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Trace amounts of acetaldehyde, ethyl acetate, isoamyl alcohol, n-propanol and methyl ethyl ketone were
effectively extracted and removed from the ethanol aqueous solution by carbon dioxide as solvent with
countercurrent contractors. The experiments were carried out at 298.2 K and 7.0 MPa or 303.2 K and 7.5 MPa
with solvent-to-feed ratios from 1.3 to 5.0 mol/mol. The concentration of feed ethanol aqueous solution was 20
mol%. Packed columns with 6 mm Raschig rings were employed as contractors.

Although a certain amount of ethanol was dissolved into the solvent simultaneously with the trace
components, the dissolved ethanol was easily recovered by scrubbing the solvent with a small amount of water.

Assuming the state of infinite dilution for each component, a simple calculational procedure was devised to
determine the height per mass-transfer unit for some components in packed columns from the experimental

data.

Introduction

Ethanol is an important substance in the food,
chemical and pharmaceutical industries. Crude fermen-
tation ethanol contains numerous trace components
which are generated during fermentation and render the
ethanol useless due to strong scent and/or reactivity. For
removal of the trace components, conventional ethanol
refining processes often employ extractive distillation
which may lead to an increase in energy consumption.

Extraction by liquid or supercritical carbon dioxide
as a solvent has potential for reducing energy consump-
tion due to the large separation factors of trace compo-
nents to ethanol®, although very few experimental works
have been reported on the countercurrent extraction of
trace components from ethanol aqueous solution.

The design and evaluation of the process requires
not only the distribution coefficients in equilibrium but
also the mass-transfer rate, which affects the height of
high-pressure extractors. Although some experimental
data have been reported! % - 1213 on the mass-transfer
rate in the extraction of ethanol from aqueous solution,
very few has been reported on the extraction of trace
components.

The present work confirms the removal of trace
components from ethanol aqueous solution by contin-
uous operations with a bench-scale extractor. The height
per transfer unit (HTU) of the extractor is determined
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from the experimental data.

1. Experiment

1.1 Materials

Ethyl acetate, acetaldehyde, isoamyl alcohol, #n-
propanol, methanol, methyl-ethyl ketone and ethanol
supplied by Wako Pure Chemical Ind. Co., Ltd. were of
98 or 99 vol% purity and used without further purifica-
tion. Liquefied carbon dioxide supplied by Nippon
Sanso Co. Ltd. was of 99.9 vol% purity and was used
without further purification.

1.2 Apparatus

A schematic diagram of the bench-scale test unit
applied in the present work is shown in Fig. 1. The appa-
ratus consists of an impurity extractor, a solvent-scrub-
bing extractor, a solvent-recovering column and feed
pumps. Ethanol aqueous solution with trace components
was fed into the top of the impurity extractor where the
trace components and a certain amount of ethanol were
extracted by carbon dioxide.

Since the amount of ethanol dissolved in carbon
dioxide is lost with the extracted trace components, eth-
anol should be recovered from the extract. In the present
work the solvent-scrubbing extractor shown in Fig. 1
was devised to recover the extracted ethanol. The
effluent fiom the top of the impurity extractor was fed to
the bottom of the solvent-scrubbing extractor where the
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Fig. 1 Schematic diagram of experimental apparatus

Table 1. Packing characteristics

type Raschig ring
material SUS-316
dimensions length 6 mm

outer diameter 6 mm

wall 0.4 mm
specific surface area 722 m*m?
void fraction 0.66

ethanol was absorbed into a small amount of water. In a
commercial plant, the recovered ethanol will be recycled
to the top of the impurity extractor.

The impurity extractor has a 0.025 m I.D., with a 3
m contacting height and five redistributors. The tower
contains Raschig rings whose physical characteristics are
listed in Table 1. The solvent scrubbing extractor is a
0.038 m LI.D. packed tower with a 2 m packing height and
five redistributors with the same Raschig rings as used in
the impurity extractor. Each column contains two view
cells which permit observation of the interface near the
top or the bottom of the tower. The position of the inter-
face in each tower was detected by a pressure-difference
sensor and was kept constant by a drain valve operated
by a PID controller.

The solvent, feed, and scrubbing water were trans-
ferred by diaphragm pumps. The flow rate of the solvent
was calculated from the falling rate of the level in the
solvent tank. The flow rate of flue-gas streams were mea-
sured by wet test meters.

