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Dietnv$ber is known to exert many positive health benejits. However, evidence suggests that dietary 
fiber may decrease mine& biouvailability. In order to test the hypothesis that dietary fiber limits 
mineral availability through ion-exchange processes, an analytical model wus developed which pre- 
dicts the extent of binding of metal cations in the gastrointestinal tract. Corn bran, representing a 
typical insoluble dietary jiber, was tested in vitro against solutions of varying H+, Na+, K’, Cu’+ 
and Mg”+ concentrations mimicking the range of gastrointestinal ionic conditions. The model relates 
solution composition to the extent of metal cation binding through a series ofprotonlmetal exchanges 
with the dietary fiber carboxyl groups. In addition to equilibrium constants for each protonlmetal 
exchange, solution and solid phuse activity coefJicients for all ions are required. It MYIS found that an 
exponential flcnction relating the activity coef$cient of protonated exchange sites to their mole fraction 
V~US necessary and suf$cient to make the model adequately sensitive to solution pH. Introduction of 
this expression produced a &fold improvement in the& of the model to experimental observations of 
ion binding. The general nature of the model should permit its application to other dietary jibers, 
plant cell wulls and synthetic ion-exchange resins. 
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Introduction 

Proposed health benefits ascribed to dietary fiber are 
now legion.’ Notwithstanding these admirable traits, 
concern has arisen over the potential for dietary fiber 
to limit or reduce mineral bioavailability.“‘? It has 
been suggested that fibers may exert their influence on 
mineral absorption by either a physicochemical inter- 
action with the intestinal mucosa,13-‘6 or by reducing 
lumen mineral activity (concentration) through ion- 
exchange processes. I’-*’ While the possibility is im- 
plied that ion-exchange capacity and ion affinity of 
dietary fiber are sufficiently high to impact mineral ab- 
sorption, this hypothesis has yet to be tested rigor- 
ously. In this and subsequent papers, the interactions 
of minerals with a model dietary fiber source, corn 
bran, will be examined under both simulated (in vitro) 

and authentic (in vivo) gastrointestinal (GI) condi- 
tions. 

Corn bran was selected for these studies for several 
reasons. It is a common component of human and ani- 
mal diets. Dry-milled corn bran consists largely of in- 
soluble fiber,‘8,29 readily freed of non-fiber components 
such as starch and phytic acid. The absence of soluble 
components imparts corn bran with invariant ex- 
change properties. Corn bran tissue remains intact and 
identifiable during passage through the GI tract, mak- 
ing retrieval and mineral content analysis feasible.3” 
These characteristics make corn bran suitable for in 
vitro and in vivo testing. 

The present work develops an ion-exchange model 
which permits accurate estimation of cation binding 
to corn bran under conditions approaching the ionic 
complexity of the mammalian, monogastric GI tract. 
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Materials and methods 

Dry-milled corn bran (Lauhoff Grain Co., Danville, 
IL) was freed of adhering endosperm and adsorbed 
minerals by a series of extractions and washing steps. 
Corn bran (25 g), suspended in 50 mmol/L HCl (1 L), 
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was stirred at room temperature for 2 hr. Bran parti- 
cles were allowed to settle and the supernatant de- 
canted. This procedure  was repeated twice with dis- 
tilled, demineralized water. Finally, the corn bran was 
rinsed briefly with ethanol to facilitate drying, col- 
lected by filtration, dried and stored under vacuum. 

The mineral binding properties of corn bran were 
examined over  a wide range of ionic conditions. 
Solution pH was controlled with 2.0 mmol /L  con- 
centrations of: acetate,  pH 3.0, 4.0, or 5.0: 4- 
morpholineethanesulfonic acid, pH 6.0; or 4-morpholi- 
nepropanesulfonic acid, pH 7.0; adjusted with KOH. 
Details of the metal-cation composit ion of solutions 
are given in the Results section. Corn bran (0. I g) was 
equilibrated for 2 hr at room temperature  (25 ° C) with a 
stirred solution (0.1 L) and ambient atmospheric CO~. 
Small aliquots of  1.0 mol /L KOH were added, as 
needed, after 1 hr to return solutions to their original 
pH. After equilibration, the corn bran was collected 
on nylon filters (5-fxm pore size), transferred to tared 
vials, then dried under vacuum. The difference be- 
tween sample wet and dry weight served as a measure 
of the solution content  (hydration ratio) of the recov- 
ered bran. The mineral content  of treated samples was 
determined by extract ion of the bran with 50 mmol/ 
L HCI (10 mL) and analysis of the extracts by ion 
chromatography.3t 

