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SECTION I 

INTRODUCTION 

The United States Air Force electroplating facilities range from the 
s mall, three- t c, f o ur - bath ope r a tion t o t he ve r y l a r ge ope r a tio n with o ve r 40,000 
square feet of floor space. These shops plate a variety of metals in support 
of both local maintenance, and periodic, major overhaul of engines and aircraft 
at Air Logistics Centers. Although recovery and reuse are used to the extent 
economically feasible, low concentrations of mixed metals are present in the 
wastewater from electroplating facilities. The variety of metals and the 
normally low flow rates make total segregation and treatment of the waste 
streams impractical. 

This research wa s undertaken to develop simple treatment operations 
applicable to small Air Force plating facilities and improve treatment already 
being accomplished at large plating shops. Variable workloads generate mixed 
metal-bearing wastewaters which are difficult to treat with conventional hydro
xide precipitation. This is further complicated at small plating shops where 
full-time treatment plant operators are not practical; thus, an efficient and 
simple treatment methodology was desired. 

Past Air Force successes with ferrous reduction of hexavalent chromium at 
near-ne utra l pH, coupled with the lower solubilities of sulfide precipitation, 
were judged to be candidate processes. Upflow filtration offered additional 
potential to eliminate rap id mixing and flocculation steps. Therefore, a 
single process was conceived where chemicals to reduce hexavalent chromium and 
precipitate metals are added just ahead of an upflow filter. Before such a 
process could be instituted, ferrous reduction of hexavalent chromium at 
neutral and alkaline pH had to be proven, since the literature reported 
reduction as essentially nonexistent above pH 3. This proof was provided in 
earlier studies by the prin~ ipal investigator under grants from the Air Force. 
This study was initiated to develop a pilot plant and test the feasibility of 
the process. 

We reviewed the theoretical basis for previous contentions that chromium 
reduction by ferrous iron at neutral and alkaline pH was infeasibly slow. 
Studies were performed to determine the kinetics of the reactions with varying 
pH. 

In early studies,difficulties were encountered in removal of nickel from 
a mixed-metal waste. Studies were performed to determine the cause of this 
interference. 

A pilot plant was designed and built, incorporating the potential unit 
processes (·flocculation, clarification, upflow filtration) most likely to be 
incorporated in a final treatment system. The pilot plant was tested, under 
varying operating conditions,to determine the effectiveness of each process and 
to determine design criteria for a full-scale system. 

Candidate methods were investigated 
treatment process and colorimetric analysis 
as the most promising control method. 

1 

for monitoring and control of the 
of hexavalent chromium was selected 

I 
I 

I. 
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Residuals produced by the pilot plant were collected and analyzed to 
determine: quantities produced by plant operation; dewaterability by vacuum 
filtration; relative concentrations of the different metals; and toxicity, as 
evaluated by the "E.P,11 Toxicity Method. 

2 



A. CHROMIUM REDUCTION 

SECTION II 

LITERATIJRE AND TIIEORY 

Conventional treatment of a mixed-metal wastewater consists of hydroxide 
precipitation of the metals at an alkaline pH, followed by removal of the 
resulting solids by plain sedimentation and sometimes filtration. Hexavalent 
chromium is very soluble,and thus is not removed by the above processes,unless 
preceded by reduction to the less-soluble trivalent chromium. Sulfur compounds 
(sodium sulfite, sodium bisulfite, sulfur dioxide) are commonly used as 
reducing agents for this process. Since these reactions are slow at neutral 
and alkaline pH, chromium reduction is usually carried out in a reactor 
maintained at the optimum pH (2 to 3). 

Treatment complexity res u 1 ts from the need to purchase and control 
separate acidic and alkaline reactors. It also can result in e xcessive 
chemical usage due to the need to add acid to the fint reactor, then 
neutralize it with base in the second. ;t<:fficient alkaline reduction of 
hexavalent chromium would consolidate these two processes, s imp 1 i fy the 
treatment of mixed-metal w11stewaters, and reduce acid and base u sage:? . 

1. Alkaline Chromium Reduc ti on by Ferrous Iron 

Ferrous compounds are used as alternate reducing agents for chromium 
reduction. Bennet (Reference 1) and Watson (Reference 2) stated that an acidic 
pH (less than 3) is required for reasonably rapid reduction of chromium by 
ferrous sulfate. That acidic pIT is necessary is commonly accepted in the field 
of sanitary engin ,! ering (References 3 and 4). In contrast, Germaine et al., 
(Reference 5) ar,d Sorg (Reference 6) reported that ferrous sulfate had 
effectively reduced hexavalent chromium at other than acidic pH. Recent 
studies by Higgins (References 7-11) have demonstrated that hexavalent chromium 
can be rapidly reduced at neutral and alkaline pH. 

The use of ferrous iron as a reducing agent bas both advantages and 
disadvantages. The oxidized ferric iron is an excellent coagulant and its 
use could improve remova 1 of the resulting sol ids and reduce the need for 
a separate coagulant. The ferric iron precipitates as a hydroxide. 
Jenne (Reference 12) reported that ferric hydroxides have a significant 
capacity to remove metals from solution. The use of ferrous iron for reducing 
chromium can result in more complete removal of a mixture of metals than 
predicted by solubility. Other metal hydroxides can be included in the 
resulting heterogeneous, amorphous ferric hydroxide precipitate. A 
disadvantage of ferrous iron is the small valence charge of one electron per 
ion, necessitating a large iron-to-,hromium dose ratio (3 . 2:1 by weight) and a 
resulting high-sludge production. Due to these characteristics, the use of 
ferrous iron would probably be most advantageous in the treatment of 
wastewatcrs having low hexavalent chromium concentrations and requiring a high
removal efficiency for this and other metals (e.g. a mixtu.re of plating bath 
rinse waters or cooling tower blowdown), 

Since there are these potential advantages to the development of a process 
employing alkaline ferrous reduction of chI'omium as well as ' reatment of mixed-

3 
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metal wastewaters, it is useful to further investigate the theoretical bases 
for the published differences on the effects of pH on reaction rates. 

2. Reaction Rates of Ferrous Reduction of Chromium 

Hexavalent chromiwn is a weak acid anion, with the predominant form 
dependent on pH and total chromium concentration. Fi3ure 1 is the distribution 
diagram for the various species of hexavalent chromium for concentrations of 
total chromium commonly encountered i~ plating rinse waters (5.2 and 104 mg/1). 

I.Or----.:::::=--.---.---,:::--,---,---,--
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Figure 1. Distribution of Hexavalent Chromium as a Function 
of PH, After Thomas (Reference 15). 

For acidic pH commonly 
predominant species is HCr04 
with hexavalent chromium is 

used for hexavalent chromium reduction, the 
The assumed reaction for acidic ferrous iron 

3Fe(II) + HCro,.- + 70+ = 3Fe(III) + Cr(l11) + 40
2
0 (1) 

Increasing the pH by adding base results in the precipitation of the metals as 
hydroxides, 

3Fe(III) + Cr(l11) + 12(0H-) = 3Fe(OH)
3
(s) + Cr(OH)

3
(s) (2) 

which are then removed from !.uspension. Intuitively, the rate of Reaction(l) 
~ould be increased by increasing the concentration of any one of the reactants. 
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In treatment, this can be accomplished by increasing the dose of ferrous iron 
or lowering pH (i11cre 'dsing n+). The chromium concentration is usually not 
under the control of the treatment plant operator. However, one would expect 
that the reaction rate would be high in a concentrated waste and lower in a 
weaker waste. 1ne rate of a reaction is normally inversely proportional to the 
concentrations of the reaction products. At acidic pH, the trivalent iron and 
chromium can remain in solution, slowing Reaction(l) until an equilibrium is 
achieved between products and reactants. Reaction (2) is speeded up by an 
alkaline pH. 

Combining Reactions 1 and 2 reaction would be: 

(3) 

This assumed reaction would be favored by increased pII, thus reducing the 
concentrations of the end products in solution. A discussion of the solubility 
of trivalent chromium is included later. 

Rate studies of the reduction of hexavalent chromium by ferrous iron wer·e 
performed by Espensen (References 13 and 14). Hexavalent chromium was analyzed 
spectrophotometrically. If the reaction is carried out at neutral or alkaline 
pl!, the resulting solid iron and chromium hydroxide would interfere with the 
analysis. Thus, Espensen's work was performed under very acidic conditions so 
that tlie resulting trivalent iron and cnro11,jum cculd be kept in solution. The 
following rate equation was derived by Espensen: 

where 

- [Fe(II)] 2 J11+ ]
3 (k

1
[HCr04 -J _ +_k 2 [RCr04 -J 2

) 

[Fe(III)] 

k
1 

2.1 x 10-ff Molcs- 4 liters 4 second& 
k

2 
7.3 x 10- 11 Moles- 5 liters 5 seconds 

(4) 

This rate equation is significant in that it is the basis for claims that 
ferrous reduction of chromium is slow at all but very acidic pH (Reference 15). 
Rate Equation (4) is third -- order with respect to hydronium ion concentration. 
This means that each unit increase in pH (decrease of n+) would result in three 
orders of magnitude decrease in reaction rate. Using this reaction rate 
equation, Thomas (Reference 15) calculated that, using a dose of ferrous iron 
50 percent over stoichiometric, it would take 5 seconds for 99 percent 
reduction of 100 mg/I of chromium at pH 2, but 90 minutes at pH 3, and 
impractically slow at higher pH. 

This analysis assumed that the concentration of ferric iron (Fe(III)) is 
independent of pH. Espensen (Reference 13) maintained a large (therefore 
reasonably constant) concentration of ferric iron in the reactor. This is 
possible at low pH. At alkaline and neutral pH, the solubility of ferric iron 
is controlled by hydroxide, 

Fe(III) + 3011- = Fe(OH)
3
(s) ( 5) 

with an equilibrium solubility equation: 
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Ksp = [Fe(IIl)][Oir]
9 

Includi~g the dissociation equation for water, 

results in Equation(6)being reduced to 

[Fe(l11)) = ~ [H+J 1 

K 3 
w 

Substituting into Rate Equation(4)results in: 

(6) 

(7) 

( 8) 

( 9) 

It is thus seen by our analysis that Espensen's (Reference 13) Rate 
Equation (4) is ind~pendent of pH for conditions in which the Fe(l11) 
concentration is controlled by hydroxide solubility. At a pH of 3 the 
equilibrium solubility of Fe(III) is approximately 0.1 mg/1, using a Kw of 
10-14 and a Ksp of 2 x 10- 3

', as taken from Stumm and Morgan (Reference 16). 
The solubility of ferric iron decreases as a third- order with increased pH. 
Since doses of ferrous iron greater than 0.1 mg/1 are required for chromium 
treatment, Espensen's Rate Equation is independent of pH for the pH region of 
around 3 and above. 