The temperature profile of each column was mea-
sured by thermocouples installed inside the column. The
temperatures were controlled to a tolerance of 1.0K
throughout the columns by heaters operated by PID con-
trollers. Before entering the column, the feed and the sol-
vent were inserted into coiled tubes whose surface
temperature were kept constant by heaters operated by
PID controllers. Pressure in each column was measured
by a pressure sensor calibrated with a dead-weight gauge
and was maintained with a needle valve operated by a
PID controller.

A gas chromatograph equipped with a thermal con-
ductivity detector (TCD) was used for the composition
analysis.

1.3 Experimental conditions
The concentrations of each trace component in the
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Table 2. Result of extraction of trace components at 303.2

K, 7.5 MPa
extraction condition
temp. [K] 303.2 303.2
press [MPa] 7.5 7.5
sol. flow rate [mol/hr}] 80.7 72.6
feed flow rate [mol/hr] 16.8 16.8
S/F [mol/mol] 4.8 4.3
continuous phase Raf. Sol.
feed composition [mol%]
water balance balance
ethanol 20.0 20.0
acetaldehyde 0.18 0.19
ethyl acetate 0.03 0.08
methyl ethyl ketone 0.17 0.16
n-propanol 0.20 0.19
isoamyl alcohol 0.14 0.14
Exi|%]
ethanol 81.3 71.7
acetaldehyde 100* 100*
ethyl acetate 100* 100*
methyl ethyl ketone 100* 100*
n-propanol 100* 99.3
isoamyl alcohol 100* 100*

*: not detected in the raffinate by TCD

feed was set at 0.1-1.1 wt% for accuracy of composition
analysis. Performance of the impurity extractor was
tested when either the solvent or the raffinate was
selected as the continuous phase. The extraction condi-
tion was set at 303.2 K and 7.5 MPa or 298.2 K and 7
MPa. The pressure was set at a slightly higher value than
the saturated vapor pressure of carbon dioxide at the
given temperature.

The performance of the solvent scrubbing extractor
was tested at 313.2 K and 10 MPa while varying the
water-to-solvent ratio (W/S). In the solvent-scrubbing
extractor, the extract was selected as the continuous
phase so as to reduce the time to reach steady state.

1.4 Result

1) Impurity extractor The removal ratio (E,) of each
trace component from ethanol aqueous solutions was
calculated from the experimental results by Eq. (1):

E,; ={

- (flow rate of comp. i in stream 4 [mo]/hr])} 100
(flow rate of comp. i in stream 2 [mol/hr])

M

Table 2 shows the removal ratio at 303.2 K and 7.5
MPa, where the temperature is slightly below the critical
temperature of carbon dioxide. Almost all trace compo-
nents were removed when the solvent-to-feed ratio was
greater than 4.3 mol/mol.

Table 3 shows the removal ratios at 298.2 K and 7
MPa, where the density of carbon dioxide is higher than
that at 303.2 K and 7.5 MPa. Almost all of the ethyl ace-
tate and methyl ethyl ketone in the feed were extracted
when the solvent-to-feed ratio was 0.8 mol/mol, while a
certain amount of n-propanol remained in the raffinate.
When the raffinate was selected as the continuous phase
the removal ratio was higher than the value observed
when the extract was selected as the continuous phase.
2) Solvent scrubbing extractor The recovery ratio of
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Table 3. Result of extraction of trace components at 298.2

Table 4. Recovery of ethanol from the effluent of impurity
extractor by scrubbing with water

extraction condition

K, 7 MPa
extraction condition
temp. [K] 298.2 298.2 298.2 298.2
press [MPa] 7.0 7.0 7.0 7.0
sol. flow rate [mol/hr] 53.4 53.4 54.5 31.7
feed flow rate [mol/hr]  39.8 39.8 339 39.6
S/F [mol/mol] 1.3 1.3 1.6 0.8
continuous phase Sol. Raf. Raf. Raf.
feed compositon [mol%]
water balance balance balance  baiance
ethanol 20.7 20.7 20.7 232
acetaldehyde 0.0 0.0 0.27 0.27
ethyl acetate 0.13 0.13 0.0 0.0
methyl ethyl ketone 0.16 0.16 0.16 0.16
n-propanol 0.20 0.20 0.20 0.20
isoamyl alcohol 0.13 0.13 0.13 0.13
Exi[%]
ethanol 22.8 28.2 29.1 17.4
acetaldehyde n.a. n.a. 98.8 n.a.
ethyl acetate 100* 100* n.a. 100*
methyl ethyl ketone 100* 100* 100* 100%
n-propanol 39.0 38.9 48.0 21.3
isoamyl alcohol 91.6 96.7 99.6 46.3
HTUgy [m]
isoamy! alcohol 0.34 0.16 0.21 -

