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ABSTRACT

Ion exchange equilibria and kinetics are determined for lysine adsorption
on the strong acid cation exchanger Dowex HCR-W2. Average ion
exchange selectivity coefficients of 5.0 g/ em® and 0.75 are obtained for
the ion exchange of divalent and monovalent cationic lysine with hydro-
gen ion, respectively, while values of 1.5 and 1.9 are obtained for the
exchange of ammonium and potassium with hydrogen ion. A model
based on these binary ion exchange measurements and accounting for
the solution equilibria is then developed to predict lysine adsorption
over a broad range of conditions. Similarly, resin phase diffusivities are
determined by fitting batch binary ion-exchange data with a mass transfer
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model based on the Nernst-Planck equations. Diffusivities of divalent cat-
ionic lysine, monovalent cationic lysine, ammonium ion, and potassium
ion are 0.05 x 107%,0.20 x 107°, 1.6 x 10°°, and 1.9 x 10 ®cm?/s,
respectively. Finally, a general rate model incorporating ion exchange
and solution equilibria is developed to predict batch adsorption and
desorption of lysine using these diffusivity values over a broad range
of conditions.

Key Words: lon exchange equilibria; Ion exchange kinetics; Zwitter-
ionic species; Lysine adsorption.

INTRODUCTION

Ton exchange plays a central role in the industrial production of amino
acids and is especially critical in the manufacture of lysine, one of the largest
industrial fermentation products."'! Amino acids are zwitterionic and can be
positively charged, neutral, or negatively charged depending on the solution
pH. As a result, amino acids that are bound to a cation exchange resin at low
pH can be desorbed by raising the pH to a value where the amino acid
becomes negatively charged. For practical and economic reasons, ammonia
is often used for this purpose. Rational design and optimization of such ion
exchange processes requires a knowledge of both the ion exchange equilibrium,
which determines the maximum resin loading capacity; and the ion exchange
kinetics; which determine the dynamic binding capacity as a function of flow
rate as well as the time and amount of desorbent required for elution. As a
result, a quantitative understanding of these two factors is critical.

The ion exchange equilibrium of several neutral and acidic amino acids on
cation exchangers has been investigated by a number of authors.””>~7! As shown
by these authors, amino acid adsorption on cation exchangers occurs via the
stoichiometric exchange of amino acid cations. Accordingly, there is no signifi-
cant binding of the zwitterionic species indicating that the proximity of positive
and negative charges in the zwitterion prevents a favorable electrostatic inter-
action with the negatively charged functional groups in the resin. Equilibrium
models also have been developed, including models based on the homo-
geneous and heterogeneous mass action law for ion exchange!'?~®®*! and activity
coefficients—based models where partitioning of all cationic, anionic, and
zwitterionic species between the resin and the solution phase is described
explicitly.”!

The kinetics of ion exchange of certain neutral amino acids in cation
exchange resins has also been studied. The intraparticle diffusivities of the
amino acids alanine, a-aminobutyric acid, leucine, and phenylalanine were
determined by Jones and Carta' for sulfonated poly(styrene-divinylbenzene)
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(DVB) cation exchange resins with degrees of cross-linking between 2% and
10%. For resins with 8% cross-linking, these authors found diffusivities
between 0.01 x 107> and 0.001 x 10™°cm?/s, corresponding to ratios of
resin and solution diffusivity, D/DO, in the range 0.07 to 0.005. These
results suggest that diffusion of the bulkier amino acids in these resins is
hindered to a much greater extent than that of small inorganic ions, for
which D/D° is around 0.1.""%'" A similar result was obtained by Melis
et al.'% for the diffusivity of proline in an 8% DVB resin (D/D° = 0.03).
Jones and Carta'® also provided an empirical correlation to predict amino
acid diffusivities in cation exchange resins as a function of their molar volume.

Although no data seems to be available in the literature on the resin-phase
diffusivity of divalent amino acid cations, the diffusivities of divalent
inorganic ions are known to be much smaller than are the corresponding
values for monovalent cations, or about 1/100 of the solution diffusivity
value.""!" As a result, the resin-phase diffusivity of amino acids with a posi-
tively charged side chain can also be expected to be substantially smaller than
that for the cations of amino acids with uncharged side chain.

