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The separation of organic acids is very important, because
they are starting materials for chemicals, especially
biodegradable plastics. Their purities affect the cost and
quality of products. Takatsuji and Yoshida (1994) reported
that organic acids (citric acid and malic acid) were removed
well from wine by adsorption on weakly, basic ion exchang-
ers. The adsorption isotherms were expressed by the Lang-
muir equation. However, it was suggested that the equilibria
should be analyzed by considering more complex adsorption
reactions. In a previous article (Takatsuji and Yoshida, 1997),
we presented the theoretical equations for adsorption
isotherms of organic acids (acetic acid, malic acid, and citric
acid) on a weakly basic resin, DIAION WA30, in the single
component systems.

In the present work, we have investigated the equilibrium
isotherms for adsorption of organic acids on DIAION WA30
in the three sets of the binary systems prepared using the
acetic, malic and citric acids. It was assumed that these or-

scribed in the previous article (Takatsuji and Yoshida, 1997).
Since the equilibria for the binary systems were fully reached
in 7 days, the resin particles and the organic acid solutions
were contacted for 7 days. All experiments were carried out
at 293 K.

Results and Discussion

Adsorption of acetic acid and malic acid

Figure 1 shows the titration curves for the single and bi-
nary component systems which consist of acetic and malic
acids. The one point dashed and dotted lines show the theo-
retical ones for the single component systems of acetic acid
(Eq. 1) and malic acids (Eq. 2), respectively. The theoretical
equations were derived in the previous article (Takatsuji and
Yoshida, 1997)

K ,QlAH
ganic acids were adsorbed by the neutralization reaction with ga= AQIAH] a)
the fixed amino group of the weakly basic resin. By applying 1+ K,[AH]
0 (= Ky MHD{(1+ Ky [MH, D =/ (1+ K, [MH, D + 8K, [MH, 1O |
=7 8K, [MH, ] @

the mass action law and considering the material balance,
theoretical equations for adsorption isotherms were derived.
The experimental titration curves were compared with those
theoretical equations.

Experimental Studies

The ion exchanger used in this experimental study was a
commercial weakly basic resin DIAION WA30 (Mitsubishi
Chemical Co.). The experimental physical properties are
listed in Table 1. The resin particles were prepared as de-
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Table 1. Experimental Physical Properties of DIAION WA30

Unit molecular structure -CH-CH,-CH-
N
l &
~CH-  CH,N(CH,),
Particle diameter (m) 6.505x10"*
Apparent density (kg of wet resin/m’ 1,131
of wet resin)

Porosity 0.486

Water content (kg of water/kg of wet resin) 0.429
Saturation capacity of HCY, Q (kmol/m*®)  2.80
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(4. Qu (kmol/m? wet resin)

Figure 1. Titration curve for adsorption of acetic acid
and malic acid on WA30 in the single and bi-
nary systems.

(@) Acetic acid and (a ) malic acid in the single system; (o)
acetic acid and (2 ) malic acid in the binary system; (-—-)
Eq. 1; (-----) Eq. 2; ( ) Eq. 3; (——~—) Eq. 4.

where [AH] and [MH, ] represent the equilibrium concentra-
tions of undissociated acetic acid (C,H,0,) and malic acid
(C4HOs) in the liquid phase (kmol/m?®), respectively. g, and
g, denote the adsorbent-phase concentrations of acetic acid
and malic acid (kmol/m? of wet resin), respectively. Q is the
saturation capacity determined by measuring the equilibrium
isotherm of HCI (kmol/m>). K, (m*/Kmol). K,,, (m*/kmol)
and K,,, (m’/kmol)?, are the equilibrium constants and they
are shown in Table 2.

The solid and dashed lines show the theoretical ones for
the binary component system of acetic acid and malic acid.
The theoretical equations (Eqgs. 3 and 4) were derived by ap-
plying the mass action law to Eqs. A1~A10 given in Appendix
1

KA[AH]{\/(l + K [AH] + K,,,[MH, )*+8K,,,[MH, 10 — (1 + K [[AH] + KMI[MHZ])}

where p, VV and W are the apparent density of the resin (kg
of wet resin/m> of wet resin), the volume of the solution (m?)
and the weight of the wet resin particles (kg), respectively.
C,, and C),, are the initial concentrations of acetic acid and
malic acid in the liquid phase (kmol/m?), respectively. C, and
C)s are the equilibrium concentrations of acetic acid and
malic acid in the liquid phase (kmol/m®), respectively, and
they can be related with [AH] and [MH,] as follows

K,
C,=[AH]+[A ]=(1+m)[AH] (7)

Cy =[MH,]+[MH" ]+[M?]

