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ABSTRACT: The high-pressure separation of carbon dioxide/nitrogen and carbon dioxide/hydrogen mixtures was investigated
over two phenolic-resin-derived activated carbon bead samples: an unmodified activated carbon made from a phenolic resin
precursor and a modified material manufactured by treating the former activated carbon with first nitric acid and then ammonia.
Equilibrium tests on the material were performed with a high-pressure volumetric analysis with carbon dioxide and nitrogen. The
dynamic response of the separation was tested using a fixed-bed rig to produce carbon dioxide breakthrough curves with several
carbon dioxide feed fractions (0.1, 0.2, 0.3, 0.4, and 0.5) in nitrogen. This study represents one of the few studies that equilibrium
capacities have been related to the breakthrough capacities achieved in packed-bed operation for high-pressure carbon dioxide
capture applications and the first to apply the ideal adsorbed solution theory (IAST) model. The equilibrium tests showed that
the Langmuir—Freundlich isotherm and the dual-site Langmuir isotherm gave a closer fit to all of the data than the Langmuir
isotherm alone in the pure component adsorption studies. The capacity of the material based on the dynamic separation was

found with mole fractions of 0.5 carbon dioxide in nitrogen leading to 6.09 mol kg

~! carbon dioxide being captured over the

unmodified activated carbon and 7.48 mol kg™' being captured over the modified activated carbon at 25 bar and 25 °C. By
comparison, the saturation capacity of the modified activated carbon in the Langmuir—Freundlich fit to the high-pressure
volumetric adsorption data for 0.5 mole fraction carbon dioxide at the same temperature was 8.06 mol kg™" for the unmodified
material and 7.68 mol kg™' for the modified material based on the pure component isotherm parameters. The breakthrough
capacities were also found for feed fractions of carbon dioxide in the range of 0.1—0.5. A comparison between the dynamic
capacities and those predicted by the isotherm show that pure component data are not necessarily representative of a dynamic
multi-component system. Therefore, multi-component isotherm models were fitted to the data and compared to predictions
using the IAST. A multi-component dual-site Langmuir equation was found to give the best fit to the binary component data.
Breakthrough curves were also reported for carbon dioxide in hydrogen over the modified activated carbon, with the carbon
beads showing considerable potential for application for carbon capture in pre-combustion separation units of power plants,
because of their physically strength, meaning no further agglomeration of powdered samples is required for their use in packed

beds.

1. INTRODUCTION

There is an increasing consensus that rising carbon dioxide
emissions are leading to anthropogenic global warming. Global
emissions are estimated to have been 33.3 gigatons of CO, for
2011, with 29% of these emission from China, 16% from the
United States, and 12% from the European Union." In the UK,
the power sector was responsible for 28% of all emissions,” and
the European Union roadmap for reducing carbon emissions
suggests that the biggest sector cut by both 2030 and 2050
needs to occur within the power sector.” As a point source of
CO,, the power industry provides the opportunity to use
carbon dioxide capture and storage (CCS). It is estimated that
the most economical combination of CO, reduction
technologies will require CCS to account for 14% of the CO,
reductions.”

-4 ACS Publications  © 2015 American Chemical Society
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Coal is one of the most abundant fossil fuels on earth, with
sufficient reserves for over 200 years of generation at current
consumption rates.” However, it is also responsible for the
largest proportion of CO, emissions.” Pre-combustion carbon
dioxide capture is becoming of increasing interest in the coal
industry. Although integrated gasification combined cycle
(IGCC) power stations are not as efficient as supercritical
power plants, they offer greater flexibility for startup and
shutdown. Furthermore, the pre-combustion carbon dioxide
capture is readily achievable because the syngas produced has
high concentrations of CO, and is at high pressures. These
conditions are much more favorable for CO, removal than
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Figure 1. Experimental setup of the fixed-bed adsorption rig.

would be expected in post-combustion capture situations.’

Current state-of-the-art acid gas removal in IGCC processes is
performed using physical solvents, typically Selexol or Rectisol.
Despite being more efficient than chemical solvents, there is
still a significant energy penalty; therefore, higher performance
and less costly acid gas removal processes need to be developed
and demonstrated.”

Solid adsorbent processes are an alternative to liquid
absorbent processes, which have been proposed to be less
expensive and more efficient.® However, the bulk of the
research has concentrated on post-combustion systems for
retrofit applications. Pre-combustion capture removes carbon
dioxide from high-pressure streams with a high carbon dioxide
concentration, with Cormos et al’ giving shifted syngas
conditions of 34.3 bar and a carbon dioxide volumetric fraction
of 39.9%. These conditions allow for physical sorbents to be
used, which do not require the same strong basic functionality
required for chemical sorption.'® Activated carbons have a large
surface area and, thus, have high capacities for carbon dioxide,
are low cost, and easy to regenerate.'' They are preferred to
zeolites because they have a lower adsorption strength, allowing
easier desorption, and are also moisture-tolerant.> The work
by Sun et al.'® showed that phenolic-resin-derived activated
carbon beads had capacities for CO, of 25—40 wt % at 40 bar as
well as fast adsorption kinetics, showing their suitability for pre-
combustion capture. The advantage of these adsorbents is their
high physical strength, and no further agglomeration is required
for their use in packed beds in pressure swing adsorption (PSA)
systems. Indeed, the large-scale application of PSA for the
separation of H, and CO, has been demonstrated at the
Puertellano IGCC power plant in Spain owned by
ELCOGAS."* The hydrogen purification unit obtains hydrogen
with 99.99% purity from raw hydrogen coming from the
separation unit. The PSA steps consist of an adsorption multi-
bed system containing activated carbon, alumina, and a
molecular sieve.

To date, only a handful of studies have investigated the
application of activated carbons to pre-combustion sys-
tems.'>">*57'® Even less have considered the dynamic behavior
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of the material, with the equilibrium capacity investigated and
often only pure component uptakes found. Shen et al.'’
produced breakthrough curves of dilute CO, and N, streams in
helium at low pressure but did not investigate gas mixtures.
Casas et al.”® considered the modeling of the breakthrough
curve without investigating the causes for the differences to
dynamic response, evaluating the difference in breakthrough
times compared to different operating conditions rather than
compared to equilibrium data. Garcia et al*' studied the
separation of CO,/H,/N, mixtures to find the equilibrium
adsorption capacity and the breakthrough time of CO, uptake
compared at different operating conditions, but no equilibrium
experiments were performed.

