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INTRODUCTION 

Historically, the removal of fluoride from acidic industrial wastewater has been performed with 
the use of commercial lime. The importance of lime is to supply the divalent calcium ion, Ca”, 
necessary to precipitate calcium fluoride, CaF,. In the semiconductor industry, acidic fluoride-bear- 
ing wastewater is formed by a chemical etching process based on hydrofluoric acid. 

Similarly, the removal of hardness from municipal and industrial water supplies is also accom- 
plished using lime. The resulting water softening process generates precipitated calcium carbonate 
(CaCO,) sludge which is usually thickened and disposed of offsite. One of the least practiced methods 
of water softening sludge disposal is codisposal [ I ] .  

The codisposal process is based on the following: ( I )  the softening sludge is of some value in the 
treatment/disposal of another waste; or (2) the lime sludge is of no value and simply takes advantage 
of the economies of scale of joint disposal. The first condition is attractive because it uses a waste 
to treat a waste thereby eliminating the need to purchase quantities of chemical reagents. Using high 
pH liquid or semisolid alkaline waste, such as water softening sludge for neutralizing an acidic waste, 
has major opportunities for use in the industrial sector. 

The objective of this investigation was to  determine the feasibility of using water softening sludge 
to treat a fluoride bearing wastewater generated by a semiconductor manufacturer. The underlying 
objective of this project therefore was to investigate the potential for using a waste to treat a waste. 
This treatment method would apply to industries that process their own water supplies for hardness 
removal and who may also generate fluoride wastes or be proximate to other industries that do. 
Another potential application would be in a municipal/industrial waste exchange agreement. The net 
effect of using one waste to treat another would be a reduction in treatment costs. 

A review of the literature indicated few documented codisposal methods. 

REGULATORY REQUIREMENTS 

I The 1962 United States Public Health Service (USPHS) Drinking Water Standards established 
recommended optimum, as well as maximum fluoride concentrations. The 1975 EPA Interim Primary 
Drinking Water Regulations, established under the provisions of the Safe Drinking Water Act (PL 
93-523), promulgated maximum contaminant levels (MCL) for 10 inorganic chemicals, including 
fluoride. The MCL for fluoride was the same as the maximum concentration previously established 
by the USPHS. Since water consumption, and thus fluoride intake. increases with increasing air 

perature. 
Recently, EPA proposed regulations under the Clean Water Act to limit effluent discharges to 

waters of the United States and the introduction of pollutants into publicly owned treatment (POW’S)  
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electrolyte, reported super-natant fluoride concentrations of 1-2 mg/l with an initial concentration 
of 90-135 mg/I fluoride in distilled water. 

Investigations by Miller [ I  I ]  addressed the problem of fluoride precipitation in lime treated ef- 
fluent having a relatively low fluoride concentration of about 40 mg/l at a pH between 2 and 3. A 
considerable portion of the work involved and developed of a fluoride compound which was much 
less soluble than calcium fluoride. 

Rohrer's first investigations (121 of lead and fluoride wastes, over a ten-year period, indicated 
that low residual fluoride levels could be achieved i f  the following conditions were applied. Lowder 
[ 131 reported that for a metal finishing wastewater containing 60 to 100 ppm of fluoride, about 7 Ib. 
of hydrated lime per I ,OOO gallons of waste (1.2 g/l) would precipitate calcium fluoride. 

Zabban and Jewett [I41 indicated that fluoride concentrations in a glass plant effluent could be 
maintained below a fluoride concentration of 20 mg/l (as F). 

Culp and Stoltenburg [IS] reported fluoride reductions from 3-4 mg/l to 0.8-1.12 mg/l in direct 
proportion to the amount of magnesium hardness removed during potable water treatment and at- 
tributed the removal to sorption of fluoride onto the magnesium hydroxide floc. 

TREATMENT THEORY 

Calcium is one of the primary components found in most water softening sludges (see Table I). 
Hence, the reaction of fluoride by treatment using water softening sludge can be generalized as: 

CaCO, + 2HF -. CaF, 1 + CO, t + H,O 

The overall process of treatment of acidic fluoride wastewater with CaCO, can be described by dif- 
ferential equations which relate the concentrations of hydrogen ions and carbonic species in the water. 
The solubility curve of a wastewater containing fluoride and carbonate can be developed by the 
simultaneous solution of all pertinent equilibrium and solubility equations. The principal chemical 
relationships for fluoride removal using water softening sludge include: fluoride ion chemistry, water 
softening chemistry, carbonate chemistry, calcium fluoride precipitation chemistry, and the neutral- 
ization of acidity. 

