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Potential of Branched Polymers in the Field of Gas Absorption: Experimental
Gas Solubilities and Modeling

Jorn Rolker, T Matthias Seiler* Liudmila Mokrushina, ' and Wolfgang Arlt* -1

Separation Science & Technology, Friedrich-Alexander:l@rsity of Erlangen-Nuremberg, Egerlandstrasse 3,
D-91058 Erlangen, Germany, and Process Technology & Engineering, VT-F, Degussa GmbH, Rodenbacher
Chaussee 4, D-63457 Hanau, Germany

In this work, the potential of low-viscous branched polymers for gas separation applications such as CO
absorption from flue gas is examined. Carbon dioxide and nitrogen solubilities are measured at low pressures
for linear and branched polyethers, hyperbranched polyesters, and polyamines such as a polyamidoamine and
a polyethylene imine as well as in their agueous solutions. The results are reported in terms of Henry constants
in the temperature range= 310-370 K. The densities of the pure polymers and their aqueous solutions are
measured betweeh= 293.15 and 363.15 K. The selectivities of the polymers fop/Sipand the enthalpies

of absorption at infinite dilution are determined. The group-contribution method UNIFAC-FV is applied to

the CQ solubilities in polyethers and the hyperbranched polyester. It has been shown that branched polymers
are promising candidates for gas absorbents with a high capacity fea@®with large selectivities. The
UNIFAC-FV model is able to predict the GQolubilities in the investigated polymers.

1. Introduction processes such as extraction or as an immobilized liquid

membrané:®
Recently, hyperbranched polymers have been suggested as n thi il introd b hed ool
an interesting new “optimization tool” for various separation !N this article we introduce branched polymers to gas

processes such as extractive distillation, membrane processe<PSOrPtion, namely flue gas applications (coal-fired or gas-fired
extraction, and adsorptidr.All mentioned applications benefit power plants) that demand t_)a3|cally afXy separation in b .
from the “molecular” features offered by hyperbranched poly- SCOP€ ©f slowing down climate change, and discuss their
mers and might lead to less cost-intensive operation. A large Potential. So far, we have focused on branched polymers that
number of reviews focus on the characterization of the properties &€ commercially available. We consider this study as a first
that make hyperbranched polymers special and interesting inStep, followed by stronger effo_rts on the taHor-made path,_to
the field of chemical engineering; hence only a brief charac- OPtimize branched polymers in terms of capacity, selectivity,
terization is given her&:® and stability with regard to economic demands. In addition to

: ; the thermodynamic experiments, kinetic investigations on the
Hyperbranched polymers are highly branched polydisperse ’ A L
macromolecules with a treelike topology and a large number of €Oz absorption behavior in promising branched polymers are

functional groups. Important physical properties such as the glassStill ©© be done. The kinetics also play an important role in

transition temperature of the amorphous components and theabsorption but are not discussed in this work.

solubility behavior are determined from the structure and the ~ Concerning the global warming effect which is attributed by
type of functional groups. At room temperature, many branched many researchers to the increase of the environmental CO
polymers are liquids above their glass temperatures and exhibitconcentration, large efforts have been made to find the most
low viscosities in the pure state as well as in solution due to the €conomical way for C@sequestration (capture and storagé}.
absence of chain entanglement. Furthermore, they are obtained>as-fired and especially coal-fired power plants are some of
from one-pot syntheses and are available on a large scale at lowthe largest emission sources of carbon dioxide. At present, CO
costs &4 EUR/kg). It is possible to “tailor” desired properties for ~ scrubbing with aqueous 30 wt % monoethanolamine (MEA)
specified industrial tasks and needs by modification of the func- solutions is the state-of-the-art chemical absorption process,
tional groups or structural variations. Along with monodisperse accepting several disadvantages:

dendrimers, the hyperbranched polymers are referred to as dendrit- (a) Solvent regeneration at high temperatures (up to 413 K)
ic polymers. The dendrimers differ because of their perfectly causes around 10% decrease in power generation efficiency
generated symmetrical structure but are only accessible by time-(LHV basis) if the absorption process is integrated in the power
consuming multistep syntheses and therefore are not considereghlant°

for large-scale applications. Since dendrimers offer a unique (b) Another disadvantage are solvent losses due to finite vapor
structural perfection, they exhibit unique physical properties, pressure of the solvent (02 kg of MEA/ton of CQ

but for many applications hyperbranched polymers are sufficient captured)-!

because they can be synthesized with similar physical properties. (c) Deactivation of the solvent by formation of heat-stable

As pointed out by several researchers, hyperbranched poly-g 5 \with oxygen (energy-intensive reclaiming is necessary) and
mers show a remarkable selectivity and capacity for different ..0sion in the plant are a third disadvantage.

Chemical absorption seems to be still advantageous because
*To whom correspondence should be addressed. Fef9 9131 ; .
85 27440. Fax: 149 9131 85 27441. E-mail: wolfgang.arit@ of the very low thermodynamic driving forces from the flue

chi.uni-erlangen.de. gas into the absorbent. The gConcentration in the flue gas
T Friedrich-Alexander-University of Erlangen-Nuremberg. may vary between 3 and 12 mol %. Moreover, the process is
* Degussa GmbH. carried out at ambient pressure, so partial pressures 0f-0.03
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Table 1. Characteristics of Utilized Polymer Samples

viscosity
molar functionality/number (at 298.15 K)
sample mass [g/mol]  Mw/Mn of functionalities [mPas] provider further details
Polyether 1 (branched polyether) M, = 2187 1.26 OH/6 n.&. Degussa AG
Polyether 2 (linear polyether) M, =501 1.09 OH/1 60 Degussa AG
Polyether 3 (linear polyether) M, =561 1.09 CH1 37 Degussa AG
B-U3000 (hyperbranched n = 6500 15 OH/2, @-1g-alkanes/14 1500 Perstorp
polyester) for Boltorn series:
B-H2004 (hyperbranched Mw = 3200 OH/6, medium alkanes/10 15000 Perstorp  Mackay and Carmezifi
polyester)
PAMAM (dendrimer Mn=3130 <1.04 OH/16 n.& Dendritech Frechét
polyamindoamine)
Lupasol FG (hyperbranched Mn =615 1.3 NH/n.ab 8000 BASF Peterséh

