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The Binding of Free Calcium Ions in Aqueous Solution 
Using Chelating Agents, Phosphates and Poly(Acrylic Acid) 

D.M. CHANG a, The B F Goodrich Company, Chemical Group, Avon Lake Technical 
Center, Avon Lake, OH 44012 

ABSTRACT 

Organic chelating agents, phosphates, and polyelectrolytes were 
studied to determine their calcium ion  binding power (CBP) and 
binding mechanism. A calcium ion electrode was used to measure 
the equilibrium calcium ion concentrations from which stability 
constants were calculated. Except for EDTA and NTA, the binding 
power did not correspond to the formation of complexes with a 
simple stoichiornetry. In most cases, more than one equilibrium is 
involved. Increase in the level of binding agent decreased CBP, 
especially for those agents which formed complexes with low 
stability constants. CBP calculated on the basis of weight should be 
used to measure the relative cost effectiveness of corrrmerclal cal- 
cium binding agents. At an amount lower than required to form 
stable stoichiometric complexes, poly(acrylic acid) had a higher 
CBP than traditional organic chelating agents. The electrostatic 
effect accounts for the excellent CBP of poly(acrylic acid) at low 
concentrations. To get maximum efficiency in detergent and water 
treatment applications, use of low levels is recommended. 

INTRODUCTION 

Organic chelat ing agents such as E D T A  have been used to 
cont ro l  water  hardness. Because of  cost, it is replaced 
most ly  by inorganic t r ipolyphosphates .  In the 1960s, tri- 
po lyphospha tes  were found  to cause envi ronmenta l  prob-  
lems (1). During the past 15 years, great  efforts  have been 
made to replace phosphates.  Many organic materials,  in- 
cluding organic polymers ,  were promising (1-3).  NTA was a 
successful candidate.  However ,  it was found  later to be po- 
tent ial ly carcinogenic (2). Polymers  such as poly(acryl ic  
acid) are also good candidates.  This repor t  describes and 
compares  the calcium ion binding power  and binding mech-  
anism of organic chelating agents, phosphates,  organic 
ol igomers and polymers ,  using a calc ium ion e lect rode to 
measure  the equi l ibr ium calcium ion concent ra t ions  (4). 

EXPERIMENTAL 

Apparatus 

A calcium ion e lec t rode  (Model 93-20 ,  Orion Research,  
Inc.) and a digital pH/MV mete r  (Fisher  A c c u m e n t  Model  
144) were used to measure the equi l ibr ium calcium ion 
concentra t ions .  

Standard Solution Preparation 

A standard calcium ion . so lu t ion  (2.00 • 10 -3 M, 80 m g / L  
in calcium ion, 200 mg/L  in calcium carbonate)  was freshly 

apresent address: The Clorox Co. Technical Center, Pleasanton, 
CA 94566. 

prepared by diluting Orion s tandard calc ium ion solut ion 
(0.100M) with a 0.03M a m m o n i u m  chlor ide /0 .07M 
a m m o n i u m  hydrox ide  buffer  (pH 9.70, ionic strength 
0.10M). Standard calcium binding agent  solut ions (2.00 
• 10 -3 M) were prepared in tl~e same way. Triple distilled 
water  was used. 

Calibration Curve 

The electrodes  were immersed  in a s tandard calcium ion 
solut ion (80 mg/L  in calcium ion) and the solut ion was 
stirred. The  mete r  reading was adjusted to read 63.5 mV at 
25 C. Other  points  on the cal ibrat ion curve were obta ined 
by successively diluting the standard calcium ion solut ion 
with the a m m o n i u m  c h l o r i d e / a m m o n i u m  hydrox ide  buffer.  
The  logar i thm of calcium ion concen t ra t ion  (mg/L)  vs the 
potent ia l  (mV) plot  showed a l inear relat ion above 3 mg/L  
hardness. The accuracy of  the hardness measu remen t  is 
reduced at 2 mg/L,  but  the calcium e lec t rode  was still 
sensitive to the calcium ion concent ra t ion .  

