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ABSTRACT

The groundwater with high level initial hardness was softened with various lime dosage
varying from 30 % to 180% of the stoechiometric amount. Both the initial and final
parameters such as total hardness, calcium hardness, total alkalinity, pH were measured
and compared to get the idea of removal efficiency with different lime dosage. The
results showed that with 120 % lime dosage, the treated water has lowest total alkalinity,
magnesium hardness and total hardness compared to the other lime dosages. The total
hardness removal could achieve 60 %, while the alkalinity could get the 72 % removal.
However, the optimum lime dosage for removing calcium hardness was found to be 90%

of the stoichiometric lime dosage.
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1. INTRODUCTION

The hardness of water is due to the presence of polyvalent metallic ions, principally Ca*"
and Mg”" (Crittenden and Montgomery Watson Harza (Firm) 2005). There are many
negative aspects resulting from hard water both for domestic and industrial usage. For
example, in lather production, if the water is hard, it requires considerable amounts of
soap before a lather can be produced. In the ordinary life, hard water produces scale in
hot water pipes, heater, boilers, and other units where the temperature of the water is
increased appreciably. The chemical equation for this process is showing below:
Ca’" +2HCO5 > CaCO; + CO, + H20.
Where the CaCOs; is the main component for the scale when hard water is heated

(Reynolds and Richards 1996).

Hardness of waters varies considerably from place to place. In general, groundwaters are
harder than surface waters. Hardness can be expected in regions where large amounts of
limestone are found, since water with carbon dioxide will dissolve limestone, releasing
the calcium ion. Hardness is measured in terms of milli-equivalents per liter or equivalent
CaCO3, and the degree of hardness was listed in many books, see Table 1 (according to

table 4.6, (Reynolds and Richards 1996)).

Hardness, mg/l As CaCO3 Degree of hardness
1-75 Soft
75-150 Moderately hard
150-300 Hard
300 and more Very hard

Table 1: Degree of hardness as a function of the hardness dosage

Knowing the hardness of water is important in evaluating its use as a domestic or
industrial water supply. The hardness must be known in determining the amount of
chemicals required for lime-soda softening and in the design of ion exchange softening

units.



On the other hand, public acceptance of hardness varies from community to community,
consumer sensitivity being related to the degree to which the consumer is accustomed.
Because of this variation in consumer acceptance, finished water hardness produced by
different utility softening plants will range from 50 mg/L to 150 mg/L as CaCO3. Based
on the table 1, the hardness range of finished water covers the scale from soft water to

hard water (Letterman and American Water Works Association. 1999).

In this report, we studied the effect of different lime dosage on the efficiency of hardness
removal and the consequent changes in total alkalinity and pH as well. This study gives

us an idea of how to achieve the required hardness degree for final water.



2. MATERIAL AND METHODS

2.1. Calcium hardness

For determining the calcium hardness, we added 2 to 3 drops of 8 N Sodium hydroxide
solution to achieve pH around 11 to 13. Eriochrome Blue black R was chosen for the
color indicator. EDTA standard of 0.01 M was used to titrate the mixture from red to blue
end-point, then the calcium hardness was calculate as
mg CaCO3/L = A * B * 1000 / ml sample,
Where A= volume of titrant for sample (mL)
and B= mass of CaCOs; (mg) equivalent to 1.00 mL EDTA titrant at the calcium

indicator end point.

2.2. Total hardness

As for total hardness, the buffer solution was prepared in this way: 1) dissolve 16.9 g
ammonium chloride (NH4Cl) in 143 mL ammonium hydroxide; and 2) add 1.25 g
magnesium salt of EDTA and dilute to 250 mL with distilled water. The indicator used
for total hardness is Eriochrome Black T. The EDTA standard is still at the concentration
0of 0.01 M. Then the total hardness was calculated as

mg CaCOs/L = A * B *1000 / ml sample,
Where A= mL titrate
and  B=1, mg CaCO3 equivalent to 1.00 mL EDTA titrant at the calcium indicator end
point. (standard books)



2.3.  Alkalinity

For alkalinity, we titrated 100 mL of sample with 0.02 N H,SO4 to pH 4.5 and stirred the
water during the titration. The total alkalinity as CaCO; was getting by multiplying the

volume (as ml) used of titrant by ten. The equation is:

Total alkalinity as mg CaCOs/L = mL of titrant * 10.