polyethylene imine)

a All data were provided by the suppliefsNot available.
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Figure 1. Schematic diagram of the gas solubility apparatus: (1) gas reservoir; (2) air thermostat; (3) gas system; (4) electrical heating; (5) fan; (6) air
thermostat; (7) measuring cell; (8) magnetic stirrer; (9) vacuum pump; (10) multimeter and PC; (11) vibrating U-tube densimeter.

0.12 bar are predominant at low temperatures of about 313 K. (bis-MPA). The hydroxyl functionalities are partially esterified
In total, this situation is challenging. with medium-length (60%, B-H2004) and long-chainsGs-
Facing the drawbacks of conventional amine systems, it is fatty acids (90%, B-U3000). The second generation polyami-
our intention to start an optimization of the g@moval process ~ doamine dendrimer (PAMAM) with hydroxyl functionality was
with the choice of the proper solvent to achieve a physical obtained from Dendritech (USA). The core consists of ethyl-
absorption (leading to the reduction of the energy requirement enediamine and is further built up with methyl acrylate followed
for regeneration) with a high selectivity and capacity for,CO by amidation of the resulting carbomethoxy intermediate with
and a low vapor pressure. ethylenediaminé. The macromolecule consists of amide and
Consequently, we present solubility data of Cahd N in ternary amino groups. The polyethylene imine (Lupasol FG)
different branched and linear polymers. Furthermore, the Was a donation from BASF (Germany). Inside the molecule
solubilities of CQ in some aqueous polymer solutions are thereare various primary, secondary, and tertiary amino groups.
measured because water is also a component of the flue gagurther details are given by Petersén.
(and many other gas streams) and might dissolve in the polymer Apart from these nonvolatile polymers, degassed deionized
and decrease the G@olubility. As a modeling approach, we water was used; carbon dioxide (puriy89.7%) and nitrogen
discuss the UNIFAC-FV model. (purity >99.999%) were purchased from Linde (Germany).
2.2. Gas Solubility in Polymer Melts and Aqueous Polymer
Solutions. In this work, gas solubilities were measured using
an apparatus following principles described by Reichl ¢t
2.1. Materials. The investigated linear, branched, and den- We definitely prefer stirred vessels to nonagitated measurements,
dritic polymers and some characteristic properties are depictede.g., in the Rubotherm magnetic suspension balance. Figure 1
in Table 1. The linear and branched polyethers were synthesizedshows a schematic flow diagram of the experimental setup that
from ethylene oxide and propylene oxide by Degussa (Germany)was used in this work. The equilibrium cell (7) is provided with
and provided with different functional groups, namely hydroxyl a magnetic stirrer (8) and placed inside an air thermostat (6).
and methyl functionalities. The hyperbranched polyesters from The cell temperature is determined with a resistance thermom-
Perstorp Specialty Chemicals AB (Sweden) belong to the eter (Pt 100) in an immersion sleeve. The cell is connected via
Boltorn family (B-U3000 and B-H2004), which are produced a valve and a quick connection to a gas system (3) which
from polyalcohol cores and bis(hydroxymethyl)propionic acid contains the solute and is located in another air thermostat (2).

2. Experimental Methods and Equipment
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Table 2. Technical Data of the Apparatus

range of precision of
quantity equipment, company measurement resolution measurement
pressure pressure sensor |, WIKA —0.6 bar 0.0001 bar 4+0.0016 bar
pressure sensor I, WIKA 410 bar 0.001 bar +0.010 bar
temperature resistance thermometer, Conatex —BZ3 K 0.01K 0.1K
solvent mass balance, Mettler —6100 g 0.01g 0.1g
density and temperature vibration U-tube densimeter, Anton Paar —3 glen? 1 x 108 g/cm? 1 x 1075g/cm?
273-363 K 0.001 K 0.01K

The gas system contains a pressure sensor. The temperature squilibrium cell to measure the pressure of a solution of known
measured with a resistance thermometer (Pt 100) inside thecomposition (VOlUMgs phase<< VOlUM@iquid phasg- The error of
thermostat. The gas is fed from a reservoir (1) to the system. this measurement is estimated 28%.

The cell and the gas system are attached to a vacuum pump |t is known from recent worké that the error of the

(9). The measured data (temperature in the cell and in the gascalculation of the gas-phase concentration increases if the solvent
system, pressure in the system) are collected from a multimeterpressure is higher than one-third the system presByf&sfi-ce d

(Keithley 2700/E) and recorded with a computer. 3). Therefore, the gas solubility experiments at higher temper-
In Table 2, technical data of the apparatus and the measuredature (e.g..,T > 330 K) were done at a higher total pressure
guantities are given. The apparatus was designed fgx = (equilibrium pressure) and with a different pressure sensor (see

373 K andPmax= 10 bar. The volume of the cell was measured Table 2). The errors for each Henry constant in the aqueous
as 1.182«< 10-*m3 (£ 10 " m?) by filling the cell with degassed  systems lie from 2 to 5%.
water at a known temperature for several times and weighing 5 3. Density of Polymers and Polymer SolutionsThe
the mass of water. The vqur_ne of the gas system was calculatedyensities of pure polymers and aqueous polymer solutions were
by pressure drop observations between the cell and the gasjetermined with the help of an Anton Paar (Graz, Austria)
system to be 2.918& 107 m? (£ 2 x 107" m?). vibrating U-tube densimeter (DMA 5000). The polymer samples
The degassed (liquid) polymer is filled into the equilibrium  \vere dried at elevated temperature under vacuum for 2 days
cell at constant temperatufe,. and stirred continuously. After il the weight was stable and moisture as well as other volatile
evacuating the system and the cell again, the valve betweencomponents were removed. Several samples from each polymer
the cell and the system is closed and the gas is fed from theyere investigated. The implemented viscosity correction was
reservoir (1) to the gas system and allowed to equilibrate for chosen for components 500 mPa's. The reproducibility of