Carrying our analysis further, equations were developed to relate time and 
degree of treatment for various initial conditions. 

Assuming that a stoichiometric dose of ferrous iron is used, the concen
tration of unreacted ferrous iron remaining at time t would be: 

[Fe(II)] = 3[HCr0
4
-J 

Rate Equation(~)is reduced to 

( 10) 

( 11) 

Rearranging and integrating with respect to chromium and time results in the 
equation 

where: 

t - t 0 = 
9K 

3
k 

3 
W 1 

X = k1 + k2[BCro4-1 

[HCr0
4
-J 

(12) 

(13) 

6 
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If excess ferrous iron is used to speed up the reaction, then the Fe(II) 
remaining at any time t would be: 

[Fc(II)] = [Fe(II)]e + 3 [11Cr0
4
-J 

where 

[Fe(II)]e = excess ferrous dose 

Substitution into Rate Equation (9) results in: 

d[HCr04-J 

dt 

Kw 3 ([Fe(II)le_+_3[llCr04_])
2 (k 1 [HCr04 -J_+_k2 [HCr04 -J

2
) 

Ksp 

Substitution of the following equations: 

B = [Fe(II)]e 

3 

D A - B 

and rearranging, reduces Equation(15)to: 

t X 

f dt = - Ksp f 
to 9Kw3k2 Xo 

dx 

x ( A+x) ( B+x) 2 

IntegratiJg Equation(20)yields: 

- Ks.., ( D
2 

lnx t-t 0 = .!:'. 

9Kw
3 k 2 B D2 AB 

B ln(A+x) - (D-B) ln(B+x) 

A B 

0 ) Ix +_ I 
B+x lx0 

(14) 

(15) 

(16) 

(17) 

( 18) 

( 19) 

(20) 

(21) 

Equations (·12) and(2l)are represented in Figure 2 for an initial hexavalent 
chromium concentration (60 mg/1) and various excess doses of iron, [Fe(II)Je. 
For moderate to high concentrations of chromium the reaction is rapid, with the 
chromium concentration reduced to less than 5 mg/1 in less than a minute, for 
al 1 doses (stoichiometric or greater) of ferrous iron. For the stoichiometric 
dose of iron ([Fe]e = 0), the reaction slows considerably with lower concen
trations of chromium. An hour is required to reach 0.65 mg/1 and 200 hours to 
reach 0.05 mg/1 (the U.S. EPA Maximum Contaminant Level for drinking water). 
The reaction rate can be greatly increased by the addition of excess ferrous 
iron. The addition of 10 111g/l excess iron {a 17-percent increase over 

7 



stoichiometric for an initial chromium concentration of 60 mg/I) would reduce 
the reaction time to reach 0.05 mg/1 to 14 minutes. 

5.0 
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E 
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~ 
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u 
f-z 
w 
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w 
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0.01 --~~-1.~~~_ ........... ___.....__. ....................... ...__.......,...._J,_,.___,....,_IM...LJ 
0 .1 0.5 1.0 5.0 10 50 100 

TIME (MINUTES) 
Figure 2. Rate of Uexavalent Chromium Reduction 

by Ferrous Iron (Initial Chromium= 60 mg/1). 

In summary, what appeared to be experimental and theoretical bases for 
concluding that chromium reduction by ferrous iron was pH-dependent and 
impractically slow at neutral and alkaline pH, were shown to support the 
contention tha t chromium reduction by ferrous iron is not dependent on pH where 
the solubility of the end products is controlled by hydroxide solubility. In 
addition, the reaction can be accelerated, if necessary, by a modest excess 
dose of ferrous iron. 

One additional comment is in order. The rate equation used was based on 
the reaction of HCr04 -. This is the predominant hcxavalcnt chromium species at 
acidic pH. At neutral and alkal inc pH Cr04 _2, predominates. The reduction of 
this species, with precipitation included,would be: 

3Fe(II) + Cr04 -
2 + 4H2 0 + 40Ir = 3Fe(OH),(s) + Cr(OH) 3 (s) (22) 

This chromium species probably bas a different reaction rate equation than that 
of HCr0

4 
- • A faster rate for Cr0

4 
_2, reduct ion would account for the rapid 

removal of hcxavalcnt chromium experienced with stoichiometric doses of ferrous 
sulfate at pH levels from 7 to 10 (Reference 8). 
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3. Chromium Reduction by Sulfide 

It is wel 1 established that reduction of hexavalent chromium by reduced 
sulfur (valence +4) compounds is reasonably rapid at acidic pH (less than 3), 
and that the rate slows logarithmically with increased pH (References 15 and 
17). Sulfides (valence -2) are also reported to be effective at reducing 
hexavalent chromium at acidic pH (References 8 and 18). Sulfide is a weak 
acid, with distribution of species with pH shown in Figure 3. H2 S, the 
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Figure 3. Distribution of Sulfide Species with pH. 

predominant species at acidic pH, is a noxious, toxic gas. 

The reaction of sulfide with hexavalent chromium at acidic pH is probably: 

(23) 

This reaction consumes bydronium ions and, therefore, would be expected to be 
aid~d by increased acidity. In the neutral pH range, the predominant species 
of sulfide and chromium shift, and the reaction shifts to the more acid
consuming (or alkalinity-producing) reaction. 

( 24) 



This reaction would be expected to be drastically slowed at ;.lkaline pH. Our 
e xperience (Reference 8) bas been that sulfide, by itself, is ineffective in 
reducing chromium at neutral and alkaline pR. Figure 4 shows the removal of 
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Figure 4. Chromium Reduction by Sulfide. 

chromium by sulfide in batch studies using a 2-minute reaction time and solids 
removal by membrane filtration. 

However, it bas been reported that, when ferrous iron was used as a 
coagulant in conjunction with sulfide, bexavalent chromium was reduced 
(Reference 19). It bas also been claimed that freshly precipitated ferrous 
sulfide effectively reduces bexavalent chromium at alkaline pH (Reference 20). 

Our studies have shown that ferrous iron rapidly and effectively reduces 
bexavalent chromium at neutral and alkaline pH (Referenc"s 8, 10 and 11). 
Figures 5 through 7 show that ferrous sulfate stoichiometrical ly reduced 
bexavalent chromium at pH from 7 to 10 (the circles represent treatment with 
just ferrous sulfate). When sodium sulfide was added .,along with the ferrous 
sulfate, additional chromium reduction and removal were realized, with the 
ferrous iron appearing to catalyze the sulfide reaction. The effectiveness of 
the sulfide is seen to be reduced at pH 8.5 and 10. The assumed reaction for 
equivalent doses of ferrous iron and sulfide at neutral pH is: 

3Hs- + 6Fe(II) + 4Cro
4

-
2 + 138

2
0 +on-= 

3S0 (s) + 6Fe(OH)J(s) + 4Cr(OH),(s) 

10 

( 25) 
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Figure 7. Chromium Reduction by Ferrous 
Sulfate and Sodium Sulfide at pH 10. 

This reaction appears to be slightly favored by increased alkalinity (OJr). 
This advantage is lost for higher ratios of sulfide to iron. For a reaction 
where two equivalents of sulfide are combined with one equivalent of ferrous 
iron to reduce chromium the following reaction results at alkaline pH: 

HS-+ Fe(II) + Cr0
4

-
2 + 3Il

2
0 = 

S0 (s) + Fe(OH)
3
(s) + Cr(OH)

3
(s) + OJr ( 26) 

One would expect this reaction to be favored at acidic pH. 

The use of sulfide complements the use of ferrous iron in the reduction of 
hexavalent chromium. Ferrous iron is not efficient in that only one electron 
is exchanged per iron atom and a large quantity of iron hydroxide sludge is 
produced when ferrous iron is used as the sole reducing agent. Iron is effec
tive by itself at alkaline pH, acts as its own coagulant, and is necessary for 
sulfide to be effective. Sodium sulfide has a much lower equivalent weight 
than ferrous sulfate (39 vs. 151.9) and a lower equivalent dry sludge procl n c
tion (16 vs. 106.9). Sulfide is inefficient by itself and is less efficient Rt 
high sulfide-to-iron ratios. A combination of ferrous and sulfide at neutral 
pH would appear to be most effective for hexavalent chromium reduction and 
removal. 

B. SOLUBILI1Y CONSIDERATIONS 

The ability 
metals has been 
hydroxides. The 

to meet increasingly stringent effluent standards for heavy 
limited by the relatively high solubility of most metal 
formation of soluble metal hydroxide complexes at high pH 
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levels increases solubility and prevents the optimrun removal of a mixed--metal 
solution at a common pH. Figure 8 shows that the minimum hydroxide 
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Figure 8. Solubilities of Cd, Cr and Ni as a Function of pH. 

solubilities of cadmium, chromium and nickel are not achieved at a common pH, 
and the EPA drinking water standards for these metals theoretically cannot be 
achieved by hydroxide precipitation. 

1. Sulfides Reduce Metal Solubilities 

It has been reported (References 21 and 22) that, since the solubilities 
of metal sulfides are considerably less than corresponding metal hydroxides, 
improved removal efficiencies can be achieved by sulfide precipitation. Figure 
9 shows the solubility of chromium (III), nickel (II) and cadmium (II) in the 
presence of 10-

6 M total sulfide. A total sulfide concentration of 10-' M was 
chosen because it was an order of magnitude lower than that found to cause a 
minimal odor problem (Reference 21) but still sufficient to limit metal 
solubility. Solubility data for chromium (III) sulfide are not reported 
(References 23-25). It has been assumed that solubility of this metal is 
controlled by hydroxide, Minimum solnbi1ities for these three metals of 
interest are achieved at a pH between 8 and 9. Increasing the pH beyond 9 
results in increased solubility due to formation of metal hydroxide complexes. 
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Figure 9. Solubilities of Cd, Cr and Ni with 10-6M Total Sulfides. 

Sulfide is a weak acid anion. The pH - sulfide species distribution 
diagram was shown as Figure 3. Below pH 7, the principal species is H

2
S, a 

slightly soluble, noxious and toxic gas. Use of sulfide compounds under acidic 
conditions can result in the release of toxic quantities of this gas, and is 
not normally recommended. However, one researcher (Reference 19) tested an 
acidic sulfide process where the units were enclosed to prevent release of H2 S 
gas. Peroxide was used in a final stage for oxidation of residual sulfide 
before discharge of the effluent. 

Sulfex (References 20, 26 and 27) is another process developed to utilize 
sulfide to precipitate metals. It has a unique method of controlling sulfide 
concentrations in solution and m1n1m1z1ng H2 S formation. Freshly precipitated 
ferrous sulfide is mixed with the wastewater in P. reactor. The ferrous sulfide 
is more soluble than most other heavy metal sulfides. The soluble sulfide 
concentration is limited and yet sufficient to limit the solubilities of less 
soluble metals (than ferrous iron). 