2.4. pH measurement

The pH values of all the samples have been measured with a pH meter (SA 720, Orion,
Thermo Scientific, Waltham, MA) before and after softening.

2.5. Water softening

Eight beakers with one liter each of ground water have been treated in a common jar test
apparatus (Phipps&bird Stirrer, Richmond, VA) with different concentrations of lime
ranging from 0% to 180% (0%, 30%, 60%, 90%, 100%, 120%, 150% and 180%) of the
theoretical dose that is required to remove all the hardness. The lime treating time is 20
min at the stirring speed of 30 rpm. At the end of the softening reaction, the water of each
sample has been filtered with a 0.45 pum filter. The supernatants were collected and

measured for all the parameters described above.



3. RESULTS

We tested the initial status of the groundwater. Those values have been reported in the

following table.

Alkalinity, mg/L as CaCOs3 305
Total hardness, mg/L as CaCO;, 288
Hardness due to Ca®", mg/L as CaCO; 204
Hardness due to Mg”, mg/L as CaCO; 84
pH 7.94
Temperature, °C o4

Table 2: Initial status of groundwater

The source water has high calcium (204 mg/L as CaCOs), high magnesium carbonate
hardness (84 mg/L as CaCOs) and since the total hardness is less than the carbonate and
bicarbonate alkalinity, then the total hardness is equivalent to the carbonate hardness and
the noncarbonated hardness is zero. Based on these characterizations, the type of

treatment process necessary for softening this water is the excess lime process.

3.1. Calculation explanations
3.1.1. Estimate the carbonic acid concentration.

Determination of the bicarbonate concentration in moles per liter (alkalinity is assumed to

be in the bicarbonate form since the pH is 7.94).

[HCO; =305 Ol L 6 1x10mol/ L
50 || 1000 || 61

Computation of the dissociation constants for carbonic acid at 20°C

14.8435-3404.71/293-0.032786x293 -7
K, =10 2% = 4.14%10



6.498-2909.39/293-0.02379x293 -11
K, =10 2 ~3.96x10

Computation of o

1
a =
1.0x107%/4.14%x107 +14+3.96x107" /1.0x107

=0.97

Determine the total carbonic species concentration,

_6.1x107mol / L
0.97

C; =6.29x10"mol / L

Computation of the carbonic acid concentration,
[ H,CO; |=C, —[HCO; 1=6.29x107 - 6.1x10™ = 0.19x10mol / L
Or  |H,CO;|=19mg/L as CaCO;

Draw a bar diagram of the untreated groundwater

19 0 204 288
other
Caz+ M92 cations
H2COs3
HCOs-
19 0 305

Figure 1: hardness diagram of the ground water used in this experiment

3.1.2. Establishment of the hardness distribution (based on the measured concentration

of alkalinity, calcium, and magnesium hardness).

Total hardness = 288 mg/L
Calcium carbonate hardness = 204 mg/L

Magnesium carbonate hardness=84 mg/L

10



3.1.3. Estimation of the lime dose requirements by application of the relationship for the

excess lime process:

Lime dose for excess lime process = carbonic acid concentration + total alkalinity +
magnesium hardness + 60 mg/L excess lime
=19+ 305+ 84 +60
=468 mg/L as CaCO3

Or Lime dose = 346.32 mg/L as Ca(OH);.

3.1.4. Estimation of the finished water hardness

Usually, with the lime dose estimated from step 3.1.3, the final hardness of the water is
all the Mg”" in the untreated water plus the practical limit of CaCO; removal. So it will

be between 110-130 mg/L as CaCOs.

3.2. Data analysis

Calcium and magnesium were removed by the lime softening process, in which the
unwanted ions are precipitated by adding slaked lime. This reagent produced a
voluminous precipitate of calcium carbonate and magnesium hydroxide, which acts by
sweep coagulation, thus enmeshing the suspended particles as the precipitate is formed
(Letterman and American Water Works Association. 1999). The alkalinity, pH, total

hardness and hardness due to calcium were measured (see Table 2).