With the majority of investigation into activated carbons for
pre-combustion capture focusing on either equilibrium experi-
ments or dynamic experiments, there is limited research
comparing these results to dynamic capacities from exper-
imental breakthrough curves. Martin et al.'” also looked at
equilibrium isotherms and dynamic breakthrough experiments
but failed to compare the two sets of data. Garcia et al.'® went
on to compare multi-component experimental capacities from
breakthrough curves with theoretical capacities predicted from
pure component isotherm data. However, the work mainly
considered the dual-site Langmuir (DSL) isotherm and did not
consider the ideal adsorbed solution theory (IAST).

There is a need for further understanding of high-pressure
CO, separations with respect to IGCC. The aim of this paper is
to report a study of separation of CO,/N, and CO,/H,
mixtures at high pressure for the activated carbon beads,
comparing the breakthrough capacities to equilibrium results,
and to investigate the effect of the CO, feed fraction on these
results. The novel aspect of this paper is to relate the
breakthrough capacity of the materials to the traditional
equilibrium adsorption capacity. The IAST has been applied
to predict multi-component capacities from pure component
isotherm data.

DOI: 10.1021/acs.energyfuels.5b00164
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2. EXPERIMENTAL SECTION

2.1. Material Preparation. An unmodified and a modified
activated carbon were used in this study. Both materials were prepared
by the University of Nottingham, with the preparation techniques of
the base activated carbon described by Sun et al."* The unmodified
activated carbon beads were prepared using a hydrothermal process
from phenolic resins. The beads were then activated using mild
oxidation at 300 °C for 2 h in air. The modified activated carbons were
prepared from the unmodified base by oxidation with nitric acid. The
beads were mixed with nitric acid, with a ratio of 10 g of carbon beads
to 250 mL of nitric acid, and held at room temperature for 1 h. The
oxidized beads were washed and dried before being aminated in a tube
furnace under ammonia at 800 °C.

2.2. Surface Area Analysis. Brunauer—Emmett—Teller (BET)
analysis was carried out using a Micrometrics ASAP 2420 apparatus to
study the textural properties of the activated carbons. Following the
method described by Sun et al,'* N, physisorption was used with
nitrogen at —196 °C, following degassing of the sample at 120 °C for 5
h. The results were used to find the surface area, pore volume, and
pore diameter for the unmodified and modified activated carbon.

2.3. Adsorption Isotherms. High-pressure isotherms were
recorded on both the unmodified and modified activated carbons by
the University of Nottingham using the method described by Sun et
al."® The isotherms were produced by a particulate system high-
pressure volumetric analyzer (HPVA-100) using a static volumetric
method. The test procedure involved placing approximately 0.5 g of
sample into a 2 mL stainless-steel tube. Physisorbed moisture and
carbon dioxide were removed by evacuating the system overnight at
120 °C. The sealed sample cell was then transferred to the HPVA, and
analysis was performed at a set temperature and pressure up to 40 bar.
For the unmodified material, isotherms were found for pure carbon
dioxide and pure N, streams at 30 and 45 °C. For the modified
material, isotherms were recorded for the same gases at 25, 30, 45, and
50 °C.

2.4. Fixed-Bed Experimental Rig. The experimental setup for
testing the dynamic response of activated carbon for CO,/N,
separations and CO,/H, separations at high pressures is shown in
Figure 1. The system was fed by pure CO, and either pure N, or pure
H,. All of the gases were supplied by BOC Industrial Gases. N, gas had
a purity of 99.9995% and a bottle pressure of 200 bar; CO, had a
purity of 99.999% and a bottle pressure of 50 bar; and H, used was
zero-grade with a purity of 99.995% and a bottle pressure of 200 bar.

The flow of gases was controlled by two Brooks 5850 thermal mass
flow controllers. A fixed bed packed with activated carbon was situated
inside an oven to control the temperature of the adsorption bed.
Temperature programs were used to heat the oven at a set rate,
maintain oven temperature, and cool the oven. A Swagelok
backpressure regulator was used to control the pressure of the system.
The temperatures of the gas up- and downstream of the bed were
measured using two K-type thermocouples. A Servomex 5200 multi-
purpose portable benchtop gas analyzer, ranging from 0 to 100% CO,
and an intrinsic error within the system of 2% of the full-scale range,
was used to monitor the concentration of carbon dioxide in the outlet
streams. The analyzer was calibrated weekly using pure N, for low
calibration and a 40% CO,/N, mixture for high calibration as per the
recommendations of manufacturer for a maximum reading of 50%
CO,. The same calibration was used replacing N, with H, for CO,/H,
mixtures. The systems in the rig were connected using a '/ in. pipe.
Two-way valves were used to be able to bypass the bed and the CO,
analyzer. The temperature and pressure were monitored up- and
downstream using temperature probes and pressure transducers.

The bed was made from a stainless-steel pipe, with an internal
diameter of 0.025 m, a wall thickness of 0.0015 m, and a length of
0.069 m. The entire bed was filled with the activated carbon adsorbent
described in section 2.1, and there was no structure to the packing.
The bed density was calculated by dividing weight of the adsorbent
added by the volume of the bed. For both the unmodified and
modified activated carbon, the same volume of adsorbent was used,
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and therefore, because of the density differences, the mass of adsorbent
in the bed changed.

2.5. Breakthrough Test. Tests were first carried out to determine
the response of the pipework without an adsorbent bed fitted, to allow
for the dead volume contained in the pipework of the surrounding
system in addition to the adsorption bed.

The bed was first fully regenerated to ensure that there was no
residual carbon dioxide adsorbed on the active carbon. The system was
run under a stream of pure N, at 200 N mL min~! for CO,/N,
systems at atmospheric pressure. The oven was heated at a rate of 10
°C/min from 25 to 125 °C and then held at 125 °C for 1800 s, before
being cooling to 25 °C while maintaining a pure N, stream. For CO,/
H, systems, pure H, was used in place of pure N,.