Higgins et al. (References 7-11) have been developing a process where 
soluble sulfide and ferrous iron are added independently to a reactor with the 
wastewater. This has the advantages of the sulfex process, eliminates the need 
for a separate ferrous sulfide precipitation reactor, and allows separate 
control of ferrous and sulfide doses for optimal treatment. 

2. Complexing Agents and Metals Removal 

In a previous study (Reference 9), the use of soluble sulfide and ferrous 
iron was found to be effective for the treatment of a mixed-metal (chromium, 
cadmium and nickel) synthetic waste, prepared from laboratory chemicals. When 
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actual plating baths were used to prepare a mixed-metal waste, the process 
effectively removed chromium and cadmium, bnt nickel remained in solution. 

A plating bath is formulated to maintain a high concentration of the 
plating metal in solution. Complexing agents are commonly added to accomplish 
this. Cyanide is frequently used in cadmium baths, and it was postulated that 
cyanide from the cadmium bath interfered with nickel removal. Cyanide 
destruction is normally required prior to mixing these wastes with other 
wastes. Some metal-cyanide complexes (e.g., ferrocyanide) are hard to break 
down and strongly interfere with subsequent cyanide destruction. Nickel, being 
in the same period and group on the periodic table and same normal valence (+2) 
as ferrous iron, would be expected to form a strong cyanide complex which would 
interfere with their mutual removal. 

Thomas and Theis (Reference 28) reported that carbonates and phosphates, 
found in combined plating wastes due to their use in cleaning baths, interfere 
with coagulation and removal of chromium hydroxide precipitates. These inter
ferences were reduced or eliminated by the use of ferrous iron as the reducing 
agent or the use of lime for pH adjustment. 

In a previous study (Reference 9), no interferences were found for removal 
of hexavalent chromium oy ferrous reduction. The interferences of hardness, 
carbonate alkalinity, and the complexing agents EDTA and cyanide were 
investigated. 

C. SOLIDS REMOVAL 

Following precipitation, solid metal hydroxides are typically flocculated 
with the aid of coagulants such as polymers, and removed by sedimentation. To 
improve removal of the suspended metal hydroxide solids, filtration is 
frequently added as a polishing step. Where pumping is required between 
sedimentation and filtration, shearing of the hydroxide floe usually results in 
the need fo r further addition of polymers. 

In a study, TerMaath (Reference 29) found that mercury sulfide could be 
precipitated and effectively removed by direct upflow filtration. In a study 
by Higgins and TerMaath (Reference 8), effective treatment of a mixed-metal 
waste was accomplished by ferro•is sulfate and sodium sulfide addition and 
direct up flow filtration. They found that the up flow filter combined the 
traditionally separate unit processes of chemical mixing, flocculation and 
filtration and has the potential of reducing the size and complexity of mixed
metal treatment over conventional techniques. 

The main disadvantage of conventional downflow sand filters is that the 
finest material is encountered first, and the greater portion of the solids 
removal occurs in the top layer of the bed. As a result, high head losses 
develop in a short period of time, and the bottom portion of the bed is poorly 
utilized. The coarse-to-fine gradation in an upflow filter would contribute to 
good removal without the head loss problems of conventional sand filters. 
Diaper and Ives (Reference 30) conducted a study on upflow filtration and 
concluded that for a given head loss, upflow filtration allowed longer runs due 
to a more even distribution of solids, and upflow filtration has some 
disadvantages which include: ( a) a tendency for the bed to expand as pressure 
differences overcome the weight of the media; (b) difficulty in backwashing 
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layers of materials which tend to accumulate; (c) the possibility of deposits 
in the underdrain which may be difficult to remove; and (d) size-graded media 
are best used with high flows and high concentration of solids. 

Hamaam and McKinney (Reference 31) reported similar advantages of upflow 
filtration. They also describe additional advantages: (a) a reduction in the 
size of the physical plant since flocculation and sedimentation facilities are 
not required; and (b) a reduction in the amount of chemical coagulant is 
required because a large, easily settling floe is not needed. They found that 
effectiveness improved with bed depth. 

Upflow filters have been found to perform as well or better than downflow 
filters for removal of turbidity (Reference 31). Average reductions in 
bacteria have also been found to be approximately equivalent to those in a 
conventional plant (Reference 32). 

If there is a more uniform distribution of solids with upflow filtration 
than with downflow, upflow should have less tendency to cake or form mudballs 
and therefore be easier to clean (Reference 33). However, the studies by 
Diaper and Ives (References 32 and 34) and Hamaam and McKinney (Reference 31) 
have found difficulties with backwash. Bands of deposits tend to form within 
the bed (References 32 and 34). During backwash the bands of deposits are 
pushed into finer sand where the clogged media formed an impervious barrier. 
The barri ·trs caused an arching effect which 1 ifted the bed in layers 
(References 35 and 36). Compressed air was found necessary to break up the 
bands o f deposits and adequately clean the entire bed (References 35-37). 

D. INSTRUMENTATION AND CONTROL 

The waste treatment process uses the reduction of Cr(VI) to Cr(III) with 
ferrous iron, Fe(II), as the reducing agent. The reduced CR(III) is 
immediately precipitated as Cr(OH) 3 at high pH. The ferric iron, FE(III), 
produced also precipitates (as Fe(OH) 3 ). Since the solubility of Cr(OR) 3 is so 
small, it can be assumed that any chromium stil.t in solution is in the Cr(VI) 
state. Therefore, monitoring that particular in:. would indicate the concen
tration of dissolved chromium in the effluent. This data would then be used to 
indicate the effectiveness of the process and also to regulate the amount of 
chemical reagents to be added. 

If it is assumed that the oxidation-reduction reactions are fast and that 
the Fe(II) is fairly soluble, another approach would be to monitor the Fe(II) 
concentration in the effluent stream and assume that the presence of Fe(II) in 
the stream would indicate an excess of reducing agent. Therefore, all Cr(VI) 
had been reduced and precipitated. While such a scheme would probably be 
adequate for control purposes, direct measurement of the Cr(VI) in the effluent 
would be necessary to verify the degree of removal of chromium. 

Because the monitoring data are to be used for automatic control of the 
process, any methods used have to be continuous, fast, and make use of 
relatively inexpensive but rugged instrumentation. 
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1. Automated Analysis of Chromium (VI) 

A review of the literature and examination of vendors' literature 
indicates that the prevalent technique for continuous measurement of Cr(VI) in 
the mg/I range is to use colorimetric methods. An excellent source of state
of-the-art instrumentation methods is a survey published periodically by the 
Lawrence Berkeley Lab (References 38 and 39). The emphasis of this work is on 
laboratory instruments a nd not nec e ssarily continuous monit o ring technique s . 

Technicon (Reference 4 0), Hack (References 41 and 42) and Lachat 
(Reference 43) manufacture continuous monitoring equipment based on colori
metric measurements. Alpkem (Ref e renc e 44) s e lls Technicon hardware but will 
also do custom method development. They all use peristaltic pumps to accu
rately meter both reagents and the sample stream before mixing. Sufficient 
reaction time is obtained using coils through which t h e mi xed st r eam pa s ses 
before entering a flow cell in a colorimeter equipped with filters to isolate 
the desired wave length. The chem i stry is similar in each case and based on 
the Standard Method for Cr(VI) (Re fe rence 45). 

Gorringe (Ref e rence 46) reported the use of a Technicon Monitor IV to 
monitor Cr(VI) in the effluent of a11 e l e ctr op l a ting \,•a s t e wa t e r treatment plant 
using Technicon's standard meth od. The information was not used for automatic 
control purposes but r a ther t o determine when incidents of exceeding maxi;:ourn 
levels in effluents had occurred. 

Saltzman and Bonam (Refer e nce 47) present an interesting method for 
determining Cr(VI) in the 0-100 ppb range in the presence of interfering 
•' i '.1 ' ~rials. The scheme compares the absorbance at 365 nm of the waste stream 
with the absorbance of the same stream after the Cr(VI) has been reduced with 
S0 2 • With elaborate valving , the output signal consists of alternating values 
for the two absorbances with approximately a 10-minute cycle. To use the 
signal for control purposes would require some way of measuring the difference 
between the alternating values and generating a continuous signal based on this 
difference. The method does not require the metering of complexing chemicals 
but does require close control of pH. They report good success during in-plant 
tests. 

2. Automated Analysis of Fe(II) 

The colorimetric analyzers described abov e for the on-line determination 
of Cr(VI) can be adapted for Fe(II) analysis (References 41. 43 and 48). The 
methods all use phennnthroline as the color-producing reagent as described in 
Standard Methods. Potential problems such as color development time and 
in-line filtration of the sample are common to those discussed in the previous 
section. 

3. Electrode Methods 

No mention of selective ion electrodes for Cr(VI) or Fe(Il) could be found 
in the literature or vendors' materials. 

Because of the oxidation-reduction reactions taking place, redox elec
trodes have been used to measure the Cr(VI)/Cr(III) ratio with some success. 
Mracek and Greenberg (Reference 50) report the use of an Oxide tion Reduct ion 
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Potential (ORP) electrode to measure the extent of the reduction reaction in a 
process using SO:i. as the reducing agent at a pH close to 2. Under these 
conditions, the electrode potential drops sharply at the end point during their 
batch process. The potential developed is also a function of pH but at a low 
pH, small changes have a negligible effect. They report a 4-year life of their 
self-cleaning flow-through electrode. Bennett (Reference 51) reports simil a.: 
success using ORP measurements wit.h essentially the same process conditions. 

These batch processes carry out the reduction phase at low pH followed by 
an increase in pH and subsequent precipitation of the hydroxides. No refer
ences were found on the use of ORP electrodes in processes at high pll with 
simultaneous precipitations. 

E. RESIDUALS MANAGEMENT 

The quantities and characteristics of sludges produced by a treatment 
process have a considerab\e impact on the feasibility of the process. The 
ability to concentrate this s ludge easily can reduce this impact. Analysis of 
the composition of the sludge can provide insights into the treatment process 
as well as affect the methods used for its disposal. Classification of a 
sludge as hazardous or toxic can significantly increase the costs of disposal. 

1. Sludge Dewaterability 

Treatment plant sludges are dewatered to reduce the volume of sludge to be 
handled and to facilitate disposal. Mechanicai devices for dewatering sludges 
include belt presses, centrifuges, filter presses and vacuum filters. Natural 
methods include the use of outdoor drying beds and lagoons, which rely on 
evaporation and percolation or decanting. Sludge dewatering can often be 
increased by the addition of conditioning agents such as ferric chloride, lime, 
aluminum sulfate or organic polyelectrolytes. 

