the desorption step (4), the previously adsorbed CO, or CHy4 starts to
desorb. The raise in temperature results in a sharp increase in the outlet CO,
concentration at the beginning of the regeneration step of the CO,/H, runs, which
progressively decreases to nearly zero at the end (Fig. 3). This is due to the strength of
the CO, adsorption when compared to H,. In the case of the CO,/CHj4 runs (Fig. 4), both
CO; and CH4 show a gradual decrease in the outlet concentration.

The capture capacity was evaluated as an average of the adsorption performance
of the adsorbents after six consecutive adsorption-desorption cycles. A mass balance

was applied to the bed in each adsorption-desorption cycle to calculate the specific
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amount of the component i (CO,, H, or CHy4) adsorbed at equilibrium (g;), as illustrated

in Equation (1):
(A) (B) (@)
3 P&V PV
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m adsorbent ZR Tb ZR Tb

where ¢; is the specific adsorption capacity of the adsorbent for the component i;
Madsorbent 1S the mass of adsorbent in the bed; Fjfeq and F; oy are the molar flow rates of
the component i at the inlet and outlet of the bed, respectively; # is the time required to
reach saturation; y;eq 1S the molar fraction of the component 7 in the feed stream; Py
and Ty are the pressure and temperature of the bed at equilibrium; et is the total porosity
of the bed; 7 is the bed volume; 7; is the dead volume in the system (tubing + column);
Z is the compressibility factor of the component i at P, and Tj; and R is the universal
gas constant. In the present work, ¢ is the time at which the bed is completely saturated,
which means that the concentration of the component 7 at the bed outlet equals the feed
concentration (V; out = Vi feed)-

The total porosity of the bed, er, is calculated by means of the following
equation:

er=et(1-8&)e (2)
where ¢, is the packed bed porosity and ¢, is the particle porosity.

In Equation (1), the term (A) is the total number of moles of the component i
retained in the system over the cycle time and it can be calculated by a graphical method
that makes use of the outlet concentration of the component i and the total molar flow

rate at each time ¢ between 0 and #,. Terms (B) and (C) are correction factors to account
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for the gas component i which has accumulated in the interstitial voids and dead space

of the system, respectively.

3. Results and discussion

Breakthrough adsorption experiments for the activated carbons Calgon BPL,
Norit C, No1KCla-600, No1KCIb-1000 and No20OS-1000 were carried out at 25 °C and
120 kPa, where the feed gas containing a constant CO, concentration was passed
through the adsorption column. The progress of the effluent gas concentration exiting
the bed, i.e., its breakthrough curve, was recorded. The equilibrium CO, adsorption
capacity and the breakthrough time (#,), i.e., the time it takes for CO, to be detected at
the adsorption column outlet, were calculated to estimate the CO, column dynamics.
The breakthrough experiments were conducted until saturation was reached, i.e., until
the outlet CO, concentration equals that of the inlet stream, in order to assess the
maximum dynamic adsorption capacity of the adsorbent [53]. During the desorption
step the adsorbent was fully regenerated with hot inert gas so that the repeatability of
the breakthrough curves could be assessed.

The concentration profiles of H; in Fig. 3 show that this component is detected
from the beginning of the adsorption step since it is not adsorbed on the solids bed,
while CO; is not detected over a period of time and thus adsorbed. This behaviour
points out the selectivity of the studied carbons to separate CO, from CO,/H, mixtures.
However, Fig. 4 shows that neither CO, nor CHy are detected at the beginning of the
adsorption step, which indicates adsorption of both gases. After a short time, the outlet
CH,4 concentration increases, indicating that desorption of this gas starts while CO; is

still being adsorbed on the adsorbent bed. In addition, the outlet CH4 concentration goes
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beyond the CH4 feed gas concentration. This is due to the ability of CO, to replace the
CH, adsorbed in the bed. This phenomenon is called roll-up or roll-over, i.e., the molar
flow rate of CHy4 in the effluent is temporally higher than that fed to the adsorption bed.
It will be further analysed in section 3.2.

