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I. INTRODUCTION

The Federal Water Pollution Control Act (PL 92-500), also
called the Clean Water Act, which was enacted in 1972, and
which has been subsequently revised, reflects the recognition
of the people that the time has come to minimize the effect
that industrial pollution has on our environment. This Taw
advocates the protection of the environment by the attainment
by 1983 of "Zero Discharge" to the Nation's waterways of
pollutants which are harmful to the environment. Most existing
industrial waste water treatment practices are not capable of
achieving "Zero Discharge.” The metal finishing industry is an
example of an industry which will need to develop new technology

in order to approach this discharge requirement.

There are approximately twenty thousand facilities classed
in the metal finishing industry in the United States. The
majority of these facilities are associated with the automotive,
electronic, or jewelry industries. There are two general
groupings of facilities: Jjob-shops and captive-shops. The
treatment of the waste water generated by the processes present
somewhat different problems for each of the groups. The job

shops electroplate or otherwise provide a finish on a variety of



products, for whomever contracts with them. They therefore
have a much less uniform waste than does a captive shop,
where the product throughput tends to be more steady. This
Tack of uniformity exacerbates the waste treatment problems;
conversely the captive shops and single process job shops
can often afford to develop processes where recovery of some

value from the waste can be effected.

The major operations performed at metal finishing
facilities include the following treatments on the part surface:
cleaning and pickling, annealing, case hardening, polishing,
buffing, immersion plating, electroplating, phosphating, conversion

coating, oxidizing, painting, electropainting, and anodizing.

Metal finishing operations can be divided into three
general processes:

1. Cleaning and Conditioning

2. Deposition of Metal

3. Passivation

Cleaning is the final step in preparing a metal surface for
finishing. Dirt and oxides must be removed to obtain a satisfactory
electroplate, because both the appearance and utility of the finish

on the articles depend on a clean surface for the finish.



Inadequate cleaning may result in the following defects:

Poor Adhesion of the metal applied

Irregular coverage of the surface

Pitting of the finish

Bare Spots where no finish covers the substrate

Poor Corrosion Resistance, due to a porous covering

Roughness of the finish

Hydrogen Embrittlement of the substrate

Etching of the substrate

Staining of the finish

Excessive Graininess of the finish, and

Powdery Coatings

The deposition of metals onto a substrate is achieved by

adding electrons to the dissolved metal ions and reducing the
metal ion to the "zero valence," native metal state. The
deposition can be achieved either by the electroplating process
of by the so called "electroless" process. In electroplating,
the surface to be plated is made the electrically negative
electrode 1in a cell consisting of two electrodies in an
electrolytic solution. The metal ions in solution, being
positive, gravitate to the work piece. At the surface they
accept one or more electrons, and are reduced to the native

state. The metal then adheres to the properly cleaned and



prepared surface, forming a skin of this metal on the surface.
The electrons are supplied to the negative electrode (cathode)
by a battery, or a rectified power supply. The return path from
the cathode to the battery is through the electrolyte, and the
return electrode (anode).

In "electroless" plating, no external power source is used.
The plating solution is made unstable (super saturated) with
respect to metal ions by the use of sequesterents or chelating
agents. The metal stays in solution until a nucleation site is
offered in the form of a metal surface. The metal from the
solution then plates out on the surface wherever the metal is
exposed. The electrons are furnished by chemical reducing agents
included in the both formulation.

The purpose of the passivation is to reduce the corrosion at
the substrate by the environment in which the part will be used.
An example is the passivation of steel with a zinc plate - zinc
dichromate finish. Steel is quickly corroded in a moist atmosphere,
therefore, zinc is used as a sacrificial coating on the steel.
Sodium dichromate is then applied to this surface where it reacts
with the zinc to form a protective insoluable coating on the zinc
surface.

In metal finishing processes, after each stage of treatment of
the work piece, water rinses are employed to remove residue of the

active solution that the part is being removed from and to reduce



the carry-over of this process solutions into the next process.
The work piece is transferred from tank to tank, either
manually or automatically. Large pieces are carried on racks
while smaller parts are placed in baskets or rotating barrels.
Each type of transport has associated with it its own inherent
rinsing problems. It is much more difficult to rinse a barrel
full of small parts than it is to rinse a flat sheet. The soil
(or solution) which must be removed clings in the corners and
interstices and resists removal. Therefore, more rinse water
must be used per square foot of plated surface for barrel
plating than for rack plating and for plating intricate parts
than for plating parts with large plane surfaces.