0.5-1 h until pressurePsystem,1and temperaturdsystemare density for different samples of pure components was in the
constant. Then, the gas is admitted into the cell and absorbedrange from 0.000 06 g/ch(branched and linear polyethers,
until equilibrium is reached at constant pressBgsem-cell > polyethylene imine) to 0.0005 g/énthyperbranched polyester

Further, the next temperatuiRen> < Tcen1 can be specified  B.(J3000) while the observed standard deviation of density for
and again the pressure decreaséffem-cei,3 due to absorption  gne sample amounts t60.000 01 g/cri In the beginning of
into the polymer and a higher solubility at lower temperatures. each experimental set, a density check with degassed deionized

The time of equilibration of the whole system (systencell) water was performed to ensure the proper operation of the
depends on the viscosity of the solvent, and the solubility and jnstrument. Each experimental point was measured indepen-
takes 36-120 min. dently at least two times to ensure reproducibility. The data

The reproducibility of the experimental results was ensured given in the tables below are average values for all measure-
by means of at least two independent measurements. For systemg,ents.

with carbon dioxide, the errors for each Henry constant are

around +2%. The regeneraiion of the polymers has been gjnjarly. The observed standard deviations of density for
carried out under vacuum at> 373 K. different samples of the same concentration differ for the

The validation of the apparatus was approved by determining gjterent solutions: 0.000 07 g/éhPolyether 2); 0.0001 g/chn
the Henry constants of GGn H,0 as depicted in Figure 2. The (Polyether 1, Polyether 3)<0.0002 gicri (PAMAM).
gas solubility measurements in aqueous polymer solutions were

performed as described above. In advance, VLE experiments were ) ) )
carried out to determine the activity coefficient of water in the 3. Primary Data Reduction and Modeling

polymer solution. As will be pointed out below, the water activ- 3.1. Estimation of Henry Constants. The amount of

ity was taken into account for the calculation of the gas solubility ; . .
in aqueous polymer solutions. Therefore, the experimental setupalb sorbgd gaseous sqlute can be d_etermmed iterativeRMay
alculations and solving the material balances.

was changed. The pressure sensor was connected with thé )
In case of the binary systems ggslymer, only the

5000 composition of the liquid phase at equilibrium conditidn,

The density of the aqueous polymer solutions was determined

P,) is calculated, assuming a negligible vapor pressure of the
§ 4000 polymer. The composition of the liquid phase in the measuring
83000 - cell follows from eq 1, which gives the moles of dissolved gas
o L .
:‘:‘32000 ] (ngas,ceb'
L
1000 T T mg + M N |
300 320 340 360 veell — - gas gas.te
K nt — poystem_ system__ Prmixture
Figure 2. Henry constants of COin water at different temperatures. gas,cell gas,1 gas,2 UG
Experimental data of€) Zheng et all® (a) Kiepe et all® and () this gas,cell 1)
work. Solid line: calculated from the equation of Carroll etal.
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Table 3. Calculated Poynting Corrections [I.;) for CO2 and N; at pmeasure
298.15 Kk — water 0,water (3)
— - water LV Tmeasure)l
Carbon Dioxide Nitrogen WwaterP 0,wate

P[bar] vwco,[cm¥mol] Teco, P[bar] ven,[cm¥mol] Tl.n,
1.1 59 1.002 1.4 46.5 1.003

In eq 3, the Poynting correction of the liquid phase was

45 5% 1ol 45 165 1008 neglected because of the low total pressu¥@.7 bar). If the
1.4 6% 1.004 water concentration in the polymer solutionz$0 wt %, the
4.5 6% 1.012 system pressure is close to the saturated vapor of water and its

aThe pressure was chosen as a mean equilibrium pressure in the@CtVity can be set to unity:

experiments for each gaHanda et al’ Estimated value from various v
systems¢ Maloney and Prausnit£fitted function forvs n, in polyethylene = P/P =w, ~-Q 4
(v, = 16.7+ 0.1T [K]). ’ 8,0 0.H0 — THO™H0 @

Furthermore, caloric effects such as the enthalpy of absorption

The difference of moles of gas in the gas system beforeand "~~~ =~
g g y at infinite dilution @h;f}’) are calculated. The Henry constant

after absorption is calculated by means of the Reellk¢tvong—

; system  _ is a measure valid for physical absorption and allows for the

%)_a\lgev(RKS) ) Z%i%?gemg f(?age Vas fO"r)c:V\llfnﬁ;Sél be;n calculation of the enthalpy of absorption at infinite dilution. It

L1 Vgas syste gas,2 2172 Vgas systegr 1% is accessible from the equilibrium condition combined with the
proven experimentally that the density of the mixtwg, e Gibbs—Helmholtz equation and reads as
(gas and polymer) in eq 1 does not differ significantly from the
density of the pure polymer; the difference@.05%) is by far 3N H.. AhCL
smaller than the assumed error of the density measurement. 1 =2 (5)
Therefore, the density of the pure polymer is used. The 3(1) R
molar volume of the gaseous phase in the measuring cell T Ipx—0

(Ugas,cm(TceIth)) is also obtained from the RKS equation, and

the mass of the solveniry) is determined by weighing. 3.2. Modeling Gas Solubility Using UNIFAC-FV. As a

