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New biosorbent materials are being developed for removal
of heavy metals from effluents. This study investigates the
effect of ionic strength on titrations of protonated Sargassum
seaweed biomass and of alginate, a constituent molecule
mainly responsible for the binding of cations in Sargassum.
The results indicate a significant influence of electrostatic
effects on the protonation behavior. The main objective of
this work was to examine the capability of an adapted
Donnan model to predict pH titrations of negatively charged
biomass particles at different ionic strengths. The model,
applicable for wider ranges of ionic strength and charge
density in the biomass than other Donnan models in the
recent literature, yielded good agreement of model predictions
and experimental data. Swelling of the sorbent was found
to increase with pH. While incorporating a linear
relationship between swelling and pH improved the model
predictions, it was not necessary in order to obtain
reasonable predictions. The model required only three
parameters: the total number of binding sites, the
equilibrium constant °HK for proton binding, and only one
additional parameter to model the influence of ionic
strength, even when swelling was considered. Plots of the
degree of dissociation versus (pH—pNa) as a criterion

for the rigidity of the particle were found to be valid only
under conditions where the concentration factor A is high.

Introduction

Biosorption has been considered as an alternative technique
of removing toxic heavy metals particularly from industrial
effluents. Its cost-effectiveness makes it particularly attractive
for this purpose. The performance of newly discovered
biosorbent materials is being established in a series of recent
studies (1). Since Na is present in many industrial waste-
waters, it is useful to be able to estimate the extent to which
Na interferes with the binding of heavy metal ions targeted
by biosorption. Although it is known that sodium only binds
weakly, through electrostatic attraction, a significant ionic
strength effect may be observed if the Na concentration is
varied over a wide range. Therefore, a mathematical model
of the biosorption equilibrium should include the influence
of ionic strength. Additionally, an electrostatic model ac-
counting for ionic strength effects may eventually prove useful
in the estimation of the extent to which electrostatic effects
contribute to heavy metal sorption. Previous results from
titrations of Sargassum biomass, which involved the mea-
surement of the electrophoretic mobility of Sargassum (2),
showed that Sargassum biomass bears a significant negative
charge when the concentration (and therefore the binding)
of protons or covalently bound divalent metal ions is low.
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Obviously, this charge must lead to electrostatic attraction of
cations. Until now, however, biosorption of metal ions has
only been modeled using chemical binding constants (2),
disregarding the effects of electrostatic attraction. The
purpose of this work is to provide a model that includes ionic
strength effects in biosorption modeling for charged and
heterogeneous sorbent materials such as Sargassum biomass
or alginic acid occurring as particles that are large in
comparison to the double-layer thickness. The model should
be suitable for a wide range of ionic strength values and also
for conditions where the proton concentration significantly
contributes to the magnitude of the ionic strength.

The simplest approach to modeling the influence of Na
in the biosorption system consists of the introduction of a
binding constant for Na, as done by Westall et al. (3) for humic
acids (10—100 mM NaClO,, pH 4.5—-9.5, four discrete binding
sites). The modeling results were close to the experimental
data, but the range of the Na concentration employed in the
experiments was small, and no general conclusions about
the quality of the model can be made. The advantage of this
approach is that binding of each species can easily be
calculated using a multicomponent isotherm. Additionally,
the Na binding constant can more easily be incorporated
into computer programs for the calculation of chemical
equilibria in aqueous solutions, such as MINEQL (4), than
the respective terms for other models. One disadvantage is
however that the Na binding constant is purely empirical
and does not reflect the electrostatic nature of the Na binding.

A second possibility is the use of the Donnan model (5).
An application of thisapproach for different charged polymers
has been pioneered by Marinsky and co-workers (6), who
established the use of Donnan models for organic polyelec-
trolytes including humic substances (7) and alginic acid (8).
The latter contribution involves an estimation of the water
uptake (swelling) using osmotic coefficients from the literature
which, unfortunately, was not verified with experimental
results. The relationships in different plots are discussed in
terms of the Donnan model, but no model predictions of
proton binding under different conditions were made. Thus
the model fit for the data set could not be judged.

Only very recently has a Donnan model been used for the
actual modeling of ionic strength effects in proton binding
by humic acids (I = 1-2000 mM, pH = 3—10, two sites with
affinity distribution) and bacterial cell walls (I = 10—1000
mM, pH 3-10, one site with affinity distribution) (9, 10). A
linear decrease of the logarithm of the particle volume with
the logarithm of the ionic strength was noted. The model
was extended by Kinniburgh et al. (11) to also describe the
binding of metal ions (Ca, Cd, Cu, Pb) to humic acid,
employing the same swelling correlation. The model de-
scribed the experimental datawell. However, its disadvantage
is that it requires a rather large number of fitting parameters.

Cabaniss (12) used Giintelberg activity coefficients to
account for ionic strength effects on titrations of fulvic acids
(I = 5-100 mM, pH = 5-8, five discrete binding sites),
assuming that each fulvic acid molecule bears five negatively
charged groups. This method is suited for rather small
molecules and would not be appropriate for polyelectrolytes
such as alginic acid or Sargassum biomass.

Amodel thatis suitable for both oligo- and polyelectrolytes
was used by Bartschat et al. (13) for modeling titrations (I =
1-100 mM, pH = 4-9, two binding sites) of humic acid
molecules, which are assumed to be penetrable or impen-
etrable spheres of two size classes (assuming that the total
charge is proportional to the volume of the sphere). An
equation that relates the concentration factor A to the charge
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density per surface area (if impenetrable) or to the volumetric
charge density (if penetrable), respectively, was used. For
small A the limiting case of simple charged molecules (Debye—
Huckel or Tanford equations), and for large A the limiting
case of polyelectrolyte behavior (Gouy—Chapman or Donnan
models) are approximated. The model showed good agree-
ment with the experimental data of these authors. The
advantage of this approach is its generality concerning the
size of the molecule, which makes it particularly suited for
oligoelectrolytes that show a behavior intermediate between
simple ions and polyelectrolyte gels. For alginate or Sar-
gassum, however, this feature is not necessary since they could
be considered as true polyelectrolytes.