Ion Exchange Lysine

Limited data are available in the literature on the ion exchange of lysine or
other divalent amino acids. Kawakita et al."'?! studied the equilibrium uptake
of lysine on cation exchange resins with degree of cross-linking between 4%
and 16% in ammonium form. Uptake isotherms were obtained at high pH
(~6), where only monovalent lysine and ammonium ion are present, and at
low pH (pH ~ 0.8—1), where only divalent lysine is present. The ion exchange
equilibrium of lysine with an 8% cross-linked resin in hydrogen form has also
been studied by Dye et al.'*! These authors considered the exchange of mono
valent/divalent lysine mixtures at intermediate pH values but only for the
hydrogen form of the resin.

No values of the resin phase diffusivity of lysine cations seem to have
been reported in the literature, although the ratio D/D0 can be estimated
from the correlation of Jones and Carta.”” The solution diffusivity of
lysine, D°, can be estimated from the Wilke-Chang equation"® to be
0.69 x 10 >cm*/s using a molar volume of 171cm’/mol based on the
LeBas volumes. For an 8% cross-linked resin in hydrogen form, the Jones
and Carta correlation yields D/D°=0.031 or D;,. = 2.1 x 1077 cm?/s.
The resin phase diffusivity of divalent lysine cannot be estimated from this
correlation. However, based on the known behavior of inorganic cations,
we can expect Dy .+ to be substantially smaller.

The objective of this paper is threefold. The first objective is to provide a
consistent set of ion-exchange equilibrium data for a system comprising
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lysine, ammonia, potassium, and hydrogen ion over a broad range of pH. Data
for several binary ion exchange equilibria are obtained and equilibrium con-
stants are derived taking into account the ionic distribution of lysine and
ammonia species in solution. The second objective is to characterize the
kinetics of ion exchange by performing batch experiments for conditions
where monovalent lysine, divalent lysine, and their mixtures are present.
Finally, the third objective is to develop a model to describe ion exchange
equilibria and kinetics in these multicomponent systems. The application of
these models to predict the behavior of single column systems is discussed
in Part II of this work while the application to multicolumn merry-go-round
systems for lysine recovery is discussed in Part III.

MATERIALS AND METHODS

The resin used in this work is Dowex HCR-W2 (Dow Chemical Co.,
Midland, MI), a typical gel-type poly(styrene-divinylbenzene) cation exchanger
with a nominal DVB content of 8% and sulfonic acid functional groups. The
mean particle diameter of the hydrogen form resin is 714 pum as determined
from microphotographs. The dry weight of the resin in H-form is
0.48 g dry/g of hydrated resin, while the density of the resin beads in hydrogen
form is 0.65 gdry/cm’ of hydrated particle. The total ion exchange capacity of
the resin was determined to be 5.3 + 0.2mequiv/g dry H-form resin. These
values are consistent with previous determinations in our laboratory.*!

L-lysine was obtained from Ajinomoto Co., Inc. (Raleigh, NC). Potas-
sium chloride was purchased from Sigma Chemical. Co. (St. Louis, MO),
while ammonium hydroxide and ammonium chloride were purchased from
Fisher Scientific Co. (Pittsburgh, PA). Actual lysine fermentation broths
contain many cationic impurities. However, potassium can be used as a repre-
sentative interfering species.!'¥ Thus potassium chloride and potassium
hydroxide were also obtained from Fisher and used in this work.

Ion exchange equilibria were determined by a batch method. Solutions con-
taining lysine, ammonia, and potassium ion were prepared with constant concen-
trations of chloride ion using stock solutions of free-base lysine, lysine
hydrochloride, ammonium hydroxide, potassium chloride and hydrochloride
(HCL). Aliquots of these solutions (10 mL) were than added to test tubes contain-
ing various amounts of wet H-form resin, which were centrifuged at 3000 rpm
for 10min in a perforated centrifuge tube to remove interstitial water. The
tubes were rotated for 4 hours, which was sufficient to reach equilibrium as indi-
cated by batch experiments where the solution concentrations were monitored as
a function of time. The amounts adsorbed by the resin were calculated from the
residual composition of the solution phase using a material balance.
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The HPLC analyses were used to determine the concentrations of ammonia,
lysine, and potassium ion with an Alltech Associates, Inc. (Deerfield, IL) Uni-
versal Cation ion-exchange column (4.6 x 100 mm). The mobile phase was a
6 mM aqueous solution of methane sulfonic acid (Sigma Chemical Co., St.,
Louis, MO) and detection was with a waters Model 430 conductivity detector
(Waters, Milford, MA) without ion suppression. The sample size was 5 L.