The waste water produced in metal finishing operations is
generated in two main ways. Concentrated wastes come from the
disposing of solution which have become used and expended or
which have become fouled. These dumps consist mainly of cleaning,
stripping, passivating and anodizing solutions. Dumps are the
lesser in total volume, of the two wastes, but the high concen-
tration of chemicals requires special treatment. The dilute
wastes, which are the larger volume wastes, come from the rinsing
operations. These are the rinse waters used to remove soil and
the process solution that has adhered to the surface being plated
or which was entrapped in crevices due to the shape of the

processed piece. The solution which is carried over from one



tank to the other is called drag out. The quantity of drage
out of solution into the rinse tank may vary considerably,
depending upon the shape of the work piece, wetting properties of
the solution, time allowed for drainage, the position of the part
on the rack, and the number of pieces being processed. This drag
out is the main waste generator. Other generators of waste include
accidental spillage, leakage, equipment cleanup and washdown,
entrainment of mist in ventilation ducts, regeneration of ion
exchange units, and removal of sludge deposits from process tanks.

Depending upon the types of baths which are employed at a
specific facility, the waste water stream generated may be either
acidic or alkaline. It will also contain toxic contaminants such
as cyanide, fluoride or chromate along with metal cations such as
copper, zinc, nickle or cadmium and many other poliutants such
as surfactans, deoxidants, oil and grease, organic solvents and
wetting agents. Acid wastes will predominate at chrome plating,
nickle plating, aluminum anodizing, copper stripping, aluminum,
copper, and iron packeling, and from several other operations.
The waste from most precleaning operations and from zinc and cadmium
plating are generally alkaline. The acidity or alkalinity of the
waste from each plating shop depends on the product mix being
processed, so it varies from time to time at each facility.

There is a great deal of art in the metal finishing industry

(as opposed to science). The process operator varies the plating



bath constituants, somewhat by ffee1,f to achieve a specific end
result. This somewhat unstructured modification of the bath
makes the task of treating wastes more difficult. In general,
it may be stated that "the additive which makes for a good
plating bath, adversely affects the waste treatment processes."

Many toxic and otherwise hazardous chemicals are used in the
metal finishing industry. It is often felt that for operator
safety or for ease of waste disposal, certain commonly used
chemicals should be eliminated from a process. Substitution of
process chemicals is practical only when the substitution does
not compromise the required quality of the finished product.
One such chemical substitution is the use of fluoborate to
replace cyanide as the conducting ion in plating baths. Fluoborate
has been found to be an excellent carrier ion which will give
a uniform, bright, complete covering. Fluoborate is much Tess
toxié, both to humans and to lesser 1life forms than is cyanide,
and therefore, it provides for a safer plating room working
environment. For these reasons, many shops which plate cadmium,
zinc, tin, lead solder, copper, nickle or iron are replacing
their cyandie baths with fluoborate baths.

Commercial fluoborate electroplating solutions are presently
available for the plating of copper, indium, iron, lead, nickle,
tin and their alloys. Fluoboric acid also is used in various

pretreatment operations, such as stripping and cleaning.
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Fluoborate is therefore found in the waste streams from these
processes. The concentration of contaminants in these rinse
waters is variable, depending upon the rinsing technique which
is employed. When a single tank rinsing process is used, the
stream will be quite dilute in contaminants, while high concen-
trations of pollutants would be expected in the rinse water
from multiple tank counter-current or series rinsing.
Fluoborate
The fluoborate ion is composed of a centrally Tocated boron ion,
surrounded tetrahedrally by four fluorine ions (see Figure 1).
The B - F distance is 1.43A° (5,6) with a F-B-F angle of 109°.
This gives an ionic diameter of only about 5A°. This small
tightly packed ion tends to act more like a single element ion,
than 1ike a multi element ion, and forms salts where there is a
true cation with no covalent bonding to the anion. The fluoborate
ion is reported by Sharp to be diamagnetic, and non polar.
Conductivity studies have shown that fluoboric acid is a very
strong acid with about the same strength as hydrochloric acid.
The acid, and the ionized salts in water solution, are in

equilibrium with the hydrolysis product.

