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ABSTRACT: To reduce the huge energy cost of CO2 capture
technology applicable in industry, the CO2 absorption−desorption
performance was conducted in a novel bench-scale pilot plant with
hot water as a heat source. The trisolvent MEA(monoethanol
amine)−BEA(butylethanol amine)−AMP(2-amino-2-methyl-1-
propanol) was prepared at a specific concentration to analyze the
CO2 capture performance and compared with 5 M MEA as the
benchmark. Meanwhile, several solid acid catalysts, blended H-
ZSM-5/γ-Al2O3(1/2), or HND-8, were packed in the desorber,
and the solid base catalyst, CaCO3 or CaMg(CO3)2, was packed in
the absorber with random packing. The CO2 absorption efficiency
(AE), cyclic capacity (CC), and heat duty (HD) were tested onto
MEA−BEA−AMP and MEA under various operating conditions. Experimental results indicated that the performance of 4.3 mol/L
MEA−BEA−AMP was significantly better than 5 M MEA under both catalytic and noncatalytic operation. The most energy efficient
combination of this study was discovered as 0.3 + 2 + 2 mol/L MEA−BEA−AMP, with 50 g (CaCO3/CaMg(CO3)2) in the
absorber and 150 g H-ZSM-5/γ-Al2O3(1/2) in the desorber. The heat duty reached as low as 2.4 GJ/tCO2 at a FG of 7.0 L/min and
a FL of 70 mL/min. These results were highly applicable in an industrial amine scrubbing pilot plant for CO2 capture.

1. INTRODUCTION
Effective CO2 capture, utilization, and storage (CCUS)
technology was one of the most important technologies in
coal-fired power industry to achieve the goals of net-zero CO2
emission. Postcombustion carbon capture (PCCC) using
amine-based solvents turns out to be the most suitable
technology for flue gas decarbonization based on massive gas
flux and low CO2 concentration.1,2 The chemisorption in an
amine scrubbing process in a pilot plant was possibly the most
effective way to suit large-scale CO2 reduction and capture.3,4

However, the huge energy cost of CO2 desorption in carbon
capture accounts for 70% of the total cost, which is the main
challenge faced by PCCC technology.5−7 High operating
temperatures (120−140 °C) with steam as a heat source were
the main reason for the side effects such as high energy costs,
solvent loss and amine degradation, stress cracking corrosion,
etc.8

Previously, intensive fundamental studies have been con-
ducted into the heat duty reduction, and these reviews had
reached an agreement;8−12 there were three energy efficient
solutions which were solvent improvement,13,14 process
intensification,13,15 and heterogeneous catalysis.16,17 After
2016, several research studies were focused on the research of
steady-state process, which was more realistic toward industrial
application.18−21 These studies were focused on the steady-state

operation process and adopted the verified good performance
amine solvents and catalysts from publications directly, in order
to evaluate their performance in a bench-scale pilot plant to
mimic industrial application.

Alivand et al. published a review of more than 40 types of solid
acid catalysts for heat duty reduction16 and reported that these
catalysts were able to work on MEA solvents to desorb CO2
below 100 °C, the boiling point of the water. This review also
reported another novel process to run solid catalysts,16 which is
the “catalyst-packed bench-scale CO2 absorption process with
an extra heat exchanger and hot water as the heat source.” Low
desorption temperatures below 100 °C could effectively reduce
corrosion and solvent degradation and mitigate the other side
effects of CO2 absorption processes.22 This technology aims to
replace high-pressure steamwith hot water as a reliable source of
energy for catalytic postcombustion CO2 capture.

Since 2017, Idem’s group reported several studies based on
the combination of “blended amine” + “solid acid or base
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catalysts” + “catalyst-packed bench-scale process.”23−27 These
publications reported the MEA,23 MEA−MDEA,24,28 and
BEA−AMP biblend solvents,26,27,29 with solid acid catalysts as
γ-Al2O3

23,24 or H-ZSM-523−25 and solid base as BaCO3,
26

CaCO3,
26 or K/MgO.25,26 These results reported very good

cyclic capacity and relatively low heat duty, which is meaningful.
These studies focused on the effect of solid acid catalysts γ-
Al2O3

23,24 or H-ZSM-5 on AE, CC, and HD in discussion.23−27

Besides solid acid catalysts, the solid base was adopted to
accelerate CO2 absorption, and based on kinetics,30 electrons
are needed to promote the CO2 absorption rate. Therefore,
CaCO3,

31−34 MgCO3,
34−36 and CaMg(CO3)2 were selected as

Lewis base catalysts, which were good electron donors.
For the blended amine for the process, an amine selection

chart was published in 2017,37 which discovered two good
performance single amines, BEA and AMP, with superior
absorption−desorption parameters.37 Later on, Shi et al. studied
the MEA−BEA−AMP38−40 at a specific ratio of 0.3/2/2 to fully
use the coordinative effect41−43 (details are given in the
Supporting Information). When compared with 4.0 M BEA−
AMP, the 4.3 M MEA−BEA−AMP trisolvent exhibited better
absorption and desorption performance by 10−30%.38−40

Therefore, the trisolvent MEA−BEA−AMP at a specific ratio
(0.3/2/2 mol/L) was selected particularly for this study based
on its absorption−desorption parameters with the aid of both
solid base and acid catalysts.39

Finally, this study introduced a catalyst-aided bench-scale
process, with the combination of 0.3 + 2 + 2 mol/L MEA−
BEA−AMP, with solid acid (blended γ-Al2O3/H-ZSM-5 = 2:1,
and HND-8) and solid base (CaCO3 and CaMg(CO3)2) to
evaluate its operation under steady state. The blended ratio of γ-
Al2O3/H-ZSM-5 was adopted from a previous study.33 The
experimental device was similar to Idem’s previous work,23,24

but our device was bigger. The amine was trisolvent instead of
bisolvent (4.3 M MEA−BEA−AMP vs 4 M BEA−AMP).
Although both solvents looked similar to each other, the
absorption−desorption performance of trisolvent is better than
bisolvent simultaneously, and this is the first time that trisolvent
was studied on the bench-scale process. Although intensive
studies reported and reviewed massive lab-scale synthesized
solid acid/base catalysts,16,17 the author’s group focused on
commercially available solid catalysts to ensure their stability
and amount of products to fit the realistic implementations in
industry.