The lime dose has been calculated to be in 100% stoechiometric proportion with the
amount of total hardness initially present in the ground water. This lime dose has been

calculated to be 346.32 mg/L as Ca(OH),.
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Then, lime has been added in the different samples at different proportion ranging
between 0 and 180%. The results for the pH, hardness and alkalinity have been measured
after filtration of the softened water in the above described conditions. Those results have

been plotted on the following graph.

400 - o Alkalinity — 13
—a— Total hardness

350 n —x— Calcium hardness
o] Magnisium hardness
% 300 7 ——pH
3) —
8 250 |
£ 200 -
£ 150 -
£ 100 -
o L

50

0 \ \ | 7

0 50 100 150

Lime dose, % of stoechiometric amount

Figure 2: Evolution of hardness, alkalinity and pH as a function of the lime dosage

We can see on this graph that, as expected, the pH is increasing with the increase in lime
dose. This corroborates with the fact that lime is a basic component whose dose increases

the solution pH.

Total hardness stays stable between 0% and 20% of lime addition and begins to decrease
significantly with the increase of lime dose. This total hardness decreasing trend is
observed for lime dosages ranging from 20% to 120%. With 120% lime dosage, the
minimum total hardness we achieved is 41% of the initial value. When the dosage
exceeded 120%, the total hardness becomes strongly increasing with the increase in lime
dosage to reach a maximum that is higher than the initial total hardness. These

observations confirms the previous trend observed from the other groups (Hashsham

12



1993), that is 120% dosage of lime seems to be the most efficient dosage to remove total

hardness, although the source of groundwater is different.

The hardness due to calcium tends to follow the same trend as the total hardness,
however, we observed two main differences. Firstly, calcium hardness decreases
spontaneously with the lime dose even at the first point of 20% lime dosage. Secondly,
the best lime dosage to remove calcium hardness was found to be close to 90%. The
minimum calcium hardness was found to be 30% of the initial value with 90% lime
dosage. In the other word, beyond this value, the calcium hardness is increasing again to
reach a maximum that is also higher than the initial Ca®" hardness in water. The
explanation we gave here for the best removal rate with 90% lime dosage is that the ideal
pH to precipitate calcium carbonate hardness is determined to be about 9.5 (Reynolds and

Richards 1996), which is corresponding to the observation from our experiments.

The hardness due to magnesium was achieved with 120% lime dosage. The best removal
rate is 28% of the initial magnesium hardness. It fits for the fact that the ideal pH to
precipitate magnesium hydroxide requires a pH higher than that required for calcium

hardness removal (Reynolds and Richards 1996).

As for the alkalinity, it is initially decreasing to a minimum value of 85 mg/L (as CaCO3)
for a lime dosage of 120%. This observation is consistent with the fact that alkalinity (due
to OH™ function) is supposed to be consumed by the lime and the precipitating species.
Beyond the lime dosage of 120%, the alkalinity is rising with the lime dosage and reaches
a maximum concentration of 245 mg/L for a lime dosage of 180%. This observation
corroborates the fact that after reaching the ideal lime dosage, the lime will provides free

OH' ions which are responsible for the increasing alkalinity.

The equations that could be used to explain the main chemical reactions during the

softening processes are presented as follows:
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The lime reacts with carbonate hardness:
Ca(OH);, + Ca(HCOs3), = 2CaCOs (|)+ 2H,0
And Ca(OH), + Mg(HCOs3), 2 MgCO; + CaCOs (|)+ 2H,0
The product magnesium carbonate is soluble, but more lime will remove it by the

reaction  Ca(OH), + MgCO; = CaCOs (]) + Mg(OH), (])

Part of the excess lime can be stabilized by carbon dioxide.

Ca(OH), + CO, = CaCO; (|)+ H,0

4. CONCLUSIONS

In this experiment we have successfully analysed the effect of lime dosage on ground
water softening in an “excess lime process” conditions. When the pH was constantly
increasing with the lime dosage, the alkalinity, the total hardness and the hardness due to

magnesium were found to be more efficiently removed with a lime dosage of 120%.

