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REAGENT PRECIPITATION OF HARDNESS IONS  

BY CARBONATE-CONTAINING BUILDERS 
Phase composition of carbonate containing builders obtained by neutralization of proton containing 

reagents with sodium carbonate is investigated. It is shown that the builders are a mixture consisting 
mainly of Na2CO3 · NaHCO3 · 2H2O, Na2CO3 · H2O and salts of the corresponding acids. The mixture 
is able to reduce total water hardness with 3.9 to 1.6–1.7 mmol-eq·l–1. It is found that the builders con-
taining Na2CO3 · NaHCO3 · 2H2O, Na2CO3 · H2O and CH3COONa · 3H2O remove hardness as well as 
Na2CO3, Na3PO4 · 12H2O and STPP at the same flow rate. 

Introduction. Synthetic detergents (SD) are 
multi-component composition containing up to 90 
w.% of builder [1–3]. The builder consists of a 
number of organic and inorganic salts. These salts 
must maintain a specified pH of detergent solution, 
remove total water hardness, reduce critical micelle 
concentration and possess surface-active, dispersing 
and emulsifying properties. The reduction of the 
hardness salts concentration in washing solution 
providing high detergency is one of the most impor-
tant requirements to the builders [4–6]. 

Builder can be obtained by mechanical mixing 
of components. However thus generated mixture is 
not uniform, not granular and it is disposed to cak-
ing. The ways of obtaining of the builders and de-
tergents on their basis through the neutralization of 
proton-containing reagents using the neutralizers 
[7–9] are widely applied in the last ten years. 
These ways require relatively less investments and 
they are less power-intensive in contrast to the 
spray drying. The carbonates or silicates of alkali 
metals are used as the neutralizers, and the water 
solutions of organic, inorganic acids or their acid 
salts are used as proton-containing reagents. Such 
a method for detergent production allows to adjust 
the obtained mixture composition that determines 
the degree of water hardness removal. 

In this connection we have analyzed in the pre-
sent study the influence of the builder composition 
obtained in the system “proton-containing reagent – 
sodium carbonate – water” to the residual concen-
tration of the hardness salts at water softening. 

Main part. The solutions of orthophosphoric, citric 
and acetic acids were used as the proton-containing 
reagents, the neutralizing reagent being Na2CO3.  
The samples of carbonate-containing builders were 
made in the PHILIPS high-speed blender (power – 
700 W). At the continuous mixing the particles of so-
dium carbonate were sprayed by the solution of proton-
contained reagent (HxAny, where x is number of H+ 
cations and y is number of anions in formula unit of 
acid; An is acid anion) at the fixed molar ratios 
Na2CO3 / HxAny and content of HxAny in the solution. 

Crystalline phases have been identified using 
the X-ray phase analysis on 08 Advance dif-
fractometer of “Bruker” AXS company (Germany). 
The water hardness was determined by the standard 
procedure of trilonometric method [10]. The tap 
water with the total hardness 3.9 mmol-Eq·l–1 was 
used for the research. Water softening was made at 
the room temperature. Builder sample was dissolved 
in the water under study, then kept during 15 min., 
after what the formed sediment was filtered to 
determine the residual hardness. The hardness 
removal degree has been calculates under the 
following formula: 
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where H0 is initial hardness of water, 3.9 mmol-
Eq·l−1; H – water hardness after treatment by re-
agent, mmol-Eq·l−1. 

The production conditions and phase composi-
tion of builders at different molar ratios 
Na2CO3 / HxAny and HxAny content in the solution 
are given in Table 1. As you can see from the pro-
vided data, the builders, obtained on the basis of so-
dium carbonate and of orthophosphoric, citric and 
acetic acids, are the mixture of carbonate-containing 
phases and salts of appropriate acids. At that the car-
bonate-containing phase is mainly concentrated so-
dium sesquicarbonate (Na2CO3 · NaHCO3 · 2H2O) 
and Na2CO3 · H2O (samples No 1−4, 7−17). 
Na2CO3 · H2O is not contained in the salt mixture 
(sample No 6) obtained at molar ratio Na2CO3 / H3PO4 
equal to 6.0, and at content in solution 20 wt. % of 
H3PO4. As to samples No 5, 8, 12, 14 the presence of 
sodium bicarbonate was registered. 

The salts of orthophosphoric, citric or acetic 
acids are the part of builders in the form of crystal-
line hydrates. Thus when spraying the acetic acid 
solution on powdery sodium carbonate, we generate 
CH3COONa · 3H2O (samples No 1–4), and when 
spraying citric acid, we get Na3C6H5O8 · 2H2O 
(samples No 15–17). In case of orthophosphoric 
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acid application, it is typical the presence of 
phosphates with different number of H+ protons 
substituted by Na+.  