Ion exchange rates were measured in a 100 mL agitated and thermostated
glass vessel at 22 + 2°C. The vessel is equipped with a magnetically driven
Teflon impeller, which rests on the vessel’s conical bottom preventing
damage to the particles while ensuring their complete suspension and mixing
of the solution. The agitation rate was approximately 300 rpm. To conduct the
experiments, samples of solutions containing a selected counterion were
added to the vessel and allowed to reach thermal equilibrium. Preweighed
resin samples were then quickly added and the course of the exchange
process monitored by taking 0.5 mL samples and analyzing them by HPLC,
as described previously. Ammonium and sodium ion exchange kinetics
experiments were also followed by continuously monitoring the electrical
conductivity of the solution using a conductivity meter (Orion Research,
Model 135A) with a probe dipped in the agitated vessel.

EXPERIMENTAL RESULTS AND MODELING

Ion Exchange Equilibria

In solution, lysine and ammonia dissociate according to the following
reactions and equilibrium ratios:

Crys+ C
Lyst™ = Lys™ + H, K, = 24"
CL}'S++
Crys: C
Lyst = Lys* + H, K, =2 -1"
Cryer
Crys-C
Lyst = Lys™ + H", K3=-2 "
CLyXi
Cnu,C
NH; == NH; + Ht, Ky = —2h=H"
CNH+
4

The distribution of the different species is a function of pH and is shown in
Fig. 1, based on K-values from Ref.">!. It can be seen that at pH values
below 1 lysine exists predominately in divalent cationic form, while at pH
values above 4, monovalent lysine form is the dominant cationic form.
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Figure 1. Distribution of lysine (a) and ammonia (b) species in solution as a function
of pH calculated with values of pK; = 2.18, pK, = 8.95, and pK3 = 10.53 for lysine
(pI = 9.74) and pKy = 9.25 for ammonia from Ref.""!,

Between pH values of 1 and 4, monovalent and divalent cationic forms
coexist. Ammonia, on the other hand, is a stronger base and completely
dissociates to NH5 above pH 10.5.

The lysine adsorption isotherm by the hydrogen form resin over different
ranges of solution pH is shown in Fig. 2a. These experiments were done at
three different but constant levels of the chloride co-ion, namely O0M,
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Figure 2. Adsorption isotherms for lysine on hydrogen form resin with Co- = 0M,
0.15M, and 0.35M. (a) Amount of lysine adsorbed; (b) solution pH. Lines are

predicted from equilibrium model.
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0.15M, and 0.35 M. As a result, the pH varied with lysine concentration for
each set as shown in Fig. 2b. This was not the case, however, for 0 M chloride.
For these conditions, the pH was always close to the isoelectric point of lysine
(~9.74) as no other buffering species were present. As is seen in Fig. 2a, at the
high chloride concentration, the lysine adsorption isotherm is favorable and
approaches a maximum capacity close to one half of the total resin capacity.
For these conditions, the pH remains low and lysine uptake occurs via the
stoichiometric exchange of divalent lysine cations and hydrogen ion. Near
the isoelectric point (O M chloride), however, the isotherm becomes practi-
cally irreversible with an uptake capacity close to the total resin capacity.
Here the uptake process is controlled by the exchange of monovalent lysine
cations and hydrogen ion. For these conditions, since the hydrogen ion
concentration is very low, the lysine uptake isotherm is nearly rectangular.
Finally, at the intermediate chloride concentration, the uptake isotherm is
S-shaped going from the favorable divalent lysine-hydrogen ion exchange
behavior at low lysine concentration to the monovalent lysine-hydrogen ion
exchange behavior at high lysine concentrations. For intermediate lysine
concentrations both exchange reactions take place.

In order to model this complicated behavior, it is necessary to analyze the
results for the individual binary ion exchange equilibria. These are shown in
Fig. 3a—d plotted in the usual form in terms of ionic fractions for the binary
systems Lys™ " /H", Lys*/NHZ, NHS/H" and K*/H*. It should be noted
that it is not possible to obtain reliable data for the Lys* /H* exchange equilibrium
in a direct way since at the pHs required to have lysine exclusively in monovalent
cationic form, the hydrogen ion concentration is so low that the lysine uptake
isotherm is practically irreversible. However, the equilibrium for this binary can
be extracted by comparing the data for the Lys*/NHZ and NH; /H" binaries.