The aim and purpose of this research is to (1) investigate the
CO2 absorption−desorption performance of 4.3 mol/L MEA−
BEA−AMP with a combination of solid/base acid catalysts in a
pilot plant to evaluate the effect of catalysts in the absorber and
desorber. (2) The CO2 absorption efficiency (AE), cyclic
capacity (CC), and heat duty (HD) were conducted on the
system to find out better operating conditions to achieve higher
CC and low HD at AE > 90%.

2. THEORY
2.1. Calculations of Absorption Efficiency, Cyclic

Capacity, and Heat Duty. Under steady state, the following
variables were tested: inlet/outlet gas flow rate (FG), liquid flow
rate (FL), temperate profile of the absorber and desorber (T),
CO2 concentration of inlet/outlet gas (Xin and Xout), and CO2-
loading of rich/lean amine αrich/αlean. These variables were
detected, recorded, and used to calculate absorption efficiency,
cyclic capacity, and heat duty according to eqs 1−5).23−27

=
× ×

×
F X F X

F X
Absorption efficiency (AE)

G in G out

G in

1 2

1

(1)

where FG1
and FG2

are the volumetric flow rate of feed and off
gas, respectively, and Xin and Xout are the CO2 concentrations in
the inlet and outlet gas, respectively. The absorption efficiency
ought to be >90% to meet the CO2 emission require-
ments.23,24,26

= × ×F CCyclic capacity (CC) ( )L rich lean A (2)

where αrich and αlean are the rich and lean CO2 loading,
respectively. FL is the volumetric flow rate of the solvent. CA is
the amine concentration. The cyclic capacity represented the
CO2 take up at standard time period. Some studies reported
cyclic capacity as (αrich − αlean) ∗ CA at constant FL.

25,27

However, eq2 was used in this study due to different FL.
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m
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L rich lean A CO2 (5)

HD1 was calculated from CO2 removal in the gas
line,23,24,26,27 and the ṁCO2 is the mass of CO2 removal in
the gas line. HD2 was calculated from CO2 already absorbed in
the liquid phase by means of ×CC MWCO2

.23,26,27 mHM is the
mass flow rate of hot medium, and CpHM is its heat capacity.24

This study used eq 5) to evaluate HD, although the minute CO2
gas may go via other exits (thermos couple or joint/
connections) in the process.

The correlations of AE, CC, and HD were mainly on FL,
smaller FL results in bigger CC and higher HD, but the AEwill be
decreased. Therefore, there is an optimizedFFL for this set of
experiments.
2.2. The Main Reaction Scheme within CO2-trisolvent

and Carbamate Breakdown. The reactions within MEA−
BEA−AMP solutions are listed in reactions (1−7).26 MEA and
BEA are primary/secondary amines (RR′NH) that react with
CO2 to form carbamate and protonated amines through the
zwitterion mechanism in reactions (1−2).44 The carbamate
breakdown and hydrolysis reactions are listed in reactions (3−
7).23,45 As for AMP (RNH2), the carbamate is unlikely to occur
due to its steric hindrance from the bulky group adjacent to the
amino group, and the main product was bicarbonate.37

Carbamate formation via the Zwitterion mechanism:

+ +RR NH CO RR NH COO (zwitterion)2
(Reaction 1)

+
+

+

+

RR NH COO (zwitterion) RR NH

RR N COO (carbamate) RRNH2
(Reaction 2)

Bicarbonate formation by CO2 in water:

+ ++CO H O H O HCO2 2 3 3 (Reaction 3)
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Bicarbonate formation by carbamate hydrolysis:

+ +RR NCOO H O RR NH HCO2 3 (Reaction 4)

Without solid acid catalysts, the CO2 desorption process
undergoes two main reactions which are carbamate breakdown
and amine deprotonation.46−48

Carbamate breakdown:

+

+

+

+

Proton transfer: RR NCOO H O

RR NH COO (zwitterion) H O
3

2 (Reaction 5)

+

+N C bond breaking: RRNH COO (zwitterion)

RR NH CO2 (Reaction 6)

+
+

+

+

Amine deprotonation: RRNH H O

RR NH H O
2

3 (Reaction

The carbamate breakdown depends on the thermal energy
provided and the availability of protons. Protons were provided
from amine deprotonation reaction 7. Once the protons released
from RNH3

+, H+ reacts with the N atom of carbamate
(RNHCOO−) resulting in switching the hybridization of the
N and C atoms from sp2 to sp3 and stretching the N−C bond to
weaken the bond strength.16,49 The N−C bond finally breaks,
and the zwitterion splits into CO2 and RNH2. Reaction 7 is a
strongly endothermic and requires outside energies to overcome
the energy barrier due to the high alkalinity of amine solvents,
implying that carbamate breakdown was difficult to taking place
at a low temperature with in adequate heat.47