A Helmholtz model for the charged interface was used by
Xue etal. (14) for the binding of protons and heavy metal ions
to algal surfaces (I = 10 mM, pH = 3-9, one binding site).
This model requires only one fitting parameter, the constant
capacitance, for modeling the electrostatic effects. With a
constant capacitance it is however not possible to predict
ionic strength effects. When the cation binding at different
ionic strengths is to be described, a new value for the
capacitance has to be determined for each ionic strength.

Another model that needs few fitting parameters has been
employed by Tipping (15, 16) for humic acids (I = 1-1000
mM, pH = 3—11, eight binding sites of two general types).
The advantage of this model is its economical way of using
relatively few fitting parameters for the prediction of a wide
range of experimental conditions. Only one or two param-
eters are needed in order to predict A (at the charged surface)
at different ionic strengths. Unfortunately, however, the
equation used by Tipping (16) for the relationship between
the concentration factor 1 and the ionic strength is an
empirical one.

De Wit et al. (17) employed a Poisson—Boltzmann model
for proton binding to humic substances (I = 10—1000 mM,
pH=2-10, one or two binding sites with affinity distribution).
The advantages of this model are that it incorporates the
effect of ionic strength on the concentration factor in a realistic
manner and that it only needs one fitting parameter for
electrostatic effects. Both for cylindrical and spherical
impermeable particles, this fitting parameter is the particle
radius. The assumption of small impermeable spheres or
cylinders appears, however, not applicable to the large,
penetrable particles investigated in the present study.

The work presented here makes an effort to represent the
system in the simplest possible way that is physicochemically
plausible and that gives reasonably low modeling errors,
stating the assumptions and limitations of its validity. This
way the observed behavior in the experiments and the fitting
parameters can be interpreted in a meaningful way that
contributes to the understanding of biosorption. Inaddition,
the closer amodel reflects the real processes, the better it can
be expected to predict experimental conditions under which
itwas notoriginally derived. Purely empirical models usually
fitfor limited conditionsonly. Inorder to evaluate the validity
of amodel, a broad range of conditions has to be considered.
Therefore, multiple independent variables were widely varied
in this study (proton concentration, 5 orders of magnitude;
Na concentration, about 4 orders of magnitude, two materials)
in a range that produced pronounced variations of the
dependent variable Hg. A high ratio between the number of
experimental data points and the number of fitting parameters
was achieved.

In order to select a suitable model for ionic strength effects,
the properties of the biomass investigated have to be taken
into account. Recent results indicated that the metal ion or
proton binding sites in Sargassum biomass were predomi-
nately the carboxyl groups of alginate and to a smaller extent
also the sulfate groups of fucoidan (18). Since carboxyl groups
are also one of the major functional groups in humic and
fulvic acids (together with phenolic groups in humic acids),
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some similarities in the polyelectrolyte properties of these
materials can be expected. The main difference lies in the
number of charges and the particle size. Since alginate is a
macromolecule of about 80 monomers, each bearing one
carboxyl group that may become negatively charged (19), the
focus in this work is on polyelectrolyte (not oligoelectrolyte
as for some fulvic acids) models. An additional difference is
the particle size. For fulvic acids, 10 A is a typical size (13).
The double-layer thickness at low charge densities may
therefore be larger than the fulvic acid diameter, so that the
charge is not balanced within the particle. Algal particles on
the other hand can be rather large. The average diameter for
the Sargassum biomass particles employed in this study was
about 1 mm. This is much larger than the double-layer
thickness even at the lowest imaginable strength. Since ions
can easily diffuse into the algal cell wall, it might therefore
be appropriate to treat Sargassum biosorbent as a Donnan
type gel where the charge is balanced in the particle.
Consequently, Donnan models have been considered in this
work. These will be more general than the one used by
Marinsky and co-workers (7, 8), which included implicit
assumptions that are not valid for the system in this study
(see below).

This work focuses on a simple system involving two
monovalent cations, only one of which binds covalently. The
purpose is to compare experimental data on titrations of
Sargassum and alginate at different ionic strengths with
predictions by Donnan models. A further objective of this
work was to evaluate whether swelling is relevant when
Sargassum biomass is used and, if so, whether it is necessary
to incorporate this in the modeling. Since swelling is expected
to occur only to a small extent when divalent heavy metals
are present (as this is the case in the application of biosorption
for wastewater purification), only a preliminary investigation
of the swelling behavior was made.

Materials and Methods

Materials. Beach-dried brown algal biomass of the genus
Sargassum, collected in Natal, Brazil, was chopped manually
and sieved. After washing with distilled de-ionized water,
the biomass of the size fraction 0.5—1.7 mm was first washed
twice in 1 N HCI (50 g of biomass/L) for protonation, then
10 times in the same volume of distilled de-ionized water,
and finally dried in an oven at 60—80 °C. Protonation of the
biomass was performed to eliminate any other exchangeable
ions that were present on the raw biomass, thereby enabling
the study of a simple sorption system, one involving only two
cations. A stock solution of sodium alginate was prepared
by dissolving 10 g of Na-alginate (Fisher) in 800 mL of distilled
water.

