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The kinetics of CO, absorption into unloaded aqueous solutions of 3-dimethylamino-1-propanol
(3DMA1P) and 1-(2-hydroxyethyl)pyrrolidine (1-(2HE)PRLD) blended with 3-(methylamino)
propylamine (MAPA) were studied in the temperature range of 29-63 °C using a string of discs contactor.
In addition, density and viscosity of the blended amines were measured in the temperature range of 25—
80 °C, and N,0 solubility was measured in the temperature range of 30-90 °C. The obtained results were
compared with blends of 2-(diethylamino)ethanol (DEEA) and MAPA.

The present study indicated that the blended amines, with varying solvent concentration, obtained
comparable values for the overall mass transfer coefficient due to competing effects between solubility,
diffusivity and reaction kinetics. The solubility of CO, was higher in DEEA/MAPA than in the other
blended amines, while the calculated values for the pseudo-first order kinetic constant were higher for
the 3DMA1P/MAPA and 1-(2HE)PRLD/MAPA solutions than for the DEEA/MAPA solution. The pseudo-
first order kinetic constants were correlated to the direct mechanism with reasonable accuracy. The con-
tribution of the tertiary amine as a proton receiver for the MAPA-CO, reaction represented between 53
and 70% of the pseudo-first order kinetic constant.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND license
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1. Introduction

Carbon capture and storage (CCS) is an important mitigation
option to reduce anthropogenic CO, emission. The leading technol-
ogy is amine-based chemical absorption, which has been used for
decades to remove impurities in natural gas and other process
gas streams. However, as a climate measure, it has not yet reached
widespread implementation in the industry mainly due to the
high-energy requirement for solvent regeneration, and high capital
and operating costs (Steeneveldt et al., 2006). The development of
new solvents with improved CO, capture performance is one of the
strategies to minimise the drawbacks associated with the chemical
absorption process. Especially, a great deal of research has been
undertaken to study blended amine solvents (Du et al., 2016; Li
et al., 2013; Sodiq et al., 2018). Blended amines have the potential
of retaining much of the reactivity of the primary/secondary ami-
nes and at the same time provide an energy penalty lower than
the benchmark solvent 30 wt% monoethanolamine (MEA) (Idem
et al., 2006).
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The present work focuses on the CO, reaction kinetics into
blended amine solvents to evaluate their potential for CO, capture.
The solvents reaction kinetics are important to study as the absorp-
tion rate is related to the height of the absorption column, and an
improvement in absorption rate may result in a more affordable
absorption column. The solvents studied in this work were blends
of 3-dimethylamino-1-propanol (3DMA1P)/3-(methylamino)pro
pylamine (MAPA) and 1-(2-hydroxyethyl)pyrrolidine (1-(2HE)
PRLD)/MAPA. The diamine MAPA contains both a primary and a
secondary amine group and has previously been used in a blend
with for example 2-(diethylamino)ethanol (DEEA) (Pinto et al.,
2014) and dimethylethanolamine (DMEA) (Brider et al., 2012)
with promising results. As a single amine, Monteiro et al. (2014)
reported that the pseudo-first order kinetic constant (kops) for
1M MAPA at 25°C was around 15 times faster than 1 M MEA
and twice as fast as 1 M PZ.

In this work, the initial reaction rate of CO, into the blended
amines was studied in the temperature range of 29-63 °C using a
string of discs contactor, and under conditions fulfilling the
pseudo-first order assumption. To evaluate the CO, absorption
rate, density, viscosity and N,O solubility of the blended amines
were also measured. In addition, to give a comprehensive
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Nomenclature

c concentration, kmol m—3, mol m—3

D diffusivity, m? s~

E enhancement factor

E. infinite enhancement factor

H Henry ‘s law constant, kPa m® mol~!

Ha Hatta number

k kinetic constant, m® mol =2 s~!

kg gas-side mass transfer coefficient, m s

K liquid-side mass transfer coefficient without reaction,
ms!

Kobs pseudo-first order kinetic constant, s~

Kov overall mass transfer coefficient, mol m 2 kPa~!s™!

N absorption flux, mol m 2 s~!

nn2o mole of N,O in the liquid phase

partial pressure, kPa
P total pressure, kPa
r reaction rate constant, mol m—2 s~!
T temperature, °C
\% stoichiometric coefficient
v volume, m3
X any base present in the solution
y mole fraction

Greek symbols
r wetting rate, kg m~! s}

n viscosity, mPa s
v velocity, m s™!
p density, g cm >
Subscripts

0 initial state

b bulk

i interface

L liquid phase
Superscripts

g gas phase

LM logarithmic mean

Abbreviations

AARD average absolute relative deviation
DEEA 2-(diethylamino)ethanol

ES full scale

MAPA 3-(methylamino)propylamine
MEA monoethanolamine

3DMA1P 3-dimethylamino-1-propanol
1-(2HE)PRLD 1-(2-hydroxyethyl)pyrrolidine

understanding of systems promoted by MAPA, experimental and
estimated values were compared to blends of DEEA/MAPA
reported by Monteiro et al. (2015) and the 1 M MAPA solution
reported by Monteiro et al. (2014).

2. Chemical reactions

The absorption of CO, into aqueous blended amine solutions
occur through a set of acid-base reactions in the liquid phase form-
ing mainly amine carbamate (RNCOO™), (bi)carbonate (HCO3/C03%")
and protonated amine. The reactions of CO, in aqueous solution of
primary, secondary or tertiary amines have been extensively stud-
ied in the literature (Blauwhoff et al., 1984; Caplow, 1968;
Donaldson and Nguyen, 1980) while the specific reaction pathway
in blended amines has not yet been fully understood. This is mainly
due to potential interaction reactions between the amines in the
solution, the influence of the amine composition on the reaction
pathway and due to increased complexity when mixing amine
groups reacting differently with CO,. Recently, Perinu et al.
(2019) studied the reactions occurring in the 3M DEEA+1M
MAPA solution in the CO, loading range of 0.04-0.77
molcoz/MOlamine. The study indicated that at the lowest CO, load-
ing, the main reactions occurring were the formation of primary
(p) and secondary(s) MAPA carbamate (MAPACOO,)s)) in which
MAPACOO™ () was present in a larger amount. At this CO, loading,
MAPA dicarbamate was present in a negligible amount, while (bi)-
carbonate was not detected before a CO, loading of 0.14
molcoz/mMol,mine. In addition, Bernhardsen et al. (2019b) showed that
the speciation data in CO, loaded solutions of DEEA/MAPA were
comparable to the speciation data detected in CO, loaded solutions
of 3DMA1P/MAPA and 1-(2HE)PRLD/MAPA. The similar speciation
data indicated that 3DMA1P and 1-(2HE)PRLD affected MAPA reac-
tions and CO-, hydration similarly as DEEA. Thus, based on the speci-
ation studies, the following reaction can be considered as the
dominant reaction between CO, and the aqueous blended amine
solution at zero loading:

MAPA + CO, + X & MAPACOO™ ) + XH* (1)

where X is any base present in the solution acting as counter-ion,
i.e. R3N, H,0 and MAPA.