Titrations 

The electrodes  were immersed  in 50 m L  of  g0 mg/L  calci- 
um hardness solut ion at 25 C and the me te r  reading was 
adjusted to read 63.5 mV, according to the cal ibrat ion 
curve. The  calcium binding agent solut ion was added in 
small increments  and the equi l ibr ium-free  calcium ion con- 
cent ra t ions  were measured.  At  free calcium ion concentra-  

TABLE I 

Calcium Binding Power of Common Chelating Agents 
and Polymers a 

Theoretical Actual 
Material b CBP c CBP Log K e 

EDTA 342 340 7.0 
Citric Acid 520 391 4.1 
STPP-Na 5 272 269 7.0 
CMOS-Na3 240 237 6.8 
NTA 523 509 6.1 
MAO 861 539 3.7 
PAA 695 d 869/620 d 5.3 

aCalcium binding powers (CBP) were determined in NH4OH/ 
NH4CI buffer, pH = 9.7, ionic strength O.10M. See text for calcula- 
tion. 

bSee Figure 1. 
CCalculated from stoichiornetry amount. 
dData at 1:2 molar ratio. 
eSee text  for calculation. 
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tions higher than 10 mg/L, the meter  reading stabilized 
rapidly. As the free calcium ion concentrat ion became 
lower than 10 rag/L, it took a few minutes before the read- 
ing became steady. The t i t rat ion was stopped when the 
concentration was ca. 1 mg/L. The experimentally deter- 
mined calcium binding powers for the different chelating 
and binding agents are given in Table I. 

Materials 

EDTA and citric acid were reagent grade. All others are 
commercial grades. Good-rite K-702 poly(acrylic acid) was 
from the B F Goodrich Company and Belclene 200 maleic 
acid oligomer from Ciba-Geigy. Total solids (TS, %) were 
determined by drying a sample at 82 C for 2 hr in vacuum. 
Acid contents were determined by ti tration using an auto- 
matic t i t rator (from Brinkmann). Molar quantities and 
weights indicated in the table and figures are based on dry 
weights of pure agents. 

COzH 
H O , C \  / C O ,  H l 

NC H2CH2 N HO2CCH 2 -  ~--CH 2CO2H 

/ \C02H HO2C OH 

mol. wt. 292 mol. wt. 192 

e%hylenediaminetetra- c i t r i c  acid (CA) 

acetic acid (EDTA) 

O O H O 2 C \  COzNa CO2H 
~1 II II 

NaO--  P - -O - -  P - -O- -P - -ONa  CHOCH--CHOCH / 
I I I / I \ C O z H  O O O NaO=C CO2H 

Na Na Na 

F.W. 367.9 mol. wt. 417 
pentasodium tripolyphosphate trisodium carboxymethyloxysuccinate 

(STPP) (CMOS) 

R ESU LTS 

The chemical structures of some calcium binding agents are 
shown in Figure 1. It includes organic chelating agents, 
oligomer, polymers, and inorganic polyphosphate .  The 
effect of the level of calcium binding agents (mmol) on the 
free calcium ions concentrat ion is shown in Figure 2. 

Since the total  volume at any particular incremental 
addition is the same for all t itrations, level (mmol) and 
concentration are closely related. In all cases, the equilibri- 
um calcium ion concentrations decreased rapidly. EDTA, 
NTA, STPP, and CMOS have the capabili ty of binding near- 
ly all calcium ions at the equivalent point. They are also 
known as chelating agents. On the other hand, citric acid, 
poly(acrylic acid), maleic acid oligomer (MAO) bound only 
80-90% of calcium ions at the stoichiometric equivalent 
point. 

D I S C U S S I O N  

Calc ium Binding Rat io  

The amount of bound calcium (mmol) can be calculated by 
subtracting the free calcium ions from the total (0.10 mmol) 
a s  

bound Ca(mmol)=0.10-[Ca 2+] [50+V] [1] 

in which 50 is the total volume (mL) of calcium ion solu- 
tion before the t i tration starts and V is the cumulative 
volume (mL) of calcium binding agent solution added. 
Figure 3 shows that the bound calcium increased as the 
calcium binding agents were added. However, the increase 
was not exactly linear, even for EDTA and NTA which al- 
most followed a 1:1 binding molar ratio straight line. Note 
that  the slopes of these curves at any point  are calculated 
as the molar binding ratio. To study the effect of the total  
amount  of added binding agent on the binding ratio, Fig- 
ure 3 was rearranged to Figure 4. Ca/A represents the molar 
binding ratio of calcium ion and binding agents. In the case 
of polymers or oligomers, formula weights of  repeating 
units (see Figure 1) are used to determine A. For  STPP, 
citric acid, CMOS, maleic acid oligomer and poly(acrylic 
acid), the binding ratios are a function of the amount  added. 
STPP and CMOS showed a binding ratio higher than 1 at 
low levels and lower than 1 near the stoichiometric end 

,CO H 

\ 
CO2H COzH COzH COzH 

mol. wt. 191.14 FAL 116.1 FAI. 72 
n i t r i l o t r i a c e t i c  acid maelic acid poly (acry l ic  acid) 

(NTA) Ol igomer (MAO) (PAA) 
(Belclene 200) (Good-rite K-700) 

FIG. 1. Chemical structures of calcium binding agents. 
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FIG. 2. Titration of calcium ions with calcium binding agents. 