BF4$ BF3(0H) = BFZ(OH)2¢ BF(OH)3‘$ B(OH)3 [1]
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The alkali metallic salts of fluoboric acid are quite soluble.
Ryss (38) shows that at room temperature (17°C:

NaBF4 is very soluble.

KBF4 is soluble to 3,000 ppm.

RbBF4 is soluble to 2,500 ppm.

CsBF4 is soluble to 9,000 ppm.

NH4BF4 is very soluble.
These salts readily form aquo (or amino) complexes. The center
group metals, iron, cobalt, nickle, copper, silver, lead and
tin all form salts (or hydrated salts) which range from soluble
to very soluble.
The bonding in ammonium fluoborate (32) has been investigated
using the infrared spectrum. The results are interpreted to
show that hydrogen bonding in ammonium fluoborate is very weak
as the BF4 sysmmetry is not upset. The organic amines are of
the form RnNH(4_n)BF4. Fluoboric acid has not been obtained in
the free state (40), and it is assumed that the molecular form
HBF4 does not exist in solutiop. The equilibrium constant of
HBF4 decreases with a decrease in concentration of the solution.
The equilibrium is complicated by the electrolytic dissocation
of hydrogen fluoride, and in the dilute solutions also by the
increased degree of hydrolysis of BF3OH. BF30H is more strongly

acid than hydrogen fluoride.
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Hydrolysis of Fluoborate

The answers to the problem of the effect of fluoborate on the
environment have not been finalized as yet. The United States
Environmental Protection (EPA) was asked this question in 1973
(30) and they recognize it but they have not provided an official
answer. In exploring for a possible anser it was found that
fluoborate hydrolyzes in water to form fluoride and borates (34).

This is done in the following manner.

HBF4 + 3H20 = 4HF + B(OH)3 [2]

The equilibrium constant which Ryss presents for this reaction

is (40): -

(H,80,) (Y3 (FY* = 9.772 x 107
K =

3
(BF™ 3]

4)

The equilibrium constant K for this reaction is sensitive to
the concentration of fluoborate in the water and to the pH. This
is shown on Figure 2 for concentration and for the range of pH of

concern. The values of K also varies with the temperature.

It must be remembered that this Figure shows equilibrium values.
The rate of the reactions are very slow at room temperatures.
For the overall reaction the K has been shown to vary with

temperature as in Table 1 (39).
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TABLE 1
Temperature °C K x 10_21
20 8.376
25 9.772
61 16.752
80 19.195
90 22.685
100 25.477

This change in K values, though it appears to be large (a factor
of 3 for values shown), does not have a major effect on the
hydrolysis - pH equilibrium. Table 2 shows the temperature

effect on pH.

TABLE 2 (K x 10 2]

Temp K=8.376 K=16.752 K=25.477
°C pH ph oH
98 0.6 0.5 0.5
90 1.8 1.7 1.6
80 2.3 2.2 2.1
50 3.0 2.9 2.9
20 3.5 3.5 3.4

5 3.8 3.7 3.6
1 1.1 2.0 1.0

A better representation of the above reactions, showing ioni-
zation, might be:

H' + BF™, + 3H

4 20 = nF- + (4-n) HF + mB(OH)2 + (OH)™ +

(1—M)B(OH)3

The overall time rate of this reaction has been shown by Ryss (38)
and by Grassimo (35) to be:
C _
log o= k't

where log k' (min_1) = :§%§9- + 7.11, for dilute solutions.
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The values "3730" and "7.11" vary somewhat, rising with a
rise in fluoborate concentration. The constants are 3922 and
7.55 in a one molar concentration. This shows that the reaction
is more rapid in the dilute solutions. A plot of values of the

percent reduction of fluoborate.

Concentration at time of concern ...... (ELJ ..... against time,
Concentrator original

are shown for some representative temperatures on Figure 3.
Implicit in this plot is the possibility of a 100% hydrolysis.
If the equilibrium is for less than 100% hydrolysis, other
considerations must be made and the data would have to be normalized
to reflect the hydrolyzed percentage of that portion which would be
hydrolyzed at equilibrium conditions. See Figure 2 for plot of<%5

versus pH.