If calcium and fluoride are present in quantities greater than minimum solubility values, then 
fluoride can be precipitated from solution as calcium fluoride according to the solubility product 
expression: 

(CA',) F-,) = K,, = Constant 
KSP = 3.4 x l o - "  at 18°C 

Which means that given an excess of calcium fluoride in pure water at room temperature, there will 
be 16 mg/l of soluble CaF,, or 7.8 mg/l of soluble fluoride. Since the solubility product is a constant, 
the concentration of the fluoride anion must decrease as the concentration of the calcium cation 
increases. 

In many industrial applications, fluorides are found in complexed forms of acids such as hydro- 
fluoric or fluorosilic acids. Treatment of fluoride bearing, acidic wastewaters requires some form of 
acid neutralization in order to increase pH thereby decomplexing the HF ion. At pH values above 
approximately 6.0 calcium fluoride solubility is virtually independent of pH since all of the fluoride 
exists as free uncomplexed fluoride ion. 

Table 1. Chemical Composition of Dry Solids From Water Softening(1l 

Percent by Weight 

Boulder City, 
Constituent Nevada Miami, Florida Cincinnati, Ohio 

Silica, Iron, and Alumi- 2.6 1.5 4.4 

Calcium Oxide 48.8 52. I 49.5 
Magnesium Oxide 7.0 2.8 2.3 
CaCO, Equivalent 87.2 93.0 88.1 

num Oxides 
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Laboratory studies were conducted to meet the following t w o  objectives: first, characterix fluo- 

ride wastewater and water softening sludge with respect to parametcrs affecting their chemical in- 
teraction; second, evaluate the potential for utilizing water softening sludge in lieu of lime. (Ca(OH),), 
for the treatment of fluoride wastewater. 

A sample of water softening sludge was obtained from an Indiana pharmaceutical manufacturer 
that treated its own groundwater supply for hardness reduction. The sludge was drawn directly from 
the manufacturer's clariflocculator uni t .  

A sample of fluoride bearing wastewater was obtained from a Massachusetts computer manu- 
facturer that makes its own integrated circuits. Hydrofluoric acid is used to etch-out a circuit pattern 
on the chips. After etching is complete, a series of acid cleaning and deionized water rinsing steps 
occur thus forming the fluoride bearing wastewater. The wastewater is collected and treated in a 
batch operation by conventional physical/chemical treatment methods using lime. 

Samples of the fluoride wastewater and lime softening sludge were analyzed for those parameters 
that would likely affect the acid-base and precipitation chemistry of their interaction. These param- 
eters included pH, total fluoride, acidity, carbonate, and calcium. Titration curves were developed 
to determine the buffering capacity of the fluoride wastewater (acidity) and of the water softening 
sludge (alkalinity). The interpretation of both the total acidity and alkalinity results was conservative, 
recognizing that both values represent only gross characteristics of the sample. 

Bench scale tests (jar tests) were conducted to investigate the treatability of the semiconductor 
fluoride wastewater by the water softening sludge. Experiments were carried out on both synthetic 
fluoride wastewater solutions as well as the actual plant wastewater [16]. Reagents used in the tests 
included lime (Ca(OH),), thickened softening sludge ( I  5% total solids), and dewatered softening 
sludge (29% total solids). 

Reagent grade lime (CA(OH),) was added in weighed (to 0.1 g) amounts. Water softening sludge 
was added volumetrically (to 1 ml) amounts using sludge pipets. An important aspect of adding the 
softening sludge to the jars was to maintain a reasonably constant solids concentration. 

Fluoride measurements were performed using an Orion Model No. 94-09 fluoride electrode [17]. 
The samples were not filtered prior to the residual fluoride determination. 

RESULTS AND DISCUSSION 

Waste Characteristics 

Results of the analyses performed on the semiconductor fluoride wastewater are shown on Table 
11. Total fluoride concentration was 340 mg/l using either Total Ionic Strength Adjustment Buffer 
(TISAB) or sodium acetate buffers in the determination. Total acidity, as measured to pH 8.3, was 
10,OOO mg/l as CaCO,. 