Attempts have been made to characterize the dewaterability of a given 
sludge with simple laboratory tests. The Specific Resistance concept was first 
developed by Carmen (Reference 52) and refined by Coakley and Jones (Reference 
53). Specific Resistance represents the relative resistance a sludge offers to 
drainage of its liquid component. A review of the development of the Specific 
Resistance Equation is provided by Adrian (Reference 54). A detailed descrip
tion of the method used to determine the Specific Resistance of a sludge is 
included in section IIIE. 

Typical values of Specific Resistance for various sludges are listed in 
Table 1. 

TABLE 1. TYPICAL SPECIFIC RESISTANCE VALUES FOR SLUDGES (Reference 55) 

Sludge 

Primary Sewage 
Activated Sewage 
Digested Sewage, 
Digested Sewage, 

Unconditioned 
Conditioned 
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.\ " 

r,pecific Resistance (m/kg) 

1.5 
1.0-
1.0-
3.0 -

5.0 X 1014 

10.0 X 1013 

6 .0 X 1014 

40.0 X 1011 

. ,. ... 



2. Sludge Composition 

In ferrous and sulfide reduction of hexavnlent chromium, nnd the resulting 
precipitation of trivalent chromium and other metals, it hns been postulated 
that the end p~oducts would consist of metal hydroxides and sulfides,along with 
elemental sulfur. Analysis of the composition of the sludge would be useful to 
test the assumed reactions. 

Disposal of a waste can be complicated by its composition. The EPA has 
not established guidelines on the disposal of wastes based on content but 
rather on potential leachability of metals. The State of California, however, 
has established standards that classify wastes as hazardous, and require their 
disposal in special, secure landfills if they contain chromium, cadmium or 
nickel in concentrations greater than 0.25, 0.01 and 0.20 percent, respectively 
(Re f erence 56). 

3. Extraction Procedure (EP) Toxicity 

The EPA (Reference 57) has developed a method for classifying wastes as 
hazardous based on the relative leachability of selected metals from a waste 
under conditions simulating the disposal of the waste in a municipal landfill . 
The procedure used assumes that the waste could come in contact with acidic 
percolating water, produced by the decomposition of organic wastes to organic 
acids. The contaminated water could escape an unsecure landfill, percolate 
through the underlying soils and contaminate a g r o undwa t e r supply. A waste is 
classified as hazardous if the leachable concentration exceeds the maximum 
cont r, minant level for drinking water by a factor of 100 or more. TI1is somewhat 
arbitrary factor was selected to account for dilution and attenuation of the 
metal content of percolating waters through soils. 

19 
fThe r everse of this page i s blank) 



SECTION III 

METIIODS AND MATERIALS 

A. WASTE SYN11IESIS AND TREATMENT CHEMICALS 

Wastes were prepared to simulate the wastewaters typically d i scharged from 
electroplating shops on Air Force bases. The bulk of these wast\,s consistsof 
overflows from rinsewater tanks used to remove residual plating solutions 
"dragged oui: 11 from plating baths on finished parts. Metals commonl)r plated are 
chromium, cadmium and nickel. The composition of plating baths from the 
plating shop at Tinker Air Force Base is presented in Table 2. Also included 

TABLE 2. (References 5 8-60) 

COMPARISON OF PRETREATMENT EFFLUENT GUIDELINES, WATER QUALITY 
CRITER IA, AND NPDES DISCHARGE LIMITS FOR SELECTED METALS. 

Pollutant 

EPA Fretreatment 

Guidelines (mg/1) 

Small Discharges (a) 

1-Day Maximum 

4-Day Average 

Large Discharges (b) 

1-Day Maximum 

4-Day Average 

EPA Water Quality 

Criteria 

NPDES Permit, Ind. 

Waste T.P., Tinker 

AFB, OK ( c) 

Tinker Electroplating 

Waste ( d) 

Maximum 

9-Day Average 

Cd 

1.2 

0.7 

1.2 

0.7 

0 .12 

0 .019 

0.23 

0.14 

Cr(VI) 

0.1 

0.05 

55 

28 

Cr(T) 

7.0 

4.0 

0.1 

0.11 

156 

43 

Cu 

4.5 

2.7 

1.0 

0.01 

0.42 

0.09 

Notes: a. 
b. 

Flows less than 10,000 gallons per day. 
Flows greater than 10,000 gallons per day. 

Ni 

4.1 

2.7 

0.22 

170 

37 

Pb 

0.6 

0.4 

0.6 

0.4 

0,05 

0.06 

0.25 

0.06 

C • 

d. 
Based on 0.7 MGD flow from IWTP and 0.4 MGD stream flow. 
Based on daily samples taken Nov. 10-18, 1977. 
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are EPA plating waste pretreatment and water quality standards and the NPDES 
permit standards for Tinker AFB for comparison. 

Synthetic wastewaters were prepared using reagent- grade potassium 
dichromate (K:1,Cr:1,0 7 ), cadmium chloride (CdCl:i.) or cadmium oxide (CdO) and 
nickel chloride (NiCl,). Concentrated stock solutions of these chemicals were 
made in deionized distilled water and synthetic wastewaters wer~ prepared by 
dilution with Tempe tap water or distilled water (Table 3). Air Force plating 

TABLE 3. TAP WATER ANALYSES, CITI OF TEMPE, ARIZONA 

Constituent Concentration (mg/1 except pH) 

City of 
Reservior 

June/July 

Hardness ( a) 152-172 

Calcium (a) 103-128 

Magnesium (a) 45-66 

Sodium (b) 12-84 

Alkalinity ( a) 100-118 

Sulfate (b) 0-250 

Chloride 114-154 

pH 7.5-7.9 

TDS 376-508 

Notes: a. As CaC03. 
b. Year's range. 

Tempe 
Analysis 
Aug./Sept. 

168-204 

108-138 

45-103 

110-128 

130-230 

7.6-7.8 

427-636 

ASU Laboratory 
Tap Water Analysis 
Jan. June. Aug. 

222 

112 

110 

52 

188 

70 

44 

7.6 

3 82 

175 

119 

161 

127 

shops use various amounts of demineral ized and local tap water for rinsing 
needs. Tempe tap water is characterized as being a hard, alkaline water with a 
high dissolved solids content. Distilled water was supplied in small 
quantities for batch studies by a laboratory still and in larger quantities for 
pilot plant use from a central distillation plant. Both supplies are of good 
quality. 

For some studies,wastewaters were prepared using plating baths received 
from Williams Air Force Base (Table 4 for composition) and diluted with tap or 
distilled water to more closely simulate rinsewaters from a plating shop. 
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TABLE 4. COMPOSITION OF PLATING BATHS FROM WILLIAMS AFB, AZ 

Bath 

Chromium 

Cadmium 

Constituent 

Chromium (as Cr) 
( as Cr03) 

Sulfuric Ac id 

Cadmium ( as Cd) 
(as CdO) 

Sodium Cyanide 
Sodium Hydroxide 
Sodium Carbonate 

Nickel (a) Nickel 

Recommended 
Composition 
(oz/gal) 

15.6-18.7 
30-36 

0.3-0.36 

3 .1 
3.5 
12-16 
1.0 
1. 0-1. 8 

Batch 
Analysis 

(g/1) oz/gal 

142 18.9 

23.1 3 .1 

195 26 

Note: a. Roplate Electroless Nickel Concentrate, composition 
proprietary - recommended dilution;! part concentrate 
to 3 parts water. 

Treatment chemicals used in this study were reagent grade ferrous sulfate 
(FeS04 ·7H2 0), sodium sulfide (60 percent Na 2 S), and liquid sodium hydroxide (50 
percent NaOH). Stock solutions of these chemicals were prepared in distilled 
water. Operation of the pilot plant through Run 21 was affected by the use of 
stock solutions of ferrous sulfate and sodium sulfide that were partially 
oxidized by atmospheric oxygen in storage. After Run 21 these reagents were 
prepared fresh before each run. All bn tch studies were performed using fresh 
reagents. 

B. BATCH REACTOR STIJDIES 

Batch reactor studies were performed as outlined in Figure 10. A 2-liter 

STOCK TR EAl" MENT CHEMI CAL S 

BY PIPEl TE 

Na2S pH 
,- · ME f Efl •"li ~; -- o•~ii LJ 

MEMBRANfi;;_-;:;;) c:> F' !LTER 

[~] 
2 MINU TE REACT ION 

rn 
VACUU M 

FILT E R 

AC IDI FICATION 
6 

ATOMIC ABSORPTION 
ANALYSIS 

Figure 10. Experimental Procedure for Batch Reaction Studies. 
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batch of simulated waste was prepared by dilution of stock solutions of reagent 
chemicals or plating baths with tap or distilled water, as required. A 100 ml 
aliquot of waste was transferred to a 250 ml borosilicate glass beaker for 
batch treatment. The rftaste was stirred at a moderate speed on a magnetic 
stirrer using a Teflon-coated stirring bar. The pH was monitored using a 
combination glass and reference electrode , and manually adjusted by dropwi.se 
addition of dilute sodium hydrox ide or acid (acetic or nitric). Treatment 
chemicals were transferred by pipet from fresh stock solutions to the beaker 
while the pH was monitored and controlled. Following approximately 2 minutes 
for reaction, the mixture was settled for 3 minutes and the supernatant 
filter11d through a 0.45 micron cellulose acetate filter. The filtrate was 
collectc,d in a 50 ml polypropylene stoppered centrifuge tube. Samples were 
acidified with nitric acid (approximately 1 drop per 20 ml) and analyzed for 
metals by atomic absorption spectrophotometry. 

C. CONTINUOUS FLOW REACTOR (PILOT PLANT) STUDIES 

1. Pilot Plant Design 

A flow diagram of the bench scale pilot plant, used to develop the 
proposed treatment process, :i.s shown as Figure 11. Design criteria for the 
pilot plant are listed in Table 5. Photographs of the individual units are 
shown as Figures 12 through 17. 

A treatment scheme tested previously (Reference 7) consisted of in- line 
injection of treatment chemicals followed by direct upflow filtration. The 
high solids loading used in the process resulted in a rapid buildup of solids 
in the filter and short run times between backwashing (less than 4 hours for 
the treatment of 10 mg/1 each of chromium and cadmium). Pretreatment for 
solids removal was felt to be necessary to make the treatment of plating wastes 
viable. The pilot plant wr. s designed to include flocculation, clarification 
and f i1 tra ti on. 