These concentration profiles clearly indicate that CO, is much more adsorbed
than CH4 and more significantly than H; on the tested carbons. In terms of equilibrium
of adsorption, CO; holds a larger quadropole moment that produces a strong attraction
to the adsorbent surface resulting in a greater adsorbed amount. The high level of
polarizability of CO, and CH4 can create a momentary shift in its neutral electrostatic
field but this attraction force is much weaker than the quadrupole moment.

The CO, and CHy4 breakthrough curves were measured for the activated carbons
under study and C/Cy (ratio between the outlet CO, or CH4 concentration at a given
time and that in the feed) was plotted versus time for the CO,/H, (Fig. 5) and CO,/CH4
(Figs. 6 and 7) experiments. The breakthrough times were taken at a relative
concentration (Cioutet/Cifeea) 0of 0.05. As shown in Figs. 5-7, consecutive CO,
breakthrough curves practically overlap showing that regeneration was homogeneous
over the cycles and the performance of the adsorbent was not altered. Therefore, CO,
capture over the six consecutive temperature swing adsorption-desorption cycles can be
considered stable. Table 2 shows the CO, and CH4 adsorption capacities and the
breakthrough times from the breakthrough experiments at 25 °C and 120 kPa for the

studied activated carbons.

3.1. Breakthrough curves from adsorption experiments with CO/H,
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The performance of the adsorbents for separating CO, from the CO,/H, gas
stream was conducted under two CO, partial pressures (40%C0O,-60%H, and 70%CO,-
30%H, gas mixtures). In these experiments (Fig. 5), the commercial activated carbons
showed shorter breakthrough at both CO, partial pressures studied. The breakthrough
times followed the order: Norit C << Calgon BPL < N020S-1000 < Nol1KClIb-1000 <
NolKCla-600 (Table 2). Thus, under the same experimental conditions, Norit C and
Calgon BPL beds became saturated earlier. It should be pointed out that Norit C showed
very low breakthrough times (2.3 and 1.6 min for 40%C0O,-60%H, and 70%CO,-
30%H, gas mixtures, respectively) compared to the other adsorbents, whose
breakthrough times were above 5 min for the 40%CO,-60%H, mixture and above 4 min
for the 70%CO,-30%H; mixture. Moreover, at a given adsorption temperature, a higher
CO; concentration in the feed (i.e., a higher CO; partial pressure) resulted in a shorter
breakthrough time (Table 2) for all the carbon adsorbents, indicating that the CO,
concentration front took less time to reach the outlet of the bed.

The efficiency of the adsorbent bed, due to mass transfer resistance during
adsorption, can be estimated from the percentage of unused bed. It can be calculated by

Equation (3) as follows:

% unused bed =1— dco.p 3)
dco,

where ¢, , and g, stand for the mol of CO, adsorbed up to the break point and up to
saturation of the bed, respectively. For the experiments with CO,/H, binary mixtures,
the highest percentages of unused bed were observed with the commercial activated

carbons. The percentage of unused bed followed the order: Norit C >> Calgon BPL >

No020S-1000 > Nol1KClb-1000 > Nol1KCla-600 (Table 2). According to Equation (3),
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the percentage of unused bed may evaluate the efficiency of the adsorbent bed, because

the closer the values of ¢, , and g, the narrower the mass transfer zone is. The

results therefore indicate that the column was more inefficient using the commercial
activated carbons, particularly Norit C. A better efficiency of utilization due to a higher
mass transfer along the adsorbent bed was observed for the synthesized phenol-
formaldehyde resin-derived activated carbons, particularly in the case of Nol1KCla-600

and No1KClb-1000.

3.2. Breakthrough curves from adsorption experiments with CO,/CHy

The breakthrough curves obtained for CO,/CH4 binary feed gas mixtures are
shown in Fig. 6, for the tested activated carbons. A roll-up can be observed in the CHy
breakthrough curve due to the preferential adsorption of CO, over CHs. At this point,
the outlet CH4 concentration reaches a value twice that of the inlet CH4 concentration in
the feed to the column. This effect is explained by the molecules of CO, (strong
adsorbate) being able to replace the molecules of CH4 (weaker adsorbate). In addition,
the diffusivity of CHy is higher than that of CO,, which could also contribute to the roll-
up phenomenon. The slopes of the CH4 and CO, breakthrough curves are rather steep
which may indicate that the substitution of CH4 by CO, in the adsorbed phase is quite
fast.