Table 11. Fluoride Wastewater Characteristics 

PH 
Fluoride 
Total Acidity 

Total Calcium 
Antimony 
Arsenic 
Beryllium 
Cadmium 
Chromium 
Copper 
Lead 
Mercury 
Nickel 
Selenium 
Silver 
Thallium 
Zinc 

1.1-1.5 
340 mg/l 
10,OOO mg/l CaCO, (@ 

5.6 mg/l 
~ 0 . 0 5  mg/l 
< 0.025 
<0.1 
< 0.05 
<0.10 
<0.10 
<0.010 
<0.001 
< 0.05 
< 0.05 
< 0.05 
< 0.050 

0.034 

pH = 8.3) 
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Table 111. Water Softening Sludge Characteristics 

Thickened Dewatered 
Parameter Raw Sludge Sludge Sludge 

P H  
Total Alkalinity mg/l as CaCO, 
Total Solids, Percent 
Total Fixed Solids, Percent 
Total Volatile Solids, Percent 
Total Calcium, mg/l as Ca 
Total Magnesium, mg/l as Mg 
Total Fluoride, mg/l as F 

10.5- 10.8 10.8 - 
135,000 208,500 - 

9.7 15.0 29.0 
9.3 14.4 27.8 
0.4 0.6 1.2 

34,500 - - 
3.200 - - 
N D' - - 

"ND = Not Detected. 

Results of the analyses on the water softening sludge are shown on Table 111. Where appropriate, 
values are shown for both the raw sludge and for the thickened sludge. As noted, pH values ranged 
from 10.5 to  10.8. Total calcium and magnesium, as determined by atomic absorption spectropho- 
tometry, were 34,500 mg/l as Ca and 3,200 mg/l as Mg, respectively. No fluorides were detected in 
the sludge. Total alkalinities for the raw and thickened sludges were 135,000 mg/l and 208,500 mg/l 
CaCO,, respectively. 

Jar Tests 

Jar tests were performed to study the effects of using water softening sludge in the treatment of 
fluoride wastewater. Based partially on the results of solids analyses, it was decided that thickened 
sludge would be used in the jar tests because it best represents the type of material that would provide: 

sufficient amounts of chemical solids at a pumpable consistency without unnecessary water, 
sufficient calcium to react with the precipitate fluoride, 
acid neutralization capability, 
small enough particle size offering as much surface area as possible to improve reactivity [SI. 

Since previous researchers had used lime in the treatment of various fluoride wastewaters, it was 
decided to confirm the effectiveness of lime in treating the semiconductor waste. The results indicate 
that lime is very effective in the removal of fluoride from this wastewater. Figure 1 shows the effect 
of lime dosage on residual fluoride while Figure 2 shows the effect of pH on residual fluoride. A 
lime dosage of 7.2 mg/l (Ca(OH), resulted in a total residual fluoride concentration of 4 mg/l a t  pH 
9.5 which is below the theoretical solubility of fluoride (7.8 mg/l) discussed previously. Increasing 
the lime dosage resulted in an increase in fluoride concentration until a second fluoride minima (20 
mg/l) was reached at a dosage of 14.0 g/l and pH of 12.0. This double minima effect was noted in 
the literature by several researchers including Parker and Fong (41, Rohrer (91, and Williams [3]. 
Figure 3 shows a substantial reduction in fluoride concentration at a pH of 4.0 with minimal addi- 
tional fluoride removal a t  increasing pH levels. Therefore, contrary to several articles in the literature, 
significant fluoride removal was obtained a t  low pH values. For example, a residual fluoride con- 
centration of 7 mg/l was achieved at pH of 4.1 without the benefit of filtration. Further, fluoride 
removal was not affected by pH variations between a range of 3.0 to 10.0. This corresponds t o  the 
wastewater's pH range of minimal buffering capacity with regard to acidity, At pH levels greater 
than 10.0, the residual fluoride concentration began to  increase. 

To summarize, the results of jar tests performed on the fluoride wastewater using lime supported 
conclusions previously reached by others and demonstrated the effects of the lime treatment of sem- 
iconductor fluoride wastewater. These include the following: 

Lime is effective in the treatment of fluoride in semiconductor wastewaters. 
The amount of fluoride removed is dependent on the lime dosage. A resulting plot of residual fluoride 
versus lime dosage shows two minimum values of fluoride residual. 
A significant fluoride reduction was achieved at low pH values although pH was a secondary factor to 
lime dosage in terms of fluoride removal. 
Treating a wastewater of low acidic buffering capacity with lime could result in excessively high effluent 
pH levels. Therefore, additional treatment (pH reduction) may be required prior to final discharge. 