The total ion content  of  equilibrated tissue arises 
from two sources: cell-wall bound (adsorbed) and not 
bound (unadsorbed) ions. The unadsorbed ions are as- 
sociated with free solution trapped in cell wall spaces. 
The unadsorbed ion concentrat ion is assumed to be 
equal to the free solution ion concentration.  For this 
study, only the bound-ion content was of interest. 
Therefore ,  the bound-ion content of samples was de- 
termined by subtracting the unadsorbed-ion amount 
from the total-ion content.  The unadsorbed-ion 
amount  was calculated from the hydration ratio and 
solution-phase ion concentrat ions at equilibrium. The 
difference between initial ion concentrat ions of solu- 
tions and ion concentrat ions at equilibrium was negli- 
gible. Mineral contents  are expressed on the basis of 
the salt-free form of  the dry tissue. The total cation- 
exchange capacity was determined by titrating corn 
bran to pH 7-8  with Ca(OH)2 in the presence of 5.0 
mmol /L  CaCI,. 

Optimization of model parameters was achieved 
employing the program M1NSQ (MicroMath Scientific 
Software,  Salt Lake City, UT). 

T h e o r y  

The binding of  minerals to corn bran can be treated as 
a series of exchange reactions between the protonated 
form of  carboxylic acid groups of the corn bran and 
solution phase cations. Because the model to be pre- 
sented is applicable to insoluble dietary fibers, plant 
cell wall materials generally, and some synthetic ion- 
exchange resins, the terms resin, wall, and solid phase 
are used interchangeably herein to refer to the solid 
matrix of the corn bran tissue. Plant cell walls gener- 

ally do not display binding preferences between mono- 
valent cations, except  H +)2 Therefore,  the predomi- 
nant monovalent  cations found in mammalian GI 
fluids, Na p, K -~ and NH4 +, will be treated initially as 
a single species (Mono ~). Cell walls display selectivity 
among divalent cations. 33-37 Therefore,  the major GI 
divalent cations, Ca 2+ and Mg > ,  are treated individu- 
ally. Other metals, such as zinc, copper,  and iron, are 
likely in the form of  chelates of varying or unknown 
charge. These species are not considered in the model. 
Corn bran ion-binding sites equilibrate with soluble 
ions within 30 min. 3j Therefore,  it is assumed that 
equilibrium is achieved throughout G1 transit. Thus, 
the exchange reactions of corn bran can be defined by 
a set of three equilibria. 

Mono ~ + COOH ~ - C O O M o n o  + H ~ 

Ca 2~ + 2 C O O H  ~- (COO)2Ca + 2 H ~ 

Mg 2~ + 2 C O O H  ~-(COO)2Mg + 2 H 

Although a number of models have been devised to 
describe ion interactions with resinous substrates, the 
formulation of  Sposito 38-4° was selected as the basis 
for modeling cation binding to corn bran. The Sposito 
model was originally developed for the analysis of ion 
interactions with soils. However ,  it also has been ap- 
plied to plant cell walls. 41 The Sposito model treats 
exchange reactions with strict thermodynamic formal- 
ity. The equilibrium distribution of ion activities be- 
tween aqueous solution and solid phases is driven by 
simple mass action. 

In this model, the equations for the equilibrium con- 
stants for the three exchange reactions above are ex- 
pressed as in Equations 1-3: 

KM ..... = (H +) - (MonoX) (1) 
H (Mono + ) • (HX) 

(H-I)2 • (CaX4 

(H ~ )2. (MgX2) 

where X represents resin-phase exchange sites (i.e., 
COO ) and parentheses indicate activities. 

To transform Equations 1-3 into experimentally as- 
sessable quantities, solution- and resin-phase activi- 
ties, except  (H +), are conver ted to activity coefficients 
and concentrat ions,  C i, for solution phase species, or 
mole fractions M i, for resin phase species. Solution- 
phase proton activity is left unmodified since this is the 
most readily determined form (i.e., directly measured 
with a pH meter). The solution-phase, single-ion activ- 
ity coefficient, ~/", for ion species i with charge z is 
calculated based on molar ionic strength (1). 42 See 
Equations 4 and 5. 

log',/=i= -0 .5 0 9  z 2 I - - I  +X/)-X// 0.3• 1 (4) 

Ionic strength is calculated by summing the prod- 
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ucts of  (free) ion concentrat ions (including anions) and 
their charges. 