The breakthrough experiments were then carried out, where the bed
was pressurized under a pure N, flow at 200 N mL min™" to 2500 kPa
and allowed to equilibrate for 300 s. The flow of N, was reduced, and
the flow of CO, was increased, to give a CO, feed fraction of 0.4 while
maintaining an overall flow of 200 N mL min~". The system was
allowed to run for 3600 s to ensure that the bed reached full saturation
to give the complete breakthrough curve. The bed was then
regenerated by switching the feed gas back to a pure N, flow of 200
N mL min~", and the pressure was reduced to atmospheric pressure by
opening the backpressure regulator. The bed was held under this pure
nitrogen flow for at least 2700 s to ensure all residual CO, had been
purged from the bed. The breakthrough experiment was repeated 2
more times. Full regeneration by raising the bed temperature as before
was not found to be required between each cycle. The experiment was
then repeated 3 times for CO, mole fractions of 0.1, 0.2, 0.3, and 0.5,
including the regeneration step before the first cycle. For CO, feed
fractions of 0.1 and 0.2, the breakthrough experiment was run for 5400
and 4500 s, respectively. The modified activated carbon was tested for
separations of CO,/N, mixtures using the same procedure and
repeated for CO,/H, mixtures, where H, was used in place of N,.

3. THEORY

Isotherm equations whose parameters were derived from pure
component isotherm data were used to characterize the
materials and predict the adsorption capacity for given systems.

3.1. Pure Component Isotherm Equations. Pure
component isotherms were obtained in this study by the use
of high-pressure volumetric analysis (HPVA) as described in
section 2.3. Three pure component isotherm equations were
considered here and are shown in Table 1. The Langmuir
equation is presented in eq 1; the Langmuir—Freundlich (LF)
isotherm is presented in eq 2; and the DSL equation given in eq

Table 1. Pure Component Adsorption Isotherm Equations

Langmuir isotherm o= q, BE

foa+BR) (1)
LF isotherm qs,,Bi(E)m

94 = T Aoy

boa+BMEY ()
DSL isotherm o= q,,B1iP a4, B2ifi

i 1+ B,;B) 1+ Bz,;Pi) 3)
temperature-independent = k. ek2i/RT

parameters for LF ;= Fui € (4)

B, = ks, M (s)

temperature-independent =k, . eh2i/RT
parameters for DSL g L1 (6)
— k3,2,i/ RT
9 = kyie (7)
_ ky 4/ RT
By =k, et (8)

_ ky 4,i/RT
BZ,x = k2,3,x e

9)
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Table 2. Multi-component Adsorption Isotherm Equations

multi-component LF isotherm

multi-component DSL isotherm

% qs‘iBi(P)’i)ni
9 = ; P
A+ 2 B®)")  (10)
* ql,s,iBlriPyi qZ,s,iBZriPyi
4;

= v + v
1+ Z}.:IBL]Py/) 1+ Z;’:lBl‘}'Py;) (11)

Table 3. Equations for Applying the IAST to the LF and DSL Equations

IAST base equations

IAST—LF equation

IAST—DSL equation

0

pure

04 ° q)
T _ /'P q; dg
L T (D)
1_ Yy &
9, 9" (13)
9, =x4, (14)
n n

g, In| 1 + Bl(ﬂ] =q,In|1+ Bz( b )

s X s 1—x (15)

%

Biip
Xy

]
Xy

] + 9 In(

In(l +
,s1
Bl,zPZ

=44 ln(l + — ) + 4, ln(l +

|

Bz,zPZ

1—x

1

)

Table 4. BET Surface Measurement Results for the Unmodified and Modified Activated Carbon Material

SAggr (m* g7) Vot (em® g™) D (nm)
AC 900 0.49 2.19
MAC 1106 0.49 1.76

wide microporosity” narrow microporosityb

SApico (m” g7) Vinicro (cm® g71) W (em® g™)
856 0.36 0.236
1052 0.41 0237

“Calculated by the t-plot method. bCalculated from CO, adsorption at 0 °C by applying the deepest regression (DR) method.

3. The Langmuir and DSL equations are thermodynamically
consistent.”**> The LF equation does not have the same
thermodynamic consistency but has been shown to be
applicable to a range of separations. Both the isotherm constant
and the saturation capacity were given an Arrhenius temper-
ature dependence for the LF equation, and the DSL equation
had temperature-independent parameters found using egs
4—9.* This was performed to allow for application to the
breakthrough experiments.

3.2, Multi-component Isotherm Equations. Multi-
component equations predicting material capacities for
components of gas mixtures requires special isotherm equations
because multi-component isotherms are difficult to produce
experimentally. Table 2 presents the multi-component isotherm
equations studied in this work. Equation 10 is the extended LF
equation, and eq 11 is the extended DSL isotherm. Both are
based on the original extension of the Langmuir equation,
which can be found theoretically.”* Neither is thermodynami-
cally rigorous because this requires the saturation capacity for
all gases to be the same, but this has not previously been
applied to the separations studied here. As with the pure
component isotherms, the temperature-independent parame-
ters are represented by eqs 4—9. The binary pairs for the DSL
isotherm were evaluated on the basis of which configuration
gave the greatest adsorption capacity.

3.3. IAST. Instead of using extended pure component
equations as detailed in section 3.2, it is possible to apply the
IAST, which also uses the pure component data to predict the
multi-component capacity.”® The equations required for
calculating the adsorption capacities by the IAST using the
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LF and DSL isotherms are reported in Table 3. Equation 12
relates the spreading pressure to the equilibrium pressure,
which can then be equated for each component. This has been
applied to the LF and DSL equations in eqs 15 and 16,
respectively. These equations were solved implicitly to find x,
which was then used in eqs 13 and 14 to give the adsorbent
capacity for each component.