Figure 4 shows jar test results using dewatered softening sludge which contained in excess of 27% 
fixed solids. Two residual fluoride minimas were noted similar to the results found using lime. The 
first minima, 10 mg/l, was achieved with 10 mls sludge or an equivalent dosage of 24.3 g/l CaCO,. 
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The second minima was achieved with 30 mls sludge or an equivalent dosage of 72.Y g/l CaCO,. 
Final pH values for both minimas occurred at 4.9 and 6.3 respectively. as shown on Figure 3. Note 
that excessively high pH values were not required to achieve significant fluoride reduction. In fact. 
given the chemistry of calcium carbonate, a p H  of 8.3 would be the maximum level that could be 
achieved. 

During the above testing a question arose regarding the determination of fluoride in acidic waste- 
water and the appropriate buffers to be used. A side-by-side comparison was performed using sodium 
acetate buffer and Total Ionic Strength Adjustment Buffer (TISAB). 

This comparison was performed in conjunction with jar tests using thickened softening sludge 
containing approximately 14% solids. Figure 5 shows that the use of sodium acetate versus TISAB 
did affect fluoride values initially with sodium acetate yielding more conservative results. However, 
the minimum values reached were essentially the same. The sodium acetate buffer appears to be more 
effective in decomplexing the H F  ion. 

Figure 6 shows that the lowest residual fluoride levels were achieved using thickened water soft- 
ening sludge at a dosage of IO to 12 g/l CaCO,. Minimum fluoride levels were found at pH 5 to 6. 
The effect of TISAB versus sodium acetate is more evident on Figure 7; however, the minimum levels 
achieved were again essentially the same at pH 5.0 to 5 .5 .  The sodium acetate fluoride analyses were 
more conservative at pH values from 2.0 to  5.0. At pH 3.5 the residual fluoride using TISAB was 
70 mg/l while using sodium acetate the residual fluoride was 125 mg/l. 

Considering that no polymers or other coagulants were used, the CaFz product settled well fol- 
lowing mixing resulting in a clear supernatant generally within 30 to 60 minutes. Some of the jars 
contained some trapped gas (probably CO,) in the settled precipitate. Gentle stirring helped release 
the gas. The precipitated material formed using softening sludge appeared to settle more rapidly and - compact better than those formed using lime. The amount of sludge formed by the softening sludge 
reaction was about equal to the amount added to the wastewater. 

Finally, Figure 8 is a plot of residual fluoride versus meq/l dosage for both lime and thickened 
softening sludge. The figure indicates that the thickened sludge is initially more effective than lime 
in removing fluoride residual of 4 mg/l versus 14 mg/l. The double minima residual fluoride effect 
is clearly evident using lime while not so evident using the softening sludge. The position of the 
thickened softening sludge curve with respect to the lime is a function of the solids content of the 
sludge and the amount of available calcium. More dilute sludge would shift the position of the curve 
to the right of the lime curve. 
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Figure 5. Effect of thickened sludge on 
residual fluoride. 
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SUMMARY AND CONCLUSIONS 

The results of this investigation show that the codisposal of water softening sludge by use in the 
treatment of acidic fluoride wastewater is both feasible and effective. 

To deliver adequate calcium in the treatment of fluoride wastewater, the use of thickened water 
softening sludge is recommended. Thickened softening sludge also provides sufficient chemical solids 
at a pumpable consistency without unnecessary water. In addition the thickened sludge provides a 
greater degree of acid neutralizing capacity. 

The use of water softening sludge in the treatment of the wastewater did not result in excessively 
high effluent pH levels which would require reacidification prior to discharge. Conversely, treatment 
of the wastewater with lime did result in high final pH levels due in part to the wastewater’s lack of 
buffering capacity. High pH levels were not required to achieve significant fluoride reductions. 

On an equivalent basis, lime was only slightly more effective in the removal of fluoride than the 
thickened softening sludge. 

The precipitated material formed using the water softening sludge settled better than the precip- 
itated material formed using lime. It appears that the particle size and wetted nature of the water 
softening sludge is better suited for dissociation to calcium ion than limestone or pulverized calcium 
carbonate. 
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