The experiment also helped us to learn the fact that it is not possible to remove all of the
hardness from the water because of the slight solubility of calcium carbonate and
magnesium hydroxide and also, the presence of some of the precipitate as very fine,
nonsettling flocs. Once stabilization has been accomplished, the fine precipitate dissolves
back into solution. Just like what was estimated by step 3.1.4, the practical softening by
lime-soda process can reduce the hardness to about 110 to 130 mg/L as calcium

carbonate.

14
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Abstract

Natural organic materials are one of the main components that cause the color in surface
water. In this study, we treat both natural water and the tap water spiked with humic
substance with different alum dosage to compare the removal efficiency of both humic
substances and turbidity in either cases. By the aid of jar test apparatus, we used various
alum dosages from 0 and 200 mg/L. Furthermore, after determining the optimum alum
dosage for natural river water, the optimum pH value for color removal was studied by
varying the range from 4.5 to 8.5. Based on what we found in the experiments, with the
same lime dosage the removal efficiency of humic substances and turbidity in natural
water is not as high as that in the tap water containing only humic substances.
Furthermore, the optimum color removal condition for natural water was determined to

be 120 mg/L alum dosage with pH 6.5.
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1. Introduction

The requirement of water quality is increasing during the time, therefore the aesthetic
quality of water should be improved by water treatment plant before being used. The
color of water is an indication of the organic content, including humic and fulvic acids,
the presence of natural metallic ions such as iron and manganese, and turbidity
(Crittenden and Montgomery Watson Harza (Firm) 2005). Furthermore, different source
of water will have its own color due to the location, time and the main components
existed. For example, some surface waters may have color as a result of organic materials
leached from organic debris, such as leaves, needles of conifers, and wood in various
stages of decomposition. Some streams and rivers that drain areas of red clay soils may
be reddish during flood stages because of colloidal clays in suspension that cause
turbidity. Some surface waters and groundwaters may have color due to the presence of
certain metallic ions, such as iron and manganese. Water with iron will be brownish to
reddish, whereas waters with manganese will be brownish to blackish (Reynolds and

Richards 1996)

The presence of natural organic content (NOM) have big impact on aesthetic quality, as
NOM imparts a yellowish tinge to water that many people find unpalatable (Crittenden
and Montgomery Watson Harza (Firm) 2005). Therefore, the content of NOM in water is
an indicator of the true color in water, since the true color is caused by dissolved species
and is used to define the aesthetic quality of water. On the other hand, turbidity is another
indicator, since turbidity increases the apparent color of water which is caused by the
presence of suspended particles, which may range in size from colloidal to coarse

dispersions, and they reduce the clarity of the water (Reynolds and Richards 1996).

To treat this aesthetic problem in water and wastewater engineering practice, the addition
of electrolytes is of major significance to destruct the colloidal stability and they are
called coagulant (Casey 1997). Alum (Aly(SO4);.18H,0) was found to have relative

higher coagulating power of a number of electrolytes because it is a trivalent salt (Casey



1997).Their primacy as coagulants is due to their effectiveness in destabilizing the

predominantly negatively charged colloids found in natural waters.

The predominant action of alum (Aly(SO4);.18H,0) is that, when it is added to water,
this compound dissociates in the AI’" trivalent ion. This ion then hydrates to form an
aquometal complexes which then pass through a series of other hydrolytic reactions
which allowed the formation of different kinds of mononuclear species (in this case,
hydroxo-alum). Because those mononuclear species are highly positively charged, they
can interact with the negatively charged clay or silica particles in the water, and thus
coagulate them by a purely electrostatic action. In modern language, the AI’" reduced the
repulsive y potentials between the particles (Reynolds and Richards 1996). Furthermore,
the product of the coagulation between these particles and hydroxo-alum complexes has

low solubility levels in the pH range of normal use.

To ensure uniform dispersions of the coagulant a rapid mixing system is required at the
beginning, following by a more gentle agitation required to establish velocity gradients of
a magnitude suitable for flocculation (Casey 1997). Then, these big flocs were allowed to

settle down for a couple of hours by the force of gravitation.