The mechanism for this reaction can be described using the
direct mechanism, previously used to describe DEEA/MAPA sys-
tems (Monteiro et al., 2015), as given in Eq. (2).

I'co, = (kMAPACMAPA + kHZOCHZO + kR3NCR3N)CMAPACCOZ (2)

3. Mass transfer

The mass transfer of CO, from the bulk gas phase to the bulk lig-
uid phase, accompanied by chemical reaction, can be interpreted
using the two-film theory. The film theory (Danckwerts, 1970)
assumes that all resistance to mass transfer is restricted to two stag-
nant films near the gas-liquid interface. Under steady state condi-
tions, the flux of CO, through the films is constant as given in Eq. (3).

Nco, = kg <pC02,b - pc02.i) = EK}(Cco,i - Cco,b) 3)

At the interface, the equilibrium is governed by Henry’s law (Eq.
(4)) and by combining Egs. (3) and (4), the overall mass transfer
coefficient, Koy, based on the driving force for the gas phase is
expressed as given in Eq. (5).

Pco,.i
Heo, = -2 (4)
Cco, i
1
Kov = T W, (5)
kg Ek?

Further, for fast reacting systems, operation in the pseudo first
order regime can be assumed if the reactions are irreversible and
the access of absorbent is large. Then, Eq. (2) can be considered first
order with respect to CO, (Eq. (6)) and the pseudo-first order
kinetic constant (Kops) is expressed as given in Eq. (7).
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Ico, = KobsCco, (6)

Kops = (kMAPACMAPA + kH20CH20 + l(R3NCR3N)CMAPA (7)

The requirements for the use of the pseudo-first order assump-
tion is that the following two conditions are fulfilled (Haubrock
et al., 2007):

Ha > 3 (8)
EfX)
> 5 9)

The Hatta number, Ha, is defined as given in Eq. (10) and the
infinite enhancement factor, E, is expressed as given in Eq. (11)
when it is defined from the film model.

Ha = vV kobsDC(())z,solution (10)
K

Eoo -1 + Damine,solutioncamine (11)
VDCOZ,solutionCCOZ,i

Given that Eq. (1) takes place under conditions fulfilling the
pseudo-first order assumption (Egs. (8) and (9)), the enhancement
factor, E, in Eq. (5) can be set equal to the Hatta number (Eq. (10)),
and the pseudo-first order kinetic constant (Kops) can be calculated
as given in Eq. (12).

2
Hco2

kobs = (1 2)

2
1 1
(m - E) Do, solution

4. Physiochemical properties

To calculate the pseudo-first order kinetic constant, information
about the systems viscosity, solubility and diffusivity are required.
The diffusivity of CO, into the amine solution, Dco, solution, Was cal-
culated according to the modified Stokes-Einstein relation pro-
posed by Versteeg and Van Swaaij (1988) (Eq. (13)) in which the
diffusivity of CO, in pure water, Dco, water, i given by Eq. (14) and
the viscosity of pure water, [,.,» Was estimated from the correla-
tion provided by Bingham and Jackson (1917) (Eq. (15)). The vis-
cosity was expressed as fluidity which is the reciprocal of
viscosity. The viscosity of the amine solutions was measured
experimentally (see Section 5.2.1).

H 038
DCOZ‘solution = DCOZ, water (ﬂ) (13)
usolution
Dco,, water = 2.35 x 10 %exp (‘2;19> (14)
100

Hwater =

2.1482 [(T— 281.585)+1/8078.4 + (T — 281.585)| — 120
(15)

The N,0-CO, analogy which was first proposed by Clarke (1964)
was used to estimate the Henry’s law constant for CO, in the amine
solution, Hco, solution:

HC02 .water)

HNZ O,water

I_ICOZ.solution = HNZO, solution ( (16)

The Henry's law constant for CO, in pure water, Hco, water» Was
estimated using the correlation provided by Carroll et al. (1991)
(Eq. (17)), and the Henry’'s law constant for N,O in pure

water, Hy,o water, Was estimated from the correlation provided by
Penttild et al. (2011) (Eq. (18)). The Henrys law constant for N,O
into the amine solution, Hy,osolution, Was experimentally deter-
mined (see Section 5.2.2).

Heo, . water = €XP <145.369 + w - l9.3031nT> (17)
Hu, 0. water = exp<158.245 + w —20.860InT — 0.00252T>

(18)

5. Materials and experimental methods
5.1. Materials

Chemicals used in this work (Table 1) were used as received
with no further purification. The amine solutions were prepared
by weighing the required amount of chemical using MS6002S Met-
tler Toledo balance (accuracy + 0.01 g) and diluting with deionised
water to the desired concentration. The aqueous solutions studied
in this work were: 2 M 3DMA1P +1M MAPA, 3M 3DMA1IP+1M
MAPA, 4M 3DMA1P+1M MAPA and 3M 1-(2HE)PRLD +1M
MAPA. The molecular structure of the amines studied is shown in
Fig. 1.

5.2. Experimental methods

5.2.1. Viscosity and density measurements

Viscosity and density were measured using the Anton Paar
Modulyzer multiparameter analysis system consisting of an Anton
Paar Lovis 2000 ME rolling-ball viscometer and an Anton Paar DMA
4500 M density meter (Evjen et al., 2019). The measurements were
conducted in the temperature range of 25-80 °C. For each sample,
two viscosity and density measurements were carried out and the
average value was reported.