Experiments. For the titrations, Sargassum biomass (0.1—
0.5 g) or alginate (0.04—0.25 g dry weight) was contacted with
50 mL of sodium nitrate solution (concentrations below)
in 125-mL Erlenmeyer flasks on a gyrotory shaker (New
Brunswick Scientific, Model G2) at 2 Hz for 12 h. Different
known amounts of HNO3; or NaOH (0.1—1 M) were added to
the samples in order to achieve different final pH values,
which were measured (ORION lonalyser Model 407A). The
amounts of NaNQOg initially added were for Sargassum as
follows: 0 for the first series, 10 mM for the second series,
100 mM for the third series, and 1000 mM for the fourth
series. For alginate, the initial NaNO; concentrations were
as follows: 0 for the first and second series, 100 mM for the
third series, and 1000 mM for the fourth series. The higher
sorbent masses were generally applied at low pH values in
order to avoid large experimental errors (20) and also for all
data points of the second series.

In the swelling experiments, 0.25 or 0.5 g of Sargassum
biomass and 10 mL of NaNO; solution (0—200 mM) were
equilibrated overnight after adding some HCI or NaOH as
required for pH adjustment. After measuring the pH, the



biomass was filtered off (using previously weighed Whatman
No. 4 filter paper), weighed immediately, oven-dried at 60
°C, and weighed again after equilibrating at room atmosphere.
Also for the alginate, the wet weight of the filtered gel and the
dry weight after oven-drying were determined.

Model

General Equations. For all of the models used, the equations
for the conservation of mass for the molecular species C
(bindingsite, e.g., carboxyl), H, Na, and L (monovalent ligand,
in this case NO;) are

'C = C + CH (mmol/g) (1)

'H = (CH; + [H,Vyy)m +
[HagalVi,a0d = [OHaqalVor,ada T [HIV;
= "gm + [H]V (mmol) 2)

L= [LplVem + [HaqalViaaa + [NaLLV; =
[LolVmm - [L]V (mmol) (3)

where CH is the amount of protonated C sites, C is the amount
of free negatively charged C sites, m is the mass of the sorbent,
and V is the volume of the solution. The total amounts (as
different molecular species in solid and liquid phase) of each
component (C, H, L) are indicated by the superscript “t”. The
subscript “i” denotes initial values, [NaL];is, for example, the
initial concentration of sodium salt in the solution before the
biomasswasadded. The subscript“add” refers to the addition
of acid (added volume V aqq) OF base for pH adjustment. [H,];
and [L]i stand for excess acid initially present in the pores
or cell of the biosorbent due to incomplete washing after
protonation. For any ionic species “X”, the concentrations
[X] without subscript are the ones in the bulk solution, and
[Xp] is the average concentration of X in the cation binding
volume of the particle. The specific volume that is active in
cation binding (in this case the alginate layers of the cell wall)
per mass of biosorbent is called V.

In the mass balance of protons (eq 2), the reaction for the
dissociation of water H,O < H* + OH~) was not considered
because it is negligible at pH < 6. In this study, the pH range
studied was 2—6 since at lower pH the amount of metals
bound in biosorption is very low and at higher pH precip-
itation of some metals may occur. Therefore, it is most
important to study the protonation behavior of the biomass
in this pH range. At pH 2—6, proton binding by brown algal
biomass is mainly due to carboxyl groups; sulfate groups are
deprotonated. Since sulfate groups in Sargassum biomass
are only present in small quantities (18) they can be neglected
unless biosorption at very low pH values (pH < 2.5) is studied.
Consequently, only carboxyl and not sulfate groups as in the
earlier work on biosorption with Sargassum (2) are considered.
Phenolic groups that have a pK, value of about 10 are
protonated and do not play a role in either metal binding or
acid-based reactions at pH 2—6. The term proton binding
as used in this study refers to carboxyl groups only. The total
proton binding by all groups of the biomass would of course
be higher, but at pH < 7, the presence of phenolic groups
only adds a constant amount to the total proton binding. The
proton binding Rq is defined as the sum of the covalently (as
CH) and electrostatically (as [Hp] — [H]) bound protons:

g = CH + ([H,] — [H])V,, (mmol/g) @)

The final proton binding in the experiments can be calculated
from eq 2:

g = CH, + [H ]V, +

[HadalVh,a0d — [OHagalVoraaa T [HilV; — [H]
m

\
(mmol/g)

®)

The equations for charge neutrality in solution and in the
particle or gel are for [L] > [OH] (which is the case when pH
< 6 as in this study):

[L] = [H] + [Na] (mmol/L) (6)
[H,] + [Na,] = [L,] + C/V,, (mmol/g) @

where Cis the number of charged groups in the biomass. The
ionic strength in solution is defined as

1=05% z7[X]=
0.5 ([H] + [Na] + [L] + [OH]) (mmol/L) (8)

For [OH] < [L], this can be simplified by substituting eq 6
into eq 8:

I = [L] (mmol/L) 9
The apparent C site proton binding constant is

CH CH

= —— (L/mmol 10

oo = 7] ¢ ) (10)

The degree of dissociation of the acidic group C is defined
as

_C_X<-cH

= (=) 11)
'C 'C

In the first approximation, assuming CH ~ Hq, which is valid
for 'IC[H] < Hq I (see eq 19), this is equal to

t H
=== (12)
C C

Since no equation for calculating the experimentally obtained
CH is mentioned in the available literature, it appears that
most if not all other researchers assume that CH ~ Hq, thus
using eq 12. As pointed out in the section Variation of
Apparent p¢HK, however, the assumption CH ~ Hq results in
marked differences in the calculated “HKapp at low f, from
which the intrinsic “FK is estimated. Therefore, this work
makes a point in distinguishing between the amount of
protons that are bound covalently (i.e., as CH) and electro-
statically (i.e., as [Hp] — [H]). This requires the derivation of
equations for CH (eq 19) and [H;] (eq 18) that reflect this
situation. Substitutingeq11ineq10and taking the logarithm
yields

PPy =pH log ) () @)

The algorithm for the calculation of the variables Hq, CH, C,
f, and p®HK,pp from raw experimental data (i.e., final pH) is
giveninFigure la. Startingwith the amount of protons bound
(Hq), the other variables are calculated. The last terms to be
evaluated are C (useful to know as a starting value for the
model calculations, see Figure 1b) and p®Kgpp, Which is
plotted in some of the graphs.