1= IhZC iz~ (5) 
i 

Thus the three exchange equations become Equa- 
tions 6-8: 

(H +) • fMono " MMom, 
K M . . . .  = y~ . [Mono+] . fH . M H (6) 

(H + )2 . fc,," Mca 
K~"  = (7) 

3,2+ . [ C a 2 + ]  • { f H  • MR} 2 

( H * )  2" fMg'  MMg 
K~ g = (8) y2 + . [Mg2 + ] . { f . .  MH}e 

with brackets,  [ ], signifying concentrat ion,  and fi and 
M i representing resin-phase activity coefficients and 
mole fractions, respectively.  

In addition to Equations 6-8, a relationship express- 
ing the electroneutral i ty of  the resin phase is required 
to complete the system of equations defining the 
model. Equation 9 provides this, expressed in terms 
of mole fractions. 

M H + MMono + 2 Mc, + 2 MMg = 1 (9) 

What remains to be determined are the resin-phase 
activity coefficients, fi, and exchange constants,  Kh. 
Unfortunately,  no ready formulation exists for resin- 
phase activity coefficients (i.e., for species HX, 
MonoX, etc.). Previous workers have either arbi- 
trarily assigned values of one to all f i  coefficients or 
employed graphical techniques for their estimation. 41 
Sposito 3s-4° has concluded that f i  values should be a 
function of  M v It is shown herein that a simple expres- 
sion relating fH to M H suffices. The remaining fi terms 
may be assigned values of one. Kh values are deter- 
mined by applying appropriate curve-fitting proce- 
dures to data sets consisting of solution phase ion con- 
centrations and resin phase mole or equivalent 
fractions. 

Ion-exchange properties of corn bran. 
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Figure 1 Extent of Ca 2+, Mg 2÷, and K + b i n d i n g  to corn bran in 
75 mmol/L KCI solution. Panel A: observed equivalent fractions of 
Ca 2* (A) and Mg 2* (e). Dashed and solid lines are model- 
predicted values for Ca 2+ and Mg 2÷, respectively. Panel B: sym- 
bols and lines are observed and calculated values for K + and 
Mono ÷ , respect ively 

R e s u l t s  

In order  to mimic the range of ionic conditions poten- 
tially present  in the GI tract, 4351 the cation-binding 
properties of  corn bran were measured in solutions, 
pH 3-7,  containing 75-150 mmol /L  K + and 0.1-10 
mmol /L  Ca 2+ and Mg 2+. Although stomach pH can 
be lower than 3.0, corn bran bound negligible quanti- 
ties of  ions at pH 2.0 or lower (data not shown). At a 
given K + concentrat ion,  Ca 2+ and Mg 2+ concentra- 
tions varied such that solution ionic strength remained 
essentially constant.  Therefore ,  model parameters 
could be determined for individual data sets without 
regard for the influence of  ionic strength, except  for 
its effect on solution-phase activity coefficients. A 
data set consti tuted 35 different ionic conditions (5 pH 
values x 7 C a > / M g  2+ concentrat ion ratios). The K +, 
Ca 2+, and Mg 2+ contents  of each sample were mea- 
sured, giving 105 observations.  All observations were 
weighted equally. Model parameters  were optimized 

independently for the four data sets corresponding to 
75, 100, 125, and 150 mmol /L  KCI solutions. 

The total exchange capacity of corn bran was found 
to be 212 -+ 6 (n = 6) mEq per kg dry weight, quite 
similar to what Rasper  28 determined. Figure 1 displays 
the equivalent fractions of  K + , Ca 2+ , and Mg 2+ bound 
for the 75 mmol /L  data set. Binding of all three metals 
increased with pH. At any given pH, with Ca 2+ and 
Mg 2+ at 1.0 mmol /L  (log Ca2+/Mg 2+ = 0), Ca 2+ 
bound to a greater extent  than Mg 2+. This demon- 
strates the higher selectivity of corn bran for Ca 2+. 
When Ca 2+, Mg 2+, and H + were all 1.0 mmol /L (pH 
3.0, log Ca2+/Mg 2+ = 0), H ÷ occupied 77% of the 
exchange sites, reflecting the preference of corn bran 
to bind H +. These ion-binding traits are typical of 
plant cell wall tissues. 33'3437 