4. RESULTS AND DISCUSSION

4.1. Characterization of Adsorbents. BET surface
measurements allow for the structural properties of the
unmodified and modified activated carbon to be compared.
Table 4 shows that the modified material has a significantly
greater surface area than the unmodified material as well as a
slight increase in the wide microporous volume. Materials with
higher surface areas have been shown to have greater
adsorption capacities because the physical adsorption that
takes place on activated carbon at high pressures is highly
dependent upon the surface area.'”'**° The total pore volumes
for the materials are very similar, and the modified material has
a slight reduction in the average pore diameter. The main
impact that a reduction in pore size has is an increase in mass-
transfer resistance, but only if the pore diffusion is the limiting
mass-transfer case.”’

The densities may be summarized as material density
activated carbon (AC), 2040 kg m™>; material density modified
activated carbon (MAC), 2069 kg m™; particle density AC, 500
kg m3; particle density MAC, 320 kg m™3; bed density AC,
262 kg m™%; and bed density MAC, 191 kg m™>. When packed

DOI: 10.1021/acs.energyfuels.5b00164
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Figure 2. Experimental isotherms for unmodified activated carbon for CO, (@) and N, (O) at (a) 30 °C and (b) 45 °C and their corresponding

isotherm equations: Langmuir (---), LF (—), and DSL (---).
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Figure 3. Experimental isotherms for modified activated carbon for CO, (@) and N, (O) at (a) 25 °C, (b) 30 °C, (c) 45 °C, and (d) S0 °C and
their corresponding isotherm equations: Langmuir (---), LF (—), and DSL (---).

in the fixed bed, this leads to a bed voidage of AC, 0.48; MAC,
0.4.

4.2. Adsorption Isotherms CO,/N, for Unmodified
Activated Carbon. Figure 2 shows the high-pressure isotherm
results for N, and CO, uptakes for the unmodified activated
carbon. The isotherm results for the modified activated carbon
are shown in Figure 3, where isotherms were measured at four
different temperatures. The desorption results are not shown
because there is only a small amount of hysteresis, in agreement
with Sun et al.”® For all sets of data, the Langmuir, LF, and DSL
isotherms were fitted. From Figures 2 and 3, it is clear that
there is little difference between the three equations for the N,
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isotherm. This is because the shape of the isotherm is close to
linear, which can be fitted reasonably well with these isotherm
equations.lé’ls’28 The CO, isotherms, on the other hand, are
much better fitted by the LF and DSL equations than the
Langmuir equation. The Langmuir equation, which literature
suggests is suitable at low pressures,''® shows an over-
prediction at low pressures and an underprediction at high
pressures. The LF equation gives much improved agreement
across the whole range of pressures, especially the higher
pressures used in pre-combustion capture. Agreement to the LF
isotherm is indicative of a heterogeneous activated carbon
surface and the high number of interactions with CO,."® The

DOI: 10.1021/acs.energyfuels.5b00164
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DSL equation shows much stronger agreement in the high-
pressure range than the Langmuir isotherm, indicating that a
two-site equation is more suitable than the ideal Langmuir
equation. Garcia et al.'® showed similar agreement between the
DSL equation and a CO, isotherm on activated carbon, which
is again said to give better agreement to the high-pressure
region. More complex isotherms, such as the virial isotherm
used by Shen et al,,'” were not used because of the good fit of
the LF and DSL isotherms.

The fitted LF parameters and their temperature dependence
are shown for the both the unmodified and modified material in
Table S1 of the Supporting Information. The temperature
dependence of the Langmuir parameter and the saturation
capacity can be found fitted to an Arrhenius-type relation-
ship.'¥*»*577 It was decided to give the saturation capacity a
temperature dependence because it gives a better fit across all
of the data, with a sum of the squared errors (SSE) of 6.35% for
a constant saturation capacity and 1.82% for a temperature
dependence for the unmodified material. The parameters for
the DSL equation and their temperature dependence are given
in Table S2 of the Supporting Information for the unmodified
material and Tables S3 and S4 of the Supporting Information
for the modified material, again fitted using an Arrhenius-type
relationship. Despite the DSL equation itself being thermody-
namically rigorous, allowing the saturation capacity to vary with
temperature improves the SSE from 3.25 to 1.35% for the
unmodified material.

The average values for the CO, heat of adsorption were
calculated from the Clausius—Clapeyron equation as 24.7 and
26.6 k] mol™ for the unmodified and modified activated
carbons, respectively, and are 14.9 and 15.7 kJ mol™ for N,,
respectively. These are in agreement with literature values for
activated carbons, which range from 21 to 30 k] mol™" for CO,
and from 10 to 17.5 k] mol™" for N,,'®!92973

4.3. Breakthrough Tests for an Empty Bed. Break-
through curves were produced for an experimental setup with
the fixed bed removed and the surrounding pipes connected
directly, to determine the response of the pipework of the
system in addition to the bed of the adsorbent itself. The
experiment was performed for both CO,/N, mixtures and
CO,/H, mixtures to find CO, accumulated by the system for
both gas mixtures. It was shown that there is a constant increase
of 5.1 X 107% kmol in the system accumulation for each
increase of 0.1 in the feed mole fraction of CO, for CO,/N,
mixtures and an increase of 4.4 X 107 kmol for a feed fraction
increase of 0.1 of CO, for CO,/H, mixtures. There is also an
accumulation for the pipe leading to the mixing junction of 5.6
X 107° kmol. The total value for CO, captured by the system at
each mole fraction is supplied in Table S5 of the Supporting
Information and was subtracted from the total capacity found
for the fixed-bed adsorption systems to give an accurate amount
of CO, captured by the fixed bed itself.