In Fig. 7 the breakthrough curves of the experiments with 50/50 vol.% CO,/CH4
in the feed gas for all the activated carbons studied have been overlapped for
comparison purposes. Fig. 7a shows the CO, breakthrough curves, while Fig. 7b
presents the CH, breakthrough curves. Following the same pattern of the CO,/H;

breakthrough experiments, the commercial activated carbons presented much shorter
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CO, breakthrough times (2.1-3.4 min, in Table 2) than those of the synthesized
adsorbents (5.5-6.7 min, in Table 2). The breakthrough times followed the order: Norit
C < Calgon BPL << No020S-1000 < NolKClb-1000 < Nol1KCla-600 (Table 2). This
means that, under the same experimental conditions, phenol-formaldehyde resin-derived
activated carbons beds take longer times to become saturated than the commercial
activated carbons.

Moreover, analysing the shape of the CO, breakthrough curves (Fig. 7a) in more
detail, it is observed that Calgon BPL and No20OS-1000 display more distended mass
transfer zones (between the break point and saturation) than Norit C, No1KCla-600 and
NolKCIb-1000 activated carbons. This indicates that mass-transfer for the latter three
carbons may be faster. A narrow mass-transfer zone is suitable to make efficient use of
the adsorbent bed and to reduce the energy costs associated to the subsequent
regeneration.

On the other hand, the difference between the CO, and CH,4 breakthrough times
was much lower for the commercial activated carbons (around 1.1-1.2) compared to the
synthesized adsorbents (2.6-2.8). The higher the difference between the CO, and CHy4
breakthrough times, the higher the separation effectiveness. This parameter may supply
significant information, since its value could condition a possible kinetics-based

separation using the prepared activated carbons.

3.3. Equilibrium adsorption capacity from dynamic experiments
The equilibrium dynamic capacity was determined from the breakthrough curves
and the CO, and CHy capture capacities of the studied adsorbents are shown in Table 2.

These values stand for the average CO, capture capacity over the six consecutive cycles
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conducted in each experiment. While gravimetric capacities (mmol of CO, adsorbed per
g of adsorbent) are usually reported in the literature when evaluating materials for CO,
capture, the volumetric capacities (kg of CO, adsorbed per m® of adsorbent) were also
calculated, since both parameters are critical in designing adsorption separation
processes [35].

In the case of the CO,/H, experiments for feed gas streams containing 40 and 70
vol.% of CO,, respectively, the CO, adsorption capacity on a mass basis followed the
order: Norit C < Calgon BPL < No20S-1000 < NolKCIb-1000 < Nol1KCla-600. This
uptake is proportional to the breakthrough time, so the highest adsorption capacity
corresponds to the longest breakthrough time, as it was also observed by Garcia et al.
[53] in their experiments of CO, separation from shifted-syngas streams. The
performance of the synthesized adsorbents was superior to that of the commercial
activated carbons: the average CO, capture capacities evaluated from these
breakthrough tests were 1.0-1.1 mmol CO, g for feed gas streams containing 40%CO,-
60%H,, compared to 1.2, 1.5 and 1.6 mmol CO, g'l for No20S-1000, No1KCIb-1000
and NolKCla-600, respectively, under the same conditions. For feed gas streams
containing 70%CO0,-30%H,, the average CO, capture capacities of the commercial
activated carbons were 1.0-1.5 mmol CO, g'l, whereas those of the synthesized
adsorbents were 1.7, 2.0 and 2.1 mmol CO, g'1 for No20S-1000, No1KCl1b-1000 and
NolKCla-600, respectively. As expected, the CO, adsorption capacity of the activated
carbons increased with the CO, partial pressure in the feed gas stream. Redondas et al.
[1] carried out breakthrough tests with a biomass-derived activated carbon to separate
CO, at atmospheric pressure from a CO,/H, gas stream generated from the dark

fermentation process of food wastes. Values of CO, capture capacities in the same
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order, although slightly higher, than in the present work were reported (2.5 and 3.2
mmol CO, g for feed gas streams containing 70 and 80% of CO,, respectively).
However, those tests were not performed under cyclic operation. In the present work,
the greatest CO, adsorption capacity assessed from the adsorption-desorption cycles
corresponded to the phenol-formaldehyde resin-derived adsorbent activated at 600 °C,
1.e., Nol1KCla-600.