Close agreement was achieved between experi- 
mental ly-observed and model-predicted values when 
the term e A"M" was substituted for fH in Equations 
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Table 1 Model optimized parameter values 

Data serf 

Parameter b 75 100 125 150 
Mean 

estimate 

K M°n° 1.7 -+ 0.3 {~ 15 + 0 4  1.5 _+ 0 3  13  _+ 0.3 
(1 0 -2 .3)  d ( 0 6 - 1 . 9 )  

K ca 4.1 _+_ 1.7 4.0 _+ 19  4.3 + 18  41 _+ 2.2 
K M~ 2.1 + 0.9 2 0  _+ 1.0 2.0 + 0 9  21 + 1.1 
X~ 7.9_+ 0.4 7 8  + 0 8  7.2 _+ 0 4  7 4  _+ 0.5 

(7.1-8.7)  ( 6 4 - 8 0 )  

15  

41 
2.1 
7 6  

a Monovalent cat ion concentrat ion (mmol/L) of solut ion 
b KMono values have been mult ip l ied by 105 KCM a and K Mg va4ues have been mult ipl ied by 10 ~°. 
c Parameter est imate + one standard deviation. 
d Univariable 95% conf idence region of parameter. 

6-8.  The use of  an exponential  function was derived 
empirically.  The constant  A H was optimized along 
with the K]a parameters .  Introduct ion of this expres-  
sion for fH resulted in a six-fold reduction in the sum 
of squared residuals. Figure 1 shows the experimental  
and model values for the 75 m m o l / L  K + data set. In- 
t roduction of  additional f~ terms as functions of  M~ for 
the other  resin-phase species resulted in a computa-  
tionally unstable sys tem of  equations.  Therefore,  the 
remaining f~ terms were assigned values of  one. 

Table 1 lists the opt imized paramete r  values for all 
four data sets. Note  that K h values are much less than 
one, reflecting the higher selectivity of  H + than other 
ions for corn bran. K c~' was two-fold larger than K~ g 
in all instances,  as a consequence  of the greater  rela- 
tive affinity of  Ca 2+ . K M°n° is five orders of  magnitude 
larger than K c" and K Mg. This results f rom the particu- 
lar formulat ion of the model.  It does not imply that 
K ~ has greater  affinity than Ca 2+ or Mg 2~ . This point 
has been discussed at length by Bush & McColl. 4~ A 
positive valued A H implies that fH increases as a func- 
tion o f M  H. This is opposi te  of  the solution phase situa- 
tion where concentra t ion and activity coefficient gen- 
erally vary inversely.  The need for resin-phase activity 
coefficients greater  than one has also been noted by 
Bush & McColl.  4~ 

Table 2 presents  the goodness-of-fit  statistics of  the 
model employing the corresponding paramete r  esti- 
mates.  The coefficients of  determinat ion (similar to 
correlation coefficients for linear models) were similar 
for the four  data sets (Table 2), indicating that the 
model has little bias for higher or lower ionic strength 

" fable 2 Summary of goodness-of- f i t  statistics a 

Coeff ic ient of Sum of squared residuals 

Data set b determinat ion Mono ~ Ca 2- Mg 2~ Total 

75 0,983 0048  0.010 0.010 0.068 
100 0.979 0065  0.016 0.916 0.098 
125 0.986 0.052 0.015 0.015 0.082 
150 0.977 0.092 0.018 0.023 0133  

a Based on parameters given in Table 1, 
b Monovalent cation concentrat ion (mmol/L) of solution. 

conditions. The majori ty of  the residual error (differ- 
ence between observed  and calculated) accumulated 
in the monovalent  cation term (Table 2). This occurred 
for at least two reasons.  First, since there were twice 
as many  divalent-cation than monovalent-cat ion ob- 
servations,  Ca-" + and Mg 2+ values had a proportionally 
higher impact  on the fitting process.  Second, there was 
a greater  degree of experimental  error in determining 
the bound K + fraction because  of the large correction 
required for unadsorbed K ~. This correction was far 
less for Ca 2~ or Mg 2+. 

Est imates  of  the model parameters  varied little as 
a function of solution phase  ionic strength (Table 1). 
There is some suggestion of a trend towards lower 
values of  K~ °°° and A H as KC1 concentrat ion in- 
creased.  However ,  the 95% confidence regions of  the 
highest and lowest  est imates of  the parameters  greatly 
overlapped.  This indicates that an ionic strength effect 
on K~ °"° and/or  AH, if present ,  could not be deter- 
mined f rom these data. 