4.4, Breakthough Tests for Unmodified Adsorbent
with CO,/N,. Breakthrough curves for separation of CO,/N,
mixtures using unmodified activated carbon were conducted as
described in section 2.5. The experimental conditions are given
in Table 5. Figure 4 shows the CO, breakthrough curves at
varying CO, feed mole fractions for the unmodified and
modified activated carbons. The results are shown at 100 s
intervals to distinguish the individual points. The breakthrough
time is found by taking the time at which the outlet CO,
fraction reaches 5% of the inlet CO, fraction. As the feed mole
fraction increases, a proportional drop in breakthrough time
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Table S. Experimental Conditions for Separations Using the
Unmodified and Modified Activated Carbons

AC MAC
bed length m 0.069 0.065
bed diameter m 0.025 0.025
pressure kPa 2500 2500
temperature K 298 298
feed flow rate N mL min™" 200 200
adsorbent mass g 8.88 6.11
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Figure 4. Breakthrough curves for the separation of a CO,/N, mixture
using unmodified activated (black) compared to the modified activated
carbon material (white).

would be expected if the capacity was constant. However, the
breakthrough times do not decrease proportionally with the
increase in the CO, concentration, showing higher adsorption
capacities at higher CO, feed fractions. This is consistent with
the isotherm data, where at higher pressures of CO,, a larger
amount of CO, is adsorbed.

The shape of the breakthrough curve gives strong indications
of the dispersion characteristics and mass-transfer limitations of
the system. Systems with large dispersion or mass-transfer
resistances have long shallow breakthrough curves.”* Garg and
Ruthven®® suggest that the shape of the breakthrough curve is
affected by both the mass-transfer coefficient and the dispersion
coeflicient, giving an additive constant to quantify the effect
based on both coefficients but without a way to distinguish the
contribution of either to it. The steepness of the curves
indicates that this effect is relatively small; i.e. neither
coefficient is significantly affecting the breakthrough curve.
Both the mass-transfer coefficient and the dispersion coeflicient
are strongly dependent upon gas velocity and particle size.””
Detailed modeling would be required to differentiate between
the two effects. However, the low velocity used in this bed and
the relatively small particle size would indicate that both effects
should be quite small, as demonstrated by the steepness of the
breakthrough curves. The breakthrough for a CO, feed fraction
of 0.1 sees the greatest amount of spreading. This is to be
expected because the residence time is the longest. The error
on this reading will also be the highest, and the CO, analyzer
has an absolute error of +0.01, leading to a 10% error on the
0.1 run. It is suggested by Garcia et al.*' that higher pressures
lead to greater spreading because of higher degrees of
dispersion, but it is not clear if this is attributed to higher
absolute pressures or CO, partial pressures. This work shows
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Table 6. Breakthrough Capacities of CO,/N, Mixtures Separated Using Unmodified Activated Carbon for Each Experimental
Run and the Predicted Capacity for Pure Components Based on the LF and DSL Equations

CO, feed  breakthrough capacity LF equation  breakthrough capacity as a percentage of =~ DSL equation  breakthrough capacity as a percentage of
fraction (mol kg™") (mol kg™") LF capacity (% (mol kg™") DSL capacity (%)

0.1 212 £ 0.14 4.38 48.4 443 47.9

02 4.05 £ 0.15 5.93 682 5.94 68.1

0.3 5.01 + 0.08 6.88 72.8 6.86 73.0

0.4 5.54 £ 0.17 7.55 73.3 7.51 73.7

0.5 6.09 + 0.06 8.06 78.5 8.02 75.6

Table 7. Predicted Multi-component Adsorption Capacities Based on the Multi-component LF and DSL Equations and the
Corresponding IAST Equations for CO,/N, Mixtures Separated Using Unmodified Activated Carbon

IAST—LF equation

LF equation IAST-DSL equation DSL equation
)

(mol kg™") (mol kg™") (mol kg~ (mol kg™")
CO, feed fraction CO, breakthrough capacity (mol kg™") Cco, N, CcoO, N, CO, N, CO, N,
0.1 2.12 + 0.14 2.80 0.94 2.88 2.04 2.55 1.11 295 1.97
0.2 4.05 £+ 0.1S 4.49 0.60 4.27 1.66 3.88 0.79 4.75 143
0.3 5.01 + 0.08 5.70 0.40 5.30 1.37 4.82 0.60 5.99 1.06
0.4 5.54 + 0.17 6.60 0.27 6.12 1.13 5.58 0.46 6.91 0.79
0.5 6.09 + 0.06 7.30 0.18 6.82 091 6.21 0.35 7.62 0.59

that higher partial pressures with a fixed absolute pressure give
less mass-transfer and dispersion limitations.

It was observed that there is no significant temperature
chan§e at the bed exit, which differs from literature, with Casas
et al.” seeing increases of up to 40 °C. The breakthrough curve
itself suggests that there is an internal temperature change. The
steepness of the breakthrough curves and absence of temper-
ature change at the bed exit suggests that any temperature
changes are being dissipated very quickly. The distance
between the temperature probe and the bed exit would give
further chance for the gas to cool.

The breakthrough capacity is found by assuming that all CO,
input into the system up until the breakthrough time is
captured by the system. The system capacities found for the
experimental setup without a bed (see Table SS of the
Supporting Information) were subtracted to give the capacity of
the bed only. CO, that occupies the void space in the bed is
also deducted to give the amount of CO, that is in the adsorbed
phase. The average capacity over 3 cycles is given for each feed
fraction in Table 6.

The breakthrough capacity is considered because a PSA
system would not be run until complete saturation of the bed,
and therefore, a breakthrough capacity is a more realistic
prediction of the working capacity of a process unit. The
capacity found by the experimental setup will be higher than
that of a PSA unit because the bed is fully cleaned between each
run. The results show that the increase in breakthrough
capacity is larger between lower feed fractions than the highest
feed fractions. This is in agreement with the isotherm data,
where the feed fractions are proportional to the partial pressure
of the gas. By looking at the trend of the isotherm in Figure 2
for the pure component CO,, an increase in pressure at lower
values has a greater increase in capacity than it does at higher
pressures. Table 6 also gives the predicted values for the CO,
capacity for pure component data at the equivalent partial
pressure of each component. The isotherm gives a value for
equilibrium conditions and also for pure component data, i.e.,
assuming that N, in the mixture does not affect the capacity.
The breakthrough capacities approach closer to the equilibrium
values as the CO, fraction in the feed increases, but even at a
CO, feed fraction of 0.5, the breakthrough capacity only
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reaches ~75% of the pure component capacity. Both of these
factors explain the large disparity between the values. The
greater difference between the breakthrough capacity and the
predicted isotherm value for a feed fraction of 0.1 further
emphasizes the larger degree of spreading in the breakthrough
curve at the lower feed fractions. The almost constant
difference for all other values suggests that the mass-transfer
front is well-established for all of those runs.