Equations for Donnan Model (DO). The Donnan type
model (DO) is based on an assumption that the intraparticle
concentration may be different from the bulk concentration.
The intraparticle concentration is assumed to be homoge-
neous throughout the reactive gel volume. The commonly
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C (1) [ (4] (18)p{CH (21)|-1 (1) Pk, (13)

V_(23) Hq (4) B f(12) K (13)

FIGURE 1. Calculation algorithm: (a) for experimentally determined
variables and (b) for the Donnan model.

known equation for the concentration factor 4 in an elec-
trolytic gel according to the Donnan theory (5) is

W %
=g O (14)
Mg [
= ) (15)
d_ 1,
R (o)

with [Xp] being the concentration of any ionic species X with
the charge z, in the gel. Substituting [Na,] according to eq
7 into eq 15, solving the resulting equation for [Hp] and
replacing [H] + [Na] with | (egs 6 and 9) yields

CH)]  CN, LD CV,
T H [ T

1
300 an

[Lpo] was expressed in terms of 1 (14) after replacing | by L (eq
9). The recurring dimensionless group C/(Vml), which
indicates the magnitude of intraparticle accumulation of ions
as compared to the bulk ionic strength, will henceforth be
called Q. The solution of the quadratic equation for [Hp] that
can be obtained from eq 17 is

I S T (7Y N ((o7AY C
G TR a2 1T

Q Q _
STA/T 1) @8

For conditions where Q > 1, eq 18 can be simplified as
A = Q. In the literature, this simple relationship between 4
and Q has been obtained from eqs 15 and 7 by implicitly
assuming high concentration factors 1 or Q values (so that
[Lp] ~ [L] < C) and [Na] > [H] (such that [Na] = I and [Nay]
= C) (6, 7). Compared to eq 18, this simplification yields
errors of >10% for Q < 3, and the deviation reaches a factor
of 2 or more for Q < 0.7. If, on the other hand, Q <1, eq 18
can be simplified as 1 =1+ 0.5Q. This approximation yields
a 10% discrepancy for Q > 1.2, and for high Q the maximum
deviation can approach a factor of 2. A better approximation
that is valid for high and low Q is A = Q + 1. For this
correlation, the error exceeds 10% for 0.3 < Q < 9, but the
maximum deviation is only 25%, which is reached at Q = 1.5.

In order to obtain a more general Donnan model that
applies for any Q value and also under conditions where [Na]
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> [H] is not fulfilled, this work does not follow the simplifying
equations but uses eq 18 instead. Only for calculating the
amount of covalently bound protons from the experimental
data, A = Q + 1 is assumed in order to avoid iterative
calculation of CH and [Hp]. This corresponds to setting 1/4
=1lineq 17. Then eliminating C and [Hp] using egs 1 and
4 yields

I [H]
ST

The above equation is useful in order to determine the CH
value in the experiments, which is necessary for calculating
f (eq 11) and thereby (p®"Kapp) (eq 13). In most studies, it is
assumed that CH =Hq. Thisis justified when Hq or CH is the
variable of interest because for all data points in this study
CH = 0.9 Hq. When, however, a plot of p®HKap, versus f is
used in order to extrapolate the intrinsic 7K (as done by ref
8), the values of p®HK,pp at low f are of special importance for
determining °"K. At low f, however, even small differences
between Hg and CH can result in marked differences in fand
therefore in p®HKapp because it is a function of f/(1 — f) (eq
24). This is further discussed in the section Variation of
Apparent pcHK.

In the modeling, the intrinsic proton binding constant is
defined as

CH="q

(mmol/g) (19)

CH

CH
K=
CIH,]

(L/mmol) (20)

Substituting C using eq 1 into eq 20, CH according to the
Donnan model can be calculated as

B tc CHK[Hp]

CH = ————— (mmol/g) (21)
1+ MKH,]

The relationship between the apparent and the intrinsic

binding constant can be derived from eqs 10 and 20:

MKopp = K % = %MK 2 (L/mmol) (22)

Two versions of the Donnan model are considered in the
following: one that assumes a rigid particle (DORI) and one
that accounts for swelling (DOSW). The particle volume Vp,
is the fitting parameter that takes care of electrostatic effects
for the rigid Donnan (DORI) model. Swelling changes the
concentration of charged sites per volume and therefore also
the concentrations of ions in the gel. It was observed (see
section Physical Behavior of Biosorbents) that swelling of
both Sargassum and alginate increased with pH and that there
was no significant influence of | on swelling. Since one of the
aims of his work is to keep the model as simple as possible,
the following simple linear relationship between the specific
particle volume and pH was assumed:

Vi =Yy pH (L/g) (23)

Yv is a constant (for the DO model with swelling) that has to
be determined by fitting the model to the experimental data
for Hqg. Since Hq depends largely on ¢HK and [Hp], which is
in turn influenced by Vn, the latter variable represents the
only one through which ionic strength effects can be
accounted for. Although V,is notindependently determined
but obtained by fitting Yy to the binding data, the model
reflects the physical reality in so far as a linear increase of V,
with pH was experimentally observed both for Sargassum
and alginate (see section Physical Behavior of Biosorbents).
When the model is to be used for other sorbent materials, the
dependence of Vi, from other parameters has to be established
so that an appropriate correlation can be used. The method



of using the Donnan model in the study presented here, where
an experimentally established correlation for the gel volume
(eq 23) was used in order to predict the proton binding, was
different from that by Lin (8), who used the binding data in
order to calculate the gel volume for each data point.