*: not detected in the raffinate by TCD
n.a.: not available

component-i (R, ,).at the solvent scrubbing extractor was
calculated by Eq. (2):

R, = (flow rate of comp. iin stream 7 [moV/hr]) <100 (2)
(flow rate of comp. i in stream 3 [moV/hr])

Results are shown in Table 4. More than 90 % of the eth-
anol in stream 3 was recovered when W/S was 0.3 mol/
mol.

2. Evaluation of HTU, ,p from the Experimental
Data

The present work developed a simple calculational
procedure to predict the behavior of each trace compo-
nent in the extractor assuming the state of infinite dilu-
tion. The procedure was applied to determine HTU; oy
from the experimental data.

2.1 The procedure to predict £, and R,

1) The model for the extractor The following well-
known double-film model was employed to evaluate the
mass-transfer rate of the column. When considering a
differential slice of the extractor shown in Fig. 2, having
a cross-sectional area (A) and a height (dz), the change of
liquid-phase molar flow rate for component-i (dN; p)
across the slice is assumed to be expressed by the fol-
lowing equation, using the over-all mass-transfer coeffi-
cient (ko) and the K-value for each component.

dN, y=k;ona, Alpsyl m;—pyx;)dz 3
where
mi=psKi/py

The material balance in the slice is:
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temp. [K] 313.2 313.2 3132
press [MPa] 10 10 10
sol. flow rate [mol/hr] 54.7 55.3 41.5
feed flow rate [mol/hr] 16.9 16.9 12.6
water flow rate [mol/hr] 4.6 7.1 12.5
S/F [mol/mol] 323 3.27 3.28
W/S [mol/mol] 0.084 0.129 0.301
feed composition [mol%]
water balance balance balance
ethanol 20 20 20
n-propanol 1.11 111 1.11
Rx i [%]
ethanol 66.8 81.6 98.8
n-propanol 43.2 49 69.4
HTUgy [m]
ethanol 0.37 0.47 0.58
Ni,slz=0 Ni,HIz=0

z=0 $ L

AV A A e

Z=ZC

¥

Ni,Hlz=z¢c

Ni,Slz:zc

Fig. 2 Material balance of component-i in the extractor

dN; y=dH, g 4)
From Eq. (4), the following equation is obtained.
NLS:Ni,sL:;c"'N;.H-Ni,H|;=:(~ (%)

Substitution of Eq. (5) to Eq. (3) yields:

dH;
HTU,’.OHd—',ﬂ=(/1i—I)M.H—/liM,s—/liM,HlF;(. (6)
where
Ai=Np 4! K; Ny g (7
HTU, o =Ny y! (P ki ona.A) (®)
and
Vikiog=1/k,y+1/(m kg )

Since the concentration of trace component is small, the
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Table 5. Physical properties used in the present work

Temperature [K] 313.2 303.2 298.2
Pressure [MPa] 10 7.5 7
Location Solvent scrubbing Impurity extractor

extractor

Solvent phase
density [kg/m?] 640 - 560

viscosity [kg/ms] 5.00 x 10°° 6.30 x 107°
diffusion coef. [m?%/s]
ethanol 2311078 1.77x 1078
n-propanol 1.99 x 10°# 1.53x 10°¢
isoamyl alcohol  1.59 x 10°# 1.22x10°%
Parameters for Eq. (10)
carbon dioxide
A 2.57 2.81 2.83
B -3.74 -3.85 -4.00
ethanol
A -2.78 -2.96 -2.90
B 1.08 1.43 1.51
water
A -6.33 —6.66 -6.65
B 4.96 5.26 5.49
Raffinate phase
representative concentration of ethanol (mol% CO,-free basis)
8 - 18
density [kg/m?] 970 - 990
viscosity [kg/ms] 6.90 x 10* - 7.88 x 1074
diffusion coef. [m¥s]-
ethanol 1.81x 107 1.73x 107
n-propanol 1.56 x 107 - 1.51 x 107
isoamyl alcohol ~ 1.25x 10~ - 1.21 % 107°
surface tenslon [N/m] 0.015 - 0.011

total molar flow rates (N y and Ny ) are approximated
by the sum of the molar flow rates of carbon dioxide, eth-
anol and water. K-values for carbon dioxide, ethanol and
water are estimated by the following correlation:

In(K,)= A, + B; x50 frce (10)

ethanol

The values of parameters for Eq. (10) are determined by
fitting them to the K-values predicted by a correlation
model previously proposed by the authors® and listed in
Table 5. The model correlates the phase equilibria for the
carbon dioxide-ethanol-water system closely with exper-
imental data’” ' '8, The K-value for each trace compo-
nent is obtained by multiplying that of ethanol and the
separation factors computed by the empirical correlation
proposed in a previous paper?.

2) The proposed procedure By solving Eq. (6) with the
K-values simultaneously, the composition profile for
each phase throughout the extractor can be predicted.
But the equations cannot be solved analytically since the
K-values and liquid flow rate can change significantly
throughout the column. In the present work Eq. (6) was
solved numerically using the orthogonal collocation
method?. The following equation is derived from Eq. (6)
as shown in Appendix 1.

Mle:;:Z A’i[:=:2’—h2.l
Nl Al Nl

y ‘., 2 > =2l 11
: 1VLHI:=O ( )
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assume HTU i,oH for
each component

Y

solve Eq.(11) for
carbon dioxide, ethanol
and water

K >y

calc. Ex or Rx for each
trace component
by Eq.(15) or Eq.(16)

set new initial
value for the HTU
of each trace
component

lexp.-calc.|

oxp. <0.01

Fig. 3 Procedure proposed in the present work

where

h2,2’ h2,3’ ot hZ,n.\‘

h},Z’ h3. 3T h3.ns

H*= (12)

hn42’ hn‘3’ <o h

and hj; is the element of matrix H defined by Eq. (A-9).

The h; and A; values depend on the composition
and total molar flow rates of the raffinate and the solvent
but are independent of the concentrations of trace com-
ponent due to the assumption of the state of infinite dilu-
tion. Equation (11) should be solved by iterative
calculation for the flow rates of carbon dioxide, ethanol
and water.

The following equation is derived from Eq. (11).

Nisl.oo N‘5|___A
£51:=0 | _ p| T Sla=x (13)
(M,H];:;L- N nl.<o
where
ns—1 ns—1
1- Z Wns—],j)Lj+lal+ 2 an—l,jhj-rl
B=| 7 (14)

ns—1

j=

ns—1

2 w)nx—l.jz'j+l9_ Z wn.y—],jhj+l
j=1 j=1

and wj; is an element of matrix (H*)™".

Matrix B represents the effect of the inlet to the
column (N; 4. - .. and N; 4. _ o) on the outlet from the
column (N; ¢l, _ o and N; gl. _..) under steady state. The
value of B depends on the composition profile and total
molar flow rates of the solvent phase and the raffinate.

But B is independent of the concentrations of trace
components due to the assumption of infinitely dilute
state. Once the profile of molar flow rates of carbon
dioxide, ethanol and water are obtained by solving Eq.
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Fig. 4 Effect of solvent-to-feed ratio on the recovery ratio

(11), B for each trace component can be fixed. The molar
flow rate of each trace component in the effluent from
the column can be calculated by Eq. (13) without an iter-
ative procedure. When the flow rate of component-i is
zero in the solvent, the removal ratio for component-i
can be derived from Eq. (13) as follows.