3. EXPERIMENTAL APPARATUS AND PROCESS
3.1. Chemicals, Catalysts, and Sample Analysis. The

amines MEA (≥99%), BEA (≥98%), and AMP (≥99%) were
purchased from Guoyao Ltd. The CO2/N2 (15%/85%) mixed
gas was purchased from Qingkuan gas Ltd. The pelletized solid
catalysts CaCO3, CaMg(CO3)2, H-ZSM-5, γ-Al2O3, and HND-
8 were purchased from Yinghe Zibo Catalyst Ltd. Methyl orange
was an indicator andHCl (1.0 mol/L) was used as a standard for
titration. The CO2 loading tests of various amine samples were
tested with a Chittick apparatus by the Association of Official
Analytical Chemists (AOAC).50 This method has an error of
±2.5% based on CO2 loading tests of ±0.5 L of CO2 release,
which was accurate for this study.

3.2. THE BENCH-SCALE PILOT PLANT AND
EXPERIMENTAL PROCEDURES OF CO2
ABSORPTION AND DESORPTION

3.2.1. The Catalyst-Packed Pilot-Plant with Hot Water
as Heat Source. Figure 1 plots the schematic diagram of the
experimental apparatus. The apparatus consisted of two towers
made of stainless steel with a height of 3.94 ft (1.2 m) and an
internal diameter of 1.97 in. (0.05 m). It contains a saturator, a
hot-water-amine heat exchanger, two amine storage tanks with 4
L capacity, two pumps, a rich-lean heat exchanger, a hot water-
rich amine heat exchanger, and flow meters. The peristaltic
pump with a measuring range of 300 rpm is used for circulating.
The speed flow of liquid flow rate was adjusted at 70−90 mL/L
manually with constant value. The gas source used in this
experiment simulates the actual flue gas, i.e., 15% CO2 and 85%
N2 without O2, NOx, or SOx. The gas flow rate (FG) was
determined with a gas flue meter, and the CO2 concentration

(%) was analyzed with an analyzer. Six thermocouples are
designed for the absorption/desorption towers to measure the
temperature distribution with an interval of 0.20 m along
different locations. Based on catalytic CO2 desorption analysis,
the desorber catalysts lose most of their strength at temperatures
below 85 °C. The temperature profile in the desorber is an
indicator to ensure the effect of solid catalysis although most of
them were above 87−88 °C along the desorber. A K-type
thermocouple was used with relatively stable performance and
high accuracy for temperature measurement. The realistic photo
of the pilot-plant iss listed in the Supporting Information.

The catalysts adopted random packing with inert marbles, as
shown in Figure 2. The absorption tower adopted random
packing with θ-type packing and inert marbles (0.008 and 0.006
m diameter). The base catalyst was blended with these marbled
and packing materials. The layer of solid acid catalyst-packing

Figure 1. Schematic representation of the experimental apparatus for
CO2 capture.

Figure 2. Photos of noncatalytic and catalytic packing for acid and base.
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material was placed in the middle. The acid catalyst was mixed
with small inert marbles (0.003 m) in the desorption tower.
Larger marbles (0.008 m) were used on top and bottom sides to
support the catalytic bed. Without catalysts, the layer was filled
with inert small marbles (0.006 m). The amine solvents flew
from the top of the tower to the bottom by gravity. The catalyst
better be placed in the middle in order to analyze the effect
accurately. The fresh catalysts were used for each test, and the
amine solvents were circulated for 6−7 h for each run to reach
steady state; there is little amine degradation based on the CO2
loading, because the mixed gas has no O2, NOx, or SOx inside.
The stability of solid catalysts was guaranteed since they are
commercial catalysts, and experiments were conducted with
used catalysts which had little loss.

3.2.2. EXPERIMENTAL OPERATION PROCEDURE OF
THE BENCH-SCALE PILOT-PLANT

The trisolvent was prepared in 4 L with αlean at 0.20−0.25 mol/
mol. The amine was pumped from the amine storage tank at a
flow rate of 70 mL/min to the top of the absorber and went
through the overall process including absorber, desorber, amine
storage tank, lean-rich amine heat exchanger, and amine-hot
water exchanger. Concurrently, the hot water bath was initiated
and set at 95−98 °C to heat up the amine solvent in the hot
water-rich solvent heat exchanger before it enters into the
desorber. After amine solvent circulation was continuous with
constant temperature , the mixed gas with 15% CO2/85% N2
was introduced to the absorption tower at the bottom via a gas
flowmeter. The mixed gas reached the liquid lean amine flow in
the absorber in a countercurrent way to start CO2 absorption.
The exit gas leaves the top of the absorber when 90−100% CO2
is removed, and the rich amine solvent leaves the absorber at the
bottom into the amine storage tank. TheCO2-rich amine solvent
was heated first via a lean-rich amine exchanger and further
heated to a temperature of 90 ± 2 °C via a hot water−amine heat
exchanger and then to the top of the desorber. The CO2
desorption was strengthened by the catalyst bed, and the
CO2-lean amine solvent leaves from the desorption tower and
then cooled by rich amine and pumped into the absorption
tower as a complete cycle. Each tower was installed with a
condenser on the top to condense amine or water vapor exiting
the tower. Therefore, the CO2-absorption and desorption
process reached the steady state, and the data can be recorded.
It usually took about 6 h to reach steady state for the whole
system. Table 1 summarizes the experimental operating
conditions.