The algorithm for the calculation of the proton binding
and other variables is shown in Figure 1b. It is necessary to
perform the calculations iteratively. It has proven areliable,
stable method to start the iteration by guessing that the
concentration of free sites is equal to the experimentally
determined value (egs 1 and 19). In addition to C, Vy, is the
other starting value that, however, does not have to be
calculated iteratively since it is constant for a given pH value.
In each loop of the iteration, Hy,, CH, and C have to be
evaluated. When stable values are reached, the remaining
variables Hq, f, and ultimately p©"Kapp are calculated without
further iteration.

Equationsfor the Plot of fversus (pH—pNa). Intheearlier
work of Marinsky (6, 7), it was recommended to plot p®HKapp
versus (pH + pL) or versus pH. No influence of ionic strength
should be noticed if, in the former case, the particle is rigid
and permeable, or as in the latter case, if it is rigid and
impermeable. As Cabaniss and Morel (21) pointed out,
however, these plots are not reliable. They showed that it is
more correct to plot f versus (pH—pNa). This type of a plot
was then employed in the later work of Marinsky’s research
group (8). Neither of these authors give a mathematical
justification of the use of this plot that indicates when it is
valid. Thiswill be undertaken in the present work. From eq
20 one can derive

P = pH, + log(* | () (24)

For Q > 1 (that yields [Hp] > [H]) and substituting the
corresponding simplification of eq 18, i.e., [Hp] = [H]C/(Vml)
yields

—p“"K = pH — pl + p(‘'C/V,,) + pf + p(%_f) =
f
PH + p(r—) +PQ () (25)

This equation is the justification for the plot of f versus (pH—
pNa) if [Na] > [H] (i.e., [Na] ~ 1) is assumed: since p"K and
ptC/Vn, are constant for a rigid particle, f is only a function
of (pH—pNa), not a function of I. However, it would be more
appropriate to plot f versus (pH—pl), which avoids making
the additional assumption that [Na] > [H]. Furthermore, I
is a more easily accessible variable. While Na has to be
measured or calculated as a function of g, | can usually be
assumed to be constant throughout the experiment and
calculated from eq 3, assuming [Lp] ~ L.

If the opposite assumption is made, i.e., Q < 1 (or [H] ~
[Hp]), we obtain from eq 24 after subtracting pQ from the
right-hand side and adding its equivalent, which is p(*C/V)
+ pf — pl:

—p'K =pH + p(ﬁ) =
pH — pI +p(C/Vy) +pf +p(1) ~ PQ () (@9)

This means that compared to the above eq 25, the curves of
f versus (pH—pNa) are shifted by pQ to the right. It now
depends onwhich assumption is more appropriate: whether
one or the other equation may be used. Thiswill be discussed
in a subsequent section, Modeling the Plot f versus (pH—
pNa).

Experimental Results and Discussion

Titration Curves. Figure 2 shows the proton binding (Yq) by
Sargassum biomass at different ionic strengths (I) of the
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FIGURE 2. Titration of protonated Sargassum biomass at different

ionic strengths. Experimental data and predictions of the Donnan
model for rigid particles (DORI).
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FIGURE 3. Titration of Na-alginate at different ionic strengths.

Experimental data and predictions of the Donnan model for rigid
particles (DORI).

solution as a function of pH. It should be noted that in this
and in all other figures the | values that are given in the figure’s
legend refer to | at f ~ 0.5 of the respective series. Since
differentamounts of acid or base were added to each sample,
the actual final ionic strength varies from point to point. The
proton binding can be calculated from the mass balance for
protons in eq 5 with CH; + [Hy]iVim = 2.6 mmol/g. This value
was chosen such that the inflection that signifies the end
point of the titration of the carboxyl groups occurs at Hq =
0. It can be noticed that the maximum proton binding and
therefore the number of binding sites 'C is equal to 2.1 mmol/g
for any ionic strength. This means that 0.5 mmol/g of extra
protons in the pores or in the cell would have been present
due to incomplete washing (the values for 'C, CH;, and [Hy];
are further discussed in the section Determination of Model
Parameters and Comparison with Experimental Results).
The apparent proton binding constant (“"K.pp) changes
drastically with ionic strength: while the —p"Kgpp (—p©HK at
half-dissociation of the acidic group) for low 1 is close to 5,
it decreases to about 3 for high ionic strength. This corre-
sponds to a change in the dissociation constants by a factor
of 100. The observed shift in pKap, values is a common
phenomenon in titrations of polyelectrolyte gels (7, 8, 15).
The reason for this is that, due to electrostatic effects, the
local proton concentration at the solid—solution interface
[Hs] is higher than the bulk concentration [H]. The half-
dissociation for low ionic strength then does not really occur
at pH 5 but at a local, lower pH (eq 22). The concentration
factor 4, by which the local concentration exceeds the bulk
concentration, decreases with increasing ionic strength (eq
18). Consequently, the electrostatic effects are low at high
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FIGURE 5. Variations of apparent pK for titration of Na-alginate at
different ionic strengths. Experimental data and predictions of the
Donnan model for rigid particles (DORI).

ionic strength such that the p®™Kqpp at high ionic strength
approaches the intrinsic pcHK.