5.2.2. Solubility apparatus

The physical solubility of N,O in aqueous amine solutions was
measured using the apparatus described in Gondal et al. (2015a).
The apparatus consisted of a 1L jacketed Biichi glass reactor, a 1L
gas holding vessel and a condenser placed at the top of the reactor.
The pressure in the reactor and in the gas holding vessel was
recorded by the pressure transmitter PTX5072 with a pressure
range of 0-6 bar (FS £ 0.04%). In addition, a second pressure trans-
mitter (PTX7517-1) was mounted to the reactor to cover the pres-
sure range of 0-2 bar (FS £ 0.1%). Gas and liquid temperature were
recorded by Pt-100 thermocouples (uncertainty + 0.1 °C).

For each experiment, the reactor was evacuated, fed with a
known amount of solution (around 450 g) and evacuated again at
room temperature (25 °C) for around one minute. To minimise
the risk of solvent loss during evacuation, the temperature of the
condenser was maintained at 4 °C. After degassing, the solution
was stirred at 500 rpm and heated to 30, 40, 50, 60, 70, 80 and
90 °C. Equilibrium was established at each temperature and a
temperature-pressure profile before addition of N,O was obtained.
The establishment of equilibrium was automatically determined
according to a set of criteria. The criteria were that the variance
in reactor pressure and liquid/gas temperature, in a period of one
minute, were less than 0.5 kPa, 0.015 °C and 0.025 °C, respectively,
and that the difference between gas and liquid temperature was
less than 0.1 °C. These conditions were typically fulfilled within
3-4 hrs.

After equilibrium was established at 90 °C, N,0 was added from
the gas holding vessel to the reactor and the system was again left
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Table 1

Chemicals used in this work.
Chemical CAS Molar mass [g/mol] Purity Supplier
3-(Methylamino)propylamine (MAPA) 6291-84-5 88.15 >97% Sigma-Aldrich
3-Dimethylamino-1-propanol (3DMA1P) 3179-63-3 103.16 99% Acros organics
1-(2-Hydroxyethyl)pyrrolidine (1-(2HE)PRLD) 2955-88-6 115.17 97% Alfa Aesar
2-(Diethylamino)ethanol (DEEA) 100-37-8 117.19 >99.5 Sigma-Aldrich
Carbon dioxide (CO,) 124-38-9 44.01 99.999% AGA
Nitrogen (N,) 7727-37-9 28.01 99.998% AGA
Nitrogen oxide (N,0) 10024-97-2 44.01 99.999% AGA

H
NS

3-(methylamino)propylamine (MAPA)

3-dimethylamino-1-propanol (3DMA1P)

ﬁOH

/i\/\/o“ Q

1-(2-hydroxyethyl)pyrrolidine (1-(2HE)PRLD)

o >IN

2-(diethylamino)ethanol (DEEA)

Fig. 1. Molecular structure of the amines studied in this work.

to equilibrate. Then, the temperature was gradually decreased, and
equilibrium was established at each temperature. This resulted in a
temperature-pressure profile after the addition of N,O0.

The data obtained from this experiment allowed for the calcula-
tion of the Henry’s law constant, Hy,o, (Eq. (19)).

Hyo = N (19)
CN,0

In the equation, Py,o is the partial pressure of N>O and cy,0 is
the concentration of N,O in the amine solution at a given temper-
ature. P,o was calculated as the difference between the total pres-
sure in the reactor after addition of N3O, Pfier aadition of N,0, and the
total pressure in the reactor before the addition of N,O,
Pbefore addition of N,O» (Eq (20))

pNzo = Pafter addition of N,O ~ Pbefore addition of N,O (20)

cn,0 Was calculated as given in Eq. (21) where the amount of
N,O added from the gas holding vessel, n?ﬂ%ed, and present in the
gas phase of the reactor, nf ,, was calculated using the Peng-
Robinson equation of state (Peng and Robinson, 1976).

nadded _ l'lg

N0 = NzoviLNzo (21)

5.2.3. String of discs contactor apparatus

The CO, absorption rate of unloaded amine solutions was mea-
sured using the string of discs contactor illustrated in Fig. 2. The
apparatus, previously explained by Gondal et al. (2015b), is placed
in a heating chamber and consist of a glass column with 43 discs.
Each disc has a diameter of 1.5 cm and a thickness of 4 mm. This
gives a column height of 64.5 cm and a total mass transfer area
of 0.0219 m?. The apparatus is designed for atmospheric pressures
and temperatures up to 70 °C.

During operation, the inlet gas composition, containing N, and
CO,, was set by a mass flow controller and, with a gas flow rate
of around 3 m?/hr, it was counter-currently contacted with the fall-
ing amine solution with a liquid rate of around 60 mL/min. At this
liquid rate, a ripple-free and uniform film covered the surface of
the discs. The inlet and outlet temperatures of the liquid and gas
phase were registered by k-type thermocouples and the pressure

was measured by a DP cell from Druck. The outlet CO, gas concen-
tration was monitored by an IR CO, analyser and to avoid water
condensation in the analyser, the gas was first cooled to around
10-15 °C before it was passed to the analyser. The IR analyser
was calibrated before and after the experiment, and both calibra-
tions were used in the calculation.

For each amine solution, the CO, absorption flux was measured
for five different temperatures in the range of 29-63 °C. For each
temperature, around 5 L of solution was pumped through the sys-
tem and re-used for the next temperatures. The temperature and
CO, concentration were recorded every 10 s and when stable con-
ditions were maintained for at least 5 min (by visual inspection),
the experiment was terminated. After each temperature, a liquid
sample was taken for CO, and amine analysis to ensure that the
experiments were operated with sufficient CO, driving force and
to ensure that the amine concentration was not depleted by the
reaction. The CO, concentration was determined by total inorganic
carbon (TIC) analyses using TOC-L provided by Shimadzu and the
amine content was determined by titrating with 0.2 N H,SO4
(Ma’'mun et al., 2006). In all samples, the analysed CO, content
was low (i.e. in the range of 0.004 to 0.025 molcoz/mMoOlamine) and
therefore assumed to be in an acceptable range with respect to
the used driving force of 0.18-0.24 kPa CO,.

From the logged experimental data, the overall mass transfer
coefficient, K,, was calculated as the ratio between the CO,

absorption flux, Nco,, and the driving force, APy , (Eq. (22)).
(22)

Nco, was calculated from a mass balance as given in Eq. (23). The
inlet flux of CO, Nco,in, and N, Ny, in, respectively, was given
directly from the mass flow controller. The outlet CO, flux, Nco, out,
was calculated using Eq. (24) where Ny, ot = Nn,in and the CO,
mole fraction of the dried gas, yco,, was as read from the IR analyser.