These data show that fluoborate should be completely hydrolyzed at
the pH of our natural waters. However, it also shows that a Tong
time is necessary to effect the hydrolysis at ambient temperatures.
As an example if 50 ppm of BF4 were introduced into a natural water,
it would take a month to hydrolyze to give 10 ppm of fluoride ion.
Fluoborate of itself is apparently not harmful to humans or other
1ife forms (48), but because of the uncertainty of the hydrolysis
and the hazard of the product of the hydrolysis, the EPA is

concernEd with its discharge. They are awaiting further develop-

ment before putting on discharge Timits.
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There is no specific discharge limitations on fluoborate at
this time. However, when a waste stream is analyzed for f1uoride
by the approved method (Bellack Distillation) any fluoborate
present will be hydrolized and will yield inflated fluoride concen-
tration readings. For each fluoborate ion present in a sample the
test will show four fluoride jons. This gives a false indication
of fluoride concentration and can indicate a National Pollution
Discharge Elimination System Permit (NPDES) violation where none
exists. If the National goal of protecting our Nation's waters
is to be realized, fluoborate must be removed from or kept out
of our waste waters.

Industrial Waste Treatment

Waste Water Characteristics

Each electroplating facility has its own specific waste mix
(which probably varies from hour to hour). The streams, however,
can be segregated to give a generally representative waste
composition from a particular process. The waste water with
which we are concerned results from the rinsing of metal parts
which have been electroplated in a bath containing the fluoborate
ion as a constituent.

The discharged rinse water will generally have specific contami-

nations in the same proportions as the constituents are present
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in the plating bath. The final concentration of the contaminate
will depend on the efficiency of the rinsing, the allowable
contaminate on the finished part, and the rate of the makeup

water flow to the rinse tanks.

Typical electroplating baths using fluoborate are shown in
Appendix 5. From this appendix it can be seen that the fluoborate
ion varies from 165 grams per litre (g/1) to 500 g/1 with an
average of 310 g/1.

The metals vary from 15 g/1 to 240 g/1 with an average 100 g/1,
and the organics average less than 10 g/1. To comply with
acceptable rinsing practices (Table 4), the highest of the
fluoborate ion or metal ion concentration in the final rinse
water after plating should not exceed 37 ppm (8). To have a
rinse water of 100 ppm in fluoborate, a two stage rinse would
have to be used and the makeup water flow controlled accordingly.
The Appendik also shows that for a typical medium sized plating
operation, the volume of fluoborate rinse would be about 3,400
gallons per shift.

Existing Treatment Techniques

The current method of control of pollutants from the metal
finishing industry includes three general processes. These are
the techniques for reducing waste quantity at the source,
techniques for removal of the pollutants from the water, and

techniques for concentrating the residue for ultimate disposal.
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Water conservation is an obvious aid to pollution removal. When

the volume of the effluent which must be treated is reduced, the
handling and treating pollution costs are reduced for a given
process. Most of the water which is discharged comes from rinsing
operations. The plated part must be rinsed free of plating
chemicals, and this contaminates the rinse water. Over the years

by trial and error, the finishing industry has determined the

level of contamination which can be tolerated in the final rinse
tank and still allow for good plating. Table 3 below is reproduced
from the U.S. Environmental Protection Agency's Development Document

for Effluent Limitations for the Metal Finishing Industry (2).

TABLE 3
Max Dissolved Solids
Process In Final Rinse, mg/T*
Alkaline Cleaners 750
Acid Cleaners, dips 750
Cyanide Plating 37
Cooper Plating 37
Chromium Plating 15
Nickle Plating 37
Chromium Bright Dip 15
Chromate Passivating 350-750

*mg/1 = miligrams of dry solids per litre of solution. This equates
: to parts per million by weight (ppm). mg/1 and ppm will be
used interchangeably in this paper.
It is generally desirable to segregate waste flows for specific
treatments and for using in waste-to-waste neutralization where

practical.
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It is generally desirable to segregate waste flows for
specific treatments and for using in waste-to-waste neutrali-

zation where practical.