The CO2 loadings and the amount of CO2 in the treated gas
were detected using a Chittick apparatus and an infrared (IR)

gas analyzer, respectively.26 The gas flow rates and liquid flow
rates were tested with flowmeters, and the temperature profiles
were detected with thermocouple. The monitor reported the
digital data of FG, FL,T, andCO2% in the gas phase as an integral.

4. RESULTS AND DISCUSSION
Results included four sections: (1) the effect of desorber
catalysts on MEA as benchmark; (2) the effect of desorber
catalysts on trisolvent MEA−BEA−AMP; (3) the effect of
absorber−desorber catalysts on trisolvent; and (4) the CC and
HD of trisolvent versus MEA to indicate its superior
performance.
4.1. Effect of Desorber Catalysts on MEA Solvents.

4.1.1. Effect of Solid Acid on Absorption Efficiency. Figure 3

exhibits the effect of blended H-ZSM-5/γ-Al2O3 (2:1) on the
absorption efficiency at FG = 3.0 L/min and FL of 70−90 mL/
min. All the AEs under catalytic desorption were higher than
noncatalytic tests (weight of catalystsWcat = 0) in the y axis. The
AE increased as the mass of H-ZSM-5/γ-Al2O3 (2:1) increased,
and it reached a maximum of 100% at a Wcat hit 150 g. The AE
was kept 100% until 250 g. At the same y axis, with increased FL,
the AE was increased under the same Wcat.

These results were similar to other studies, and the effect was
verified with the MEA system repeatedly.23,24 The intrinsic
reason for Figure 3 was published:24 the solid acid catalyst
-packed desorber cannot only enhance the desorber perform-
ance but also indirectly increase the absorption efficiency.25 As
Wcat of H-ZSM-5/γ-Al2O3 (2:1) increases, the amine solvent
with lower αlean exit the desorber and pumped back to the
absorber.24 At 70 mL/min of 5.0 mol/L MEA circulation rate,
the absorption capacity of lean amine decreased from 167.4
mmol CO2/min to 158.85 mmol CO2/min from noncatalyst to
150 g of H-ZSM-5/γ-Al2O3 (2:1). Less absorption capacity
represented extra free MEA molecules in the MEA solvent to
absorb CO2, resulting in better AE.

4.1.2. Effect of Solid Acid Catalyst on Cyclic Capacity and
Heat Duty. Figure 4a shows the cyclic capacity in the absence
and presence of solid acid catalysts. The CC represents the

Table 1. Operating Conditions in Bench-Scale Pilot Plant

condition value

solvent used 5 M MEA, 4.3 M MEA−BEA−AMP
solvent flow rate 70, 80, 90 mL/min
feed gas flow rate 3.0 SLPM, 7.0 SLPM
CO2 concentration in feed gas 15% CO2 balance with 85% N2

lean-amine inlet temperature 24−25 °C
absorber catalysts CaCO3, CaMg(CO3)2
rich-amine inlet temperature 88−90 °C
desorber catalysts H-ZSM-5 (Si/Al = 19), γ-Al2O3, HND-8
weight of catalysts 100, 150, 200, 250 g
pressure in both towers 1 atm

Figure 3. Effect of blended H-ZSM-5/γ-Al2O3 (2:1) catalysts on MEA
with absorption efficiency at FL = 70, 80, and 90 mL/min and fixed FG =
3.0 L/min.
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difference in CO2 amount in rich and lean amine streams.37 At
constant FL of 90 mL/min, the cyclic capacity increased from
“noncatalytic” 16.80 mmol CO2/min to “catalytic” 18.55−20.65
mmol CO2/min with Wcat of 100−250 g H-ZSM-5/γ-Al2O3
(2:1). The catalytic system achieved higher CC than the
noncatalytic system with 10.4%−22.9%.

The reason for the CC increase is the effect of solid acid
catalysts, which facilitate carbamate breakdown via the
zwitterion mechanism.23 The detailed mechanism of catalytic
carbamate breakdown with solid acid had been published
repeatedly16 (Supporting Information). This mechanism
requires sufficient protons in the amine solvent. The proton
was mainly released from MEAH+ in the amine solution under
noncatalytic condition. Deprotonation is a quite difficult step
due to the strong basicity of MEA.44

AmineH+ desorption

+ ++ +MEAH H O MEA H O2 3 (Reaction

Carbamate breakdown

+

+ +

+MEACOO H O

zwitterion
MEA H O CO

3

2 2 (Reaction 9)

However, when H-ZSM-5/γ-Al2O3 (2:1) was introduced, the
proton donor facilitates the carbamate breakdown process. The
carbamate (MEACOO−) reacts with H+ on the catalyst surface
instead of MEAH+ deprotonation reaction.51 With an increased
Wcat of H-ZSM-5/γ-Al2O3 (2:1), the amount of protons
increased. Thus, CC increased with increased Wcat.

23,24

Figure 4 reports the heat duty of 5.0 M MEA at 70−90 mL/
min. Each curve represented the same FL and FG. From each
curve, with an increased Wcat, the HD decreased to a minimum
and increased slightly. These phenomena were reasonable, since
the CC lies in the denominator of HD in eq 5.24 The CC
increased and reached a maximum in Figure 4a and decreased a
little. The HD of FL = 70 mL/min decreased from 12.67 GJ/
tCO2 to the minimum 11.14 GJ/tCO2 and increased slightly to
11.32 GJ/tCO2.