. . I modeling approach, we make use of the group-contribution
Th_e_ Henry constant is obtained from the phase equilibrium 04 UNIEAC-EV which has been suggested by Oishi and
condition Prausnitz to model polymer solutions since it is capable of
considering differences in the thermal expansion behavior of
LV . . . .
. Um,i(P— Psv) polymers and solvents, which is of special importance for
YidiP = QiwH;; ex RT ) supercritical components in the mixti@®The UNIFAC-FV

model allows for the prediction of the solubility behavior if the
. . . . 5phase behavior of a system is not known. Therefore, this model

For binary systems, i.e., without water, the gas phase consist . . : .
can be applied for the design of new polymeric substances with

gnﬁngngﬂmiﬂgﬁigtﬂyépgzéssmfgg?r?gucgiglcforgffgie?ﬂe desired C@solubility behavior. According to UNIFAC-FV, the
P gacity solvent activity results from three contributions (combinatorial

of the pure componeng;). The mass-based activity coefficient "o ) res 2, )
(€] in the asymmetric convention is assumed to be unity due &, residuala”, and free volume; © parts):
to the high dilution.

In(a) = In(@°™ + In(a®y + In(@™ 6
Test calculations were made to estimate the values of the @) @ ) @ ) &) ©)
Poynting correction. Since the liquid molar volumes at infinite Further details on UNIFAC-EV can be found elsewh®ra2

dilution .of the gases ir\ the solvents are not known, thg test  The UNIFAC-FV model was already proven to be of value
calculapons were carried out, based on the values es_t|matedfOr the representation of vapeliquid equilibria of dendritic
according to the data from Handa et&For CO; the Poynting  ymer solutiond:22-2¢ In modeling phase equilibria in systems
correction has been found to be equal to unity up to the third \ it gendritic polymers, it is important to take into account the
decimal position and thus can be neglected within the whole g ctyre and the large number of functional end groups of these
range of investigated temperatures and pressures. The same i§olymers. Both peculiarities of the macromolecules show
true for N, when the equilibrium pressure is around 1.4 bar at gominating effects on the phase behavior but are not explicitly
298 K. At higher pressure (4.5 bar) (chosen for some nitregen  jncjuded in many modeling approaches. Although UNIFAC-
polymer systems and aqueous systems) the Poynting correctionty qoes not allow for a direct reproduction of the polymer’s
becomes slightly more important, but due to the lack of mgjecular structure, the impact of structure and functional
information on the liquid molar volume of nitrogen at infinite  5,ops can be indirectly regarded by the different parts of the
dilution, we decided to neglect it. Table 3 gives some calculation actjvity in eq 6.
results for the Poynting correction with estimated liquid molar  geiler et al. focused on the residual part of the activity. In
volumes from the literature. If the corresponding Poynting their approach, the calculation of the VLE of dendritic polymer
correction is taken into account, the Henry constants of nitrogen gq|utions with UNIFAC-FV was related to the observation that
increase by +1.5%. The error of the measurements is still only certain kinds of the structural polymer units (linear,
higher. dendritic, terminal) dominate the polymesolvent interactions.
For the treatment of ternary systems (aqueous polymer Since OH-terminated hyperbranched polymers exhibit com-
solution as a solvent), the composition of the vapor phase is paratively large hydrodynamic radii in good polar solvents,
determined in iteration using the equilibrium condition. The allowing for the penetration of the solvent molecules into the
activity coefficient of water refers only to the binary system interior of the hyperbranched polymers, it was assumed that all
polymer—water due to the negligible influence of the dissolved polymeric structure groups (dendritic, linear, and terminal
gas at high dilution and is obtained by experiment according to groups) contribute to the residual activi§.Tande et al.
eq 3: manipulated theb parameter in the free volume part of the
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Table 4. Number of UNIFAC Groups Assignment of the Investigated Polymers
UNIFAC groups

polymers CH CH; CH C OH CHO CCOO CHCO
Polyether 2 0 12 1 0 1 10 0 0
Polyether 3 1 14 1 0 0 12 0 0
Polyether 1 17 36 13 4 6 37 0 0
B-U3000 29 185 56 0 2 0 15 14

Table 5. Solubility Data Used for the Fitting of the Interaction Parameters

number of
systems data points reference(s)
COz—n-aIkanes CQ@-C;7, CO,—Cg, CO,—Cyg, CO,—Cyp CO,—Cyy, CO—Cys 34 34
CO,—n-alcohols CQ—Cs, CO,—Cg, CO,—Cyp 14 34
CO,—n-ethers CQ@—C4H100, CO—CgH150 9 34,53-55
CO,—esters CQ@-ethyl acetate, C@-propyl acetate, C&-pentyl acetate 12 34