It is important to find an isotherm equation that can
accurately represent the experimental data. The large difference
between the isotherm equations and the breakthrough data
suggests that the presence of N, has a significant impact on the
CO, capacity, and equations capable of replicating this are
required. It is easier to produce pure component isotherm data
rather than multi-component data. As discussed in section 3.2,
there are several equations that use pure component data to
predict multi-component adsorption capacities. Because of the
strong agreement for the pure component isotherms shown in
section 4.2, the multi-component LF equation and multi-
component DSL equation were used to predict the CO,
capacity. For each of these equations, the IAST was applied
to their corresponding pure component results, with the theory
behind this discussed in section 3.3. Table 7 compares the
predicted capacity for both CO, and N, by multi-component
LF, IAST—LF, multi-component DSL, and IAST—DSL. It can
be seen that the various equations differ wildly in their
prediction of the CO, capacity. IAST—LF predicts a higher
capacity for CO, than multi-component LF and a lower
capacity for N,. Both equations show considerably higher
capacities than the breakthrough capacities. The comparisons in
the literature have been to experimental multi-component
isotherms, where the IAST equation has been shown to have
similar prediction capabilities to multi-component equa-
tions, 163738

The DSL equations show the opposite trend with the IAST—
DSL equation predicting lower CO, and N, capacities than the
multi-component DSL equation. The difference may lie in the
way that the multi-component system predicts the capacity.
Because there are two sites, the way the two comgonent
isotherms interact can vary, as explained by Ritter et al.,*” with
the results here given for a positive—positive system. Reversing
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Table 8. Predicted Selectivities Based on the Multi-component LF and DSL Equations and the Corresponding IAST Equations
for CO,/N, Mixtures Separated Using Unmodified Activated Carbon

CO, feed fraction IAST—LF equation (molco,/moly,)

0.1 26.8 12.7
0.2 29.9 10.3
0.3 33.3 9.0
0.4 36.7 8.1
0.5 40.6 7.5

LF equation (mol¢q,/moly,)

IAST—DSL equation (molco /moly,) DSL equation (molco,/moly,)

20.7 13.5
19.6 13.3
18.7 132
18.2 13.1
17.7 129

Table 9. Breakthrough Capacities of CO,/N, Mixtures Separated Using Modified Activated Carbon for Each Experimental Run
and the Predicted Capacity for Pure Components Based on the LF and DSL Equations

CO, feed breakthrough capacity LE breakthrough capacity as a percentage of the DSL breakthrough capacity as a percentage of the
fraction (mol kg™") (mol kg™") LF capacity (%) (mol kg™") DSL capacity (%)

0.1 2.61 + 0.13 4.61 56.6 4.53 57.6

0.2 4.67 + 0.04 6.05 772 6.07 76.9

0.3 5.88 + 0.14 6.83 86.1 6.88 85.5

0.4 6.84 + 0.16 7.32 934 7.39 92.6

0.5 7.48 + 0.09 7.68 97.4 7.74 96.6

Table 10. Predicted Multi-component Adsorption Capacities Based on the Multi-component LF and DSL Equations and the
Corresponding IAST Equations for CO,/N, Mixtures Separated Using Modified Activated Carbon

IAST—LF equation

LF equation IAST-DSL eqluation DSL equation
)

(mol kg™") (mol kg™") (mol kg~ (mol kg™")
CO, feed fraction CO, breakthrough capacity (mol kg™*) Cco, N, CcoO, N, CO, N, CcO, N,
0.1 2.61 + 0.13 2.74 1.24 2.58 227 2.74 1.21 4.48 0.50
0.2 4.67 + 0.04 4.46 0.77 3.98 1.76 4.38 0.80 6.02 0.27
0.3 5.88 + 0.14 5.62 0.49 4.98 1.39 5.4S§ 0.57 6.85 0.17
0.4 6.84 + 0.16 6.43 0.32 5.77 1.09 6.19 0.41 7.37 0.12
0.5 7.48 + 0.09 7.01 0.21 6.40 0.85 6.73 0.30 7.72 0.08

the interaction of the DSL sites results in a dramatically lower
prediction in capacity, and therefore, that equation has been
discounted. The IAST equation is underpredicting the
breakthrough capacity, with the values for the feed fraction of
0.3 and 0.4 actually being lower than the breakthrough capacity.
This may be caused by the IAST equation being unable to take
the site interactions into account. The application of the DSL is
limited in literature, with the application to the IAST equation
even more so. It has previously been applied to activated
carbons by Dreisbach et al;*” however, a Freundlich-type
exponent was included as well. The IAST does not always
provide a better fit to multi-component data,"® and in this case,
the data in Table 7 indicate that the IAST equation
underpredicts the breakthrough capacity, making the multi-
component DSL a better fit.

The selectivity of the material for carbon dioxide can be
found using the following equation:'®

4o,/ 4y,

co, =
Yeo, /yN2

Table 8 shows the selectivities for each of the equations. The
IAST equations predict a higher selectivity for CO,, especially
at higher CO, partial pressures. It is interesting to note that the
highest selectivity does not necessarily correspond to the
highest predicted carbon dioxide capacity.

For both equations, the solution method that predicts the
higher capacity is more likely to be accurate. There is still an
appreciable degree of spreading shown in Figure 4, which
would suggest that the breakthrough capacity should still be

significantly lower than an equilibrium capacity. On this basis,
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of the equations shown, the IAST—LF and the multi-
component DSL equations are the most suitable.