Since each water (from different source) will have its own material content, people
always try to find the optimal dosage of coagulant according to both economic and
efficient aspects. For example, in water treatment practice the required coagulant dose
generally falls within the range 2-8 mg-L™" as metal ion. In wastewater treatment practice
coagulant concentrations up to 40 mg-L™' (as metal ion) have been used (Casey 1997). So
the coagulant dose really depends on the required treatment extent and the purpose of

treatment.

When the issue of the coagulant dosage is solved, the optimum pH range for coagulation
is also a undergoing topic. Hatfield found the optimum pH range for color removal to be
6.1 to 6.3, but it worth to be noted that the value for maximum floc formations depends

upon the anion present in the solution, such as SO4*, CI, etc (Hatfield, W.D., J Am



Water Works Assoc, 11, 554 (1924)). For another example, in the presence of oxalate
ion, the pH value changes to be 8.5 to 9.5, whereas in the presence of chromate ion, a

much broader range of coagulation from pH 5 to 10 was found. (Faust, Hunter et al.

1967)

In this report, we tested the optimum alum dosage as well as pH range to treat Red Cedar
River located in Michigan State University Campus. And also we compared the treatment

efficiency of alum for the tap water spiked with humic substances alone for comparison.



2. Material and methods

The water was obtained from Red Cedar River in front of the main library of MSU. We
did not spike additional humic substance into the river. On the other hand, we prepared
another concentrated humic acid solution (Lot num: 01816AA, Aldrich) with the same
absorption value as the river water (Genesys 2 spectrophotometer, Spectronic, Thermo
Scientific, Waltham, MA). The coagulant we chose is aluminum sulfate octadecahydrate
(Al2(SO4);.18H,0, 98+% A.C.S., Sigma-Aldrich). The stock solution was 10 mg/mL and
we added with different volume to get various alum dosage. Note that those volumes
ranging from 0 to 40mL were assumed as negligible in comparison with the volume of

the water in the beakers (2L).

A standard curve of humic acid concentration vs absorbance was done with
concentrations ranging from 0 to 40 mg/L. The calibration curve can be found in Figure 1

Humic acid standard curve
12 y = 0.0298x
“ R? = 0.9999
1 i
0.8 -
% 06
< 7
0.4 -
0.2 -
0 . . . . . . . )
0 5 10 15 20 25 30 35 40
Concentration, mg/L

Figure 1: calibration curve for the absorbance of humic acid with wavelength 254 nm.

Turbidity was measured with a turbidimeter (2100A, HACH, Loveland, CO) and the
values were expressed in nephelometric turbidity units (NTU). The turbimeter was
calibrated with standards every time before the measurement. A pH meter (SA 720,
Orion, Thermo Scientific, Waltham, MA) was used to control the pH value before and
after the coagulation experiments. The traditional Jar test device (Phipps&bird Stirrer,

Richmond, VA) was used to do the coagulation test.



Each beaker contained 2 L of river water or humic acid spiked tap water. After adding
appropriate volume of the alum stoke solution, the water was mixed at 160 rpm for 2 min,
70 rpm for 15 min, 30 rpm for 35 min and settled for 2 hours. Then the top layer of water
in each beaker was collected with a Pasteur pipette and measured in terms of absorbance,

turbidly and pH.

In a first experiment, river water, or humic acid spiked tap water was treated for
coagulation as explain above, with different concentrations of alum ranging from 0 to

200mg/mL.

In a second experiment, river water pH was adjusted at different pHs between 4.5 and 8.5
with sulfuric acid 1N (the amount of sulfuric acid added to adjust the pH are described in
table 1). Once the pH adjusted, the same treatment of coagulation as above was used and

initial and final absorbance and turbidity were measured.

pH 4,72 547 6,00 6,46 7,00 7,44 8,23
H,SO, (1N) addition (ml) 10,20 9,00 7,60 500 2,80 0,90 0,00
Table 1: Adjustment of pH by adding of different volumes of sulfuric acid




3. Results and discussion

3.1. Determination of optimal alum dosage in natural Red Cedar River and in
humic acid spiked tap-water.

In those experiments, water (Red Cedar River water or humic acid spiked tap water) has
been treated with different concentrations of alum ranging between 0 and 200 mg/L. In
both cases, the pH of the water has been adjusted with sulfuric acid at 7.3. The final
absorbance (at 254 nm) and the final turbidity have been measured and then, have been

plotted as a function of the alum concentration (see figure 2).