activity with regard to the penetrability of the solvent into the determine the standard fugacity of this hypothetical liquid.
hyperbranched polymer molecife. Prausnitz and Shair fitted a universal function for various gases
Nocon et al. applied the UNIFAC-FV model to calculate gas from corresponding states theory, and Nocon et al. computed
solubilities in low molecular weight components such as alkanes, the hypothetical liquid fugacity by extrapolating a straight line
alcohols, and ketoné8*They received better results by fitting  on a plot of logf 2, (= ¢2oP2s) Vs 1T to supercritical
the missing interaction parameters between the gas componentemperatured326.2% Both ways give similar values for the
and the UNIFAC structural groups to a sum of all three hypothetical liquid fugacity of C@in the investigated region
contributions in eq 6 and not simply to the combinatorial and up to T = 373 K. We decided to use the extrapolation. The
residual activity as usual. We also make use of this approach.vapor pressures and the densities of the solvents were calculated
At first, the polymer structures were analyzed and the by empirical equations given in the DIPPR data bank or by the
functional groups were assigned to UNIFAC structural groups Yen—Woods estimation methdd.All other UNIFAC param-
(see Table 4) and CQOwas defined as a new main group. The eters were taken from Poling et &l.The molar volume of
information on polymer struc_ture for the polyethers was obtained dissolved CQwas calculated according to the Zellner metfbd.
from the supplier and received viatCNMR. The B-U3000 We only focused on modeling the gas solubilities of GO
structure had to be estimated from literature information. he polyethers and the polyester, because of the following. The
Mackay and Carmezini measured the molar mass of the third o1 amines consist of primary, secondary, and tertiary amino
generation hyperbranched polyester B-H30, araat and  groyps. These types of amino groups react with carbon dioxide
Zigon investigated the distribution of linear, dendritic, and 4 form carbamates (and are therefore technically not favored);
terminal groups in the fourth generation molecule B-HA4®.  hence the parameter fitting procedure becomes tedious and time-
We use the ratio of structure units (linear, dendritic, and terminal ¢onsuming when many “new” UNIFAC groups occur. Besides,
units) given by Agar and Iyon and the molecular mass 5 eyperimental data are available to calculate missing interac-
measured from Mackay and Carmezini for B-H30 and add 14 tjo, parameters for the reaction products. In contrast to Nocon
esterified linoleic acid residues as functional groups on the o 5| "\ve decided to use the standard parameterb ford c

molecules’ surface because the hydroxyl functionality of B- ~,nstants in the free volume terim< 1.28,c = 1.1 instead of
U3000 was esterified with sunflower oil that basically consists |, — 14 ¢ = 1.0) to maintain the pre,dictive character of

of Cisasfatty acids. _ _ _UNIFAC-FV. Ther parameter andj parameter (volume and
Subsequently, the missing interaction parameters were fitted g iface parameters representing van der Waals properties) for

to the literature data on the G®olubility in alkanes, alcohols, CO, were chosen according to Nocon et al., and are as

ethers, and esters Bt= 1.013 bar C@ partial pressure using  ¢jjows: feo, = 1.3 andgeo, = 1.12. The fitted interaction

the Marquardt method and minimizing the objective function parameters are given in Table 8.

(see Table 5 for information on GQolubility data):

1 NS ND 4. Results and Discussion

Vii.exp — Vij,calc 2
F=— - (7 ” .
ND 4 4 4.1. Densities of Polymers and Polymer SolutionsThe
densities of the solvents are a prerequisite for the calculation
with ND = number of data points and NSnumber of systems;  of the gas solubility as already mentioned above. In Figure 3,

vij.exp @Nd v calc = €xperimental and calculated activity coef- the densities of the pure polymers are plotted in the temperature

Vij .exp

ficients (on a mole fraction basis). range from 293.15 K to 363.15 K. The pure polymers’ densities
The experimental activity coefficients were calculated as decrease with increasing temperature and show a linear trend
follows: against temperature. In Figure 4 the densities of the aqueous
polyether solutions versus the water concentration are depicted
PC02 for different temperatures. In the polymer-rich region, the density
Yco, = 0 (8) of the mixture first increases to a maximum aroumiglo =
Osz‘pr Co, 0.15-0.2 for each temperature. Figure 5 shows the negative

excess volumes, obtained from eq 9, for the aqueous solution
whereas the vapor phase is treated as an ideal fpg.

corre_sponds to the fug:_;lcity of the hypothetical pure quuid,zsince c 1 W0 Wooymer
CO, is at the supercritical pressure at the system temperature. U= - (9)
In the literature several procedures have been established to Pmixture  \PH,0  Ppolymer,
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seen in Figure 5. An increase in temperature leads to a decrease
in excess volume.

Muller and Rasmussen report a similar behavior for aqueous
linear polyethylene glycol solutions, resulting from the poly-
ethylene glycol chain, forming helical structures and grouping
up to three water molecules around one ether group that leads
to negative excess volumé&s.At higher temperatures the
differences in thermal expansion increase, but the hydrogen
bonds are weakened and hence the excess volume decreases.

The plot of the density of the aqueous PAMAM solution
versus water concentration for different temperatures (Figure
4a) rather gives a linear interrelationship with temperature over
the entire concentration range. In Figure 6, the excess volumes
for different temperatures are depicted. The density of the pure
polymer was estimated by extrapolation from the curves in
Figure 4a. In the polymer-rich region, negative excess volumes
are obtained, wherea$ changes into positive when the solvent
concentration is increased. The influence of temperature is
negligible.

4.2. Solubility Measurements, Selectivity, and Modeling.
Knowing the density of the polymer as a function of temper-
ature, it is possible to treat the data, measured with the gas
solubility apparatus and finally determine gas solubilities. In
Figure 7, the weight-fraction Henry constants for £0 the
systems with different linear, branched, and hyperbranched
polymers are plotted versus temperature. All Henry constants
show a linear dependence on temperature. The solubility
decreases as Polyether >3 Polyether 2> Polyether 1>

Figure 4. (a) Experimental density data of investigated aqueous branched B-U3000 > B-H2004. The hyperbranched polyesters dissolve

polymer solutions as a function of temperatur&l) Polyether 1, 293.15
K; (<) Polyether 1, 313.15 K;A) Polyether 1, 333.15 K) Polyether 1,

353.15 K; @) PAMAM, 293.15 K; (a) PAMAM, 313.15 K; @) PAMAM,

333.15 K; @) PAMAM, 353.15 K. Values for pure water are from Wagner
and Prus$? (b) Experimental density data of investigated aqueous linear
polyether solutions as a function of temperaturl) Polyether 2, 293.15

K; (&) Polyether 2, 313.15 K) Polyether 2, 323.15 K) Polyether 3,

293.15 K; ) Polyether 3, 313.15 K;&) Polyether 3, 323.15

Polyether 3, 353.15 K. Values for pure water are from Wagner and Pfuss.