To ascertain whether  the model and/or  parameters  
could be applied to lower ionic strength solutions, 
corn bran was tested against solutions containing 
5-150 m m o l / L  K ~ and 5.0 m m o l / L  Ca 2+, at pH 6.0. 
When A H was allowed to vary as a linear function of 
ionic strength (i.e., A H = Slope • ~/1 + Intercept), a 
fairly good fit of  the model to the data was achieved 
(Figure 2). Howeve r ,  the nonrandom deviation of the 
observed values from the calculated values suggests 
that the relative affinities of  K ~ and Ca 2~ for corn 
bran slowly change with solution ionic strength. 

There  is d isagreement  on whether  plant cell walls 
display selectivity (binding preference)  among mono- 
valent cations.  Both selectivity ~ and no selectivity 32'~ 
have been reported.  Therefore ,  corn bran selectivity 
between K + and Na* was tested. Samples were 
treated with solutions containing K + and Na + at vari- 
ous concentra t ion ratios (i.e., varying solution phase 
mole fraction) and total monovalent  cation concentra-  
tions. With selectivity defined as shown in Equation 
10 

K K XNa • M K 
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where X i and M i refer to solution and solid phase mole 
fractions, respectively,  K~a values greater than one 
indicate preferential binding of K + . Within experimen- 
tal error,  K~a values were constant over  the tested 
range of  X~ (0.2-0•8) and ionic strength (F igure  3). The 
mean K~a value was 1.4. Synthetic resins with carbox- 
ylate functional groups have a similar preference for 
K+. 54 Corn bran selectivity for NH4 + would be ex- 
pected to be between that of  Na + and K +. Since 

K Na K~a is equivalent to K H / K  H , a value of  1.1 x 10 5 
was deduced for K~ ~ (K~ = 1.5 x 10 5 Table  1). 
Thus, separate relations for K~ and Kn ya should be sub- 
stituted for the K~ °"° exchange relation (Equation 6) 
of the model• 

D i s c u s s i o n  

The Sposito model does not require, nor provide, a 
molecular interpretation of  ion binding• This can be 
both a blessing and a curse• The model has been criti- 
cized recently for its insensitivity to solution pH and 
for its inability to generate information about molecu- 
lar events.  55 The introduction of  the exponential  ex- 
pression for fH makes the model highly sensitive to 
pH. Numerous  models derived from statistical- 
mechanical reasoning have been developed to de- 
scribe ion interactions with plant cell walls. 37"5659 
While they produce an interpretation of  ion binding in 

terms of specific molecular interactions, they gener- 
ally rely on making estimates of unmeasurable molec- 
ular properties and questionable assumptions about 
the uniformity of distribution of binding sites. The 
Sposito model does not suffer explicitly from this 
problem (although one could argue that fH is not di- 
rectly measurable either)• 

One recently proffered statist ical-mechanical  the- 
ory for cell walls, the Constant Capacitance model, 59 
bears striking resemblance to the model presented 
herein• The Constant Capacitance model introduces 
an exponential  term relating the activity coefficients 
of the COOH and C O 0  species to the charge density 
of the wall. The adjustable parameter  of this relation- 
ship, the integral capacitance density, is very similar 
in action and magnitude to the A u parameter• Al- 
though the term e '~"MH was introduced to calculate fH 
(all other  fi  values equal to one), an alternative inter- 
pretation would be that this expression actually de- 
scribes the ratio ( fH): i / f i  . Thus, A H may be related 
closely to the surface charge density of corn bran cell 
walls• 

The model presented permits calculation of the ex- 
tent of  cation binding to corn bran under the highly 
varied conditions of the GI tract. Introduction into the 
model of  a simple expression for the resin phase activ- 
ity coefficient of  the protonated carboxyl exchange 
site produced a fairly close correlation between m o d -  
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eled and observed  values.  Under the high ionic 
strength milieu characteristic o f  the mammalian,  
monogastr ic  G( t r a c t ,  464j all model  parameters (i.e.,  
K[~ and AH) may be treated as constants  for corn bran. 
The model  can be extended to an even greater range 
by al lowing A H to vary as a function of  ionic strength. 
These  enhancements  should permit the application of  
the model  to other insoluble fibers, cell wall prepara- 
tions, and some  synthetic  resins under psychological  
or other real-world condit ions.  
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