1 Kmal
= + +
H"]

KmaleaZ
[H* P

)[MHZ] (8)

where pK,, pK, ,; and pK, ., are 4.56, 3.24 and 4.71 at 293
K, respectively (Martell and Smith, 1977). The condition of
the electroneutrality gives

[H*]1=[A"]+[MH™]+2[M?~ ]+[OH"}

Ka[AH] Kmal[MHz] ZKMIsz[MHZ] Ky

THT [H] [H T [H*]
(9

where Ky, is 0.682x 10 ** at 273 K. Using Egs. 3-9, Egs. 10
and 11 are obtained
QK fafs = Kafifs = Ky f1f)[AHF

wQ
+ {CAO(KAf4 + Ky f3) + (2CM0 - W) + K s +2K, 1,15

—fifs— Kle]fs}[AH]*‘CAo(f‘t + Ky fs)=0 (10)

[MH,]= —@i—fi an
fa

- (3)
14 4K 5, [MH, ]
o (U+K,[AH]- KMI[MHZI){(l + K ,[AH]+ K, [MH,]) - \/(1 + K ,[AH]+ KMI[MHZ])2+8KM2[MH2]Q }
= 4 4

Im =7 8Ky, [MH, | @
Considering the material balance for the organic acids in the where
batch system, Eqs. 5 and 6 are obtained

fi=1+—— (12)

pPV(Cy—Cy)=Wg, ) (H*]
Kmal Kmalea"
=1+ + - (13)
pV(Crpo = Co) = Wayy () 12 [H*]  [H*P
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Table 2. Equilibrium Constants of Adsorption of Acetic Acid, Malic Acid and Citric Acid

Adsorption of Acetic Acid (AH)

AH:
Equilibrium constant of Eq. Al K, (kmol/m?) 2.75x10°3
CH;COOH Equilibrium constant of Eq, Ad K, (m*/kmol) 15% 102
Adsorption of Malic Acid (MH,)
MH,:
Equilibrium constant of Eq. AS K, (kmol/m?) 5.75%x10 ¢
CIH(OH)COOH Equilibrium constant of Eq. A6 K, 0 (kmol/m?) 1.95%x1077
CH.COOH Equilibrium constant of Eq. A9 K (m®/kmol) 3.5x10¢
2 Equilibrium constant of Eq. A10 Ky [(m*/kmol)?] 2.1x107
Adsorption of Citric Acid (CH;)
CH;:
Equilibrium constant of Eq. A1l K., (kmol/m?) 135x1073
CIHZCOOH Equilibrium constant of Eq. A12 Ko (kmol/m’) 447x107%
Equilibrium constant of Eq. A13 K a3 (kmol/m ) 2.04x10°
f(OH)COOH Equilibrium constant of Eq, A17 Ko, (m¥kmol . 10 10°
Equilibrium constant of Eq. A18 K¢y kmol) 8.0x10
CH,COOH Equilibrium constant of Eq. A19 K. [(mékmol? 2.0% 1010
f3= K, [H"] (14) 3 3
! =@’ -—§-+\/—R7+af’ —E"'\/ﬁ (R>0)
4
f4 Kmal[H ]+2Kma1Kma2 (15) (r=0,1,2) (18)
et g+ 12 0+ rm
From Egs. 10~16, [AH] and [MH,] can be calculated by mea- (r=0,1,2) (19
suring pH in the solution.
The solid line (g ) and dashed line (g,,) in Figure 1 show .y
the theoretical ones calculated from Egs. 3 and 4, respec- w= _ ! (20)
tively. The values of K ,, K,;; and K,,, in the single compo- 2
nent systems given in Table 2 were used. The theoretical lines
correlate the data reasonably well. In pH < 3.5, the adsor-
bent phase concentration of acetic acid in the binary system 3
(q.4) shown by (—O—) decreased with decreasing pH. In pH r
<3, q4%=0. On the other hand, the absorbent phase concen- 1
tration of malic acid in the binary system {(g,,) shown by 2571
(—— & —-) coincided with that in the single component system = -
g p Y I
(---a---) in pH < 3. It will be noted that the malic acid may B |
be selectively adsorbed in the binary system of the acetic and = 2 Tk
malic acids. g -
5 |
. . N & 15t
Adsorption of acetic acid and citric acid = Rl
Figure 2 shows the titration curves for the single and bi- é i
nary systems of acetic and citric acids. The one point dashed o) 1k
and dotted lines show the theoretical ones of the single com- C-‘ ]
ponent systems of acetic acid and citric acid, respectively. i~ i
Those theoretical equations (Egs. 1 and 17) were derived in 05
the previous article (Takatsuji and Yoshida, 1997) [
0 2K%,[CH,] 0 '
gc=—+ 1-2K[CH ]+ ———— 0 1 7
€73 27KC3 cl 9K 3
2 4Ky 1 Kca 2 . W . : .
+|=— - A+ 3 Figure 2. Titration curve for adsorption of acetic acid
3 VKcKes  3Koi[CH,l 3K&,(CH, ) and citric acid on WA30 in the single and bi-
amn nary systems.
(D) Acetic acid and (®) citric acid in the single system; (0)
acetic acid and (01) citric acid in the binary system; (—--)
where Eq. 1; (-----) Eq. 17; (——) Eq. 25; (———) Eq. 26.
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R=-—4 +a’ 21
f __b 22)
COos = —
2V —a?
KZ, 2%KE," K&
= ———| K — —— |[CH, P+ ——[CH,] 2
4 32K”( o3k, [CH,] 3Ky [CH,1 (23)
2K2 Ky [ 23K
R Y o [ S
3*kZ, | 3K,
K2, [ 2K, )
S —— + CH 24
3Kes \ 33K s Qc |ICH,T (24)