K: )

less CQ than the polyethers. The linear Polyether 3 with a
—CHs end group possesses the highest loading among the
polyethers. The modification of the end group (PE2, ©HPE3,
CHs) leads to an increase in G@apacity of 15%. However,
considered on a molar basis, there is a linear relation between
the molar CQ loading and the number of-80—C links in the
molecule as depicted in Figure 8.

Comparing the capacity for GOof the polyethers with
industrial solvents, Polyether 3 performs similar to the com-
mercial solvent Selexol, as can be seen in Figure 7. The Selexol

of the branched Polyether 1 for different temperatures. Different process, which utilizes a mixture of homologues of the dimethy!

contributions compete for the excess volume of the asymmetrical ether of polyethylene glycol as a solvent, is a licensed process
and polar mixture, free volume effects, and hydrogen bonding of UOP and is realized in more than 20 plants for the bulk

between water molecules and between water and polymerremoval of CQ from various high-pressure gas streams such

molecules. The resulting impact on the excess volume can beas synthesis and natural gade¥’ Since Polyether 3 is of a
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Table 6. Enthalpies of Absorption at Infinite Dilution for CO 3 in
Different Polymers, Calculated from Experimental Henry

Constantst
component ARG [kd/mol]
B-H2004 —10.2
B-U3000 —-10.4
Polyether 1 —-12.1
Polyether 2 —13.3
Polyether 3 —-135
PAMAM, 61 wt % H,O —23.9
MEA, 70 wt % H,O —85.0

aValue for aqueous 30 wt % MEA solution is taken from Anthony et
a|.43

Figure 5. Calculated excess volumes for aqueous polyether (Polyether 1) due to the large number of amino groups (primary, secondary,

solution for different temperaturesa) 333.15, ©) 313.15, and®) 293.15

vE [cm’lg]

0.2

-0.25

weight fraction H,0 [-]

Figure 6. Calculated excess volumes for aqueous PAMAM solution for
different temperatures) 293.15, ) 313.15, A) 333.15, and®) 353.15
K.

and tertiary amino groups in the ratio 1:33lin the polymer
molecule. A temperature increase of2 K accompanies the
absorption experiments, indicating a considerable heat of mixing
and/or chemical absorption effects. The measured solubilities
are high and rather scattered. Obviously, the solubility strongly
depends on the regeneration of the polymer after the experiment.
Further investigations on the detection of the carbamate group
in the CQ-loaded polymer seem necessary.

As known from the literature, some research groups and
companies investigated the benefit of polyamines or hindered
amines® 41 The amino groups in molecules of this type do
not directly react with carbon dioxide like ordinary primary and
secondary amino groups, which form rather stable carbamates
with COs.

The tertiary amino groups of the polymer are unable to form
carbamates, whereas the secondary amino groups of the polymer
might act as hindered amines, because they are attached to bulky
substituents (secondary carbon atoms). The carbamates of
hindered amines are of a very low stability (the carbamate

molecular structure similar to that of Selexol, the observed stability is 125 times weaker compared to M¥A Sartori and
solubilities are not surprising. It is obvious that Polyether 3 (as Savage reported that sterically hindered amines offer broader

well as Selexol) does not fit as a proper solvent for,CO

thermodynamic cyclic capacities than MEA and hence lead to

scrubbing from postcombustion flue gas, because the solubility a reduction of scrubbing solution and less energy for solvent

is too low.
Figure 7 also gives the solubility of GOn the ionic liquid

regeneratiol? Additionally, Mimura et al. demonstrated that
the hindered amines of the KS family feature lower heats of

(IL) [omim][Pf6], which has been chosen as a model IL and absorption and a broader cyclic capacity, and can be regenerated

was discussed for flue gas applications by Anthony é&&.

at a lower temperature; in sum, they are less energy intensive

Compared to the polyethers, the ionic liquid offers similar compared to MEA?

solubilities, but is sold at a very high price.

Nevertheless, sterically hindered and also tertiary amines often

Among the polymers that were experimentally investigated, exhibit lower absorption kinetics. There are different possibilities

polyethylene imine Lupasol FG has the highest,GBlubility

in dealing with this drawback already pointed out in the

900
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Figure 7. Temperature dependence of weight-fraction-based Henry constants,dh@@erent polymers, [bmim][Pf6], and Selexol-+{ H-2004; (x)
B-U3000; (r) Polyether 1;10) Polyether 2; {) Polyether 3; &) Lupasol FG; ®) Selexol from Xu et al3 (M) [bmim][Pf6] from Anthony et aB8 The

dotted lines are given for better visualization.
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Figure 11. Weight-fraction-based Henry constants of £i@ aqueous
polyether solutions (Polyether 3) vs temperaturgl) Q wt % HO; (<)

4.2 wt % HO; (2) 9.7 wt % HO. The dotted lines are given for better

constants of Nin different polymers: ©) B-U3000; (1) Polyether 1; ) - L%
visualization.

Polyether 2; ¢) Polyether 3; &) PAMAM, 61 wt % H,O. The dotted
lines are given for better visualization.

temperature range fromi = 310 to 380 K. Moreover, the
literature. It is common to enhance the mass transfer, if solubility increases with increasing temperature. This kind of
necessary, with optimized packings or by adding low concentra- behavior is known for solutes with a low critical temperature.
tions of primary or secondary amin€s*!In this work we focus For such systems, the temperature-dependent solubility runs
on the thermodynamics and not on absorption kinetics, which through a minimum. The location of this minimum and the
must be studied further on. associated temperature thereof is often found at low temperatures

The plots of the Henry constants allow for the determination for light gases! It is possible that the nitrogen polymer systems
of enthalpies of absorption. Table 6 gives the enthalpies of are in the described temperature region.
absorption at infinite dilution calculated from eq 5. It can be ~ Knowing the solubilities of C@and N, the selectivity of
concluded that the absorption enthalpies of the polyethers andthe polymers can be calculated from eq 10, where the partial
polyesters are much lower in comparison to those of the MEA pressure of the gases in the fe& (= 0.7 bar;Pco, = 0.12
solution, which represents a chemical absorption. Therefore, bar for a flue gas from a coal-fired power plant) are also taken
physical absorption is presumed, which is preferable for a lower into account:
regeneration effort.