2. Unit Processes 

A pilot plant was designed as a test bed to develop a treatment system 
utilizing alkaline ferrous reduction and precipitation of hexavalent chromium . 
Unit processes incorporated into the pilot plant included waste synthesis, 
chemical feed and rapid mix, flocculation, sedimentation, and upflow filtra
ion. Fle xibility was p rovide d s o that combinations o f •.mit p roce s s es could be 
eas ily t e ste d. Toe size of the s yste m wa s controlle d by the a vailability o f 
water s uppl y ( ~ 5 gpm) a n c. laboratory s pace ~ One go a l was to mi nimize the 
size of the units due to restrictions on space available in existing plating 
shops. Units were enclosed and pressurized so that one pump would provide the 
flow through all of t~e units. This eliminated floe breakup caused by 
intermediate pumping. 

a. Waste Synthesis System 

A continuous-flow waste synthesis system was designed to simulate the 
operation of a metal plating rinse tank. Concentrated wastes were prepared in 
batch by dilution with distilled water and stored in concentrated waste tanks. 
The cadmium plating bath contained cyanide at an alkaline pH. Combining it 
with an acidic bath to form a combined concentrated waste would have resulted 
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Unit Process 

Waste 
Synthesis 

Chemical feed 

Flocculators 

Clarifer 

TABLE 5. PILOT PLANT DESIGN CRITERIA 

Parameter 

Production capacity 
Waste mixing tank volume 
Dilution water 
Dilution water control 
Concentrated waste tanks 

Volume, each 
Concentrated waste pumps 

Types 
Capacity 

Process pump 
Rating 
Control 
Flow measurement 

Chemicals 
Storage tanks 
Volume, each 

Chemical feed pumps 
Type 
Capacity 

Mixing 

Number of units 
Dimensions, each 
Detention time 
Mean velocity gradient 
Paddle area, each 
Rotating speed 
Horsepower, each 

Flow 
Dimensions 
Overflow rate required 
Overflow rate provided 
Projected horizontal surface area 
Number of plates 
Effective horizontal surface area 
Effective overflow rate 
Cross-sectional area 
Horizontal velocity required 
Horizontal velocity provided 
Inclination from horizontal 
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Criteria 

0-5 gpm 
20 gallons 
Tap or distilled 
Float 
2 
5 gallons 
2 
Peristaltic 
1-25 ml/min 
Centrifugal 
10 gpm at 25' head 
Diaphragm valve 
Venturi meter 

FeS04, Na2S, NaOH 
3 
5 gallons 
3 
Peristaltic 
1-25 ml/min 
In-line 

2 
10" diameter x 6 .5' long 
10 min 
50 sec- 1 (20-70 sec- 1 range) 
31.5 in, 
41 rpm (17-66 rpm range) 
1/8 hp 

5 gpm (2-8 gpm range) 
5 .5 1 

X 1' X 1' 
1. 5-3. 0 gpm/ rt2 
2.5 fPm/fta 
2 ft 
5 
9.5 ft, 
0.53 gpm/ ft, 
1 ft, 
21.5 fpm 
0. 7 fpm 
60° 

I. 
I ' 
I 

i 
I. 
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Unit Process 

Filter 

Filter 
Backwash 

TABLE 5 (Continued) 

Parameter 

Type 
Loading rate required 
Loading rate provided 
Dimensions 
Cross-sectional area 
Sand depth 
Gravel depth 

Backwash rate 
Time 
Volume of water required 
Storage tank 
Pump 
Pump rating 
Sludge storage and decant tank 
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Cd teria 

Up flow 
3-15 gpm/ft:i 
5 gpm/ ft 2 

12 1 X 1' X 1' 
1 ft 2 

6-8 ft 
6 II 

15-22 gpm/ ft 2 

3-15 min 
66-225 gal 
275 gal 
Centrifugal 
37 gpm at 40 ft of head 
500 gal 
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CONTROLS -

. . . (' 

Figure 12. Waste Synthesis and Chemical Feed Systems. 
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Figure 13. Flocculators. 
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Figure 14. 
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Clarifier. 



Figure 15. 
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Filter. 



SLUDGE STORAGE TANK 

Figure 16. Sludge Holding Tank. 
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in the release of hydrocyanic 
waste tanks and pumps were used 
from the other baths. A third 

gas, a dangerous condition. Two concentrated 
to separate the cyanide containing cadmium bath 
peristaltic pump was used to pump concentrated 

nickel directly from its commercial container. 

The concentrated wastes were metered 
calibrated peristaltic pumps. The water 
maintained by a float-operated control valve, 
distilled) to the rate of outflow. 

into the waste mixing tank by 
level in the mixing tank was 
metering dilution water (tap or 

The synthetic wastewater was pumped through the treatment plant by a 
centrifugal pump. 111e flow rate was measured,using a bronze venturi meter with 
a water manometer,and controlled with a manually operated diaphragm valve. 

b. Chemical Feed and Rapid Mix 

Earlier studies (References 8 and 9) demonstrated that chromium reduction 
and precipitation, using ferrous iron, is rapid and that o n-line addition of 
treatment chemicals provided sufficient time for mixing and reaction. To 
increase mixing intensity, the treatment chemicals were fed o n-· line just before 
the process flow pump, thus utilizing the centrifugal pump as a rapid mixer. 
Early test runs resulted in poor tre;atment due to shearing of floes by the 
centrifugal pump. Relocating chemical additions to after the pump resulted in 
greatly improved floe formation and treatment efficiency. Mixing was promoted 
by turbulent flow througa valves and fittings. 

Flow integrators were installed in the chemical feed lines to smooth the 
pulsating flow from the peristaltic feed pumps. Th.ey amplified the pulsing and 
were removed. Sinusoidal fluctuations were noted in the chromium concentration 
at the autoanalyzer (discussed later under Automation and Control), located 
-:in-line, a few feet after chemical addition, probably caused by pulsing of the 
chemical feed pumps. Fluctuations were not noted in effluent chromium concen
trations, since the treatment system is well - buffered by longitudinal 
dispersion. 

The pH was monitored at a location just after chemical addition (pill -
Figure 10) and at the effluent from the filter (pH2 - Figure 10). On-I ine, 
self-cleaning, combination pH electrodes (Sensorex model S645C) were used with 
an Orion model 605 electrode switch, and an Orion model 701A digital pll meter. 

Taps were installed in the pipes connecting each of the treatment 
processes so that samples could be continuously withdrawn from the influent and 
effluent of each. 

c. Flocculation 

In previous studies of the proposed treatment system, a separate floc
culator was not employed. In direct upflow filtration, the circuitous flow of 
the liquid through the coarse media at the bottom of the filter causes a gentle 
mixing that results in flocculation. Since ~- clarifier was included in the 
pilot plant to reduce solids loading on the filter, a separate flocculator was 
considered. Preliminary tests showed that 10 to 15 minutes of slow mixing 
significantly improved the removal of the precipitated metal hydroxides by 
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plain settling (Figure 17). 
plant design. 

Separate flocculation was included in the pilot 

15 ~--~---~--~------, 

10 
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SLOW MIXING TIME, MINUTES 

20 

Figure 17. Flocculation Effects on Settled Turbidity. 

d. Sedimentation 

Gravity sedimentation was included to reduce the solids loading on the 
upflow filter, and thus increase run times between filter backwashes. Upflow 
filters can handle more solids loading than traditional downflow filters, so 
maximum solids removal was not required of a candidate clarifier. Minimum size 
was important, due to the decision that all processes be pressurized (to 
eliminate intermediate pumping); therefore, a parallel plate settler was 
incorporated in the treatment system. 

e. Filtration 

Previous studies, utlizing a small (1 3/4-inch diameter) filter, demon
strated that upflow filtration effectively removed the solids produced by 
alkaline ferrous reduction of hexavalent chromium. Significant wall effects 
were noted in its operation, which precluded its use in determining loading 
rates of larger filters. A 1-foot square filter was incorporated in the pilot 
plant. This larger size was a compromise between the need to 1 imit wall 
effects and the limitations of a laboratory water supply to provide water for 
waste synthesis. 

upflow filters than that A coarser filter media is recommended for 
commonly used in conventional downflow filters. 
recommended range from 0.55 to 0.65 mm (Reference 
29). The larger effective size allows a greater 
loading without uplift, and the disadvantage 

Effective sizes of media 
31) up to 0.95 mm (Reference 
hydraulic loading and solids 
of poorer removal of fine 
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suspensions. Previous studies (Reference 7) utilized a sand with an effective 
size of 1.0 mm and a uniformity coefficient of 1.5. Three sands were selected 
for testing in the pilot plant filter. Their characteristics are shown in 
Table 6. The coarse and fine sands were available commercially. The medium 
sand was obtained by sieving a sand collected from a sand bar in the normally 
dry Salt River bed at Tempe, Arizona. 

TABLE 6. FILTER MEDIA DATA 

Media Effective Size (mm) Uniformity Coefficient 

No. 20 Silica Sand 
Sieved Salt River Sand 
Monterey Sand 

0.44 
0.70 
1.10 

1.48 
1.5 
1.41 

'The filter media was supported by washed graded filter gravel (1/16 to 1/8 
inch, 1/8 t o 1/4 inch, and 1/4 L:o 1/2 inch) i n three l ayers . The grave l was 
supported by a 3/16 - inch stainless steel plate which formed a false floor at 
the bottom of the filter. Holes were drilled in the plate in a grid pattern, 1 
inch on center and 3/16th-- inch diameter, to provide even distribution of 
incoming water. 

Rubber-septum covered access ports were provided at 1-foot intervals along 
the length of the filter. Samples were drawn from the filter at these points 
using a syringe fitted with a hypodermic needle. Head loss measurements were 
made using hypodermic needles connected by tubing to mercury manometers. 

Filter cleaning was accomplished by upflow backwash of the media using 
cle,.:ri water. Backwash water was pumped from a storage tank through a three way 
valve into the inlet at the base of the filter. Flow rate was measured by n 1 
1/i-inch brass venturi with a water manometer, and controlled with a diaphragm 
valve. Compressed air could be added to the backwash water line to aid in the 
baskwash. Head space was provided in the filter for SO-percent expansion of 
the media during backwash. Backwash water was discharged to a 500-gal lon 
sludge storage tank for concentration and disposal. 