where [CH,] represents the equilibrium concentration of
undissociated citric acid (CqHgO,) in the liquid phase
(kmol/m?). g, denotes the adsorbent-phase concentration of
citric acid (kmol/m® of wet resin). Koy (m%kmol), K.,
(m*/kmol)?, and K; (m*/kmol)® are the equilibrium con-
stants, and they are shown in Table 2.

The solid and dashed lines show the theoretical ones in the
binary component system of acetic acid and citric acid, and
those theoretical equations were derived as below. Applying
the mass action law to Egs. A1-A4 and Egs. A11-Al19 in
Appendix 1, Egs. 25-27 are derived

e e (25)
94 KC1[CH3]QC1
K¢ C3
=4t prrgde T 2 26)
dc = 4qcy KE;I[CH3]qC1 Kgl[CH3]2qC1
3 2K K,ICH,l R
%n+—**§E;T"~ﬂa
. K3,[CH,](1+ K, [AH] + K,[CH;])
3K, qdc1
KZ,[CH,;FQ
- o0 @D
3Kes

where g, denotes [R-NH* CHJ ]. Considering the material
balance for the organic acids in the batch system, Egs. 5 and
28 are obtained

pV(Cpry—Cc) =Wyq, (28)
where C, and C, are the initial and the equilibrium con-

centrations of citric acid in the liquid phase (kmol/m?), re-
spectively. C- can be correlated with [CH,] by Eq. 29

C.=[CH,;]+[CH; ]+[CH? ] +[C?"]
Kcal KcachaZ Kcacha2Kca3
=" m T [ T [CH,] (29
AIChE Journal
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where pK.,,, PK,,, and pK,; are 2.87, 4.35, and 5.69 at 293
K, respectively (Martell and Smith, 1977). The condition of
the electroneutrality gives

[(H*1=[A"]+[CH; ]+2[CH?*" ]+3[C3* |+[0OH "]

_ Ka[AH] Kcal[CH3] 2Kca1K5a2[CH3]
[H"] [H*] [H* )
3Kca1Kca2Kca3[CH3] KW
30
+ T +[H+] (30