JAOCS,  vol. 60, no. 3 (March 1983) 



620 

0.08 

A 

0 

E 
E 
~ o.08 
z 
0 

.-s 

q 

~ 0.04 
z 
0 
a3 

/IZ / 

/ �9 - -  PAA 

x - CITRIC ACID 

�9 - STPP 

o - EOTA 

& - NTA 

n - MAO 

v - CMOS 

0 
I I I 

0.05 0.10 0.15 
C A L C I U M  B I N D I N G  A G E N T ( m m o l )  

FIG. 3. B i n d i n g  o f  c a l c i u m  i o n s  with calcium ion binding. 

D.M. CHANG 

2 . 0  

1.5 

n,. 

~z l.O 

,< 
o 

05 

- \ 
v 

\ \  
- \ \  

~.... .> ~x 

v - C M O S  

x -C ITR IC  ACID 

A - S T P P  

o - E D T A  

& - N T A  

o -  MAO 

� 9  

�9 

-~k. 

I I I ~x_L_ 
0.05 0.I0 0.15 0.20 

C A L C I U M  BINDING AGENT (rnmol) 

FIG. 4. Effect of calcium i o n  b i n d i n g  a g e n t  l e v e l  o n  b i n d i n g  ratio, 

point .  Citric acid, maleic acid o l igomer  and PAA always 
possessed a binding ratio smaller  than 1. Even though the 
binding ratio is ca. 1 for  NTA and EDTA,  it was still higher 
than 1.0 at low levels. CMOS, a hexacarboxyl ic  acid fo rmed  
a 2:1 complex  at low levels and the rat io decreased to 1:1 
and lower,  gradually,  with fur ther  addi t ion  of  CMOS. This 
can be explained by the fol lowing equil ibria:  

[R(CO2) 6 Ca2] 2- ~,~ R(CO2) ~ Cal 4- ~- 
binding ratio binding ratio 
2 : 1  1 : 1 
chelate chelate 

R ( C O ~  )~ - + C a  2 + 

Similar  equil ibria  were observed in the case o f  STPP. Citric 
acid, a hydroxy- t r i ca rboxyl ic  acid fo rmed  a 3:2 binding 
rat io chelate at low levels and the ratio decreased to 1.0 and 
lower  gradually as more  citric acid was added. The  fol low- 
ing equil ibria apparent ly  are related. 

ROH(CO2) I -Ca 2+ [ROH (CO2) 3 Ca] I - 

citric binding ratio 1:1 
acid complex 

Ca 2+ ql" citric acid 

[ ROH(CO2 )3 ] 2 Ca3 
salt-complex 
binding ratio 3:2 

The binding of  calcium ions to poly(acryl ic ,  acid) in aqu- 
eous solut ions is, at least in part,  a po lye l ec t ro ly t e  ef fec t  
(5,6). Simple chela t ion or salt fo rma t ion  canno t  accoun t  
for the calcium binding quant i ta t ively .  The  theore t ica l  
binding rat io (Ca/A) is 0.5. At  low levels, the e lect rosta t ic  
e f fec t  p redomina ted  and the binding rat io was higher  than 
0.5. As the PAA levels increased, the binding rat io decreased 
to 0.5. It can be expla ined  by the fo l lowing equi l ibr ium:  

-(CH 2 - CH "-)2 m + n + mCa2 + 
I 
CO 2 H 

~t 

(CH 2 -.-CH--CH~ --CH--)- (CH 2 --CH-) n 
I I I 

CO2 0 CO ~ CO2 0 

Ca 2 + 

Poly(acryl ic  acid) showed  an electrostat ic  ef fec t  over  a wide 
range of  levels (0 - 0 .10 mmol )  when  the binding rat io is 
equiva len t  or  above 0.5. The  PAA calcium salt may  precipi-  
ta te  or remain in suspension such as in the  water  t r e a t m e n t  
area where  low levels are used. Since the  po lymer-ca lc ium 
salt is amorphous ,  it does no t  fo rm a crystal l ine s t ructure  
and wou ld  interfere  with the calcium carbona te  crystal 
fo rmat ion .  This may  part ly explain the inhibi t ion  and 
re tardat ion  of  scale fo rma t ion  on the hea t  exchanger  
surfaces. 

The  maleic acid o l igomer  (MAO) fo rmed  a salt with 
calcium at a theore t ica l  b'inding ratio of  1.0. Figure 4 shows 
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insignificant electrostatic effect except  at extremely low 
concentration.  The calcium ion binding behavior is similar 
to that  of citric acid. In fact, the maleic acid oligomer has a 
degree of polymerizat ion of  ca. 10, which may be too low 
to show a significant electrostatic effect. 