As we can see on this graph, the absorbance at 254 nm is decreasing when the amount of
alum is increased and this, both for the river water and for the humic acid spiked water.
At the same time, this absorbance tends to increase weakly for an alum dosage higher
than 150mg/L and this, more particularly for the river water. However, the absorbance of
the humic acid spiked water tends to decrease really faster (with the amount of alum)
than the river water since the minimum alum dosage (used in this experiment) appears to
be efficient to remove more than 80% of the absorbance. The decreasing of the river
water color seems to be the more efficient (with a bit less than 80% removal) with a

higher alum concentration ranging between 120 and 200 mg/L.

Effect of the dosage of allum on the color removal

+ 4,0
139 5 | —+—Red Cedar River A254
+30 F
+25 2
| g & |—+— Humic acid spiked tap-
- w ater A254
Ke)
E Red Cedar River turbidity
—— Humic acid spiked tap-
w ater turbidity

Alum concentration (mg/L)

Figure 2: Effect of the dosage of alum on the color removal for river water and humic acid spikes
tap-water
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—e— Absorbance removal
(Ceddar river w ater)

Turbidity removal (Ceddar
river w ater)|

—a— Absorbance removal
(humic-acid spiked tap
w ater)

Percentage removal

—x— Turbidity removal (humic-

-120 acid spiked tap w ater)

Alum dosage (mg/L)

Figure 3: Effect of the alum dosage on the color removal efficiency for river water and humic acid
spikes tap-water

3.2. Determination of the color removal optimal pH

This experiment has only been done for the river water with the optimal concentration of
120 mg/L of alum. Since we want to use the less amount of alum as possible (for
economic reasons) and the best efficiency as possible we decided to use the alum

concentration of 120mg/L.

0,40 - + 16
0,35 - + 14
0,30 - 112
o]
0,25 - +10 E
3 < | e A254
£ 0,20 - 8 & o
< © turbidity
0,15 - 16 2
>
0.10 - u -‘\’/’/’/’ L, =
0,05 - 12
0,00 ‘ E— 1o
4,50 5,50 6,50 7,50 8,50
initial pH

Figure 4: Effect of initial pH on the color removal for river water and humic acid spikes tap-water
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Figure S: Effect of pH on the color removal efficiency for river water and humic acid spikes tap-
water

We can see on those graphs that the pH which allows the best either color and turbidity

removal is around 6.5. At this pH the color removal is more than 76% when the turbidity

removal is around 73%.

We also saw a drop of around 0.5 to 1 unit of pH for all the initial pH tested except for
the initial pH of 4.5, for which the final pH is the same. (See appendix 2).

The probable reason why, with different pHs the color is different, is that the color-
producing substances in water behave inconsistently. pH adjustment may cause a change

in the ionization of the color molecule with corresponding effects on bond lengths and

configurations and thus light absorption.
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4. Conclusions

During the study of the color removal efficiency with different alum dosage for two types
of water, nature water and tap water are not showing exactly the same trend. As for the
tap water spiked with humic substances, the removal rates for humic substances and
turbidity gave best results with even the lowest alum dosage (20%). On the other hand,
the nature water experienced a different situation. When the alum dosage applied was
over 100 mg/L, the removal rates were getting better and 120 mg/L of alum dosage is the
optimum one with higher removal efficiency and relatively lower cost. With this fixed
optimum dosage, the optimum pH for the color and turbidity removal of natural water

was found to be 6.0 — 6.5.
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6. Appendix

Appendix 1: Evolution of the final pH after color removal as a function of the alum dosage

Evolution of the final pH as a function of the alum dosage
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Appendix 2: Evolution of the final pH after color removal as a function of the initial pH
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