D. INSTRUMENTATION AND CONTROL 

Emphasis was placed on the on-line determination 
and ferrous iron, using instrumentation that would be 
inexpensive, require minimal maintenance, and give 
results. Both colorimetric and redox potential methods 

1. Colorimetric Analysis of Hexavalent Chromium 

of hexavalent chromium 
rugged and relatively 

reproducible and fast 
were examined, 

Laboratory work was undertaken to become familiar with the chemistry of 
the colorimetric methods as described in Standard Methods. Modification of an 
available colorimeter system was also undertaken to satisfy our needs. 
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a. Background Studies 

The diphenylr.arbazide (DPC) for hexavalent chromium analysiG, Method 307 
in Standard Methods, was studied with a Varian Model 635 LC spectrophotometer 
using a wavelength of 540 nm. When eliminating the steps for oxidation of 
trivalent to hexavalent chromium and removing interfering metal ions (from Step 
b directly to Step e), the development of color with the addition of diphenyl
carbazide did not occur. Other procedures (References 42 and 43) refer to 
diphenylcarbazide 11in acid", without directly specifying the acid or 
concentration. Both Alpkem (Reference 44) and Technicon (Reference 40) 
recommend the use of sulfuric acid. Because of the vagueness of the method it 
was decided to determine the effects of both the type and quantity of acid used 
in the analysis. Hydrochloric acid gave poor color development. Both 
phosphoric and sulfuric acids (5 drops of concentrated acid in 100 ml of 
sample) gave essentially the same sensitivity when allowing sufficient time for 
the color to completely develop. However, the use of sulfuric acid resulted in 
a faster attainment of steady· state (Figure 18). Because of the shape of the 
curves on Figure 18, it was assumed the rate of color development, as measured 
by absorbance, is first-order and could be modeled by: 

0.6 

~0.4 
z 
<t 
ID 
a:: 
0 
(/) 

ID 
<t 

0.2 

o---~--__._ __ __. _____ ...__ __ __._ __ __. ___ ...__ __ __._ __ __, 
0 20 40 60 80 

TIME (MINUTES) 

Figure 18. Effect of Acid Used on Cr(VI)-DPC Response Time. 

d(Aa,-A) = - k(Aa,-A) 

dt 
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where A is the absorbance at any time, t, and Am represents the final steady-
state value of the absorbance. The concentration of hexavalent chromium ion 
not yet complexed with the DPC is proportional to Aa,- A. When plotting the 
transients on semilog paper (Figure 19), the resulting straight 1 ines verify 

k =0. 60 min-1 

0 .1 

<I: H2so
4 

k = .042 mln-1 
I 

8 
<I: 0 .05 

0.01------~----------------_._ __ ..... 
0 10 20 30 

TIME (MINUTES) 

Figure 19. Effect of Acid Used on Cr(VI)-DPC Reaction Rate 
(Cr(VI) = o.s mg/1, T = 2s 0 c). 

the suggested model and show that the rate of color development using sulfuric 
acid (k = 0.042 min- 1

) is approximately 14 times faster than the rate using 
phosphoric acid (k = 0.60 min- 1

). 

Since the steady-state absorbance was essentially the same regardless of 
the type of acid used, it would imply that the amounts of the acids used were 
in excess and sufficient. As a check, the amount used (5 drops phosphoric acid 
per 100 ml sample) was increased to 1 ml acid and the steady-state absorbance 
did not change . Therefore, it can be assumed that 5 drops of concentrated 
phosphoric acid are sufficient for a 100 ml sample. Runs were also made using 
10 drops of sulfuric acid in a 100 ml sample with no change in steady-state 
values or the rate of reaction. Figure 20 shows that absorbance conforms to 
Beer's Law up to 1.0 mg/1 concentration. 
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Figure 20. Calibration Curve for Cr(VI) - DPC (540 run, 25°C, H
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). 

To determine the effect of temperature on the rate of color development, 
absorbance-time curves were determined for 0.4 and 0.8 mg/1 solutions using 
phosphoric acid and maintaining the solutions at 25°C or 50°C during the 
analysis (see Figure 21). An analysis at 90°C was also performed. Increasing 
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the temperature increased the rate of reaction but reduced the steady-state 
final absorbance for a lower concentration. Appreciable liquid was vaporized 
at 90°C so the final value is suspec.t. However, nothing unusual happened 
during the 50°C run and yet it still gave a lower steady-state value. It was 
suspected that the differences were the result of absorbance being measured at 
different temperatures, and that temperature was affecting absorptivity of the 
complex and perhaps the absorption cell itself. 

To check this out, a 0.8 mg/1 solution was prepared and left overnight. 
The absorbance was measured at 25°C and again after heating to 50°C with 
resulting absorbances of 0.589 and 0.581, respectively, as compared to values 
of 0.587 and 0.535. This indicated that temperature affects the degree of 
complexing that occurs but does not affect the absorptivity of a given 
solution. 

Neither Technicon, Hach or Alpkem used a heating coil in their schemes. 
Therefore, because of the temperature shift in steady-state value absorbance it 
was decided not to increase the rate of color development by raising the 
temperature. 

It was postulated that the response rate could be increased by increasing 
the amount of DPC used. To check this, the amount of DPC used was doubled, 
resulting in doubling the response rate but giving the same steady-state 
absorption (Figures 22 and 23). A calculation shows that with the standard 
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Figure 22. Effect of Varied DPC on Cr(VI)-DPC Reaction. 

amount of DPC added to a 0.8 mg/1 sample, there are approximately 135 moles of 
OPC per mole of Cr(VI). With this large excess, one would expect the rate to 
be proportional to the amount of DPC used but the final reading should depend 
on the limiting component, Cr(VI), only. 
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In summary, sulfuric acid should be used with the Standard Method to give 
a rapid color development. The rate is first-order with respect to free Cr(VI) 
concentration where the rate constant is proportional to the amount of DPC used 
and increases with temperature. 

b. On-Line Colorimeter, Cr(VI) 

Two Model I colorimeters and a Model II pump, manufactured by Technicon as 
part of their Auto-Analyzer line, were made available to the project. 
Cartridges (tubing, mixing tees , mixing coils, procedures, etc.) for both 
hexavalent chromium, Cr(VI), and ferrous iron, Fe(II), determinations were 
purchased from Alpkem, a company specializing in the design of systems 
compatible with Technicon' s equipment and procedures. The schematic for the 
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Cr(VI) cartridge and method of reagent preparation i s shown as Figure 24. The 

SAMPLE 1.6 ml /min 

Figure 24. 
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AIR 0 .8 ml/min 

STRIP CHART RECORDER 

TO WASTE 1-----------------C ELL 

>.. • 550 nm 
PATH LENGTH • 15 mm 

Schematic for Cr(VI)-DPC Colorimetric Cartridge. 

procedure is similar to that described in Standard Methods, but differs in 
reagent preparation. 

Alpkem recommended the use of a 540 nm filter. A 550 nm filter was the 
closest wavelength filter available. A solution was made of equal parts of a 
0.8 mg/1 Cr(VI) solution and the DPC reagent, the ratio used in the Alpkem 
cartridge, and, after a 3uitable time for color development, a scan was made of 
absorption versus wavelength using a Varian 635LC spectrophotometer. Figure 25 
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Figure 25. Wavelength Scan of Cr(VI)-DPC Absorbance. 

shows the results. In the 540 to 550 nm wavelength range the absorptivity is 
essentially constant, and since the wavelengths passed by a particular filter 
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are fixed, the use of the 550 nm filter should not affect the accuracy of the 
analysis. 

The effect of changing the reagents on the time required to Jevelop a 
steady-state color was investigated. A solution was prepared, as described 
above,for the wavelength scan and quickly placed in the spectrophotometer. The 
fastest a reading could be obtained was 1 minute, by which time absorbance had 
reached a steady-state value. This was considerably faster than the procedur e 
from Standard Methods described in IIIBla, probably due to the higher 
concentration of acid used in the Alpkem method. 

Attention then turned to a study of the on-line colorimeter itself. The 
signal from the colorimeter (0-10 mv) displayed on a strip-chart recorder was 
determined to be proportional to transmittance. With a shutter in the light 
path, the output was set to 0 mv (corresponding to zero transmittance). With 
the shutter replaced with an aperture plate and the sample lin e in a beaker of 
distilled w~ter, the output was arbitrarily adjusted to give a recorder reading 
between 75 and 100 percent of ful 1 scale. This reading corresponded to 100-
percent transmittance. For a sample, the transmittance could then be calcu
lated as the deviation from zero reading relative to the 100--percent span. The 
percent transmittance, T, was then converted to absorbance, A, using: 

A = - log (T) (lU0) ( 2 8) 

Figure 26 shows the effect of slot size used am! color development time 
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Figure 26. Analysis of Cr(VI) Using Alpkem Cartridge. 
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(residence time between m1x1ng tee and flow cell) on the absorbance reading for 
different Cr(VI) concentrations. Slots 2 and 9 have aperture sizes of 7 mm and 
14 mm, respectively. The reaction time of infinity represents data taken on a 
batch sample prepared using ratios of sample/reagent identical to the ratio of 
flow rates in the cartridge. These solutions were then ~d lowed to sit over
night before being pumped through the flow cell. Using the length of tubing 
supplied with the cell resulted in a 2-minute reaction time. When the colori
meter was placed immediately next to the pump and the shortest tubing was used, 
the reaction time was reduced to 1.5 minutes. 

Analysis of the data showed that the results were independent of both slot 
size and development time. 'This led to the conclusion that a development time 
of 1.5 minutes was sufficient and cou] d possibly be reduced further. Alpkem 
recommended that the s mallet s l ot (S l o t 2 ) be used to r e duce the a mow1t of stray 
light reaching the cell. (As long as the amount of light reaching the cell 
provides a high signal/noise ratio, a small aperture should be used.) 

A 1 ine was drawn through the 1. S min/slot 
purposes and is described by: 

A 0.535(Cr) 

da t a for calibration 

( 29) 

where (Cr) is the concentration of hexavalent chromium in mg/ 1. 

2. Colorimetric Analysis of Ferrous Iron 

Studies similar to those described above were done to become familiar with 
the colorimetric method for Fe(II) as described in Standard Methods. Modifi
cation of the colorimeter system was also undertaken to handle Fe(II) analysis. 

a. Background Studies, Fe(II) 

The phenanthroline method for ferrous iron (Method 310 in Standard 
Methods) was investigated using a Beckman Model DU Spectrophotometer. A scan 
of absorbance vs. wavelength for a 0.5 mg/1 Fe(II) solution is shown as Figure 
27. Peak absorbance was found at 508 nm. (Standard Methods specifies a 510 nm 
wavelength.) Figure 28 is the calibration curve run at 508 nm for 0-0.5 mg/1 
of ferrous iron. This concentration range resulted in absorbances less than 
0.11 over which the data followed Beer's Law. Samples were allowed 10 minutes 
for color development prior to absorbance readings. 

Before other basic 
available and its use 
procedure. 

tests were performed, 
was incorporated in 

b. On-Line Colorimeter, Fe(II) 

the on-line colorimeter became 
further development of this 

The pump and colorimeters are described in IIIDlb. The procedure used is 
shown in Figure 29 and, in general, follows the Standard Method. Reagent 
preparation is described in Figure 29. 