Removal techniques considered in the "Best Practicable
Control Technology Currently Available"* (48) include both
chemical and physical techniques. A typical process schematic

is shown in Appendix 6.

The common chemical processes used in waste treatment are:
1. Oxidize cyanide to carbon dioxide and nitrogen.
Reduce hexavalent chromium to trivalent chromium.

Precipitate fluoride.

W N

Neutralize the waste to precipitate heavy metal

salts.

The processes 1, 2, and 3 are best done on segregated streams for

reasons which will become apparent.

The cyanide oxidation is usually accomplished as follows:
1. Raise the pH to approximately pH 11.
2. Add chlorine or a chlorite to the waste water to oxidize
the cyanide to cyanate.
3. Lower the pH to around pH 7.
4. Add chlorine or chlorite to oxidize cyanate to carbon

dioxide and nitrogen.

*Wording from the Water Pollution Control Act.
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5. Flow the waste to the final neutralizing process
for completion of precipitation of solids from the
waste.

The overall reactions for this process are:

CN™ + C10 =(OH)_ 1 + cno [4]
oo™+ clo0 =) oty co, + 1/2(N,)  [5]

The chromium waste from electroplating is mostly in hexavalent
state. It is very soluble in this state. Therefore, the chrome
must first be reduced to the trivalent state and precipitated as
the hydroxide. The reaction of a sulfite with the chrome,
affects this reduction, but takes place very slowly at pH's
higher than pH 3. Therefore, the waste is first adjusted to
about pH 2.5. Then, sulfar dioxide or a sulfite is added,

and the reduction proceeds.

The reaction is: (for dichromate)

Cr207‘2 + 350,72 4 2072 —== 2cR™3 + 350,"

2 -2
3 A + 60 (6]

The waste then goes to join the other waste streams. The waste
will be neutralized and brought to a slightly alkaline condition
so that a pH of about pH 9, the chromouse hydroxide will

precipitate. (Minimum solubility of Cr(OH)3 in water occurs at

pH 8.6. See Figure 4).
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The other specific waste named above is fluoride. Direct
addition of 1ime is the standard technique for reducing high
concentrations of fluoride. The 1lime reacts with the fluoride
in the waste water to produce calcium fluoride. Calcium fluoride
has a solubility of about 8 ppm at pH 11 (61). An excess of lime
is used to drive the reaction as far toward precipitation calcium
fluoride as practical. The partially treated waste is then
introduced into one of the later neutralization stages so that

the precipitate will not re-dissolve.

In most processes the individually treated wastes are brought
together at a final pH adjustment process. The pre-treated
waste streams and the miscellaneous acid-alkali waste are blended

to achieve as much "self neutralization" as practical.

The most general method of treatment of the combined waste is to
neutralize it with either Time or sodium hydroxide. This process
precipitates the metal hydroxides or hydrated oxides when the pH
is in the vicinity of pH 8.5 to 9 (See Figure 4).

e

+ a (OH)” —e= M(OH)a [7]
A flocculating agent, usually a soluble iron salt such as ferric
sulfate or aluminum sulfate, can be added to this waste at this

point also.
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+3 -2
Fe2(504) + Hy0 —e Fe'~ + 350,77 + H,0 [8]
Fe'3 + 3(0H) — Fe(OH) 5 [9]
A1.(S0,)s + HoO0 —= 2173 + 350,72 + H.0 [10]
p\304)3 + Hy 4 2
+3
AV 4 3(0H)  —=  AT(OH), [11]

This material assists in the solids removal step by forming

a loose iron or aluminum hydroxide precipitate which makes a
sludge "blanket." This blanket acts as a filter in collecting
smaller particles from a gentle flow and thereby improving the

effluent quality.

The waste may then flow to an aeration tank where aire is intro-
duced to oxidize any residual sulfite from the chrome treatment

process and to assure that all the iron is in the high valence

state.
S0, +1/2 0 =50, [12]
2Fe™C 4+ 1/2 0, = 2Fet3 + 072 [13]

Ferric hydroxide is less soluble than ferrous hydroxide, and

the ferric also forms a better floc. The de-aeration facility
is usually a shallow flume where excess air bubbles are allowed
to return to the atmosphere so that they will not float the floc

in the removal tank.