On the other hand, on a volumetric basis the CO, adsorption capacity for feed
gas stream containing both 40%C0,-60%H, and 70%CO,-30%H, followed the order:
Norit C << NolKClb-1000 < Calgon BPL < No1KCla-600 < No20S-1000. In this case,
the CO; capture capacity of Norit C was also very low compared to that of the other
adsorbents, whereas the adsorption capacity of Calgon BPL was similar to that of the
phenol-formaldehyde resin-derived synthesized carbons. It should also be highlighted
that the highest values of CO, adsorption capacity on a volumetric basis were obtained
for No20S-1000. The change in the trend observed when a volumetric basis is
considered is due to the greater bed density of Calgon BPL and No20S-1000 activated
carbons.

In the case of the CO,/CH4 experiments, the CO, adsorption capacity on a mass
basis followed the order: Calgon BPL ~ Norit C < No20S-1000 < NolKClb-1000 <
NolKCla-600 (Table 2). For both commercial activated carbons the average CO,
capture capacities were around 1.5 mmol CO, g', whereas for the synthesized
adsorbents the average CO, adsorption capacities were 1.8, 1.9 and 2.0 mmol CO, g
for No20S-1000, Nol1KCIb-1000 and NolKCla-600, respectively. The highest CO,
adsorption capacity was also obtained with the carbon activated at 600 °C. On the other

hand, the CHy4 adsorption capacity on a mass basis showed the following order: No20S-
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1000 ~ Norit C ~ Calgon BPL < Nol1KClb-1000 < No1KCla-600 (Table 2). It is worth
to point out the lower CHy capture capacity of the biomass-derived adsorbent, No20S-
1000.

Comparing the CO,/CHy results on a volumetric basis results in the following
trend regarding the CO, adsorption capacity: Norit C << NolKClb-1000 < NolKCla-
600 ~ Calgon BPL < No020S-1000, which is also attributed to the greater bed density in
the case of the No20S-1000 and Calgon BPL activated carbons. Similarly to previously
observed in the CO,/H; experiments, the highest value of CO, adsorption capacity on a
volumetric basis belongs to No20OS-1000. The CHy4 adsorption capacity follows similar
trends on both volumetric and mass bases.

Most of the literature on CO,/H, and CO,/CHs4 separation by means of
adsorption with solids sorbents is based on equilibrium CO; adsorption capacities
determined from CO, adsorption isotherms or on molecular simulations to predict the
adsorption capacity, where the activated carbons are not validated under cyclic
operation. Adsorption isotherms do not consider any dispersive effect due to the
packing of the adsorbent in the fixed-bed. Literature on the dynamic performance of
adsorbent beds is scarce and, to the best of our knowledge, there are no references in the
literature to activated carbons being tested under similar operational conditions to those
presented herein. In the case of a CO,/H, mixture, capture capacities of 1-2 mmol CO,
g have been reported [54, 55] at lower CO, partial pressures than those of the present
work. Higher CO, partial pressures are encountered in the available literature for
CO,/H; and CO,/CH4 mixtures when high pressure systems are to be evaluated and the
results cannot therefore be compared straightforward. However, the results of the

present study indicate that the synthesized phenol-formaldehyde resin-derived
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adsorbents show significant potential to capture CO, from bio-hydrogen and biogas

streams generated by dark fermentation.

3.4. Selectivity to separate CO, from a CO,/CHy binary mixture at atmospheric
pressure

For the CO, separation from biogas streams, selectivity factors were calculated
from the multicomponent experiments carried out in the present work for a mixture of

50% CO,-50% CHy at 25 °C and 120 kPa. Selectivity factor is defined by Equation (4):

ads = M (4)
R/P,

where ¢; is the uptake and P; is the partial pressure of the component i [47]. The
selectivity factors for the activated carbons studied in this work are shown in Table 2.