Furthermore, higher FL represents higher HD for MEA
solvent. This was reasonable, since HD can be calculated with
eqs 3 and 4 from the gas line.23 Since the AE of 5.0 M MEA
almost reached 100% at various FL, the ṁCO2 was constant as
denominator. In eq 3, the numerator increased with increased
FL, and then the HD increased as consequence. With inadequate
gas input in the process, the increase in FL will not enhance CO2
removal but raise the heat input and heat cost. Therefore, there
is an optimized FL/FG in the system. Similar to other studies,23,24

the absolute values of HD were above 10 GJ/tCO2 for MEA
system, too high in industry, so that a better amine solvent was
required for the steady-state process.26

4.2. Effect of the Solid Acid Catalysts in Desorber on
Trisolvents 4.3 M MEA−BEA−AMP. The catalysis was
focused on: (1) the effect on AE; (2) the effect on CC; (3)
the effect on HD; (4) the temperature profiles in the absorber−
desorber with catalysis.

4.2.1. Effect of Catalyst and Amine Flow Rate on
Absorption Efficiency. The absorption efficiency (AE) is
plotted in Figure 5, with a FG of 7.0 L/min and a FL of 70−90
mL/min, with a blended H-ZSM-5/γ-Al2O3 (2:1) catalyst used.
From Figure 5, the trisolvents reached AE > 90%, andmost cases
reached 100%. Comparing to 3.0 L/min FG at MEA, MEA−

BEA−AMP exhibited superior absorption performance. For
each curve with constant FL, AE increased and reached the
maximum of 100% with increased Wcat > 100 g. After 100 g,
increased FL cannot enhance AE anymore. Hence, the suitable
FL was 70 mL/min with a FG of 7.0 L/min of this trisolvent for
pilot plant for this study.

The intrinsic reason was the same as that in Section 4.1.1 for
MEA solvent: the increased Wcat decreased αlean of amine,
releasing more free amine molecules to enhance CO2
absorption. For noncatalytic absorption (Wcat = 0), the higher
FL resulted in higher absorption based on several phenomena:
(1) increased liquid circulation leads to the increase in the
surface area of wet packing and increased mass transfer.52 (2)
Higher FL resulted in higher liquid mass transfer coefficient KLav,
which directly increases the overall mass transfer coefficient
KGav.

53

4.2.2. Effect of Solid Acid Catalyst on Cyclic Capacity. The
cyclic capacity was an important parameter for pilot plant, which
represents the CO2 take up for each cycle.27 Figure 6 plotted the

Figure 4. Effect of the solid acid catalyst on (a) cyclic capacity and (b)
heat duty of MEA at FL of 70, 80, and 90 mL/min and fixed FG = 3.0 L/
min.
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catalytic effect of CC with Wcat = 0−250 g H-ZSM-5/γ-Al2O3
(2:1), indicating the CC increased from 37.63 mmol CO2/min
in the noncatalytic to 50.27−54.78 mmol CO2/min with
catalysts. For catalytic tests, the CC reached the maximum at
200 g of catalysts.

The reason for the enhancement of solid catalysts H-ZSM-5
and γ-Al2O3 was clear:23,24 the proton donor (Brønsted acid)
catalysts enhanced theCO2 desorption rate bymeans of extraH+

available on the surface. The carbamate (RR′NCOO−) of MEA
and BEA reacts with existing protons on the catalyst instead of
waiting for the amine deprotonation step to occur.25−27,51 Then
the absorption capacity of lean amine (red bar graph) decreased
along with an increased Wcat.

Figure 7 plots the cyclic capacity without and with 150 g of
solid acid catalysts: H-ZSM-5/γ-Al2O3 (2:1) and HND-8. The
CC increased from 37.63 mmol CO2/min Wcat = 0−52.07
mmol/CO2/min for H-ZSM-5/γ-Al2O3 (2:1) and 61.19 mmol
CO2/min with HND-8. Both acid catalysts contain Brønsted

acid sites, which provide protons to attack carbamate
(RNHCOO−) directly to release amine and CO2.

54,55

The cyclic capacity ranked as follows: HND-8 > H-ZSM-5/γ-
Al2O3 (2:1) > noncatalyst, reflecting the acidic strength of
catalysts. The characteristics of both catalysts were categorized
in Table 2, and the average pore size and acidic strength of γ-

Al2O3, H-ZSM-5, and H-mordenite were published repeatedly
in a recent review.16 The HND-8 catalyst exhibits much higher
acid strength than H-ZSM-5 and the γ-Al2O3 catalyst. Its larger
pore size resulted in better CO2 desorption performance and the
faster reaction kinetics.56,57 From Table 2, the HND-8 catalyst
possessed a larger pore size than H-ZSM-5 and γ-Al2O3. The
carbamate ion is a large molecule; so that smaller pore size
limited its diffusion access while larger pore size facilitated the
diffusion of carbamate species to reach the active sites onto the
catalyst surface. Consequently, carbamate breakdown was easier
to occur with HND-8 than with others, resulting in a high CO2
desorption rate to higher cyclic capacity.

4.2.3. Effect of Solid Acid Catalyst on Heat Duty. The effect
on heat duty is plotted in Figure 8. Each curve represents FL of
70, 80, and 90 mL/min withWcat = 0−250 g H-ZSM-5/γ-Al2O3
(2:1). Higher FL represents higher HD, the same reason as MEA
in Section 4.1.2: since the AE reached 100%, the ṁCO2 was
constant as denominator in eq 4. From eq 3 of HD calculation,
higher FL requires higher heat input. The trend of three curves
was similar to each other, so that the lowest curve was discussed
in detail.