Both the Standard Methods and Alpkem's procedure 
filter. A 484 nm wavelength filter was available. A 
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Figure 27. Wavelength Scan of Fe(II) - Phenanthroline Absorbance. 
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Figure 29. Schematic for Fe(II)-Phenanthroline Colorimetric Cartridge. 

Figure 27, shows that the absorbance at 484 run is approximately 95 percent of 
the peak value of 505 nm. A 5-percent loss in sensitivity is acceptable, since 
it has no effect on accuracy. 

Calibration of the colorimeter was done as described in IIIDlb, using 
distilled water to establish 100- percent transmittance. 

Figure 30 shows that reducing color development time from 1.3 minutes to 1 
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minute had no effect. (This was done by placing the colorimeter close to the 
pump/cartridge and reducing the lengths of connecting tubing. The mixing coil 
supplied with the cartridge was retained.) The effects of slot or a pe rture 
size are shown in Figure 31. No significant difference was apparent, so a 
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Figure 31. Analysis of Fe(II) UsinR 
Alp ke m Cartridqe (Effe ct of Slot Size ). 

straight line was drawn,utilizing the smaller slot (2) data and used for cali
bration: 

A= 0.666(Fe) 

where (Fe) is the concentration of ferrous iron in mg/1. 

3. Interferences 

( 3 0) 

It was concluded that on-line colorimeters would give accurate measure
ments of Cr(VI) or Fe(II) concentrations with leg times less than 1 minute. 
The earlier tests were performed using solutions containing only one and not 
both of the ions. This section describes e~periments that were run to 
determine the effects of having both ions present. 

Table 7 shows the results of experiments in which Fe(II) and Cr(VI) solu
tions were mixed and the pH adjusted to the 9-10 range using 0.1 N NaOH 
solution. In Run 1, the solution was clear to the eye with a straw-like color. 
An analysis was run on this solution without filtering and using the procedure 
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outlined in Standard Methods and the Varian spectrophotometer as described in 
sections IIID1a and IIID2a. After a few hours, a brownish precipitate 
collected at the bottom of the flask. The color of the solution became 
lighter. The results of the analysis were therefore suspect and the analysis 
was repeated after filtering with a 0.45--micron filter. The absorbance 
readings decreased, as shown in Table 7. The second run was done under 
essentially the same conditions, 

TABLE 7. RESULTS OF INTERFERENCE TESTS UNDER BASIC CONDITIONS 

- - - --·- -·--·---- ---- --- ---- -- -·- - --- - - ----- ------ - ----

Run Filter Ion Initial Final Reacted 

Vol, cone., meq. Vol. cone., meq. meq. % 
ml mg/1 xl 0

3 
ml mg/1 xlO~ xl 0

3 

·- - -----

None Cr( VI) 50 10 28.8 .145 . 837 28.0 97 .2 
100 

Fe (II) 50 30. 9 27.7 .134 .23 9 27.5 99.3 

Cr ( VI) same as above .051 . 294 28.5 

.45 m 100 
Fe ( II) .021 .037 27.7 100 

Cr( VI) 100 10 57.7 .168 1.98 57 .o 96 .6 
2 .45 m 205 

Fe(II) 105 30. 9 5 8 .1 .075 .27 5 57. 8 99.5 

Since the redox reactions take place, the actual concentrations of 
Fe(II) and Cr(VI) in the filtrate are not known and direct confirmation of the 
accuracy of the analyses is not possible. An indirect check can be made by 
comparing the differences between ions initially in the stock solutions and the 
residual remaining in the solution after the reaction (as measured with the 
analysis). Assuming no other reactions occur, there should be stoichiometric 
agreement between the amounts reacted. Examination of Table 7 shows excellent 
agreement. A word of caution is in order here. Since the reacting solutions 
contain essentially stoichiometric amounts of the two ions and the reaction 
approaches 100-percent completion, the amount reacted is not sensitive to the 
accuracy of the low final concentration reading (i.e., the concentrations in 
the final solutions could vary by 100 percent and yet yield only a I-percent 
error in amount reacted). Therefore the results of these tests, even while 
showing agreement, are not sufficient to prove the analyses are accurate. 

Another series of runs was made, using the two-channelcolorimeter and its 
related chemistries for the analyses. Table 8 shows the results when stock 
solutions of Cr(VI) and acidified Fe(II) are mixed and analyzed without adding 
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NaOH. Because of the low pH (~3), no visible precipitates were formed. In the 
series, the three runs were based on different ratios of reactants ranging from 
an excess of Cr(VI) to an excess of Fe(II). Because of this and the fact that 
the reaction is not as complete at low pH, the resulting agreement between the 
amounts of the two ions reacted gives more confidence in the analysis than the 
data shown in Table 7. 

TABLE 8. RESULTS OF INTERFERENCE TESTS UNDER ACIDIC CONDITIONS (pH 3) 

Initia l Final Reacted 

Run Ion Vol, cone., meq Vol, cone., meq meq % 

ml mg/1 xl0
3 

ml mg/1 xl0
3 

xl0 3 

Cr(VI) :;o 0.8 2.31 0.37 1.48 . 83 40 
1 70 

Fe( II) 20 5 1. 79 . 74 .93 • 86 48 

Cr(Vl) 38. 7 0.8 1. 79 .29 .98 • 81 45 
2 5 8. 7 

Fe ( II) 20 5 1. 79 .83 .87 .92 51 

Cr(VI) 20 0.8 0.924 .085 .196 .73 79 
3 40 

Fe ( II) 20 5 1. 79 1.39 1.0 .80 45 

An in-line filter was then added to each feed line of the colorimeter 
pump. Solutions containing stoichiometric amounts of Cr(VI) and Fe(II) w.ere 
mixed and the pH was adjusted to 8.5. The resulting solution was divided in 
two and one was acidified as would be done with a standard ferrous ion sample. 
The two solutions were then fed to the two-channel colorimeter through the 
filters. Table 9 shows the results. Good agreement is shown in the amounts 
reacted. Using a O .45-micron filter resulted in higher absorbance readings 
than the coarser No. 4 filter. This was not expected since the interference 
from the precipitates should be higher for the coarse filter and give a higher 
absorbance. In the case of the basic solution fed to the Cr(VI) cartridge, the 
r«ilative small difference, .0886 mg/1 compared to 0.068 mg/1, is probably due 
to experiment error. In the case of the Fe(II) analysis, the acidified 
solution cleared with time, indicating the precipitate formed during the basic 
reaction was redissolved in acid. This may account for the difference since 
the 0.45-micron filter runs were made first. 
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TABLE 9. EFFECT OF FILTER POROSITY ON COLORIMETRIC READINGS ( pH 8.5) 

Filter Ion Initial Final Reacted 

Vol, Cone., meq Vol, Cone., meq meq % 

Ml mg/I xl0
3 

ml mg/1 xl0
3 

xl0
3 

.45 micron Cr(VI) 100 10 57.7 .0886 1.0 57.6 99.8 
200 

Fe ( II) 100 30. 7 55.0 . 208 0.7 54.3 98.7 

No. 4 Cr( VI) .068 0.8 56.9 98.6 
same us above 200 

Fe(II) .124 .4 54.6 99.3 

To determine if the acidifying step would affect the degree of reduction 
of the Cr(VI), the inlet 1 ines were reversed. No difference was detected in 
the reading on the Cr(VI) colorimeter indicating that acidifying the solution 
would not affect the amount of Cr(VI) present event though the Cr(OH) 

3 
was 

redissolved,putting more Cr(III) into solution. 

F.ven though the above results do not directly verify the accuracy of the 
proposed analysis scheme, they imply that the presence of Fe(II) and 
precipitates will not affect the Cr(VI) analysis as long as the sample is 
filtered. It was concluded that the on-line colorimeter and cartridge, as 
described in Figure 24,would be adequate for on-line control purposes. 

In the case of the measurement of the Fe(II) ion, the results are not as 
clear. When the inlet streams were reversed, as described above, the solution, 
which was not acidified and was at a pH of 8.5, gave no reading at all. This 
indicated either that the color development chemistry would not work on the 
high pH sample or that the ferrous ion was oxidized to ferric ion by atmo
spheric oxygen. 

Because of the success in monitoring Cr(VI), it was decided to suspend 
work on the Fe(II) analysis and install the Cr(VI) cartridge and colorimeter in 
the pilot plant and use the resulting Cr(VI) readings to monitor the process. 

4. Redox Electrode Measurements 

Both the Fe(Il)/Fe(III) and Cr(III)/Cr(VI) pairs have relatively high 
oxidation-reduction potential. Redox electrodes have been used to monitor the 
concentrations of these ions in solution. Experiments were performed to 
determine the effectiveness of redox measurements on solutions containing both 
of these pairs. An Orion 96-78-00 combination redox electrode was used with an 
Orion Digital Ionalyzer. The electrode was calibrated, using solutions of 
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potassium ferrocyanide and potassium ferricyanide,according to the instructions 
supplied with the electrode. 

In an initial experiment, 100 ml of a 10 mg/1 Cr(VI) solution were mixed 
with 100 ml of a 30.9 mg/1 Fe(II) solution and the pH adjusted to ~9 by the 
addition of a small amount of 0.1 N NaOH. Figure 32 shows that it takes over 
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Figure 32. Redox Electrode Response to Batch Mixing of 
Fe(II) and Cr(VI) at pH~ 9. 

10 minutes to approach a steady-state value. Possible reasons for the lag are: 
(1) the electrode response time was slow; (2) the reaction itself wa$ slow; (3) 
the presence of a fine precipitate caused a drift in the electrode output; or 
(4) the reacting solutions contained an eicess of Fe(II) ions which were 
gradually oxidized by dissolved oxygen, increasing the redox potential. 

The solution was clear with a straw color. Upon standing for a period of 
time, a precipitate settled to the bottom of the flask and the color lightened. 
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To determine the electrode response time, the redox electrode was rapidly 
placed in a 0.8 mg/1 Cr(VI) solution after coming to steady state in a 0.4 mg/1 
solution. A new steady state was reached within 30 seconds indicating that a 
slow electrode response time was not responsible for the lag. 

A titration of 100 ml of a 10 mg/1 Cr(VI) solution with 75 mg/1 Fe(II) was 
performed holding the pH to ~9 by nddi t ion of O .1 N NaOH. Figure 33 is the 
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Figure 33. Redox Response to Cr(VI) Titration by Fe(II) at pH~ 9. 

result. Up to the stoichiometric end point (43 .1 ml of Fe(II) solution), the 
redox potential dropped slowly, indicating the reduction of Cr(VI) to Cr(III). 
The readings quickly came to steady state during this titration, after the 
addition of each 5 ml aliquot. However, when the end point was reached, the 
addition of a 5 ml aliquot of the ferrous ion resulted in a rapid reduction in 
potential followed by a slow increase. This seemed to indicate that the excess 
iron was being oxidized by dis solve d oxygen and that the appreciable lags 
described in the first experiment were caused by this reaction and not due to 
precipitate fouling or a slow reaction between Cr(VI) and Fe(II). 