ns—1

N ¢l _
= iSle=0 _q Z Was 1, b

o j+
]vi.H|z=0 j=1

E , when Ng|,_,.=0
(15)
Similarly, the recovery ratio for component-i in the
solvent scrubbing extractor becomes:

ns—1

=1+ 2 wy_y ;h;,; when N y|._,=0

=z i=1

M,H|:=zc
Rx,i' N;Sl

(16)
2.2 HTU; oy determined from the experimental data

HTU; oy for each trace component was determined
by solving Eq. (15) and (16) for HTU; oy as shown in
Fig. 3, assuming the HTU; oy to be constant throughout
the column. The results are listed in Tables 3 and 4.
When the removal ratio is less than 60 %, it is difficult to
determine HTU; oy since the effect of the change of
HTU; o on the removal ratio is small, as shown in Fig.
4. The HTU; oy value was determined only when E, is
greater than 60 %. The same criterion was set for the
recovery ratio. The HTU; ,y of isoamyl alcohol deter-
mined in the present work was 0.16-0.34 m and was sim-
ilar to the value of isopropanol proposed by Rathkamp ez
al.' for Raschig rings, although the composition of feed
is greatly different.

The values of HTU; oy were predicted using
Seibert and Fair’s method'” and they agreed fairly well
with those determined from the experimental data as
shown in Fig. §. Physical properties used in the present
work are estimated as shown in Appendix 2 and are
listed in Table 5. Seibert and Fair’s method also pre-
dicted that HTU; oy decreases by changing the contin-
uous phase from the extract to the raffinate. This
phenomenon can be attributed to the larger hold-up of
dispersed phase due to the low terminal velocity caused
by the higher viscosity of the raffinate. Seibert and Fair’s
method can be a candidate model for use in the design of
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Fig. 5 Comparison of experimental and predicted HTU,, y

commercial plants, although evaluation of the method
requires further experimental work on both HTU; ,, and
the physical properties.

Conclusions

Trace amounts of acetaldehyde, ethyl acetate,
isoamyl alcohol, n-propanol and methyl ethyl ketone
were efficiently removed from the ethanol aqueous solu-
tion by the liquid carbon dioxide as solvent at tempera-
tures slightly below its critical temperature. Although a
certain amount of ethanol was dissolved into the solvent
simultaneously, the dissolved ethanol was easily recov-
ered by scrubbing the solvent with a small amount of
water.

HTU, , of some components in packed columns
were determined from the experimental data by a simple
calculational procedure devised by assuming the state of
infinite dilution of each component.

Appendix 1  Solving Eq. (6) by the orthogonal collocation method?

A polynomial approximation of N; , is given as follows.

N oy=bi+byz, +byz}+ - +b, 2! (A-1)
Differentiation of Eq. (A-1) in respect to z, yields
an,
Bl b dbz b = Bz (D
r

Since Eqs. (A-1) and (A-2) stand at collocation points, the following
equation can be derived.

Nin _an (A-3)
AN, i
dz, :
where
N, 1.0
Ninl.oa
N y= N
MYH|:=:C
0, 1,2z, 1, =, (ns= 1) 2572 \ [ 0,2, 1,271, oo, 207!
A= 0,1,22, 5, =, (ms—= 1) 252 || 0,22 222 =, 25!
0,1, zzr,n.s" ) (ns- 1) Z;‘l,xn_xz 0, Zr, ne Zz,n.v M) Z;l:vrr_s]
(A-4)

(2, 1 2y 25 +++» 2, ) are collocation points between 0 and 1 where (z, | =
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0, z, ,s = 1) are assumed.
Differentiation in Eq. (6) can be replaced by the following equation,
using matrix A.

dN

AN ze (A-5)
dz '
Substitution of Eq. (A-5) to Eq. (6) yields:
AN,
HTU, oy ZC'H =(A;-I)N,y+A;Ns|... M- A, YN,y
(A-6)
where
Ail:20:0,0, - 0 1 0,-+,0,1
, Al 0,00 0 , -, 0,
P ,L_}l n=| U] ye|© :0 L
0, 0,0, A,]-_ .. 1 0, 0,1
Solving Eq. (A-6) for N, 4, the following equation is obtained.
HN ;=A;Ns|._..1 (A-8)
where
H=HTU, o %~ (A= D)+ Ay (a-9)
Solving Eq. (A-8) for N; gl._ 4 ... N; gl. _ .. gives Eq. (11).
Appendix 2 Estimation of physical properties

Since the concentration of ethanol, water and trace components was
minimal in the light phase (liquid or supercritical fluid), the density and
viscosity of the light phase were approximated by the value for pure
carbon dioxide. The density of carbon dioxide was computed by a 21-
constant modified B.W.R. equation of state proposed by Huang et al.®)
which could predict the density with enough accuracy even in the
vicinity of the critical point of carbon dioxide. The viscosity of carbon
dioxide was estimated by the method of Jossi e al.¥

The density of the raffinate was estimated by the Patel-Teja'® equa-
tion of state with the mixing rule proposed by the authors. The vis-
cosity of the heavy phase was estimated by the following equation.