The proton binding for alginate is shown in Figure 3.
Equation 5 was evaluated with CH; + [Hp]iVim = 0 because
Na-alginate was used. Since the determination of proton
accumulation becomes rather inaccurate at pH < 2, it is not
possible to reliably calculate the proton binding at such low
pHvalues. AtpH > 2, however, the maximum proton binding
is not yet achieved. Therefore, the total number of binding
sites cannot be determined graphically. Consequently, it is
also not possible to read the half-dissociation pH from the
graph.

However, itis obvious that the pc"K values for alginate are
generally lower than for Sargassum. Also, one can see that
the curves for high and low ionic strength (the values of | are
similar for both materials) are only separated by 1 pH unit
as opposed to 2 pH units for Sargassum. This may indicate
less pronounced electrostatic effects in the case of alginate.

Variation of Apparent p®"K. Figures 4 and 5 show the
influence of the degree of dissociation (f) and the ionic strength
of p®HK,pp for Sargassum and alginate, respectively. The
apparent pHK is calculated from eq 13 with the degree of
dissociation, f, from eqs 11 or 12. The values of f obtained
from these two methods do not differ widely, and conse-
quently, the values for p©HKgp, are also quite similar for most
data points. At low f and low I, however, even a small dif-
ference in f has a significant effect on p“"Kapp. The p®HKapp
values calculated with eq 12 are up to 0.25 unit higher than
the ones calculated with eq 11 for the same data points (data
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not shown). As shown below, the value of p®HK,p, for low f
is of special importance for the extrapolation of the intrinsic
CHKqpp. Therefore, the calculation of f should be based on CH
and not on Hq if p©HKapp is of interest. As pointed out below,
however, the extrapolation of ®"K from p"Kg is not always
reliable, although it has frequently been used in the past.

In general, it can be seen that the p®HK,pp values for low
| are generally higher and more strongly dependent on f. The
apparent p®"K decreases with decreasing degree of dissocia-
tion. Asfgoes toward zero, —p*"Kapp (using f from eq 11) for
the alginate approaches a value of about 2.6 for any ionic
strength, while for Sargassum —p®"Kp, = 3—4.5 (depending
on the ionic strength) isapproached. The decrease of p©Kpp
with decreasing f can be explained as the result of a decreasing
concentration factor with a decreasing charge (eqs 22 and
18) when the degree of dissociation decreases. Forincreasing
ionic strength or decreasing degree of dissociation, the
concentration factor approaches unity since the term Q in eq
18approaches0. Consequently, the p©K.g, value is expected
to approach the intrinsic p°"K under these conditions, and
electrostatic effects are no longer relevant. The fact that the
curves for Sargassum do not appear to converge toward a
common value for all ionic strengths may be due to the fact
that electrostatic effects are stronger in Sargassum such that
they only become negligible at very low degrees of dissociation
for which no data points exist. It is therefore preferable to
determine the intrinsic p®"K by nonlinear fitting to the proton
binding data (as done in this study) rather than to extrapolate
it from a plot of p®HKapp versus f (as done by Lin (8)).

Plot of f versus (pH—pNa). According to Cabaniss (21),
a plot of the degree of dissociation versus (pH—pNa) reveals



whether a polyelectrolyte gel is rigid or flexible (eq 25): for
a given degree of dissociation, the value of (pH—pNa) should
not vary with ionic strength if the gel is rigid whereas it may
vary for flexible gels. Figures 6 and 7 show this type of plot
for Sargassum and alginate, respectively. It appears that
Sargassum behaves as arigid particle since little ionic strength
effect is observed in this plot. However for | = 1000, there
seems to be some flexibility of the particle. In contrast,
alginate obviously swells since the curves for different ionic
strength deviate strongly from each other. This result is
intuitively appealing because the fact that alginate swells is
known from the literature (8, 22), and less swelling can be
expected for Sargassum because its alginate is constrained in
the cellulose matrix of the cell wall.

Physical Behavior of Biosorbents. Swelling experiments
were performed in order to test the hypothesis that alginate
is flexible while Sargassum is not and also to obtain informa-
tion about the relationship between swelling and experimental
conditions such as pH and ionic strength. The ratio between
the wet weight of the biomass after swelling and its dry weight
after swelling and oven-drying was calculated. The ratio was
proportional to the specific total volume "V, of the biomass.
The specific total volume 'V, increased from 5 to 10 mL/g
when the pH was raised from 2 to 4.5. The regression
coefficient for a linear correlation between %, and pH was
R = 0.88 (data not shown). No influence of ionic strength
was noticeable (R =0.19, data not shown). Since the specific
total volume changed by as much as a factor of 2, swelling
appears to be relevantin Sargassum. It hasto be mentioned,
however, that only volume changes in the volume V, that is
active in proton binding (i.e., the alginate zone of the biomass)
are of importance for the protonation behavior. These volume
changes may not necessarily correspond to overall volume
changes of the particle. Therefore, the results from the
swelling experiments cannot be used for modeling purposes
in a quantitative way. That means that the parameter Yy (eq
23) still has to be determined by fitting to the experimental
binding data while the qualitative dependency of V,, from
pH, which lead to the formulation of eq 23, was experimentally
determined.