Summarizing the absorption behavior of the investigated HNZ,polymepfggj
branched and linear polymers, it is obvious that a very broad SoN, =TT reed
solubility range is covered and that a predominantly physical
absorption performance is possible. However, an ideal polymeric

solvent for CQ removal should show low values of the Henry The polyethers show a high selectivity for gat is between
constant at low temperatures (in the region of 313 K), having 7 gnd 12 (see Table 7); a sharp separation affordSfer 4
a very high capacity together with a steeper slope of the Henry according to Seider et 4.
curve. Figures 16-12 depict the solubility of C® in aqueous
An important requirement for flue gas separations is marked polymer solutions for different concentrations. Water is also
by the demand of the solvent for a high selectivity to separate an important component of flue gas<60 mol %) and will
CO; from N,. Figure 9 gives the solubility of nitrogen in some  dissolve in the polymers to a certain extent. Hence, its influence
polymers. on the solubility is crucial to know. The polyethewater
The hyperbranched polyester (B-U3000) and all polyethers systems have been investigated only for lower water concentra-
have very low N solubilities. The polyethers show only a weak tions. As expected, the GQolubility in both linear polyethers
influence of temperature on the solubility over the wide (Figures 10 and 11) decreases with increasing water content,

feed (10)

HCOZ,ponmele2
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Figure 12. Weight-fraction-based Henry constants of 0 aqueous polymer solutions vs temperatur@) Polyether 1, 0 wt % kD; (®) Polyether 1,
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Table 7. Selectivity CQ/N; for Different Polymers at 313.15 K, 0.004
Calculated According to Eq 5 with Assumed Flue Gas Partial
PressuresPy, = 0.7 bar and Pco, = 0.12 bar = .
polymer SCouN, g 00031 -

B-U3000 3 H .

Polyether 1 7 8

Polyether 2 12 = 0.002 1 v

Polyether 3 12 2 *

PAMAM, 61 wt % H,O 81 S I R

Booot4  TTteeall_ L
. . . .g' -------

but still shows a linear behavior of the Henry constant vs = -] -
temperature. The branched polyether (Figure 12) also exhibits o o
a linear interrelationship with temperature. 290 390 350

The CQ solubility in aqueous PAMAM solutions is shown T Kl
n Flg_l_.lre 12. The pure dendr'me_r WQS no_t c_on3|der_ed for Figure 13. UNIFAC-FV results for solubility of CQ in Polyether 1 at
solubility measurements because its viscosity is too high for gifferent pressures. Experimental solubilities were calculated from Henry
the utilized gas solubility apparatus. The aqueous polyamido- constants from Figure 74( Polyether 1 at 1.013 barlij Polyether 1 at
amine dendrimer solution represents also a very good Solvento.z bar. Continuous lines, original UNIFAC-FV; dotted line, UN”:AC-FV
for carbon dioxide, mainly because of numerous tertiary amine nggg:gng‘)zr 'iol'yether 1 at1.013 bar. Al calculations are made With
groups. Like sterically hindered amino groups, the amide groups o
are reported not to react directly with G¢3 The tertiary amines x
react with CQ in aqueous solutions and lead to the formation  0.0055 -
of the bicarbonate iof¥*

of Kovvali et al. and Duan et al., who already investigated

PAMAM dendrimers of generation zero for membrane applica-

tions as immobilized liquid membranes and composite mem-

branes for C@N, separatiorf:#349They received a remarkable 0.001 ' ‘

permeance and selectivity for GO 290 805 T 820 3%
The value of the enthalpy of absorption given in Table 6 also

L . . . Figure 14. UNIFAC-FV results for solubility of CQin the linear Polyether
indicates that both physical absorption and weak chemical 2, linear Polyether 3, and the hyperbranched B-U3000 at 1.013 bar.

absorption take place. Itis considerably lower than the reported gxperimental solubilities were calculated from Henry constants from Figure
values for the heats of absorption for hindered amines (or tertiary 7. (a, —) Polyether 2; #, — —) Polyether 3; @, -++) B-U3000. All curves

amines like TEA and MDEA); the latter is approximately around are results from the original UNIFAC-FV artl= 1.28 andc = 1.1.
10—15% (or 30-40% for tertiary amines) lower compared to reasonable agreement with the experimental values is reached
MEA . 43.50 even at different pressures as shown, for example, for the
The modeling results are depicted in Figures 13 and 14. The branched polyether Polyether 1 in Figure 12. Nevertheless, the
solubility of carbon dioxide in the investigated polyethers and poor consideration of the temperature dependence of the activity
polyesters versus temperature at 1.013 bar is plotted. Thecoefficient can be observed in the slope of the UNIFAC-FV
UNIFAC-FV model is able to predict the solubility of GGn curves. Circumvention of this lack in the model by has been
linear and branched polyethers and the hyperbranched polyestetried by use of the modified UNIFAC model (Lyngby) of Larsen
(the fitted interaction parameters are depicted in Table 8). A et al5! In the framework of this modification, the interaction

CO, + RjR,R;N + H,O < HCO® + R1R2R3NHJr S 0.004 |
(1) 5
g

The solubility results are qualitatively confirmed by the work ::-; 0.0025 |
:
3
g