For Calgon BPL and Norit C, the CO,/CH,4 selectivity factors calculated from
the above reported breakthrough experiments were 3.20 and 3.33, respectively. For the
synthesized adsorbents the CO,/CHy selectivity factors under the conditions used in the
present study were: 2.54 for NolKCla-600, 2.69 for NolKCIlb-1000 and 4.26 for
No20S-1000. Abid et al. [56] reported CO,/CHy selectivity values around 3.0 and 3.5
on Zr-MOF and Zr-MOF-NHy4, respectively, at 0 °C and 1 atm. In a recent work, Li et
al. [57] designed, synthesized and tested metal-organic frameworks (MOFs) porous
materials with pre-designed ‘single-molecule traps’ for selective adsorption of CO, over
CH,. In their study, the adsorption capacity of CO, at 23 °C and 1 atm was found to be
4.2 mmol g, value pointed out by the authors to be among the highest for MOFs
constructed from pure carboxylate ligands.

In the present work, the CHy4 adsorption capacity of No20OS-1000 was lower than

that of carbons Nol1KCla-600 and No1KClb-1000 (Table 2). And even though its CO,
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adsorption capacity on a mass basis was also slightly lower, the CO,/CH4 selectivity of
the No20S-1000 adsorbent was significantly greater. The higher the selectivity factor,
the higher the purity of the product that can be expected. Therefore, the greater
selectivity together with the significant CO, adsorption capacity on a volumetric basis
of No20S-1000 point out the enormous potential of this carbon to successfully separate
CO; from biogas and bio-hydrogen streams. Furthermore, an additional advantage to
consider is that No20S-1000 is produced from sustainable resources, biomass wastes,
and thus can be obtained at a lower cost from a renewable and relatively abundant

source.

4. Conclusions

Three carbon adsorbents, NolKCla-600, NolKClb-1000 and No20S-1000,
were prepared from a phenol-formaldehyde resin, including a mixture of resin with
olive stones, to be evaluated in the separation of CO, from bio-hydrogen and biogas
streams. Breakthrough experiments consisting of six consecutive temperature swing
adsorption-desorption cycles were conducted in a purpose-built lab-scale fixed-bed
reactor. Two commercial activated carbons, Calgon BPL and Norit C, were also studied
for comparison purposes. The phenol-formaldehyde resin-derived activated carbons
showed enhanced performance compared to the reference commercial carbons, under
the tested conditions: CO, capture capacities of up to 2.1 mmol g”', adequate CO»/H,
and CO,/CHy selectivities and reversible adsorption. The activity of the synthesized
activated carbons was maintained throughout the experiments, showing a very good
cyclability and regenerability over consecutive temperature swing adsorption cycles. An

increase in the CO, partial pressure in the CO,/H, feed gas stream increased both the
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CO; capture capacity and the breakthrough time. Eventhough, No1KCla-600 presented
the greatest CO, uptakes, the activated carbon produced from the resin and olive stones,
No20S-1000, may be selected as the optimum for the application under study given its
improved performance in terms of volumetric CO, uptake and CO,/CHy4 selectivity. It
holds the potential to reduce the equipment sizes in an industrial application and lower
the cost of the adsorbent inventory. It can therefore be concluded that the synthesized
activated carbons show promising features to be applied to the CO, separation from bio-

hydrogen and biogas streams generated by dark fermentation.
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Figure captions

Fig. 1. Schematic diagram of the experimental setup for the cyclic adsorption-
desorption experiments.

Fig. 2. Scheme of the adsorption-desorption cycle configuration.

Fig. 3. Complete breakthrough adsorption experiments consisting of six consecutive
adsorption-desorption cycles at 25 °C and 120 kPa for 40/60 vol.% CO,/H, feed gas: (a)
Calgon BPL activated carbon and (b) No2OS-1000 activated carbon. (1) initial drying,
(2) pre-conditioning, (3) adsorption and (4) desorption steps.

Fig. 4. Complete breakthrough adsorption experiments consisting of six consecutive
adsorption-desorption cycles at 25 °C and 120 kPa for 50/50 vol.% CO,/CH,4 feed gas:
(a) Calgon BPL activated carbon and (b) NolKCIlb-1000 activated carbon. (1) initial
drying, (2) pre-conditioning, (3) adsorption and (4) desorption steps.