Nco, = Nco,.in = Nco, out (23)
— yCOZ,out
NCOZ,out = NNz,outi (24)
<1 - YCOZ,out)
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Fig. 2. Experimental set-up of the string of discs contactor. The figure is retrieved from Hartono et al. (2009).

AP%Z, was determined as the log mean average of the inlet and
outlet CO, partial pressure, Pco, in, and Pco, our» F€SPectively (Eq.

(25)).
AP%Z _ pCOZ,in - pCOZ‘out (25)

Pco, in
In (Pco2 .out>
For the string of discs contactor used in this work, the correla-

tion for the liquid film mass transfer coefficient without chemical

reaction, k?, is given by Eq. (26) (Hartono et al., 2009), and the cor-
relation for the gas film mass transfer coefficient, kg, is given by Eq.
(27) (Ma’'mun et al., 2007).

HEEONCh -

() -on (9" (4)” o

In addition, the solvents vapour pressure was calculated using
Raoult’s law in which the pure components vapour pressure was
estimated using Riedel or Antoine equations (Table 2).

6. Results and discussion
6.1. Validation of the experimental set-up
The viscosity and the density for the 4 M 3DMA1P + 1 M MAPA

and 3 M 1-(2HE)PRLD + 1 M MAPA solutions were measured twice,
and the repeatability of the viscosity and density measurement

was 1.3% and #2-10~* g/cm?, respectively. The uncertainty of the
viscosity and density measurement was, as reported in Evjen
et al. (2019), 0.04 mPa-s and 2-10~3 g cm~3, respectively.

The solubility apparatus was validated by measuring the solu-
bility for CO, and N,0 into pure water and comparing to the corre-
lation provided by Carroll et al. (1991) and Penttild et al. (2011),
respectively (Fig. 3, Appendix A). The average absolute relative
deviation (AARD) between measured values and the literature
was 1.5% for CO, and 1.3% for N,O. The experiments were repeated
twice, and on average, the repeatability was within 0.7%.

The string of discs contactor apparatus was validated by mea-
suring the reaction kinetics of CO, into 30 wt% MEA in the temper-
ature range of 28-61 °C. The AARD between the measured K,, and
the K,y reported by Luo et al. (2015) was 9.1%, and the repeatability
was on average 3.6%. The experimental data for 30 wt% MEA is
reported in Bernhardsen et al. (2019a), but the data reported in this
paper was run by the same operator and in the same period.

6.2. Evaluating the pseudo-first order assumption

The assumption of pseudo-first order was evaluated by consid-
ering the two conditions given in Egs. (8) and (9). The Hatta num-
ber was calculated from Eq. (10) and is given in Appendix B.

First, as the Hatta number was at all time higher than 3, the con-
dition given in Eq. (8) was fulfilled. Then, for the condition given in
Eq. (9), the infinite enhancement factor, E., was set equal to 5
times the value of the Hatta number and the lowest acceptable dif-
fusivity coefficient of the amine in the aqueous amine solution,
Damine, solutions Was calculated from Eq. (11). The Damine, solution fOT
the solvents studied in this work is not known so this exercise also
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Table 2
Parameters (A, B, C, D, E) for the Riedel and the Antoine equation.
A B C D E equation Ref.
H,0 73.649 —7258.2 —7.3037 4.1653.10°° 2 Riedel® Perry et al. (1997)
MAPA 14.86 3530.43 —67.82 Antoine” Hartono et al. (2013)
3DMA1P 10.169 —2065.352 —34.122 Antoine® Bernhardsen et al. (2019b)
1-(2HE)PRLD 11.260 —2944.532 16.249 Antoine® Bernhardsen et al. (2019b)
* In(PP/Pa) = A + B + CIn(T/K) + D(T/K)".
® In(P*/kPa) = A — —Brp.
¢ logio (P} /Pa) = A+
10 14
/N #
-~ 8 4 —~ 12 %
S = 10 x
o
£ 6 s = #
=2 4 2 a6 "
v s = N
S S 4
= 2 =
2
0 0
20 40 60 80 100 20 40 60 80 100
T (OC) T (oc)

(@)

(b)

Fig. 3. Henry’s law constant for (a) CO, in water and (b) N,O in water. (A) this work; (+) Carroll et al. (1991); (x) Penttild et al. (2011).

~a- 4M MDEA
———2M 3DMAIP + IM MAPA

3M 3DMAIP + IM MAPA
—— 4M 3DMAIP + IM MAPA

—— 3M 1-2HE)PRLD + IM MAPA

12
10
4
—~ 4
o
Eosg
[=)
> A
T o
3
a b
£ 4t L
o) A
A
2 r ¥
0 1 1
0 2 4 6

p (mPa-s)

10

Fig. 4. The diffusivity coefficient of the amine in the aqueous amine solution, Damine solution, @S @ function of the solution viscosity, p. (A) Snijder et al. (1993); coloured lines,

lowest acceptable Daminesolution @S calculated from Eq. (11).

studies how sensitive the pseudo-first order assumption is for the
choice of Djmine soltion. Often, in the literature, Damine. solution 1S
assumed similar to the D,mine solution Measured for another amine.
The lowest acceptable Damine, soltion iS Shown in Fig. 4 and is com-
pared to the diffusivity coefficient of 4 M MDEA in the MDEA solu-
tion, Dwpea, soutions €Xperimentally determined by Snijder et al.
(1993) in the temperature range 25-75 °C. The comparison shows
that the lowest acceptable Dimine. solution Tanges from 4 to 6 times

lower than Dypga solution- This indicates that the pseudo-first order
assumption made in this work is valid as long as the Damine. solution
for the blended amines studied in this work is not more than 4
times smaller than that of MDEA. A lower value can be considered
unlikely since the experimentally determined Damine. solution fOT
other amines like MEA and diethanolamine (DEA), with similar
concentration/viscosities, varies less than two times the value of
the Dupea. solution (Snijder et al., 1993). Overall, it can be concluded
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that the kinetic experiments in this work were carried out under
pseudo-first order conditions.

6.3. Viscosity

The viscosity of the blended amines is listed in Table 3 and pre-
sented in Fig. 5 along with viscosity data for DEEA/MAPA solutions
reported by Monteiro et al. (2015). The viscosity decreased with
increasing temperature and increased with increasing concentra-
tion of the tertiary amine blended with MAPA. The blended amines
with equal molarity showed similar viscosities. The viscosity indi-
rectly affects the CO, diffusivity coefficient, in which a decrease in
the solution viscosity leads to an increase in the CO, diffusivity
coefficient (Bernhardsen et al., 2019a).