Table 8. Fitted Interaction Parameters of the Original UNIFAC-FV
Model

variable value
UNIFAC-FV parameters
aco, cH, —305.3
acH,,co, 893.4
0.0029
UNIFAC-FV parameters
aco, 0H 5134
AoH,Cco, 305.4
0.0077
UNIFAC-FV parameters
aco, CH,0 —83.75
acH,0,co, 443.47
0.0026
UNIFAC-FV parameters
aco,ccoo 0.73857
accoo,cq 32.61
F 0.0020

Table 9. Fitted Interaction Parameters of the UNIFAC-FV
(Lyngby) Model

variable value
UNIFAC-FV parameters (Lyngby)
aco, CHy,i 2047.3,—60.32,—385.97
ACH,,CO,,i —74.7,—1.3217,—25.805
0.00017
UNIFAC-FV parameters (Lyngby)
aco,,0Hj 444.9,8.95, 0.0
A0OH,COyi —68.21, 1.317,0.0
F 0.0029
UNIFAC-FV parameters (Lyngby)
aco,,CH,0i 310.16, 8.681, 0.0
ACH,0,COpi —334.59,—1.705, 0.0
0.00009
aj=1,23.

Ind. Eng. Chem. Res., Vol. 46, No. 20, 2008581

attributed to sterically hindered amines with a much lower
linkage of CQ. The aqueous PAMAM dendrimer solution gives

a remarkable solubility of C®and selectivity toward N
together with a moderate enthalpy of absorption ranging between
chemical and physical absorption behavior. Even though a
dendrimer as absorbent would be too costly, a competitive
hyperbranched polymer with similar physical properties could
be synthesized. Future simulation work will have to prove if a
process synthesis with dendritic polymers is economically
comparable with the state-of-the-art processes using solvents
like MEA. A closer evaluation of capital and operational costs
of the resulting processes will also have to follow. Furthermore,
additional experimental investigations concerning the compat-
ibility against other trace components of flue gas such as oxygen,
sulfur, and nitrogen oxides as well as metal dust are to be
performed.

The UNIFAC-FV model is able to predict the solubility of
carbon dioxide in the investigated linear and branched polyethers
and the hyperbranched polyester with reasonable accuracy. The
calculation of the solubility of other gases such as nitrogen and
methane is intended to be done as well as the prediction of
aqueous systems.

In general, it has been shown that dendritic polymers offer
the possibility to tailor the solubility behavior by modifying
the functional end groups. Polyamines such as polyamidoamine
and to a certain extent also the polyethylene imine Lupasol FG
with different kinds of amino groups acting as sterically hindered
amines are promising starting points toward finding a better
solvent.
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parameters are temperature dependent (three pairs of parameteFﬁ/perbranched polyethylene imines.
per each pair of groups). The unavailable interaction parameters

needed for the C@solubility calculations were fitted as

described above and are given in Table 9. The free volume term

was taken into account. From Figure 13, it can be concluded
that the modified UNIFAC-FV (Lyngby) model (the dotted line
for CO, solubility at 1.013 bar in the branched polyether

Supporting Information Available: Experimental data for
all density measurements and also the Henry constants in pure
polymers and binary polymer solutions. This material is
available free of charge via the Internet at http://pubs.acs.org.

Polyether 1) does not improve the description of the temperature j¢; of Symbols
dependence. The calculated activities are by far too large due

to the residual part of the activity. Similar results were found
for the linear polyethers.

5. Conclusions

The experimental results on the solubility of €&nd N in
different polymers demonstrate the high potential of branched
polymers as designable solvents for the absorption of The
branched polymers investigated in this work cover a broad
concentration range of solubility. A modification of the func-
tional end group{OH — —CHg) increases the mass-based,CO
solubility by 15% at least for the linear polyethers. The
polyethers are comparable with conventional commercial sol-

a = activity

a = binary interaction parameter [K]

b = parameter in UNIFAC-FV, free volume part

¢ = parameter in UNIFAC-FV, free volume part

f = fugacity [bar]

F = objective function

AhS} = absorption enthalpy at infinite dilution of componént
[kJ/mol]

H = weight-fraction-based Henry constant [bar]

m = mass [g]

M = molecular mass [g/mol]

n = number of moles [mol]

vents such as Selexol and might be promising absorbents forND = number of data points

CO, bulk removal from high-pressure feeds, but are not

NS = number of systems

favorable for postcombustion flue gas absorption. The polyaminesP = pressure [bar]

offer very high CQ loadings because of the presence of different
kinds of amino groups per molecule. The polyethylene imine
consists of primary, secondary, and tertiary amino groups,

g = surface area parameter
R = universal gas constant [J/mol K]
r = volume parameter

whereas primary and secondary amino groups directly react with S = selectivity
CQO; to form carbamates. Nevertheless, the bulkiness of the T = temperature [K]

branched polyethylene imine molecule could favor the behavior

V = volume [n¥]
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v = molar volume [crd/mol]
w = weight fraction
X, y = mole fraction

Abbreviations

B-H2004 = hyperbranched polyester

B-U3000= hyperbranched polyester

DGME = diethylene glycol dimethyl ether
Lupasol FG= polyethylene imine

MEA = monoethanolamine

PAMAM = polyamidoamine dendrimer
PEGDE= polyethylene glycol diethyl ether
PEGMPE= polyethylene glycol methylpropyl ether
RKS = Redlich—Kwong—Soave equation of state
TGDME = tetraethylene glycol dimethyl ether
VLE = vapor-liquid equilibrium

Greek Letters

y = mole-fraction based activity coefficient

o = density [g/cnd]

@ = fugacity coefficient

v = number of like groups in a molecule

® = volume fraction

Q = weight-fraction-based activity coefficient
* = weight-fraction-based activity coefficient in asymmetric
convention

Subscripts

i, j = referring to componentor j
SV = solvent
0 = referring to pure component

Superscripts

S = standard state

GL = from gas to liquid state

LV = liquid/vapor at saturation conditions
res= residual

com = combinatorial

FV = free volume
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