In an experimental aspect, a lower FL resulted in a lower heat
duty based on two reasons: (1) smaller FL resulted in bigger αrich
of amine solution entering the desorber. At a 70 mL/min
circulation rate without catalysts, αrich is around 0.5375 mol of
CO2/mol, while αrich is 0.4687 and 0.4472mol of CO2/mol at 80
and 90 mL/min. A higher αrich favored the desorption process.25

Figure 5. Effect of solid acid catalysts on absorption efficiency of
MEA−BEA−AMP at FL of 70, 80, and 90 mL/min.

Figure 6. Effect of blended catalyst H-ZSM-5/γ-Al2O3 (2:1) on cyclic
capacity of MEA−BEA−AMP at a FL of 70 mL/min.

Figure 7. Effect of solid acid catalysts (150 g) on cyclic capacity of
MEA−BEA−AMP at a FL of 70 mL/min.

Table 2. Properties of Solid Acid Catalysts

catalyst
BET surface area

(m2/g)
average pore

size
acid

strength

H-ZSM-5
(Si/Al = 19)

290 2.2 0.4172

γ-Al2O3 381.9486 4.55 0.4830
HND-8 >20 ≥15 24.75
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(2) Smaller FL resulted in higher ratio of Wcat/ FL, representing
more amount of catalysts onto each mol of amine. The HD
decrease at the lower FL with fixed Wcat.

23

At FL of 70 mL/min, the HD decreased down to 2.79 GJ/
tCO2 at 150 g Wcat, and then increased a little at 200−250 g.
With extra amount of Wcat such as 200 and 250 g, the CC of
Figure 6 starts to decrease a little because αrich was decreased
while αlean was almost the same. From eq 5, at the same FL, the
HD was mainly determined by (αrich−αlean) ∗ CA.

24 Extra Wcat
reduced not only αlean but also αrich as a side effect. Therefore, the
optimized Wcat of the trisolvent was 150 g.

Finally, the HD is plotted in Figure 9 at 150 g Wcat as
optimum. Based on Figure 9, the HD of noncatalytic tests was

3.71 GJ/tCO2. The HD with H-ZSM-5/γ-Al2O3 (2:1) was
reduced to 2.79 GJ/tCO2, and the HDwith HND-8 reached the
minimum of 2.15 GJ/tCO2. The HD was reduced to 24.8% and
42.1% with catalysts. The advantage of HND-8 was verified
again.

4.2.4. Effect of Desorber Catalyst on Temperature Profiles.
Generally, the temperature was detected as 25−27 °C at the
inlet input of amine solvent, while it increased to 35−40 °C
along the absorption tower based on reaction heat release. For
the desorber, the T was detected at 90−92 °C in the inlet, and it
starts to cool down to 85−88 °C with CO2 desorption reaction
taking place. Along the desorber, the temperature is higher at
83−85 °C for lean liquid exiting the bottom of desorption tower,
the intra heat exchanger of hot/cold liquids decreases the
temperature first, and an additional cooling device is adopted to
cool the amine solvent at a constant temperature of 25 °C, which
flew back to the absorber.

The temperature profiles along the absorber are plotted in
Figure 10a with/without acid catalysts. The temperature profile
reflected the heat generation of CO2 absorption reactions based
on the exothermic reaction.19 There was a temperature bulge at
the bottom of the absorber since massive heat was released out
of the CO2 absorption. Higher reaction rates resulted in greater
heat release and the wider temperature bulge along the
absorber.25 The highest temperature reached approximately
34 °C for the noncatalytic system, while it reached
approximately 42 and 44 °C for H-ZSM-5/γ-Al2O3 (2:1) and
HND-8 catalysts. The higher temperature bulge with catalysts
was because of wider CO2 loading range of amine solvents,
which is 0.302−0.427 mol/mol (noncatalyst), 0.277−0.450
mol/mol (blended), and 0.303−0.506 mol/mol (HND-8). A
wider CO2 loading range indicated that more CO2 was reacted
in the absorber with more heat release.

The temperature profiles of the desorber are plotted in Figure
10b for catalytic and noncatalytic tests. The amine solution
entered the top of desorber at 90.5−91.5 °C, and then started to
decrease down to 85.5−86.5 °C. This decrease was reasonable
since CO2 desorption is strong endothermic reaction, the heat
input was used into carbamate breakdown and CO2 emission.25

The order of the line was HND-8 > blended > noncatalyst, and
the higher temperature represents better desorption perform-
ance.
4.3. Effect of Absorber−Desorber Catalyst on Trisol-

vents MEA−BEA−AMP. The 150 g acid catalyst H-ZSM-5/γ-
Al2O3 (2:1) was packed in the desorber, and two base catalysts
150 g (CaCO3/CaMg(CO3)2) were packed in the absorber to
investigate the coordinative effect of acid−base catalysts. The
calcium carbonate and dolomite (CaCO3/CaMg(CO3)2) can
significantly enhance the absorption rates compared with
noncatalytic counterparts based on the author’s study
(Supporting Information). We fixed the Wcat of solid base for
this study, and the effect of Wcat versus absorption await future
study.

4.3.1. Effect of Both Catalysts on Absorption Efficiency.
Figure 11 plots the absorption efficiency of both catalysts. The
AE increased from 90.5% in the noncatalytic process to 100%
catalytic process. The AE of the good performance trisolvent
already reached 100% as optimum with solid acid, extra solid
base cannot increase AE any more. Based on the literature study,
the solid base did accelerate the CO2 absorption process inmany
cases.17

4.3.2. Effect of Catalysts on Cyclic Capacity.Table 3 lists the
αlean and αrich of trisolvents from different acid−base catalysts
given in Figure 11. With the aid of a solid acid catalyst, the αlean
decreased from 0.302 to 0.277 mol/mol because of the catalysis
on carbamate breakdown. The αrich increased from 0.427 to 0.45
mol/mol based on leaner amine solvents. Furthermore, with the
aid of solid base, both αlean and αrich increased properly, the αrich

Figure 8. Effect of blended catalyst H-ZSM-5/γ-Al2O3 (2:1) on heat
duty of MEA−BEA−AMP at FL= 70, 80, 90 mL/min.