6.4. Density

The density of the blended amines is tabulated in Table 4 and
presented in Fig. 6 along with density data for DEEA/MAPA solu-
tions reported by Monteiro et al. (2015). The density decreased
with increasing temperature and decreased with increasing con-
centration of the tertiary amine blended with MAPA. For the
blended amines with equal molarity, the density for 1-(2HE)PRLD
blended with MAPA was the highest. The density of 3DMA1P/
MAPA solutions was slightly lower than that of the DEEA/MAPA
solutions.

6.5. N>O solubility

The measured Henry’s law constant for N,O into the blended
amines is listed in Table 5 and shown in Fig. 7, along with data

Table 3

for 1M MAPA reported by Monteiro et al. (2014), 30 wt% MEA
reported by Bernhardsen et al. (2019a) and DEEA/MAPA systems
reported by Monteiro et al. (2015). In addition, for comparison rea-
sons a second data set for 3 M DEEA + 1 M MAPA was generated in
this work. This data set was found to be comparable to the data
from Monteiro et al. (2015).

Fig. 7 shows that the N,O solubility (inverse of Henry’s law con-
stant) is dependent on the temperature, the solvent concentration
and the molecular structure of the tertiary amine blended with
MAPA. For all the solvent systems, the solubility of N,O decreased
with increasing temperature. However, compared to 1 M MAPA,
the Henry’s law constant for N,O into the blended amines was less
sensitive to a change in temperature. At 25 °C, the Henry’s law con-
stant for N,O into the 2 M DEEA + 1 M MAPA solution was higher
than for the 1M MAPA solution while, at a temperature higher
than 55 °C, all the blended amines obtained a lower Henry’s law
constant.

Further, the solubility of N,O increased with increasing concen-
tration of the tertiary amine blended with 1 M MAPA. Interestingly,
among the blended amines with equal molarity, the N,O solubility
was about the same into the 3DMA1P/MAPA and 1-(2HE)PRLD/
MAPA solutions, while it was notably higher in blends of DEEA/
MAPA. For instance, at 50 °C, the Henry’s law constant for N,O in
the 3M DEEA+1M MAPA solution was between 20 and 32 %
lower than the other blended amines with the same molarity.

It is reported that the solubility of gaseous molecules depend on
how the molecules arrange themselves in the liquid (Hamza et al.,
1981; Li and Mather, 1994; Wang et al., 1992). Hamza et al. (1981)
reported that aliphatic compounds could accommodate more gas-
eous molecules than cyclic compounds due to larger free space left
available in the liquid, and this explain the higher solubility of N,O

Viscosity data for aqueous solutions of 3DMA1P and 1-(2HE)PRLD blended with MAPA, mPa-s.

T (°C) 2 M 3DMAI1P + 1 M MAPA 3 M 3DMA1P +1 M MAPA 4 M 3DMA1P + 1 M MAPA 3 M 1-(2HE)PRLD + 1 M MAPA
25 4.13 7.05 11.60 7.29
30 341 5.74 8.92 5.77
40 241 3.75 5.68 3.87
50 1.80 2.70 3.90 2.81
60 1.39 1.99 2.80 2.09
70 1.11 1.54 2.10 1.63
80 0.91 1.23 1.64 1.31

x2M 3DMAIP + IM MAPA
o3M 3DMAIP + 1M MAPA
04M 3DMAIP + IM MAPA
03M 1-(2HE)PRLD + IM MAPA
x2M DEEA + IM MAPA*

03M DEEA + IM MAPA*

14
12 g
10
o
— u]
£ 8T
c) 8
=3 6 X ] a
4 L X
% [u]
o u]
2+ o o
X % Q §
0 L L L
10 30 50 70
T(O

90

Fig. 5. Viscosity (1) of MAPA promoted tertiary amines. *Monteiro et al. (2015).
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Table 4

Density data for aqueous solutions of 3DMA1P and 1-(2HE)PRLD blended with MAPA, g cm >,

T (°C) 2 M 3DMA1P +1 M MAPA 3 M 3DMA1P +1 M MAPA 4 M 3DMA1P +1 M MAPA 3 M 1-(2HE)PRLD + 1 M MAPA
25 0.9845 0.9789 0.9693 1.0073
30 0.9818 0.9755 0.9658 1.0038
40 0.9755 0.9681 0.9577 0.9962
50 0.9690 0.9607 0.9496 0.9888
60 0.9619 0.9528 0.9412 0.9808
70 0.9547 0.9449 0.9326 0.9728
80 0.9469 0.9365 0.9233 0.9643
1.02
x2M 3DMAI1P + IM MAPA
1otk g
1.00 © o3M 3DMAIP + IM MAPA
[¢]
0991 x o 04M 3DMAIP + IM MAPA
L X o)
g 098F oo o % R 03M 1-(2HE)PRLD + IM MAPA
097t o o X
o m] o n *
& o6l 8 A % X2M DEEA + IM MAPA!
Q o
095 o o X y 03M DEEA + IM MAPA*
o o
L m] X
094 o
a
093 } o
092} .
091 . . .
10 30 50 70 90
T (°C)
Fig. 6. Density (p) of MAPA promoted tertiary amines. *Monteiro et al. (2015).
Table 5

Measured Henry’s law constant for N,O in aqueous solutions of 3DMA1P and 1-(2HE)PRLD blended with MAPA. kPa m*® mol .

T (°C) 2 M 3DMAITP +1 M MAPA 3 M 3DMAI1P +1M MAPA 4 M 3DMA1P + 1 M MAPA 3 M 1-(2HE)PRLD + 1 M MAPA
30 5.58 5.48 4.69 5.15
30 5.59 5.45 4.66 5.14
40 6.39 6.02 5.10 5.68
40 6.42 6.01 5.06 5.66
50 7.14 6.51 5.47 6.18
50 717 6.51 543 6.17
60 7.85 6.96 5.80 6.63
60 7.87 6.99 5.75 6.64
70 8.56 735 6.12 7.05
70 8.48 7.39 6.07 7.07
80 9.07 7.66 6.41 7.45
80 9.09 7.79 6.31 7.41
90 9.43 8.00 6.68 7.81
90 9.62 8.14 6.57 7.76

in the DEEA/MAPA blends as compared to 3DMA1P/MAPA. The rea-
son why, in the blend with MAPA, 3DMA1P obtained a solubility
more similar to the cyclic 1-(2HE)PRLD than DEEA might have been
due to the formation of intramolecular interactions, e.g. hydrogen
bonds between the nitrogen and the hydrogen atom. From Fig. 8
it can be seen that these interactions in 3DMA1P lead to a 6-
membered ring which is more stable than a 5-membered ring that
occurs in DEEA.