For alginate, the amount of mass recovered decreased
more significantly with increasing pH (no data shown) as
compared with Sargassum biomass. Already at pH 3 very
little alginate was recovered. This can be explained by the
fact that sodium alginate is soluble. For the remaining
recovered mass, the ratio between wet gel mass and dry mass
was calculated analogous to Sargassum. The specific volume
Vm increased from about 20 to about 200 mL/g when pH rose
from 1.5 to 3.5 (data not shown). The regression coefficient
for a linear correlation between %V, and pH was R = 0.81.
Little influence of ionic strength was noticeable (R = 0.45,
data not shown). Although these values are not to be taken
quantitatively (because it is difficult to estimate how much
excess liquid remained in the gel), from the measured volume
change by a factor of 10 it can be concluded that alginate
swelling strongly increases with pH. This corresponds to
experimental results of Moe et al. (22) for alginate swelling
where the volume was observed to increase with pH. Whether
alginate swelling in this study also increased with decreasing
salt concentration as observed by Moe et al. (22) was not
clearly discernible.

Determination of Model Parameters and Comparison
with Experimental Results. It was established that three
parameters were necessary and sufficient. Apart from the
total number of binding sites 'C and the equilibrium constant
for proton binding “"K, which are already necessary for
modeling a single titration curve, only one more parameter
was necessary in order to account for the effect of ionic
strength. The third parameter for the DORI and DOSW

models were Vn, and Yy, respectively. Attempts at using
instead of Vi, = Yy pH a swelling correlation V,, = const +
Yv pH, which involves one more fitting parameter, were not
successful: the optimization procedure (for which the
computer program MATLAB 4.2c was used in order to
minimize the deviations between modeled and experimentally
determined Hq) did not yield stable results.

For Sargassum biomass, the value 'C = 2.1 mmol/g for the
total number of binding sites was read directly from Figure
2, after assuming that all sites were initially occupied by
protons and choosing [Hp]iVm = 0.5 mmol/g so that the Hq
at high f approaches zero where an inflection of the curves
occurs so that the proton binding does not change much
with pH.

Theoretically, one might expect that for low ionic strength
the electrostatic binding of protons could be strong enough
to balance most of the negative charge in the biomass so that
the proton binding could still be significant, e.g., at pH 6. In
reality, however, the amount of Na added for pH adjustment
is so high that even when no NaNO; was added (i.e., the
series with the lowest 1) the electrostatic proton binding is
low because [H] < I for pH > 4. Therefore, the proton binding
in the experiments for low | strongly decreases between pH
3.5 and pH 5.5.

The value of [Hy]iVm = 0.5 mmol/g corresponds to the
amount of protons released when the protonated biomass is
equilibrated in distilled water where no exchangeable ions
are present (0.46 mmol/g was the average of four samples).
Since the charge of the biomass must remain balanced by
counterions, the protons released must have been excess HCI
from the protonation (that had not been removed during
previous washing with distilled water) because no other
cations were present in the system (complete protonation).

The value for *C = 2.1 mmol/g is in accordance with
previous results for Sargassum biosorption (2). C for the
alginate (see Table 1) was obtained from the fitting procedure.
When the obtained value is compared with 4.74 mmol/g,
which should be the theoretical number of binding sites in
pure Na-alginate, it appears that about 20 wt % of the material
used may have been not alginate but, for example, excess
sodium salt. This seems to be a reasonable magnitude.

For the models, the pHK values were about equal to the
pH of half-dissociation for high ionic strength (Figures 2 and
3). This means that one could obtain the intrinsic pK easily
by reading it from the titration curve at | = 1000 mM. Also,
it can be possible to obtain the intrinsic p“"K by extrapolating
p®HKapp to f = 0 in Figures 4 and 5. For alginate at | = 20 or
100 mM, the lines of p"Kqpp for f approaching zero are close
to the fitted value of 2.6—2.7. The value of p®"K determined
by Lin etal. (8) for alginate using the Donnan model was 2.95.
It has to be mentioned, however, that this is only a rough and
somewhat arbitrary estimate since no points for f < 0.2 were
given by this author. For Sargassum the fitted value of about
3is between the p®HK,,p values for f approaching 0 at | = 100
(~3.2) and at | = 1000 mM (~2.8), but it was not possible to
extrapolate the intrinsic pc"K from data at lower I.

For both Sargassum and alginate, the volume in the DORI
model corresponded to that in the DOSW model at high pH,
which is reasonable because electrostatic effects are especially
noticeable at high pH (i.e., at high pH the volume has the
strongest effect on binding). The model predicts that both
Sargassum and alginate swell by a factor of 2 when the pH
rises from pH 2 to pH 4. This corresponds to the swelling
behavior observed in Sargassum, but it is less pronounced
than the swelling observed in alginate. While on the one
hand, additional water retained after filtering may produce
seemingly high values of Vi, in the experiments, one may, on
the other hand, consider using a different swelling correlation,
e.g.,one where Vp, is proportional to (pH)?. When the absolute
values of Vi, in the model and in the experiment are compared,
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TABLE 1. Model Parameters and Absolute Mean Square Errors of the Model in Percent of 'C

DORI model DOSW model
Sargassum alginate Sargassum alginate

Model Parameters

tc 2.1 3.7 2.1 3.6

—pCHK 2.8 2.58 2.65 2.6

3rd parameter Vm = 1.4 mL/g Vim =17 mL/g Yv=0.22 mL/g Yv=4.2 mL/g
Error at Different /2

5mM 3.0 8.9 2.3 8.3

30 mM 6.1 2.7 5.3 2.5

100 mM 6.8 3.7 6.8 3.2

1000 mM 3.7 5.1 3.6 4.8

avb 49 51 4.5 4.7

av® error for both sorbents 5.0 4.6

2 Since / varies from point to point, the value at f= 0.5 is given here. » Mean deviation of the errors in the eight series from the average error

for all eight series.

it is obvious that the specific volume determined experi-
mentally from the fraction of wet/dry weight after swelling
is consistently larger than the one from the model (by a factor
of about 6 for alginate and by a factor of about 4 for Sargassum
for an average value at f = 0.5). This could be explained, for
example, by assuming that only a fraction of the particle
volume isactive in proton binding. Thisassumption certainly
does not hold for alginate because all of it should be an active
volume. Also for Sargassum, it can be expected that the
alginate volume makes up more than one-quarter of the total
volume since it constitutes about 50% of the mass. Therefore,
this can be at best only a partial explanation. Another
plausible explanation could be that the concentration at the
binding site is indeed higher than the average concentration
in the particle but that the Donnan model, because it cannot
predict a concentration profile, predicts a “step function” of
the concentration instead. This would assume that all the
ions that are accumulated in the particle because of elec-
trostatic effects are concentrated in a smaller volume where
the concentration is equal to the one at the interface.