In(u)=2In(u?) x; (A-10)

The viscosity of each pure liquid at the same temperature (,u,.“) was
estimated by Andre’s equation using the parameter values listed by
Reid er al.'®

The diffusion coefficients were estimated by Wilke-Chang’s equa-
tion?”". An empirical factor of 0.87 was applied to the predicted values
for the diffusion coefficients in the light phase. The factor was obtained
by Paulaitis et al.'¥), comparing the results of the Wilke-Chang’s equa-
tion® with published values of diffusion coefficient for organic com-
ponents in supercritical carbon dioxide.

Although the data for surface tension for the carbon dioxide-water
system exists, there is no data for the carbon dioxide-ethanol-water ter-
nary system at 7-10 MPa. It is well known that the surface tension of
ethanol aqueous solution decreases as the concentration of ethanol
increases under ambient conditions. The present work presumed that
the surface tension decreases as the concentration of ethanol in the
heavy phase increases as expressed by the following equation.

Uelhannl ag., CO, = O-Hl(). CO, (O-clhanol aq., air/ o-Hl()‘ au'} (A-1 l)
where

(O ethanol ag., air ! On,o0. ai) = 1= 0.1541n (1 + 134.2 x5 free)

ethdnol

and

Ou,0,co,=22x107* N/m

When the concentration of ethanol in the heavy phase is 8 mol%, Eq.
(A-11) yields the value of 14 x 1073, N/m which is closed to the surface
tension obtained by Lahiere er al.'> by back-calculation from the drop
diameter.

Although the concentration of ethanol in the heavy phase changes
significantly in each column, the representative value of the ethanol
concentration listed in Table S for the column was used for the above
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prediction of HTU; oy for simplicity. The representative values were
approximated by averaging the concentrations at top and bottom of
columns.
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Nomenclature
A = matrix defined by Eq. (A-4) [-]
A = cross-sectional area of the extractor [m?]
A; = parameter of Eq. (5) (-]
a, = interfacial area [m%m?]
B; = parameter of Eq. (5) [-]
B = matrix defined by Eq. (14) [-]
b; = parameter for Eq. (A-1) [-]
D; = molecular diffusion coefficient [m%s]
Ex; = removal ratio of component-i
in the impurity extractor [-]
H = matrix defined by Eq. (A-9) [-1
H* = matrix defined by Eq. (12) [-]
h,-j = element of matrix H [-]
HTU; oy = Overall height per mass-transfer unit based
on heavy liquid phase for component-i [m]
= elemental matrix [-]
i = (=y,/x;) K-value for component-i [-]
kon = overall mass-transfer coefficient based
on heavy liquid phase [m/s]
k = individual mass-transfer coefficient [m/s]
N; = mole-flow rate of component-i [kg/s]
N = matrix defined by Eq. (A-4) -]
ny number of collocation point [-]
P = pressure [MPa]
R = gas constant [kJ/molK]
Rx recovery ratio at the solvent-scrubbing extractor  [-]
S = solvent flow rate [mol/hr]
T = temperature [K]
w = water flow rate [mol/hr]
wij = element of matrix (H*)™' [-]
X; = mole fraction in the raffinate [-]
¥ = mole fraction in the solvent [-]
z = distance from top of column [m]
2, = 7, =2 [-]
Ze = column length [m]
o = separation factor (= K, /Kj) (-1
Y = matrix defined in Eq. (A-7) [-]
n = matrix defined in Eq. (A-7) [-1
A = parameter defined in Eq. (7) -]
A = matrix defined in Eq. (A-7) -]
u = vlscoslty [kg/ms]
p = density [mol/L]
o = interfacial tension [N/m]
<Subscripts>
= raffinate
i = component identification number
J = component identification number
L = liquid phase
N = solvent
T = total
<Superscripts>
CO, free = carbon dioxide-free basis
0 = pure substance
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