Stabi l i ty Constant 

The stabili ty constant  or chelation constant of 1 to 1 
organic chelate with Ca 2 + can be written as 

[CaA (n-2)- ] 
K = [21 

(Ca 2 +] [A n-] 

where A represents the chelating agente and n is the anionic 
charge on the chelator. The values of log K calculated at the 
stoichiometric points for the chelators in this s tudy are 
included in Table I. The stabili ty constant  of poly(acrylic 
acid) is defined herein as 

K = [CaA, ] [3] 
{Ca 2 +l [A~ ] 

because 2 equivalents of carboxyl group bind one mole of 
calcium ions. The data in Table I can be divided into two 
groups: those chelators with log K larger than 6 and smaller 
than 6. EDTA, STPP, CMOS, and NTA which form chelates 
with calcium ions belong to the former group. Citric acid 
MAO and PAA belong to the lat ter  group. The higher the 
log K, the s t ronger  the binding force for calcium ions. 

Rechnitz and Lin (7) reported log K of  5.1 at pH 7.8-  
8.1, and 6.5 at pH 8.4-8.5 for NTA. The log K for STPP 
was reported (2) as 6.0, and for citric acid as 4.6 (8). The 
data in Table I compare favorably to those reported in the 
l i terature considering the dependence of log K on tempera- 
ture, pH and ionic strength. 

Calcium Binding Power 

Molar quantities have been used in the previous discussion. 
However, it is very appropriate and practically useful to 
discuss the results on a weight basis as is common practice 
in industrial water t reatment  and detergent applications. 
Figure 2 is replotted on a weight basis in Figure 5. Although 
EDTA, STPP, and NTA are excellent chelating agents as 
discussed before, their efficiencies to reduce calcium hard- 
ness on the weight basis are not  as good as PAA and MAO. 
One of  the reasons is the low formula weights of PAA and 
MAO. 

Figure 5 also nicely illustrates the practical consequence 
of the polyelectrolyte  effect exhibited by PAA. At  low 
levels, PAA is much more effective than MAO in removing 
free calcium ions from solution. The difference in formula 
weight between PAA (72) and MAO (116.1) does not  offer 
a satisfactory explanation. This is because, as shown in Fig- 
ure 1, MAO has two carboxylic acid groups per repeating 
unit  whereas PAA only has one. This means the effective 
formula weight of PAA for comparison with MAO is 144, 
not  72. Therefore, if no other factors are important ,  MAO 
should be much more effective than PAA. The fact that  i t  
is not, can be at t r ibuted to the electrostatic polyelectrolyte  
effect which enhances the ability of  PAA to remove free 
calcium ions from solution. 

Chelation value has been used in industry to describe the 
calcium binding power (CBP) of organic chelating agents. 
The "calcium binding power"  is used here because it can 
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FIG. 5. Binding of calcium ions with calcium binding agents on 
weight basis. 

be applied to both strong and weak chelating calcium bind- 
ing agents. It is defined as 

bound CaCO 3 (mg) [ 4 l  
calcium binding power (CBP) = ~ c l ~  binding agent ( ~  " 

and equals to the slope of CaCO3 hardness/calcium binding 
agent plot  (Fig. 5) at the equivalent point  times one thou- 
sand. 

It is interesting to compare the experimental  and theore- 
tical calcium binding powers at the equivalent point  which 
is defined as 

eq wt of CaCO 3 (mg) 
theoretical calcium = • 1000 [5] 

eq wt of CB agent (g) 

For those having high stabil i ty constants, the experimen- 
tal calcium binding power should approach the theoretical  
data as shown in Table I. EDTA, STPP, CMOS, and NTA 
have log K higher than 6 and their  experimental  and theore- 
tical CBP were almost identical. On the other hand, PAA, 
MAO, and citric acid have log K lower than 6 and the 
experimental  CBP were much lower than their  theoretical 
values. 

We have mentioned that calcium binding power is a 
function of the amount  of  calcium binding agent. Experi- 
mental CBP at the equivalent point  is not a practical method 
of comparing calcium binding agents because they are 
rarely used in stoichiometric amounts in industrial practice. 
Instead, the experimental  CBP at a particular concentrat ion 
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or a CBP-concent ra t ion  profi le  should be used to compare  
commerc ia l  calcium binding agents. 

Al though PAA and MAO have low stabili ty constants ,  
their  CBP are the highest  over  a broad concen t ra t ion  range 
par t ly  because of  the low formula  weight.  PAA is even 
much  be t te r  than MAO because of  the  e lect ros ta t ic  ef fec t  
possessed by polyelec t ro ly tes .  
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