Figure 9. Effect of solid acid catalysts on heat duty of trisolvents at a FL
of 70 mL/min.
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reached 0.50 mol/mol, and αlean returned to 0.30−0.32 mol/
mol. Addition of solid acid−base catalysts enlarged the
operation range of αlean ∼ αrich to achieve a maximum value.

Figure12 plots CC based on Figure 11 and Table 3. It
followed the order: noncatalyst < H-ZSM-5/γ-Al2O3 (2:1) < H-
ZSM-5/γ-Al2O3 (2:1) + CaCO3 < H-ZSM-5/γ-Al2O3 (2:1) +
CaMg(CO3)2. The order was the same as the order of αrich−αlean
in Table 3. Packing catalysts in absorber and desorber
significantly improved the cyclic capacity. If the noncatalyst
was set as bench mark (100%), the CC was 138.4% of H-ZSM-
5/γ-Al2O3 (2:1), 146% of H-ZSM-5/γ-Al2O3 (2:1) + CaCO3,

and 154.5% of H-ZSM-5/γ-Al2O3 (2:1) + CaMg(CO3)2. The
CC increased over 50% with the contribution of desorber
catalysts to enhance CO2 emission and absorber catalysts to
accelerate CO2 absorption simultaneously.

4.3.3. Effect of Solid Acid−Base Catalysts on Heat Duty
and Temperature Profiles.TheHD values of both absorber and
desorber catalysts are plotted in Figure 13. The HD ranked as
follows: H-ZSM-5/γ-Al2O3 (2:1) + CaMg(CO3)2 < H-ZSM-5/
γ-Al2O3 (2:1) + CaCO3 < H-ZSM-5/γ-Al2O3 (2:1) < non-
catalyst; the smaller heat duty the better performance. The
relative heat duty was reduced about 24.8% compared to that of

Figure 10. Effect of the solid acid catalyst on temperature profiles of the MEA−BEA−AMP in the (a) absorption and (b) desorption process.

Figure 11. Effect of acid−base catalysts (H-ZSM-5/γ-Al2O3 (2:1)-
CaCO3/CaMg(CO3)2) (150 g + 150 g) on absorption efficiency at a FL
of 70 mL/min.

Table 3. Lean and Rich Loadings of Trisolvent MEA−BEA−AMP with Both Solid Catalysts

catalysts (150g) rich CO2 loading (mol CO2/mol amine) lean CO2 loading (mol CO2/mol amine) αrich−αlean (mol CO2/mol amine)

noncatalysts 0.427 0.302 0.125
H-ZSM-5/γ-Al2O3 (2:1) 0.450 0.277 0.173
H-ZSM-5/γ-Al2O3 (2:1) + CaCO3 0.501 0.318 0.183
H-ZSM-5/γ-Al2O3 (2:1) + CaMg(CO3)2 0.501 0.308 0.193

Figure 12. Effect of solid acid−base catalysts (150 g + 150 g) on cyclic
capacity of trisolvent at a FL of 70 mL/min.
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the blank with desorber catalyst H-ZSM-5/γ-Al2O3 (2:1). With
solid base catalysts added in the absorber, the heat duty was
further reduced down to 33−35%. The absorber catalyst
facilitates the rate of CO2 absorption, which made the amine
approach higher loading above 0.45 mol/mol within the limited
residence time. At higher αrich, the CO2−amine systems contain
extra bicarbonate (HCO3

−) than the smaller one. The energy
cost of bicarbonate protonation transfer to CO2 emission is
much smaller than carbamate breakdown.27

The energy efficient process was MEA−BEA−AMP with H-
ZSM-5/γ-Al2O3 (2:1) + CaMg(CO3)2, which exhibited a heat
duty of 2.4 GJ/tCO2 in Figure 13. This result is close to H-ZSM-
5/γ-Al2O3 (2:1) + CaCO3 catalysts of 2.5 GJ/tCO2.

The temperature profiles of trisolvent with catalysts are
plotted in Figure 14 for (a) absorber and (b) desorber. From
Figure 14a in the absorber, the higher temperature bulge
indicates faster CO2 absorption rate. The order of temperature
curve is noncatalyst < H-ZSM-5/γ-Al2O3 (2:1) < H-ZSM-5/γ-
Al2O3 (2:1) + CaCO3 ≈ H-ZSM-5/γ-Al2O3 (2:1) + CaMg-
(CO3)2. Such order was reasonable based on Table 3: the acid
catalyst reduced αlean to generate extra free amine molecules in
the solvent. Extra free amine reacted with CO2 in the absorber
and released extra heat. With the aid of a solid base, the αrich
increased further to almost 0.50 mol/mol, representing extra
CO2 reacted with amine solvent. The temperature curves of
both solid acid−base catalysts were close to each other due to
their similar αrich values in Table 3.