Modeling Titration Curves. The model fits are compared
in Table 1. The mean square of the absolute deviations
(mmol/g) of the model from the experimental data is for
convenience expressed in percent of the total binding capacity
C. The DOSW model has slightly smaller average errors
(average error 4.6%) than the DORI model (4.9%), which has
the advantage of being simpler. In order to avoid too many
or too cluttered figures, only the modeling using the DORI
model is presented in the figures. This model was chosen for
the figures because it is the simpler one. The DORI model
fits the data in Figures 2 and 3 well, only for the lowest ionic
strength in the titration of alginate are there larger deviations
(same applies for Figure 5). These are probably due to the
fact that swelling is neglected because the model fit especially
for this series improves significantly when the DOSW model
is used (see Table 1).

Modeling the Variation of Apparent p"K. For both
models the apparent pHK at I = 1000 mM is approximately
constant and equal to the intrinsic one. For Sargassum,
extrapolation of the intrinsic pcHK from curves of p®HKgp, for
f approaching zero is difficult at a moderate ionic strength.
This may be due to a continuing importance of electrostatic
effects even at low degrees of ionization, which may be caused
either by a higher charge density (i.e., lower Yy) or by the
presence of additional acidic groups that are still ionized at
low pH (e.g., sulfate groups). However, since the data are
reasonably well described by the model predictions, which
are based on the assumption that only one binding site exists,
one can conclude that the observation that even at low f the
experimental p®HKgpp > pCHK does not necessarily indicate
the presence of a second site.
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Modeling the Plot of f versus (pH—pNa). For Sargassum,
the two models predict the data points well (DORI modeling
shown in Figure 6). The curves for | < 100 are very close
together, only the one for | = 1000 is shifted toward the right.
For alginate, the models underpredict f at low (pH—pNa)
values, but otherwise they are also appropriate (DORI
modeling shown in Figure 7).

An interesting observation is that even the rigid Donnan
model (DORI) predicts an effect of ionic strength in this type
of plot. This is contrary to the theory (8, 21) according to
which the curves for all | values should coincide for rigid
polymers. Acloser look at the underlying equation (25) reveals
that the assumption that the intraparticle accumulation of H
or Na is much larger than the bulk concentration (Q or A >
1) does not hold. The values of Q as predicted by the DORI
model for | = 10, 100, or 1000 mM, respectively, are 4.0, 1.1,
and 0.21 for pH 2 and 39, 9.3, and 1.4 for pH 4. It can be seen
from these values that the assumption (i.e., Q > 1) for the
present data set is only valid at low ionic strengths and high
pH. Both H, and H are of a comparable magnitude already
for 1 =100. For 1 =1000and low pH, the relationship is even
reversed: Q <1, i.e., the average intraparticle concentration
[Hp] is similar to the bulk concentration [H]. Under this
opposite limiting case, it can be expected that the curves
generated by eq 26 shift by pQ to the right as compared to
the opposite assumption (eq 25).

For most data points the real behavior is, therefore,
intermediate between the two limiting cases, and a smaller
shift to the right occurs. This shift is the largest for high |
values and low f (i.e., low pH). For low | values the curves
are closer to the limiting case considered by other authors.
The use of this plot as a criterion for rigidity is thus not
recommended unless it is known that the criterion 1 > 1 is
fulfilled. Unfortunately, no evidence for fulfilling these
conditions was given in most publications where this plot
has been used, and neither has this assumption been explicitly
stated.

Another implication of the fact that for most conditions
neither Q > 1 nor Q < 1 is fulfilled is that the simplifications
of eq 18 are not valid. Lin and Marinsky (8) used the
approximation A = Q, which predicts at high | markedly
differentvalues for [Hy] than eq 18, resulting in different values
for Hg. For example, at pH 2 and Q = 0.5, the correct value
for [Hp] (eq 18) is ~2.5 times higher than the one according
to the simplification, for which [Hy] is even smaller than [H].
The resulting reduction in the calculated proton binding is
~15%.
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Glossary

Model Abbreviations

DORI
DOSW

Variables
C
f

|
CHK

PK, pX

Q
Hg

\Y
Vm
Yy
Zx
A
X]

Donnan model assuming rigid particle
Donnan model assuming particle swelling

total amount of binding sites C (mequiv/g)
degree of ionization
ionic strength (mmol/L)

equilibrium constant of proton binding (forma-
tion) (L/mmol)

dry weight of biomass (g)

—log of K (in L/mol) or of concentration (in mol/
L)

= C/(Vml) dimensionless factor

proton binding (covalent and electrostatic)
(mequiv/g)

volume of solution (L)

specific particle volume per dry weight (L/g)

fitting parameter for Vp, (L/9)

charge of species X

concentration factor

concentration (of molecular species X) (mmol/
L)

Molecular Species

Cc
CH

L
Na
X

Indices

add

app
H

free binding sites

binding site occupied by H
protons

ligand

sodium

any ionic species

added
apparent
of acid
initial

p average in particle
OH of base
t total
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