As seen in Fig. 3a, the Lys™ " /H" exchange is highly favorable consistent
with the behavior of divalent inorganic cations.''” The exchange of ammo-
nium ion and potassium ion for hydrogen ion is also favorable although the
selectivity is not as high as for divalent lysine, since the electro selectivity
effect is not present in these monovalent exchanges. On the other hand, the
Lys™/NHJ is distinctly unfavorable.

The relevant binary ion exchange reactions are given by the following
equations:

2 RH + Lys™ == R,Lys + 2H"
RNH,4 + Lys™ == RLys + NH;
RH + NH] = RNH, + H*
RH + K" == RK + H"
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Figure 3. Equilibria for:

(a) divalent lysine-hydrogen ion exchange with
Ccr- = 0.56 M; (b) monovalent lysine-ammonium ion exchange with Co- = 0.2 M;
(c) ammonium ion-hydrogen exchange with Cg- = 0.28 M; and (d) potassium
ion-hydrogen exchange with C¢- = 0.28 M.

The corresponding mass action law selectivity coefficient expressions are

2
S qLys++ CH*
Lyst+/H+ = >~ —
q Ht C Lyst+
s qryst Cwmy
Lyst/NH} =
/NH QNH;r CLys+
qNH} Cu+
SNHJ JHY = TGt
qua+CNH;
qK+ C H+
Sk+ JHt =

qH+CK+

(1

2

(€)

(4)
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In these equations C; and ¢; are the solution and the resin-phase concen-
trations, respectively. The selectivity coefficient for the monovalent lysine-
hydrogen ion exchange can be obtained by combining Eqs. 2 and 3, yielding

QLstr CH +

Styst/H+ = = Spyst /NHF X SNH? /H* (5)

qH+ CLyfr
Average selectivity values obtained by fitting Eqgs. 1—4 to the data are summa-
rized in Table 1 and curves calculated accordingly are shown in Fig. 3. It can
be seen that these constant-selectivity curves provide a good fit of the data in
most cases. An exception is the exchange of monovalent lysine for which the
selectivity decreases significantly as the ionic fraction of lysine in the resin
phase increases. This effect has also been seen for the exchange of other
monovalent amino acids.”*~>7! While thermodynamic nonidealities are prob-
ably contributing factors, steric or size exclusion effects and adsorbate-adsor-
bate interactions are likely more significant causes of this behavior. In fact, it
should be noted that full saturation of the resin with monovalent lysine
requires the resin to contain 5.3 mmol/g dry resin or about 0.77g/g dry
resin. Since the resin in H-form contains approximately only 0.5 g of water
per g of dry resin, it is not surprising that deviations from ideality due to
steric hindrance and adsorbate-adsorbate interactions occur at these high
lysine loadings.

As suggested by Carta et a a heterogeneous ion-exchange model
can be used for an empirical description of these effects. Following the
formulation of Melis et al.''®! with the assumption that ion exchange occurs
on distinct functional groups having different selectivity, ion exchange equi-
libria are described by the following equations:

1.8

J liziyj(X )Z‘
j 90 (X))
s o= () oLl 6
I/H (CO) (Yp )X ©
N
Yovi=1, j=12...n (7)

Table 1. Selectivity coefficients for ion exchange with H*.

Species Si/mr S St/
Lyst+ 5.0g/cm’

Lys* 0.75 15 0.27
NHF 1.5

K+ 1.9
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where Y /u+ 18 the selectivity coefficient for exchange of ion i and H" on group
J» Y2 = ziq]/qb is the ionic fraction of ion i on group j, ¢§ is concentration of
groups j and n is the number of functional group types. This model was
fitted to the monovalent lysine data assuming n =2 and ¢j = g8 = 0.5 qo.
In this case, the average selectivity coefficient S; /- is given by:!'¢!

Sijn+ = Sz'l/H+Sz'2/H+ ®)

The fitted values of S in+ /- and S%ys+ s+ are given in Table 1 and the cal-
culated line is shown in Fig. 3b. Clearly, the heterogeneous exchange model
provides an improved fit, although a significant algebraic complication is
introduced. However, it should be noted that despite the success of the
model in fitting the data, the physical meaning is not exactly defined since
all potential sources of nonidealities leading to nonconstant selectivity are
lumped into the heterogeneous model parameters.