6.6. Mass transfer and kinetics of MAPA promoted tertiary amines

The overall mass transfer coefficient (K,,) combines the contri-
bution of diffusion, physical absorption and chemical reaction to
the mass transfer, and thereby represent the actual observed CO,

absorption rate into the solvent. The K,, values for the blended
amines are presented in Fig. 9 along with the DEEA/MAPA solu-
tions reported by Monteiro et al. (2015), 1 M MAPA reported by
Monteiro et al. (2014) and 30 wt% MEA reported by Bernhardsen
et al. (2019a). From the figure, it can be seen that the K, increased
with increasing temperature. This is probably due to increasing
reaction kinetics and increasing CO, diffusivity coefficient (Sec-
tion 6.3) which follows at higher temperatures.

Further, the blended amines obtained quite similar Ko, values
throughout the temperature range. This even though the solubility
of N,O in DEEA/MAPA solutions was higher than in the other
blended amines (Section 6.5), and the solvent’s viscosity increased
with increasing solvent concentration which led to a decrease in
CO,, diffusivity (Section 6.3). Thus, competing effects between reac-
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12 «2M 3DMAIP + IM MAPA
ol ) ©3M 3DMAIP + IM MAPA
¢ R 04M 3MDAIP + IM MAPA
ié: ol . : g ©3M 1<2HE)PRLD + 1M MAPA
T % o x 8 ; x2M DEEA + 1M MAPA*
§ 6L g 5 5 X s o s * 03M DEEA + 1M MAPA*
3 x g - .o 00 ° e 3M DEEA + 1M MAPA
= 4t ° oo © 4M DEEA + 1M MAPA
o ° - IM MAPA**

2r 4 30wt% MEA***

0 . . .

20 40 60 80 100

T (°C)

Fig. 7. The Henry’s law constant for N,O in amine solutions. *Monteiro et al. (2015); **Monteiro et al. (2014); **Bernhardsen et al. (2019a).

~

tion kinetics, diffusivity and solubility likely played a key role in
N

1

]

]

1

H ~

determining the Ko,.
\ /ﬁ
VAN
(@)

(a) (b)

Fig. 8. The possible intramolecular interactions between the nitrogen and the
hydrogen atom in (a) 3DMAT1P and (b) DEEA.

Moreover, the blended amines obtained comparable K,, values
to that of 1M MAPA. Compared to 30 wt% MEA, the K,, values
were in the same order of magnitude, but around 1.4 times higher.

A parameter influencing the mass transfer is the gas film resis-
tance (1/kg). The parameter is typically found to be important in
regions where the CO, loading is low. In a conventional absorption
process, this is located in the top and in the bottom of the absorp-
tion and desorption column, respectively (Cullinane and Rochelle,
2006). Fig. 10 shows the percentage contribution of the gas film
resistance to the overall resistance (i.e. Kqy/Kkg) as a function of tem-
perature. The contribution of the gas film resistance increased with
increasing temperature and, at 62.6 °C, the gas film resistance con-
tributed up to 41% of the overall resistance. Aronu et al. (2011)
obtained a similar trend as faster reaction kinetics lead to a higher
contribution of the gas film resistance to the overall resistance.
Consequently, the unloaded amine solutions studied in this work

60
% 2M 3DMAIP + IM MAPA
om o 3M 3DMALIP + IM MAPA
_50F H o 4M 3DMAIP + IM MAPA
» o N 0 3M 1-2HE)PRLD + IM MAPA
53 40 | ; g ~ x 2M DEEA + IM MAPA*
o g * o 3M DEEA + IM MAPA*
1 o A
= %0 m e o 4M DEEA + IM MAPA*
p— - {e}
g zie X R - IM MAPA**
é ©¢ b X 4
> M . 4 30Wt% MEA***
() X
— 20 f A
‘
10 |
0 1 1 1 1
20 30 40 50 60 70
T (°C)

Fig. 9. Overall mass transfer coefficient (K,y) as a function of temperature. *Monteiro et al. (2015), **Monteiro et al. (2014) ***Bernhardsen et al. (2019a).
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50
x 3M 3DMAIP + IM MAPA
+3M 3DMAIP + 1M MAPA
| a
40 s o 4M 3DMAIP + IM MAPA
£
9 ” o 3M 1-2HE)PRLD + IM MAPA
- o
9 30 o ;m . x 2M DEEA + 1M MAPA*
~ o X A
%c ° 4 x4 +3M DEEA + 1M MAPA*
s 20 N g = o 4M DEEA + IM MAPA*
+
A
W + 30wt% MEA**
10
0 1 1 1 1
20 30 40 50 60 70
T (°C)

Fig. 10. Contribution of the gas film resistance (kg) to the overall mass transfer (K,,). “Monteiro et al. (2015), **Bernhardsen et al. (2019a).

were mainly kinetically controlled, but the influence of the gas film
resistance to the overall resistance increased with increasing tem-
perature. The DEEA/MAPA solvent systems reported by Monteiro
et al. (2015) showed lower Ko, /kg values than the other blended
amines, but still higher than that of 30 wt% MEA reported by
Bernhardsen et al. (2019a).