Using Egs. 5, 7 and 25-30, Egs. 31 and 32 are obtained
2 2 v 2 3
3K fef1— Kififs 2K Ko fif7 + WKczfl f7|[AH]

2pV
+{| K3fs +2K Kei fr =~ —Keafif1|Cao +3K5£3Cco
w

+3K fofo— Kfi1fs = 2K Keififs

pV wQ
+ 5 Keafifs = WKifs}[Ale
2pV
+ | Kafs +2K Kcifo— ‘_W_Kc2f1f9 Cao

pV . pV 5
+ _W—Kc2f7CAo [AH] + —W-KczfgcAo =0 (31

AH]+
fon,) - A S @
fs
where
Kcal KcachaZ KcachaZKcaS
=1
f6 + [H+] + [H+ ]2 + [H+ ]3 (33)
fr=KJH*F (34)

f8=Kcal[H+ ]2+2K KcaZ[H+]+3Kca1Kca2Kca3 (35)

cal

fo=H* (K, —-[H"P) (36)

From Egs. 31-36, [AH] and [CH;] can be calculated by mea-
suring pH in the solution.

The solid line (g,) and dashed line (g.) in Figure 2 show
the theoretical ones calculated from Eqs. 25 and 26, respec-
tively, and they correlate the data reasonably well. The values
of K,, K¢y, Kcp, and K5 in the single component systems
listed in Table 2 were used. g, (—O—) showed a peak
around pH = 3.7. In pH < 3.5, g, = 0. g¢ (-~—0O--) increased
with decreasing pH. In pH < 3, it was close to that in the
single component system (----#----). It can be assumed that
the citric acid may be selectively adsorbed in the binary com-
ponent system in pH <3.5. In pH >4, g ;= qc.

Adsorption of malic acid and citric acid

Figure 3 shows the titration curves for the single and bi-
nary systems of malic and citric acids. The one point and
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Figure 3. Titration curve for adsorption of malic acid and
citric acid on WA30 in the single and binary
systems.

(a) Malic acid and (B) citric acid in the single system; (&)
malic acid and (O) citric acid in the binary system; (---) Eq.
2, (-----) Eq. 17, ( )} Eq. 37; (——~) Eq. 26.

dotted lines show the theoretical ones of the single compo-
nent systems of malic acid and citric acid calculated from Eqgs.
2 and 17, respectively. The solid and dashed lines show the
theoretical ones for the binary component system of malic
acid and citric acid, and those theoretical equations were de-
rived as below. Applying the mass action law to Egs. A5S-A19,
Egs. 26, 37, and 38 are derived

3 K, [MH,] . Ky, [MH,] 5
dm K,[CH,] qci KéI[CH3]2 qci

37

- 2Ky K [MH, 1 2K K,[CH, Y
qct 3Ky 3K, dci
K&, [CH,;1(1+ K, IMH, ]+ K,[CH,])
+ qc1
K2 ICH,P?
_M_—_O (38)
3Ky

Considering the material balance for the malic and citric acids
in the batch system, Eqs. 6 and 28 are obtained, respectively.
The condition of the electroneutrality gives

[H*1={MH"]+2[M?~ ]+ [CH; ] +2[CH?*" ]+3[C>" ]

Kmal[MHZ] 2Kma1Kma2[MH2] KCHI[CH3]
+[OH™ |= +
LR 1=y TR (H7]
2K, K.,[CH,] 3K,,K.,.K.,;/CH K
+ cal 2[2 3] 1 2 33[ 3] :1-’ (39)
[H*] [H*] [H*]
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Using Egs. 6, 8, 26, 28, 29 and 37-39, Eqgs. 40 and 41 are
obtained

4pVC, o K-
(MH,] = MO 2@2 _ €0
4pVK o f1 + WKy (d* - 1)
IMH, ]+
[CH,] = [ulMH1+ /5 (1)
fs
where
fl() = Kvmalu’{+ ]2+2Kma1Kma2[H+ ] (42)

The value of d in Eq. 40 can be obtained by solving the fol-
lowing equation (Eq. 43)

w 4 3
WKMIKCZde

w
+ z_p;(K:ﬂKczfg ~2K31 Kyo Kei fo = Kipi Kya f)d?