4.5. Modified Activated Carbon Breakthrough Experi-
ments with CO,/N,. The experimental setup for the modified
material is very similar to the unmodified material and is
described in detail in section 2.4. The experimental conditions
are given in Table 5. The breakthrough curves for the modified
activated carbon are shown in Figure 4 alongside the
breakthrough curves for the unmodified material. The shape
of the curves shows that there are still very limited mass-
transfer and dispersion effects. The breakthrough times are
slightly shorter for the modified material. This is mainly due to
there being significantly less adsorbent, on a mass basis, in the
bed. The difference in density means that the fixed bed for the
modified material is almost 50% lighter. The capacity would
actually be expected to be considerably less considering the
large difference in bed density with only a slight increase in
capacity shown by the isotherms. The breakthrough capacity
for each run is given in Table 9 as well as a comparison to the
pure component capacity, as predicted by the LF and DSL
equations. At lower feed fractions, the difference between the
breakthrough capacity and the equilibrium capacity is
considerable, but this reduces as the CO, feed fraction
increases. It can be observed that the breakthrough capacity
is within 90% of the pure component capacities predicted by
the LF and DSL equations for CO, feed fractions of 0.4 and
0.5. Because the material has not reached equilibrium at
breakthrough, the small differences between the isotherm
prediction and the breakthrough capacity can be mainly
attributed to this. This suggests that the higher concentration
of carbon dioxide and better selectivity mean that the majority
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Table 11. Predicted Selectivities Based on the Multi-component LF and DSL Equations and the Corresponding IAST Equations
for CO,/N, Mixtures Separated Using Modified Activated Carbon

CO, feed fraction IAST—LF equation (molco,/moly,)

LF equation (mol¢q,/moly,)

IAST—DSL equation (molco /moly,) DSL equation (molco,/moly,)

0.1 199 10.2 204 80.6
0.2 23.2 9.0 21.9 89.2
0.3 26.8 8.4 22.3 94.0
0.4 30.1 79 22.6 92.1
0.5 334 7.5 224 96.5
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Figure 5. Comparison of unmodified (®) and modified (O) activated carbon breakthrough capacities for the separation of CO,/N, mixtures on (a)

mass and (b) volumetric basis.

of the adsorption sites are occupied by carbon dioxide and the
interaction by the nitrogen is limited, allowing for the carbon
dioxide capacity to approach that of a pure component. Sun et
al."? discussed the relationship between textural and chemical
properties of the materials upon the adsorption capacities. It
was shown that adsorption capacities can be largely related to
the micropore parameters as opposed to the total pore volume.
Micropores contain the majority of sites where CO, adsorption
occurs, and thus, the CO, uptake increases strongly with
increasing micropore volume. In terms of surface chemistry, the
capacity of the materials could be increased by doping nitrogen
into the structure, for example by the addition of melamine, to
increase the affinity for CO,, although such materials are
challenging to synthesize as spherical beads.

A similar comparison is made to the multi-component
equations for predicting the capacity of the material for each gas
and the corresponding selectivity (Tables 10 and 11). The same
trend is seen as for the unmodified material, with the multi-
component LF and the IAST—DSL predicting lower CO,
capacities than their counterparts. In this case, the two IAST
equations also predict similar CO, capacities for all feed
fractions. However, the IAST equations and the multi-
component LF equation underpredict the breakthrough
capacity at higher feed fractions. The multi-component DSL
equation is the only equation that predicts a greater equilibrium
capacity than the breakthrough capacity for all feed fractions.
This is because the predicted N, interaction is the least, and
therefore, the predicted CO, capacities are very similar to the
pure component equilibrium prediction. Because the break-
through capacity results suggest very limited interaction with
N,, this equation most suitably represents the system. This also
corresponds to a much higher predicted selectivity for the
multi-component DSL equation.

4.6. Comparison of the Capacity of Unmodified and
Modified Activated Carbon. A comparison can be made
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between the breakthrough capacities for each material. In
section 4.2, the isotherms show that the unmodified material
has slightly greater equilibrium capacities than the modified
material. Figure S5a compares the breakthrough capacities of the
material on the same mass basis. The modified material
outperforms the unmodified activated carbon for all feed
fractions, with the greatest difference at higher feed fractions. It
is apparent that the selectivity for CO, over N, is greater for the
modified material because the breakthrough capacities are
much closer to the pure component equilibrium value. This
effect is more apparent at higher CO, partial pressures, which
might explain the greater difference in breakthrough capacity
between the two values at higher feed fractions.

Although the CO, capacity on a mass basis is often quoted
for materials, it is actually the capacity on a volumetric basis
that is more important for a PSA process. However, the
unmodified material has a higher bulk density than the
modified material, meaning a higher mass of material fits in
the same bed volume. The number of moles of CO, captured
per meter cubed of bed can be found by multiplying the mass
capacity by the bulk density of the bed. The results of this are
shown in Figure Sb, with the unmodified material greatly
outperforming the modified material. This is to be expected
because the bulk density is considerably larger for the
unmodified material, with only a slight decrease in equilibrium
capacity found by the isotherm. This emphasizes the
importance of finding the CO, capacity on a volumetric
basis. Drage et al.'® indicate this in their evaluation of materials
for pre-combustion capture. However, literature values for
dynamic capacities are rarely quoted and often on a mass basis
for comparison to equilibrium values found from isotherms.”!
The work by Martin et al.'” briefly comments on this, but the
materials being compared show a very limited difference in
density and, therefore, in their volumetric capacity. Capacities
being quoted on a mass basis instead of a volumetric basis when
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found from isotherms also calls into question observations that
capacity increases for materials with greater surface area.'®"
This is true on a mass basis, but often this greater surface area
results in a lower density because there needs to be a higher
porosity to give the higher surface area. An increase in the
surface area is often the focus of modification to activated
carbons, which may not have an effect on the volumetric
capacity and, therefore, the capacity of a fixed-bed PSA unit.
4.7. CO,/H, Separations over Modified Activated
Carbon Beads. For the development of PSA processes for
the separation of CO, at high pressures, it is important to
consider a CO,/H, mixture to ensure that the results of a
simulation using CO,/N, would give reasonable indications for
applications toward CO,/H, mixtures. Therefore, the fixed-bed
experiments were repeated for the modified activated carbon
using a CO,/H, gas mixture. The breakthrough curves, given in
Figure 6, show that there is a much greater degree of spreading
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Figure 6. Breakthrough curves for the separation of a CO,/H, mixture
using modified activated carbon at CO, feed fractions of 0.1 (@), 0.2
(O), 0.3 (A), 04 (V), and 0.5 (®).