The pseudo-first order kinetic constant (Kops) for the blended
amines was calculated as given in Eq. (12) using experimental data
for viscosity, density and Henry’s law constant. Interpolated values
were used at temperatures different from those measured, and the
data used for the calculation are summarised in Appendix B. Fig. 11
presents the kops as a function of temperature for the blended ami-
nes studied in this work along with the DEEA/MAPA solutions
reported by Monteiro et al. (2015), 1M MAPA reported by
Monteiro et al. (2014) and 30 wt% MEA reported by Bernhardsen
et al. (2019a). The figure shows that the k,,s depend on the tem-
perature, the molecular structure of the tertiary amine and the
solution concentration. The kop,s increased with increasing temper-
ature, and for the blended amines with equal molarity and viscos-

ity, the order of increasing k,,s was DEEA/MAPA < 1-(2HE)PRLD/
MAPA < 3DMA1P/MAPA at temperatures higher than 30 °C. This,
difference was obtained despite the small difference detected in
the pH value of the unloaded solutions. The pH of DEEA, 3DMA1P
and 1-(2HE)PRLD blended with MAPA at 25 °C was measured to be
12.95, 12.96 and 12.81, respectively (repeatability + 0.1 pH). Nev-
ertheless, although the DEEA/MAPA solutions obtained lower Kqps
values, the slower kinetic was compensated by the higher CO, sol-
ubility (smaller Henry’s law constant) which resulted into compa-
rable K,y values as discussed above (Fig. 9).

Further, when looking at the different 3DMA1P/MAPA solutions
presented in Fig. 11, it can be seen that the kop,s values increase with
increasing concentration of 3DMA1P until a temperature of 47 °C. At
higher temperatures, the 3 M 3DMA1P + 1 M MAPA solution shows
higher ko5 values than the most concentrated solution. However, as
above, the advantage of higher ko values is small when one consid-
ers the comparable Ko, values. The comparable K,, values, when
increasing the amine concentration, was due to the combination of
increased viscosity (decreased CO, diffusivity), increased physical

160
x2M 3DMAIP + IM MAPA
140 03M 3DMAIP + IM MAPA
o 0 4M 3DMAI1P + 1M MAPA
120 | . 03M 1-(2HE)PRLD + 1M MAPA
100 o x 2M DEEA + 1M MAPA*
o 0 3M DEEA + IM MAPA*
5 o 4M DEEA + 1M MAPA*
s 80 o °
= ‘ - IM MAPA**
2 60 L ) *X 4 30Wt% MEA***
o o -
o o x e a
40 . °
o x© - A
o %o x o ﬁ
OQ % " o o
20 Xg x __‘_:' T
- -I‘AA a
0 1 1 1 1
20 30 40 50 60 70
T (°C)

Fig. 11. Pseudo-first order kinetic constant (kops) as a function of temperature. *Monteiro et al. (2015); **Monteiro et al. (2014);***Bernhardsen et al. (2019a).
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solubility and increased reaction kinetics. Thus, the results illustrate
that kops alone cannot be used to identify fast CO, absorbents as the
absorption rate also depends on the diffusivity and physical solubil-
ity. This is also clear when looking at the ks and Ko, values for 1 M
MAPA and 30 wt% MEA. The values for k,,s were lower than the sol-
vents studied in this work while the K,, was comparable mainly due
to their low solvents viscosity (high CO, diffusivity) (Amundsen
et al., 2009; Monteiro et al., 2014).

6.7. Modelling of the pseudo-first order kinetic constant (K,ps)

The pseudo-first order kinetic constant (k.,ps) was modelled
using the experssion for ko derived from the direct mechanism
given in Eq. (7) where MAPA, H,0, and the tertiary amine are con-
sidered possible proton receivers. As seen from the equation, it was
assumed additive kinetic effects of MAPA, H,O and the tertiary
amine on the Kqps. Similar to the work by Monteiro et al. (2015),
the kinetic constants for MAPA, kyapa, and HxO, kuy,o, respectively,
were retrieved from Monteiro et al. (2014). Then, with known con-
centrations for each component in the solution and the calculated
kops Vvalues (Appendix B), the kinetic constant for 3DMA1P
(k3DMA1P) and 1-(2HE)PRLD (kl—(ZHE)PRLD)v reSpeCtiVely. was deter-
mined (Eqs. (28) and (29)). It should be noted that the expression
for kspmaip (Eq. (28)), covers three solvent concentrations, while
the expression for ki_czugyprip (Eq. (29)), is only valid for one sol-
vent concentration.

—4247

mwmp:1n9x1Wam<—ﬁf) (28)

—4522
ki anepn = 1432 x 10°exp(~22 ) (29)

120

100
80 x
60 y

40 r

Kaps X107 (s71)

20 - x

0

29 38 47 56 62
T (°C)
(a)
160
140 |
120 f
100 f x
80 y
60 f
40

Kgps X107 (s71)

30 38 48 57 63
T(O)
(©)

Fig. 12 shows that the modelled kos adequate correlate to the Kops
calculated from Eq. (7). The AARD for the 3DMA1P/MAPA and 1-
(2HE)PRLD/MAPA solutions was 11.1% and 3.3%, respectively, in
which the higher AARD for the 3DMA1P/MAPA solution was due
to less accurate predictions of the kops at high temperatures. This
was probably because Eq. (28) covered three solvent concentrations.
The figure further shows that the effect of H,O on the kops is very
small even though the concentration of H,0 in the solution is 6 to
20 times higher than the concentration of the amine.

The terms K3pma1pC3pma1pCmapa aNd Ki_(21E)PRLDC1-(2HE)PRLDCMAPAS
given in Eq. (7), represent the effect of the tertiary amine as a pro-
ton receiver for the MAPA-CO, reaction (Eq. (1)) on Kgps. In this
work, these terms were found to contribute between 54 and 70%
and 56-59%, respectively, to the Kkgps. Monteiro et al. (2015)
reported that the term KpgeaCpeeaCmara, for DEEA blended with
1 M MAPA, contributed between 52 and 95 % of the total Kops.

Further, in the temperature range of 38-47 °C, the contribution
of K3pma1prC3pmairCmara tO Kops increased from 54 to 70% with an
increase in 3DMA1P concentration (Fig. 12a-c). A similar observa-
tion was also reported in Monteiro et al. (2015) for DEEA blended
with 2 M MAPA. Since the pKa value of 3DMA1P (pKa =9.48) and
DEEA (pKa = 9.84) is larger than pKa2 (8.6) of MAPA, it can increase
the availability of MAPA to form carbamate (Bernhardsen et al.,
2018) as less MAPA will be protonated. Moreover, 3DMA1P and
DEEA, in the protonated form, can act as a counter-ion of MAPA
carbamates (Eq. (1)) (Perinu et al., 2018). Thus, when the concen-
tration of 3DMA1P and DEEA increases, there might be less proto-
nated MAPA, and then, more amino nitrogen available to form
MAPA carbamate, leading to faster reaction kinetics.