From Figure 14b in the desorber, the temperature profile
follows the order of noncatalyst < H-ZSM-5/γ-Al2O3 (2:1) < H-
ZSM-5/γ-Al2O3 (2:1) + CaMg(CO3)2 H-ZSM-5/γ-Al2O3 (2:1)
+ CaCO3. The temperatures decreased along the desorber
column because the CO2 desorption reaction is strong
endothermic. The desorption process removes heat and lowers
the temperature. In the catalytic set up, the curves of both solid
acid−base were higher than that of solid acid, due to its higher
αlean value. The αlean of three sets was 0.277 mol/mol H-ZSM-5/
γ-Al2O3 (2:1) < 0.308 mol/mol H-ZSM-5/γ-Al2O3 (2:1) +
CaMg(CO3)2 < 0.318 mol/mol H-ZSM-5/γ-Al2O3 (2:1) +
CaCO3 in Table 3. Leaner amine solutions required extra energy
to breakdown carbamate, taking away extra heat, and resulted in
lower temperature.

4.4. The Cyclic Capacity and Heat Duty of Trisolvents
and MEA as Benchmark. Finally, the comparison of CC and
HD was conducted with trisolvent, and MEA as the benchmark
with solid acid catalyst is plotted in Figure 15a,b. From Figure
15a, the CC of MEA−BEA−AMP is much better than that of
MEA for all cases. TheMEA systems reached optimumwith 250
g of H-ZSM-5/γ-Al2O3, while the trisolvent reached optimum
with 150 g. For HD in Figure 15b, both reached the lowest HD
at 150 g of blended acid catalysts. Without catalysts, the HD
reached a very high value of 12.7 GJ/tCO2, because the hot
water only could not provide adequate heat input to release CO2
out of carbamate of MEA solvents.23,24 Even with the aid of solid
acid catalysts, the limited FG of 3.0 L cannot remove enough
CO2, either. However, the trisolvent system absorbs a FG of 7.0
L, and the solid catalyst can facilitate carbamate breakdown of
MEA and BEA, and HCO3

− conversion of AMP. Therefore, the
HD was reduced down to 2.79 GJ/tCO2 with massive CO2
emission.

5. CONCLUSIONS
Effects of solid acid (H-ZSM-5/γ-Al2O3/HND-8) and base
(CaMg(CO3)2 and CaCO3) catalysts packed in the desorber
and absorber of a bench-scale pilot plant of the CO2 capture

Figure 13. Effect of solid acid−base catalysts (150 g + 150 g) on heat
duty of trisolvent at a FL of 70 mL/min.

Figure 14. Effect of solid acid (a) and base (b) catalysts (150 g + 150 g)
on temperature profiles of MEA−BEA−AMP at 70 mL/min.
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process were evaluated on a trisolvent MEA−BEA−AMP at
specific concentration in terms of cyclic capacity, absorption
efficiency, and heat duty. Results showed a big improvement of
the combination of trisolvent with solid acid/base catalysts
compared to MEA as benchmark. Since the combination of
trisolvent + catalysts was successfully tested in a bench-scale
steady-state process, the performance of this absorbent +
catalysts needs to be verified in a scale-up process soon, which is
closer to industrial application.

For MEA solvents as benchmark, blended catalysts H-ZSM-
5/γ-Al2O3 increased AE to 100%, increased CC at about 23%,
and reduced HD about 12.0%. However, since the hot water
cannot provide adequate heat input to breakdown carbamate
out of MEA solvent, with small gas flow rate, the HD is very high
and larger than 10 GJ/tCO2.

For the trisolvent system with only solid acid catalyst packed,
the results were clear. (1) AE increases with the increase in FL
andWcat; (2) the optimizedWcat of trisolvent was 150 g for HD,
and extra Wcat cannot improve AE (100%) anymore since the
major contribution of solid acid was to reduce αlean and release

extra free amine to the absorber; (3) when AE reached 100% as
optimum, any larger FL cannot absorb extra CO2 but it will
reduce CC with smaller αlean and αrich, and it will increase HD
with extra heat input. The solid acid catalysts were capable of
desorbing CO2 at 88−92 °C, below the boiling point of water.

With the aid of solid base catalysts in the absorber, the overall
CC was better and HD was further reduced than solid acid
catalysts alone in the desorber. The major contribution of
absorber catalysts was to accelerate the CO2 absorption rates for
rich amine concentration within limited residence time, which
increased the operation region of αlean ∼ αrich to enlarge CC as
well as to reduce HD.

The energy efficient combination of this study was trisolvent
MEA−BEA−AMP with the aid of H-ZSM-5/γ-Al2O3 +
CaMg(CO3)2 and MEA−BEA−AMP + HND-8. Further
study may test HND-8 + CaMg(CO3)2.
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■ NOMENCLATURE
CA amine concentration (k mol/m3) (mol/L)
HD heat duty (GJ/tCO2) or (kJ/g)
P total system pressure (kPa)
AE absorption efficiency (%)
CC cyclic capacity (mmol CO2/min)
FG1

volumetric flow rate of inlet feed gas (SLPM)
FG2

volumetric flow rate of outlet off gas (SLPM)
Xin CO2 concentrations in the inlet gas
Xout CO2 concentrations in the outlet gas
FL flow rate of absorbent (mL/min)
R gas constants
mHM the mass flow rate of heating medium (kg/

min)
CPHM the heat capacity of heating medium (J/ (g·K)
THM, in, THM, out temperature in and out of heatingmedium (K)
ṁCO2 mass flow rate of CO2 product (g/min)
MWCO2

carbon dioxide captured (g/min)
Wcat weight of catalysts (g)

■ GREEK SYMBOLS
αrich CO2 loading of rich amine (mol of CO2/mol amine)
αlean CO2 loading of lean amine (mol of CO2/mol amine)

■ ABBREVIATION
AMP 2-amino-2-methyl-1-propanol
BEA Butylethanol amine
DEA Diethanol amine
MEA Monoethanol amine
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