In order to complete the general description of ion exchange equilibria it
is necessary to combine the solution equilibrium expressions for lysine and
ammonia with those for ion exchange equilibrium. In the general case, the
charged lysine species and ammonium ion concentrations are given by:

Crys+ = CLysz 3 ©)
: 1+(K]/C[.ﬁ)+(K1K2/CH+)+(K|K2K3/CH+)
CLvs

Cpyst = ! 10

BT (Cur /KD + (K2 /Cr) + (KaK3 /C2) (10
CL s

Crys- = Y 11

B = Y (G JK) + (G J KoK + (G /K0 Ka) (1
Cy

Cyppr = ——2 12

NH 1+ (Ky/Cr+) (12)

where Cp,; and Cy are the total lysine and total ammonia concentrations. In
turn, these concentrations are bound by the electroneutrality condition,
which is given by

2CLys++ + CLyﬁ + CNHI + Ck+ + Cy+ = CLys’ + Ccar- + Con- (13)

This equation combined with Eqs. 9—12 can be solved for Cy- if the total
lysine, total ammonia, and potassium ion concentrations are known. Once
the concentrations of individual charged species are calculated, they can be
inserted in Eqgs. 1 -4 or 67 in order to calculate the resin-phase composition.

The solid lines in Fig. 2 show the results of these computations. It can be
seen that there is an excellent agreement between experimental and predicted
lysine uptake as well as between experimental and predicted solution pH.
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Although not shown here, predictions for several other conditions were also
successful.!'”!

Ion Exchange Kinetics

Batch ion exchange curves showing the solution concentration as a func-
tion of time are given in Fig. 4 for the following conditions: uptake of divalent
lysine on ammonia form resin (Fig. 4a); adsorption of monovalent lysine on

(@) Lys"-NH, (b) Lys"-NH_*

. O
) |
L ]
.| .f
0.05 ®  Total Lysinc ®  Total Lysine
B Total Ammonia B Total Ammonia
Model Model
0 o
0 1000 2000 3000 4000 0 1000 2000 3000 4000
Time (s) Time (s)
03 03
(c) NHA’AH‘ (dyK"H

025

02

015

(o %]

01

0.05 ®  Hydrogen Ton 0.05 ® Hydrogen fon
B Total Ammonia B Potassium lon
Model Model
o 0
0 100 200 300 o 100 200 300
Time (s) Time (s)

Figure 4. Batch uptake curves for: (a) divalent lysine on ammonia form resin
with C¢- = 0.56 M and M = 6.0 g; (b) monovalent lysine adsorption on ammonia form
resin with Cg- = 0.20M and M =3.3g; (c) ammonia adsorption on hydrogen
form resin with C¢- = 0.28 M and M = 5.1 g; (d) potassium adsorption on hydrogen
form resin with Co;- = 0.28M and M =2.0g.
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ammonia form resin (Fig. 4b); adsorption of ammonia on hydrogen form resin
(Fig. 4c); and adsorption of potassium on hydrogen form resin (Fig. 4d).
Experiments were conducted with a minimum of two different ratios of the
resin mass to solution volume and yielded consistent results."'”! The most
noticeable effect is the large difference in the rate of ion exchange, which is
slowest for the divalent lysine-ammonia exchange (Fig. 4a) and fastest for
the potassium ion-hydrogen ion exchange (Fig. 4d). It should be noted that
the divalent lysine experiment actually involves the exchange of the three
species Lyst*, NHZ{, and H" since the pH is ultimately quite low.

For these fairly concentrated solutions and with the relatively large size of
the Dowex HCR-W2 particles, the kinetics of ion exchange can be assumed to
be controlled by intraparticle diffusion.!'®'"! The following equations and
boundary conditions can thus be used to describe the ion exchange kinetics.