+ <(K1%41KM2KC2f10 +2K5, Ko f3)Coro + 3K 51 K32 f5Ceo

3K Ky fs
- (K1%41KM2KC1f9 +

2 2 w
+ KKy fsQ ;—I;

+3K 5 K fofo + K/%IIKMZKCZfo9>d2

+ {(ZKl%/IIKMZKC2f10 — 4Ky K52 Ky fro + 2K K2 f)Caso

KinKeofo  KiynKyafs\ W
+(K£41KM2KC1f9‘ +

2 2 oV
~ 4K Ko Koo fofo + 2K, Kpn Koo fo fo ‘2KM1K1%42f2f8}d

12pV

+(K1%41KM2KC2f10_—4KM1KA212KC1f10+ W K[%'sz()fl()) "m0

12pV 2 g2
+ “W‘“‘Kszzfs"?’KMlKszs Ceo
/
12pV KinKerfs
+7K1%42f2f6f9+(KA341KM2KC1f9__——4__

K31 Ko fy w
+————+ Ki K fs0 |~
2 oV

3K Ko fofo = 4K Kipn Koy fofo + Ky Kya Kea fo f
= 2Ky Ko fofs = 4K, f2 fsQ =0 (43)

From Egs. 40-43, [MH,] and [CH,] can be caiculated by
measuring pH in the solution.

The solid line (g,,) and dashed line () in Figure 3 show
the theoretical ones calculated from Eqgs. 37 and 26, respec-
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tively, and they correlate the data reasonably well. The values
of Ky, Kyayo Ke1y K¢, and K5 in the single component
systems listed in Table 2 were used for the theoretical calcu-
lations. Around pH = 3.3, q,, (— & —) showed a peak but in
pH < 2.3, it increased with decreasing pH. g. (-—0—-) in-
creased with decreasing pH. The citric acid was selectively
adsorbed in the binary system of the malic and citric acids in
pH < 3.3. However, the malic acid was adsorbed even when
low pH. This is totally different from the behavior of acetic
acid in the binary systems of (acetic acid +malic acid) and
(acetic acid + citric acid), that is, acetic acid was adsorbed lit-
tle in low pH. In addition, in pH > 3.3, g,, = qc.

Notation

K, = equilibrium constant, kmol/m>

K , = equilibrium constant, ms/kmol
K, .; = equilibrium constant, kmol/m
K, > = equilibrium constant, kmol/m
K1 = equilibrium constant, m*/kmol
K s> = equilibrium constant, (m3/kmol)2
K, = equilibrium constant, kmol/m
K_,,»= equilibrium constant, kmol/m
K_,;=equilibrium constant, kmol/m*

Q = saturation capacity for adsorption of HCl, kmol/m>

ca2™
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Appendix 1: Neutralization Reactions Between
Amino Groups Fixed in the Resin Phase and
Organic Acids in the Liquid Phase

AH
AH=—=H"*+A" (A1)
K
R-N+H* :‘R—NH+ (A2)
R-NH* +A~ =—=R-NH*A" (A3)

Equation A4 is obtained by summing Eqs. A1-A3.

K
R-N+AH=—2=R-NH*A"~ (A4)

MH,
MHZ\KMI‘HH-MH’ (A5)
MH™ ===H"*+M?*" (A6)
R-NH* + MH~ ==R-NH * MH - (A7)
2R-NH* +M?~ == (R-NH" ),M?~ (A8)

Equations A9 and Al0 are obtained by summarizing Eqgs.
AS5~AS8 and A2.

H*MH™ (A9
2R- N+MH2\ = (R-NH* ),M?" (A10)
CH,
Kca]
CH,=——H"+CH, (All)
Kcaz
5 =—=H"*+CH?" (A12)
Kca
CH?- —3’H+ +03- (A13)
R-NH* +CHj; = —=R- NH*CH; (A14)
2R-NH* +CH?~ == (R-NH"),CH?*" (A15)
3R-NH* +C*~ —==(R-NH"),C*~ (A16)

Equations A17-A19 are obtained by summing Eqs. A11-Al6
and A2.

CH; (A17)
RN+ CH, —== (R-NH*),CH?" (A18)
3R- N+CH3\ 2 (R-NH*),C*~ (A19)
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