It was established that when reducing the con-
tent of H3PO4 in solution from 33 up to 22 wt. %, 
the content of orthophosphates in terms of anhy-
drous salt increases, while the content of sodium 
hydrophosphate reduces. The builders (samples No 
13, 14) obtained from 33% H3PO4 at molar ratio 
Na2CO3 / H3PO4 equal to 4.5−6.0 include 
Na2HPO4 · 2H2O, Na2HPO4 · 7H2O, while when 
using 20% H3PO4 the phosphate-containing phase 
is presented by the sodium orthophosphate with the 
Na3PO4 · 8H2O composition.  

Considering that the obtained builders include 
such compounds as sodium citrates, carbonates and 
phosphates, which are usually applied in detergents 
for water softening, there is the question about the 
efficiency of these mixtures as reagents reducing 
the hardness salts concentration. The degree of the 
hardness removal by individual compounds widely 
used in the detergents formulations: zeolites, so-

dium tripolyphosphates, sodium metasilicates and 
others was determined to make a comparative 
evaluation. The results of the research are given in 
Table 2. 

As it is evident from the provided data, the so-
dium tripolyphosphates and Na3PO4 · 12H2O re-
move the water hardness the most in full. The level 
of the hardness removal at these reagents con-
sumption of 0.50 g·l−1 H2O is within the range 
60−67%, while this range for other reagents at the 
same consumption is 51−52% and less. 

Thus, after dilution of 0.50 gr of 
C6H8O7 · 2H2O in 1 liter of water, the hardness 
salts concentration did not change. Only when the 
consumption of citric acid was increased up to 
2.0−3.5 gr·(l H2O)−1, the removal degree rose up to 
20−35%. As to the water glass the low degree of 
hardness removal makes 7.6% at the consumption 
0.50−1.00 gr·(l H2O)−1. It is also to be mentioned 
that the sodium carbonate and sodium sesquicar-
bonate soften the water practically equally, in spite 
of the different chemical compositions.  

 
Table 1 

The production conditions and phase composition of builders 

Sample 
Production conditions 

Phase composition Na2CO3 / HxAny 
molar ratio 

Content of HxAny 
in solution, wt. % 

HxAny = СН3СООН 
1 1.5 90 

Na2CO3 · NaHCO3 · 2H2O, Na2CO3 · H2O, СН3СООNa · 3H2O 2 2.5 40 
3 3.5 32 
4 24 

HxAny = Н3РО4 

5 4.0 

20 

Na2CO3 · NaHCO3 · 2H2O, Na2CO3 · H2O, NaHCO3, 
Na2HPO4 · 7H2O, Na2HPO4 · 12H2O, Na3PO4 · 12H2O 

6 6.0 Na2CO3 · NaHCO3 · 2H2O, Na3PO4 · 12H2O 
7 7.5 Na2CO3 · NaHCO3 · 2H2O, Na2CO3 · H2O, Na3PO4 · 8H2O 
8 10.5 Na2CO3 · NaHCO3 · 2H2O, Na2CO3 · H2O, NaHCO3, Na3PO4 · 8H2O 

9 4.0 
25 

Na2CO3 · NaHCO3 · 2H2O, Na2CO3 · H2O, Na2HPO4 · 7H2O, 
Na3PO4 · 12H2O 

10 4.5 Na2CO3 · NaHCO3 · 2H2O, Na2CO3 · H2O, Na2HPO4 · 7H2O, 
Na3PO4 · 8H2O 11 6.0 

12 4.0 

33 

Na2CO3 · NaHCO3 · 2H2O, Na2CO3 · H2O, NaHCO3, 
Na2HPO4 · 2H2O, Na2HPO4 · 7H2O, Na3PO4 · 12H2O 

13 4.5 Na2CO3 · NaHCO3 · 2H2O, Na2CO3 · H2O, Na2HPO4 · 2H2O, 
Na2HPO4 · 7H2O 

14 6.0 Na2CO3 · NaHCO3 · 2H2O, Na2CO3 · H2O, NaHCO3, 
Na2HPO4 · 2H2O, Na2HPO4 · 7H2O 

HxAny = С6Н8О7 

15 
6.0 

40 Na2CO3 · NaHCO3 · 2H2O, Na2CO3 · H2O, Na2CO3 · 7H2O, 
Na3C6H5O8 · 2H2O 

16 50 Na2CO3 · NaHCO3 · 2H2O, Na2CO3 · H2O,  
Na3C6H5O8 · 2H2O 17 60 
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Table 2 
Research results for the process of hardness salts 

removal from the water 

Reagent 
Consump-

tion, 
g · (l Н2О)−1

H*, 
mmol-
Eq · l−1 

D, % 
Presence 
of sedi-
ment 

Na2CO3 0.50 1.8 53.8 + 

Na3PO4 · 12H2O 0.50 1.5 61.5 + 
1.00 0.6 84.6 + 

Sodium  
tripolyphosphate 0.50 1.3 66.7 – 

С6Н8О7 · 2Н2О 

0.50 3.9 0 – 
1.00 3.4 12.8 – 
2.00 3.1 20.5 – 
3.35 2.5 35.9 – 

Na3H(CO3)2 · 2H2O 0.50 1.9 51.3 + 

Crystalline  
sodium  

metasilicate 

0.50 3.0 23.1 + 
1.00 1.9 51.3 + 
2.00 0.9 76.9 + 
3.35 0.3 92.3 + 

Zeolite NaY 

0.50 3.4 12.8 + 
1.00 2.9 25.6 + 
2.00 2.3 41.0 + 
3.35 1.9 51.3 + 

Water glass** 0.50 3.6 7.6 – 
1.00 3.6 7.6 – 

* Initial water hardness (before removal) is 3.9 mmol-Eq·l−1; 
** Silica modulus (SiO2 / Na2O) is equal 3. 
 