For the resin beads:

oqrys 1 0,

% = ﬁ& [r (]Lyﬁ + Jryst+ )] (14)
gy 19,
> —ﬁa[r (Ingr + JInms )] (15)
aqK+ 10 2

=—=—[r(Jg+ 16
I U] (16)
8qux 8qN 36] K+

= O’ = = = 17
" or ar ar (17)
r=Tp, qLys = Gl N = Gys K+ = G+ (18)
1 =0, qry = Gy GN = qN- 4K+ = G+ (19)

where
qrys = qLyst + qrys++ (20)
4N = qnu; t qNH; 21
qo = qu+ + g+ + qNHI + qLys+ + 2qu5++ (22)
For the solution:

dCy  3M
“a v, ryst+ + Jryst )=, (23)
dCy M
@ v, Ungrr + Inms)l =, (24)
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dCg+ 3M
= ———(Jx)l— 25
dt Vrp( K )|r7r], ( )
t=0, Cpy=C},.Cy=Cy.Cx+ =Cp. (26)

In these equations, , is the particle radius, g7 and ¢} are the interfacial
and initial resin compositions, respectively, M is the mass of resin, V is the
solution volume, and the C? is the initial solution concentrations. According
to the Nernst-Planck model, the counterion fluxes and electrostatiscally
coupled and can be expressed as''!)

1 & g
Ji=— E D; 2 27
Zi = Z] J or ( )

where N is the number of counterions and:
_ Di(D; = Dy)zqi
Y il 22Degi
_ Di(Di — Dy)z2q;
> i 2 Dwgi

Dy is the diffusivity of a reference counterion, e.g., H". These equations
neglect the presence of zwitterionic and negatively charged lysine in the
resin, as these species are expected to be largely excluded due to steric and
Donnan potential effects. Unprotonated ammonia, however, is considered.
Its effect was not important in the batch experiments, but was found to be
significant in column experiments as discussed in part II of this paper.
Thus, it is included for completeness.

In the following discussion we consider the special case of simultaneously
diffusing lysine, ammonia, and hydrogen ion, which is relevant to the experi-
ments in Fig. 4. For this system it should be recognized that dissociation of
divalent lysine could also occur in the resin phase. Combining the expressions
for the selectivity coefficient for divalent and monovalent lysine (Eqs. 1 and 2)
with the expression for the dissociation constant of divalent lysine in solution
we obtain:

Di,j = for i # ] (28)

Di,i = Di for i :] (29)

K; _ Kl SLys‘*’/H‘*’ _ qLystqH+ (30)
SLys**/H* qus++

Using the known pK,-value and the average selectivity coefficient values and
converting Sy,s++/H" to a volume/volume basis using the resin density, we
obtain pK} = 3.00. This represents the dissociation constant for divalent
lysine in the resin phase. It is somewhat different from the value in solution,
but this can be expected because of the high ion concentration in the resin
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phase and the effects of the elastic polyelectrolyte matrix, In any case, this
relationship introduces a further coupling of diffusion fluxes, which can be
handled as discussed by Hwang and Helfferich!'® for the general case of
ion exchange accompanied by fast reversible reactions. By combining Eq.
30 with Egs. 22 and 20, we obtain:

(CIO - QNH:r )CILys* - qistr
Ki + ZQLstr

(C]() - QNH:r )quSJr - qistr
K i + 2QLys+

@31

qrLyst+ =

qLys = qLys+ + (32)

In turn, these relationships can be used to express the partial derivatives
of g5 and g, s+ appearing in Egs. 14 and 27 in terms of g;,,+. For brevity, the
final equations are omitted but can be found in Ref.!'”). The resulting
equations were solved numerically to obtain the concentrations of ammonium
ion and monovalent lysine in the resin. We used a finite difference method
described in Ref.!"”' to discretize the partial differential equations and subrou-
tine DIVPAG of the IMSL Mathematical and Statistical Libraries (Visual
Numerics, Inc., San Ramon, CA) to solve the resulting system of ordinary
differential equations. This subroutine used Gear’s method for stiff systems
of equations. The interfacial composition was calculated at each integration
step by calculating the solution pH and equilibrium composition as previously
described.

Individual diffusivities in the resin were determined by fitting the numeri-
cal solution of these equations to the experimental data and are given in
Table 2. In order to reduce the fitting problem to a single parameter, the hydro-
gen ion diffusivity, Dy, was assumed to be 1 x 107 cm?/s according to
literature data for 8% DVB cation exchange resins (see Ref.). As seen in
Table 2, the diffusivity of divalent lysine is much smaller than that of mono-
valent lysine, which is consistent with the behavior of divalent inorganic ions.