At last, the results and the comparison with literature data pre-
sented in this work indicates that when it comes to the kinetics,
the studied solvent systems are promising solvents for CO, capture

160
140
120
100
80
60
40 r
20 |
0

Kops X107 (s7)
X

29 38 47 56 62
T(0)

(b)
120

100 )

60

kops X107 (s7)
X

==

20 -

30 38 47 56 62
T (°C)

(d)

Fig. 12. Contribution of the observed pseudo-first order kinetic constant (Kops). (@) 2 M 3MDA1P + 1 M MAPA; (b) 3 M 3DMA1P + 1 M MAPA; (c) 4 M 3DMA1P + 1 M MAPA; (d)
3 M 1-(2HE)PRLD + 1 M MAPA; green, tertiary amine; red, H20; =, MAPA, x experimental Kops.
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by means of chemical absorption with a performance similar to
that of DEEA/MAPA.

7. Conclusions

The initial absorption kinetics of CO, into unloaded aqueous
solutions of 3DMA1P and 1-(2HE)PRLD blended with 1 M MAPA
was studied using a string of discs contactor. The experiments
were conducted in the temperature range of 29-63 °C and carried
out under pseudo-first order conditions. In addition, viscosity, den-
sity and N,O solubility were measured. The results obtained in this
work were compared to DEEA/MAPA solutions.

The blended amines studied in this work, as well as DEEA/MAPA
solutions, showed similar values for the overall mass transfer coef-
ficient. This was explained by the competing effects between diffu-
sivity, solubility and reaction kinetics. The solubility of N,O was
higher in DEEA/MAPA than in the other blended amines, while
the kops was higher for 3DMA1P/MAPA and 1-(2HE)PRLD/MAPA
solutions than that of DEEA/MAPA. In addition, the viscosity was
found to increase with increasing concentration of the tertiary
amine in the blend with MAPA and, at equal molarity, the viscosity
of the blended amine solvents was similar. The obtained overall
mass transfer coefficients for the blended amines were comparable
to 1M MAPA and around 1.4 times higher than that of 30 wt%
MEA. Further, a correlation for ko,s was represented using the
direct mechanism with reasonable accuracy. The contribution of
the tertiary amine as a proton receiver for the MAPA-CO, reaction
accounted for 54-70% of the pseudo-first order kinetic constant.
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Table B1

Experimental and calculated results for the blended amines 3DMA1P/MAPA and 1-(2HE)PRLD/MAPA using the string of discs contactor.

Appendix A

See Tables A1 and A2.

Table A1

Measured Henry’s constant for N,O in water.

T (°C) Hyzo,water (kPa m® mol )
30.0 472
30.0 476
40.0 597
40.0 6.03
50.0 7.28
50.0 7.34
60.0 8.63
60.0 8.84
70.0 10.13
70.0 10.05
80.1 11.44
80.1 11.35
90.0 12.81
90.0 12.83
Table A2

Measured Henry’s law constant for CO, in water.

T (oc) HCOZ,water (l(Pa m3 mol 1)
30.0 3.42
30.0 343
40.0 4.29
40.0 4.30
50.0 5.20
50.0 5.21
60.0 6.12
60.0 6.14
80.1 8.01
80.0 7.95
90.0 8.85
Appendix B

See Table B1.

Experiment T p N Hcoz  Psolution Dco,, solution Neoz x 10° LMPcoz Koy x 10% kg x 102 k2 x 105 Kops x 107* Ha o
x 10'°
°C kgm™> mPas kPam? kPa m?s! mol m2s~! kPa molm2 molm? ms s !
mol ! kPa~'s~' kPa~'s~!
2 M (21.0 wt%) 3DMATP, 29.1 983 3.53 3.98 3.8 6.57 5.69 0.239 23.80 1.50 2.84 19.34 397 0.008
1M (9.0 wt%) MAPA 37.9 976 258 445 6.2 8.93 6.27 0.216  29.09 1.48 3.85 29.06 419 0.009
47.0 970 195 4.89 10.0 11.84 7.11 0.185 38.49 1.43 5.09 55.92 505 0.013
56.0 964 154 530 15.5 15.23 8.94 0.200 44.71 1.38 6.49 80.70 540 0.020
61.9 960 134 5.56 204 17.78 9.94 0.198 50.22 1.32 7.47 114.02 603 0.025
3 M (31.7 wt%) 3DMATP, 29.2 976 590 3.93 3.7 4.36 5.68 0.224 25.36 1.49 1.78 33.06 675 0.005
1M (9.0 wt%) MAPA 38.3 969 405 4.22 6.1 6.23 6.43 0.206 31.30 1.47 2.56 45.13 654 0.006
473 962 292 449 9.7 8.61 7.33 0.188 39.06 1.44 3.53 67.20 681 0.009
56.0 956 222 474 15.0 11.37 9.21 0.192 4791 1.38 4.63 106.61 752 0.014
62.3 951 1.88 4.91 20.0 13.60 10.00 0.194 51.51 1.26 5.52 133.91 773 0.019
4 M (42.7 wt%) 3DMA1P, 29.8 966 9.03 3.38 3.6 3.11 6.21 0.217 28.63 1.50 1.21 45.98 991 0.004
1M (9.1 wt%) MAPA 38.3 959 6.07 3.57 5.8 4.51 7.12 0.211 33.72 1.46 1.77 54.31 886 0.006
47.6 951 423 377 9.4 6.41 8.00 0.193 41.36 143 2.51 75.18 874 0.008
56.6 944 3.15 3.95 14.5 8.64 9.08 0.188 48.25 1.36 3.36 100.96 878 0.011
62.6 939 2.62 4.07 19.2 10.45 10.14 0.191 53.09 1.30 4.05 127.95 904 0.014
3 M 1-(2HE)PRLD (34.4 wt%), 29.5 1004 590 3.70 3.7 4.37 6.00 0.245 24.49 1.48 1.81 27.02 599 0.005
1M MAPA (8.8 wt%) 38.0 997 416 397 5.9 6.09 5.96 0.202 29.56 1.45 2.54 35.67 580 0.007
47.0 990 3.06 4.25 9.4 8.28 6.87 0.185 37.07 143 3.44 54.41 618 0.010
56.2 983 235 451 14.8 10.90 7.78 0.175 44.56 1.33 448 83.76 675 0.013
61.9 979 2.01 4.67 19.3 12.87 9.16 0.189 48.56 1.28 5.25 103.53 695 0.016

" €O, loading (molcoa/molamine) at the end of the experiment.
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