Fig. 5. CO; breakthrough curves of the experiments with 40/60 vol.% CO,/H, (a) and
70/30 vol.% CO,/H, (b) in feed gas for the activated carbons studied. (¢) cycle 1, (a)
cycle 2, (m) cycle 3, (¢) cycle 4, () cycle 5, (O) cycle 6.

Fig. 6. CO; (blue) and CH4 (orange) breakthrough curves of the experiments with 50/50
vol.% CO,/CHy in feed gas for the activated carbons: (a) Calgon BPL, (b) Norit C, (¢)
No1KCla-600, (d) No1KClb-1000 and (¢) No20S-1000.

Fig. 7. Breakthrough curves of the experiments with 50/50 vol.% CO,/CH4 in feed gas

for the activated carbons studied: (a) CO, curves and (b) CH4 curves.
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Table 1. Physical properties of the activated carbons and bed characteristics.

Activated carbon

Calgon BPL Norit C NolKCla-600 NolKClb-1000 No020S-1000

N, adsorption at -196 °C

BET surface area (m”g™") 1129 1361 1091 804 1233

Total pore volume (cm®g™) 0.50 0.97 0.42 0.32 0.53

Micropore volume (cm® g 0.46 0.51 0.40 0.32 0.50

Average micropore width (nm)° 1.4 2.9 1.0 1.2 0.8
CO, adsorption at 0 °C

Narrow micropore volume (cm®g™)* 0.22 0.22 0.35 0.29 0.33

Average narrow micropore width (nm)®  0.70 0.74 0.7 0.6 0.7
Mass of adsorbent (g) 2.68 1.53 2.59 2.54 2.84
Particle size (mm) 2-4.75 0.85-1.7 1-3 1-3 1-3
Total porosity, er 0.79 0.85 0.84 0.85 0.79
Helium density (g cm™)° 2.10 1.51 1.89 1.90 2.02
Apparent density (g cm™)° 0.83 0.40 1.13 1.11 0.75
Bed diameter (cm) 0.9 0.9 0.9 0.9 0.9
Bed height (cm) 9.7 10.7 13.3 13.8 10.7
Bed density (g cm™) 0.432 0.225 0.307 0.289 0.419

* Evaluated with the Dubinin-Radushkevich equation.
® Determined with the Stoeckli-Ballerini relation.

® Determined by He picnometry.

¢ Determined by Hg porosimetry.



Table 2. CO, and CH4 adsorption capacities from the breakthrough experiments at 25 °C

and 120 kPa.

Feed composition ~ CO, adsorption capacity CH,4 adsorption capacity Selectivity
(molkg  (wWt.%) (kg/m’) & (min) % (molkg  (wt.%) (kg/m’) # (min) CO,/CH,
adsorbent) unused adsorbent)

bed
40%CO0,/60%H,
Calgon BPL 1.07 472 2039 5.18 17.39
Norit C 0.97 427  9.61 2.31 33.38
NolKCla-600 1.57 692  21.24 6.73 13.76
NolKClb-1000  1.49 6.56 18.95 6.24 14.07
No20S-1000 1.17 515  21.61 5.40 15.21
70%C0,/30%H,
Calgon BPL 1.49 6.55 2833 4.44 20.14
Norit C 1.02 4.49 10.09 1.64 29.20
NolKCla-600 2.11 926 2843 5.55 12.32
NolKClb-1000  2.04 899 2595 5.42 12.43
No020S-1000 1.74 7.64  32.03 4.54 19.49
50%C0,/50%CH4
Calgon BPL 1.47 6.45  27.89 3.40 - 0.46 2.01 8.68 220 3.20
Norit C 1.50 6.60 14.84 2.09 - 0.45 1.96 441 0.98 3.33
No1KCla-600 2.03 892 2736 6.65 - 0.80 3.52 10.79  3.85 2.54
NolKClb-1000  1.91 839 2422 6.42 - 0.71 3.11 8.98 3.61 2.69
No020S-1000 1.83 8.06  33.81 5.52 - 0.43 190 796 291 4.26

ty: breakthrough time.
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