than for the CO,/N, mixture separations. It is possible to
predict the mass-transfer and dispersion coefficients by
correlations. The mass-transfer coefficient is based on the
three forms of mass transfer taking place, from the bulk to the
adsorbent surface, into the macropores, and into the micro-
pores, and each of these is regresented by an equation
proposed by Farooq and Ruthven. 7 For this system, the rate-
limiting step is the mass transfer into the micropores. These are
highly system-specific and require complex experiments to find,
which were outside the scope of this work. There is no reason
for the CO, micropore mass-transfer resistance to be affected
by the use of H, instead of N, and, therefore, is likely to be
constant for the system. The CO, mass-transfer coefficient has
a much greater effect on the breakthrough of CO, than the H,
mass-transfer coefficient, and therefore, a change in the H,
micropore diffusivity is unlikely to noticeably affect the
separation. The dispersion coeflicient is strongly dependent
upon the product of the Reynolds and Schmidt number.** The
main property that affects this is the diffusivity of the gas
mixture. For a CO,/H, mixture, the calculated diffusivity
increases,** which leads to a decrease in the product of the
Reynolds and Schmidt numbers. This typically causes an
increase in the dispersion coefficient>* and explains the greater
degree of spreading seen for the breakthrough curves of a CO,/
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H, mixture than a CO,/N, mixture. A possible limitation of the
present work is that pure component HPVA experimental data
were only available for CO,/N, mixtures rather than CO,/H,
mixtures, and therefore, detailed isotherm parameters could not
be derived for CO,/H,. A comparison of other studies carried
out by Garcia et al.'® with a similar material AC AP3-60 shows
for example that, for a CO, mole fraction of 0.3 at 298 K, the
fraction of CO, captured from a binary CO,/N, mixture
divided by the total gas captured is ~0.818, whereas the fraction
of CO, captured from a CO/H, mixture divided by the total
gas captured is ~0.916, approximately 12% greater than the
CO,/N, case. This suggests that the separation of hydrogen
can be expected to be higher than the predictions made using
nitrogen in the current work. However, real flue gases may
contain moisture, which can have an adverse impact upon the
separation factors achieved.

5. CONCLUSION

The work presented here gives a complete investigation of two
activated carbon materials for the application of high-pressure
PSA processes. The isotherms showed that the modified
activated carbon had a slightly higher capacity for CO, on a
mass basis but a lower capacity on a volumetric basis. For both
materials, pure component isotherms were fitted and it was
found that the LF and DSL equations gave the best fit for CO,
and N,. Breakthrough experiments were performed for the
separation of CO,/N, mixtures using both materials and for the
separation of CO,/H, mixtures using the modified activated
carbon. For all breakthrough curves, the mass-transfer and
dispersion limitations were found to be minimal, although more
significant for the CO,/H, mixtures. In comparison of the
capacity of both materials for the separation of CO,/N,
mixtures, the modified material was found to have higher
CO, capacities on a mass basis. However, when these capacities
were compared on a volumetric basis, which is more important
for PSA applications because it affects the size of the adsorbent
bed, the unmodified material had a superior capacity for CO,.
This result shows that the surface area does not have a strong
effect on the volumetric capacity, because materials that show
higher capacities for CO, on a mass basis have sacrificed bulk
density to achieve a higher surface area.

Four multi-component isotherm equations were compared to
the breakthrough capacities found for the separations of CO,/
N, on both materials: multi-component LF, the IAST equation
applied to the LF equation, multi-component DSL, and the
IAST equation applied to the DSL equation. It was found that
the multi-component DSL equation was more suitable because
the others underpredicted the CO, capacity for the modified
material and multi-component LF and IAST—DSL under-
predicted the capacity for the unmodified material.
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B NOMENCLATURE

A = constant in eq 12 (kg™")
B; = LF constant component i (Pa™)
B;; = LF constant component i, dual-site type 1; other
equations with two subscripts follow the same convention in
eqs 8 and 9 and egs 15 and 16 (Pa™")
B; = LF constant component j (Pa™)
D,,, = average pore diameter (nm)
P, = partial pressure of component i
k,; = constant in temperature dependence equation for g,
(mol kg™")
k,; = constant in temperature dependence equation for g, (J
mol™)
k;; = constant in temperature dependence equation for B;
(Pa™")
k,; = constant in temperature dependence equation for B, (J
mol™!)
ky ;= constant in temperature dependence equation for q; g,
dual-site type 1; other equations with three subscripts follow
the same convention in eqs 6—9 (mol kg™")
n; = exponent in LF isotherm
p; = partial pressure of component i (Pa)
P = pressure (Pa)
q1,,; = component i solid-phase concentration upon dual-site
type 1. Other equations with three subscripts follow same
convention in eqs 6 and 7 and egs 15 and 16 (mol kg™")
q¥ = component solid-phase concentration at equilibrium
(mol m™3)
¢F""® = component solid-phase concentration of component i
with pure i gas phase (mol m™)
g = total solid-phase concentration (mol m~3)
R = ideal gas constant (J mol™'K™")
Sco, = selectivity of CO, to N,
SAggr = BET surface area (m” g™')
SApicro = surface area contained within micropores (m?® g™")
T = temperature (K)
Vinicro = volume contained within micropores (cm® g™)
W, = narrow microporosity (cm® g™)
x; = mole fraction of component i in the liquid or adsorbed
phase
y; = mole fraction of component i in the gas phase
7} = spreading pressure of component i under saturation
conditions (N m™")

Abbreviations
BET = Brunauer—Emmett—Teller
CCS = carbon capture and storage
DSL = dual-site Langmuir
HPVA = high-pressure volumetric analysis
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IAST = ideal adsorbed solution theory

IGCC = integrated gasification combined cycle
PSA = pressure swing adsorption

LF = Langmuir—Freundlich

PSA = Pressure Swing Adsorption

TLC = thin layer chromatography
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