Table 2. Diffusion coefficients in solution and resin phase.

Species DY (1073 cmz/s) D; (107 cm/s) D,-/D?

Lys™™ 0.69® 0.050 0.0070
Lys* 0.69® 0.20 0.029
NHZ 1.6® 1.8 0.095
K" 2.0® 1.6 0.11

@Estimated from Wilke-Chang equation.
ORef 131,
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In turn, the diffusivity of monovalent lysine is much smaller than that of
ammonium and potassium ion. This occurs because of the large size of the
lysine molecule, which causes its diffusion in the resin to be severely hindered.
The ratio D;/ D? is also shown in Table 2 along with the solution diffusivities,
This ratio is about 1/200 for divalent lysine and about 1/30 for the mono-
valent form. The latter is consistent with the behavior of other monovalent
amino acids.””! For the smaller inorganic cations, ammonium and potassium,
the ratio D,-/D? is about 1: 10 as there is much less diffusional hindrance for
these species than there is for the bulkier lysine molecule.

Finally, the lines in Fig. 5 show model predictions without further adjust-
ment of the diffusivities for two rather different conditions. In the first, diva-
lent and monovalent lysine forms are present simultaneously, while in the
second divalent lysine and hydrogen ion and desorbed with ammonia at
high pH. In both cases, the ion exchange process involves multicomponent
diffusion. The agreement between these experimental results (as well other
discussed in Ref.!'”) and the model predictions is not perfect, but it is still
adequate for practical purposes, indicating that the model captures the essen-
tial characteristics of coupled transport in this complex system.

CONCLUSIONS

Equilibrium and kinetic parameters for the ion exchange of lysine on a
strong acid cation exchanger were obtained along with models to describe
the dynamics of batch adsorption and desorption. Ion exchange equilibria
are described by taking into account the dissociation of protonated lysine
species in solution and in the resin phase and expressed in terms of ionic
fractions of the counterions. The selectivity coefficients for different binary
exchange systems were found to be fairly constant, so that equilibria could
be modeled using the mass action law. An exception was the case of mono-
valent lysine at high resin loading, where the selectivity coefficient appears
to decrease substantially as the lysine loading approaches the total ion
exchange capacity. This effect can be attributed to steric and size exclusion
factors and can be described empirically with a heterogeneous ion exchange
equilibrium model. The intraparticle diffusivities determined from batch
experiments for ammonium ion and potassium ion found in this work are con-
sistent with literature values.!'! Moreover, the diffusivity of monovalent
lysine appears consistent with predictions based on the correlation of Jones
and Carta.””’ A much lower diffusivity is found for divalent lysine. Since dif-
fusion in gel-type resins like the one considered in this work occurs through
gel pores in close proximity to the charged functional groups bound to the
polymeric backbone, it is not surprising that diffusion divalent lysine is
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Figure 5. Comparison of experimental and predicted batch ion exchange curves for:
(a) divalent and monovalent lysine adsorption on ammonia form resin with
Cc- =035M and M = 4.6 g; (b) desorption of lysine from divalent lysine loaded
resin with 0.45M ammonia and M = 6.3 g.
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much slower than the monovalent form since the former is likely to interact
more strongly with the resin’s functional groups. The general kinetic model
developed in this work was also found consistent with more complicated
cases involving multicomponent transport with the simultaneous presence
of divalent and monovalent lysine forms and for desorption. Thus, it can
of used to predict batch adsorption under a broad range of conditions.
Applications of the results of these studies to fixed-bed behavior are discussed
in Part IT of this work.

NOMENCLATURE
C; concentration of species i in solution (mol/L)
Co total co-ion concentration (mol/L)
K, K>, K3 lysine dissociation constants (mol/L)
K/ resin phase dissociation constant for divalent lysine (mol/L)
Ky ammonia dissociation constant (mol/L)
D; resin phase diffusivity of species i (cm? /)
D? solution diffusivity of species i (cm2/ S)
M resin mass (g)
qi concentration of species i in resin phase (mmol/g)
q0 resin ion exchange capacity (mequiv/g)
r particle radial coordinate (cm)
rp particle radius (cm)
N selectivity coefficient of the exchange of ion i and j
t time (s)
\% solution volume (mL)
X; ionic fraction of species i in solution phase
Y; ionic fraction of species i in resin phase
Z; ion charge
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