As appears from the Table 2, the degree of the 

hardness removal using these reagents is at the 
level of 50−54%. The crystalline sodium metasili-
cate shows activity at rather high consumption. 
When increasing the sample mass from 0.50 up to 
3.35 gr·(l H2O)−1, the hardness salts concentration 
reduces accordingly from 3.0 down to 0.3 mmol-
Eq·l−1, while the removal degree of cations Ca2+ 
and Mg2+ increases from 23 up to 92%. As it fol-
lows from the test data (Table 2) the zeolite NaY 
showed the low capacity for the hardness removal. 

The sedimentation at dilution of the carbonate, 
sodium sesquicarbonate and dodecahydrate of so-
dium orthophosphate in hard water is caused by the 
formation of insoluble calcium carbonates and ortho-
phosphates. The higher degree of the hardness re-
moval for sodium orthophosphate, as against the so-
dium carbonate and sodium sesquicarbonate, is con-
nected with the relatively lower value of solubility 
product of calcium and magnesium orthophosphates. 
According to [11], SP(CaCO3) = 492 · 10–9, 
SP(MgCO3) = 6.82 · 10–6, while SP(Mg3(PO4)2) =  
= 1.04 · 10–24, and SP(Ca3(PO4)2) = 2.07 · 10–33.  
The water softening under the action of sodium 
tripolyphosphate and citric acid dehydrate is 
determined by formation of soluble polyphosphate 
and citrate complexes of calcium and magnesium 
respectively. Absence of the sediment has been also 

fixed when using the water glass with the consump-
tion equal to 0.50–1.00 gr·l−1 H2O.  

The results of the water hardness removal us-
ing the builders are shown in Table 3.  

 
Table 3  

Hardness removal by builders 

Number  
of the sample

according 
to the Table 1

Hardness* after 
removal, 

mmol-Eq·l−1 
D, % 

Presence 
of sedi-

ment 

1 1.8 53.8 + 
2 1.7 56.4 + 
3 1.6 58.9 + 
4 1.7 56.4 + 
5 2.0 48.7 + 
6 2.2 43.5 + 
7 2.3 41.0 + 
8 2.7 30.8 + 
9 2.1 46.1 + 

10 1.0 51.3 + 
11 2.1 46.1 + 
12 1.9 51.3 + 
13 1.8 53.8 + 
14 1.9 51.3 + 
15 3.5 10.3 + 
16 3.0 23.1 + 
17 2.6 33.3 + 

* Consumption of salt mixture for hardness removal was 
0.50 gr·(l H2O)−1. 

 
As you can see from the provided data, the ace-

tate and carbonate containing builders remove the 
hardness salts more in full as against the phos-
phate-, citrate carbonate containing builders at the 
same their consumption. The degree of the hard-
ness removal using samples No 1−4 is at the level 
of 54−59%, while samples No 5−14 remove the 
hardness by 40−54%, and samples No 15−17 – by 
10−33%. Different degree of water hardness re-
moval is obviously caused by different content of 
main substances softening water in the builders. 

Thus, the content of carbonate-ions in the ace-
tate- and carbonate-containing builders is rather 
high taking into account their chemical and phase 
composition; which ensures the solubility process 
of calcium and magnesium carbonates. The part of 
the phosphate-ions in builders containing series of 
sodium phosphate crystalline hydrates (Table 1) is 
at the level of 6−13 wt. %, that requires consider-
able consumption of builders for fixation of Ca2+ 
and Mg2+ cations into the sparingly soluble ortho-
phosphates. The rather low degree of hardness re-
moval using the citrate carbonate containing builders 
(samples No 15−17) is connected with the low  
water-softening action of the citrates them-selves, 
especially of citric acid (Table 2).  
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Conclusion. The builders consisting mainly of 
Na2CO3 · NaHCO3 · 2H2O, Na2CO3 · H2O and salts of 
corresponding acids are obtained by neutralization of 
different proton-containing reagents (acetic, ortho-
phosphoric and citric acids) using the neutralizer, 
sodium carbonate in particular. Influence of the 
chemical and phase composition of the builders on 
the degree of water hardness removal is determined. 
It is shown that the increase of crystalline hydrate 
water moles number in the composition of the build-
ers causes the reduction of reactants content and that 
of the hardness removal degree. It is observed that the 
obtained builders can be used in the compositions of 
powder-like synthetic detergents. 
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