Examination of the response curve showed a clear br eakpoint in the 
neighborhood of the end point. The method then could be used for control 
purposes if sufficient Fe(II) were added to maintain the redox potential below 
100 mv. This would ensure adequate reduction of Cr(VI). A problem arises in 
not knowing exactly how much excess Fe(II) has been added since the curve 
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flattens out past the end point. 
measurements was abandoned in favor 
earlier. 

For this reason, the use 
of the colorimetric methods 

of redox 
described 

Figure 34 shows the curve resulting from a similar titration where the pH 
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Figure 34. Redox Response to Cr(VI) Titration by Fe(II) at pH~ 0.3. 

of the Cr(VI) solution was initially adjusted to 0.28 with sulfuric acid. No 
further adjustment of pH was made during the titration. The pH ~lowly rose to 
0.42 during the titration. The end point under these conditions was very sharp 
but less than the 43 .1 ml expected. The sharp end point is a reason why 
titration of Cr(VI) using Fe(II) at low pH is a recommended method (Reference 
63) for measuring Cr(VI) concentrations in dilute solutions. 
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E. RESIDUALS ANALYSIS 

1. Sludge Dewaterability 

The sludges produced during pilot plant operation were collected and 
analyzed for specific resistance using a Buchner Funnel Test, described by 
Vesi lind (Reference 61). The apparatus used in the test is shown in Figure 
35. A 100 ml portion of sludge is placed in the funnel, and while a constant 

FILTER PAPER 

WIRE SCREEN 

STOPPER 

GLASS ADAPTER 

100 

VACUUM GUAGE 

--TO VACUUM PUMP 

GRADUATED CYLINDER 

Figure 35. Buchner Funnel Apparatus. 

vacuum is maintained, the volumes of filtrate (V) and time (t) are recorded 
until the sludge cake cracks. Specific resistance is calculated from Equation 

(31) .. 

R = 
2 b A2 P 

( 31) 
~l C 

where: R = Spec i fie Resistance (m/kf) 
b Slope of t/V vs V (sec/m) 
A Area of filter (m2) 
p Test pressure (N/m 2

) 

µ Dynamic viscosity (N-sec/m 3
) 

V = Volume of filtrate collected (m3) 

t = Time from start (sec) 
C = Weight of solids per unit volume of fit rate (kg/m 3

) 

Specific Resistance measurements were made of unconditioned and condi
tioned sludges. Lime and ferric chloride were tested as conditioners. 
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i. Sludge Composition 

Sludges were digested with concentrated nitric acid on a steam table for 4 
hours. The resulting mixture was filtered through a membrane filter, and the 
various metal concentrations of the filtrate analyzed by atomic absorption 
spectrophotometry. A more detailed outline of the digestion procedure :ts 
included as Appendix B. 

A portion of the sludge was not dissolved in the hot nitric acid. 
Elemental sulfur was theorized as the end product when sulfide was used to 
reduce hexavalent chromium. Elemental sulfur is insoluble in nitric acid, but 
soluble in carbon disulfide (CS 2 ) (Reference 62). The solid residue from the 
sludge digestion was mixed with CS:i and filtered. The CS 2 was vaporized and 
the residue was placed in a closed capi lla ry tube and analyzed for melting 
point, using a calibrated heated oil bath. 

3. Extraction Procedure (EP) Toxicity Analysis 

Two variations of the EP Toxicity Test were used in analyzing the pilot 
plant sludges. Method 1 was used to analyze the cake produced by filtering the 
sludge. Method 2 was used to test settled decanted sludge. These methods are 
outlined in Appendix Band summarized below. Both tests consisted of diluting 
the sludge with 16 times its weight in distilled water, adjusting the pH to 5.0 
~ 0.2 with 0.5 N acetic acid, and agitating the mixture for 24 hours. The pH 
was adjusted at set time intervals to 5.0 with a maximum of 4 ml of 0.5 N 
acetic acid per gram of sludge. At the end of the agitation period, the 
samples were diluted to 20 times their original weight with distilled water and 
filtered. The filtrate was analyzed by atomic absorption spectrophotometry . 
These metal concentrations were compared with the EPA standards. The original 
filtrates obtained from the filtered sludge samples were also analyzed, 

F. CHROMIUM REDUCTION RATE STUDIES 

Batch studies were performed to determine the effects of ferrous iron dose 
and pH on the rate of hexavalent chromium reduction. Methods used were as 
outlined in section IIIB of this report. The Auto-Analyzer, using the 
colorimetric method, was utilized to monitor reaction progress. Hexavalent 
chromium concentrations and pH were recorded on a dual -·pen strip-chart 
recorder. 

One-hundred ml aliquots of 5.0 mg/I hexavalent chromium were treated with 
ferrous sulfate (stoichiometric and twice stoichiometric doses). Iron doses 
were from stock solutions, sufficiently concentrated to minimize dilution 
effects and added from beakers to approximate instantaneous addition. The pH 
was controlled by manual addition of dilute sodium hydroxide or nitric acid by 
eyedropper. Reactions were monitored until steady state was achieved. 

Responses were compared with responses of the Auto-Analyzer to step
changes in solutions fed to Auto-Analyzer. The Analyzer feed line was switched 
from a 5.0 mg/I Cr(VI) solution to solutions containing 1.6, 1.0, 0.5 and 0.1 
mg/I of Cr(VI) respectively to determine the response curves for these step
changes in concentration. The rate for the chromium reduction reaction is 
responsible for the difference between responses in reaction studies and 
responses due to step-changes. 
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G, ANALYTICAL PROCEDURES 

Metal analyses were performed by atomic absorption spectrophotometry,using 
a Varian Model 1250 AA and methods recommended by the manufacturer. Samples 
were collected in 50 ml polypropylene centrifuge tubes, acidified with nitric 
acid (1 drop per 20 ml), then stoppered and stored at room temperature, for 
analysis. Samples analyzed for chromium were aspirated into a reducing nitrous 
oxide-acetylene flame; cadmium and nickel into an oxidizing air-acetylene 
flame. Trace concentrations (below flame limits) of these metals were measured 
using a Varian Carbon Rod Atomizer attached to the AA. 

Other chemical analyses (hardness, alkalinity, sulfate, etc,) were 
performed in accordance with Standard Methods. 
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SECTION IV 

RESULTS AND DISCUSSION 

A. BATCH REACTOR STUDIES 

In previous studies (Reference 9) utilizing the proposed process for the 
removal of cl1romium, cadmium and nickel from plating wastewaters, satisfactory 
removal of chromium and cadmium was achieved, but problems were encountered 
with nickel removal. When a synthetic waste composed of potassium dichromate 
(K 2 Cr 2 0

7
), cadmium chloride (CdC1 2 ), and nickel chloride (NiC1 2 ) was treated, 

all three metals were removed, but when a mixture of actual plating baths was 
treated, the nickel remained unaffected by treatment. 

Plating baths commonly contain complexing agents to keep metals in 
solution, so it was postulated that something in the plating baths was 
preventing nickel precipitation as nickel sulfide (NiS) or nickel hydroxide 
(Ni(OH) 2 ). In particular, it was known that cadmium plating baths usually 
contain cyanide as a complexing agent, and it was suspected that cyanide was 
interfering with nickel removal. 

The objectives of this study were to determine if nickel can be removed 
from plating wastewaters by the p:t"oposed treatment method, to isolate what is 
interfering with nickel removal, and to investigate methods of compensating for 
the interfering agent in the treatment method. 

1. Solubility of Nickel 

Experiments were performed to determine the practical solubility of nickel 
in tap and distilled waters with varied hydroxide and sulfide concentrations. 
A 10 mg/1 (0.17 mM) solution of nickel (plus 0.17 mM sulfide, as appropriate) 
was made up in the test water, the pH adjusted and the mixture filtered. The 
10 mg/1 of nickel was selected as being close to those encountered in mixed 
plating rinsewaters, although it is less than the theoretical solubility of 
nickel at acidic pH. 

Figure 36 shows how much of the initial nickel concentration remained 
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Figure 36. Nickel Solubility in Tap and Distilled Waters. 
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soluble at the indicated pH levels. At pH 7 and below, insufficient nickel was 
present to indicate solubility. The estimated solubilities are projected by 
dotted lines. This experimentally determined solubility of nickel in distilled 
water is in close agreement with that developed from theory and shown in Figure 
8. The solubility of nickel in the tap water is seen to be an order of 
magnitude greater than in distilled water, probably due to complexation of the 
nickel with anions. 

The addition of a stoichiometric amount of sodium sulfide has little 
effect on nickel solubility (Figure 37), as compared to that predicted (Figure 
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Figure 37. Nickel Sulfide Solubility (Initial Sulfide= 0.17 LllM). 

9). Again, nickel is appreciably more soluble in the tap water. This result 
agrees with an earlier study (Reference 9) which showed poor removal of nickel 
from a mixed-metal waste prepared in this tap water when compared with one 
prepared in distilled water. 

Increasing the sulfide dose to twice the stoichiometric requirement for 
nickel sulfide precipitation did not reduce the solubility of nickel. With a 
sulfide dose 100 times stoichiometric, 10 mg/1 of nickel remained soluble at 
all pH levels. This result was similar to an earlier study (Reference 9) on 
cadmium solubility which showed that cadmium solubility was increased by 
sulfide in concentrations greater than stoichiometric. 

2. Nickel Solubility in Plating Bath Solutions 

Next, the soiub i lity of nickel from nickel plating baths was investigated. 
A comparison between nickel solubility for solutions prepared in distilled 
water from (1) nickel chloride and from (2) nickel plating bath, with a sulfide 
concentration twice stoichiometric, is shown as Figure 38. The nickel solution 
prepared from nickel plating bath was completely soluble in the distilled water 
for all pH ranges. The complexing agent(s) present in the plating bath were 
sufficient to maintain this high solubility, in spite of the high concentration 
of sulfide and hydroxide at the higher pH range. 
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Figure 38. Nickel Sulfide Solubility Using Nickel Chloride and Nickel 
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In tap water (Figure 39), significant nickel precipitation occurred. The 
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Figure 39. Nickel Sulfide Solubility Using Nickel Chloride and 
Ni c ke l Pl a tin9 Bath in 'l'ap Water (I nitia l Sulfide= 0 . 34 mM). 

solubility of the nickel (prepared from nickel chloride) is greater in the tap 
water than in distilled water, but the solubility of the plating bath nickel in 
tap water is greatly reduced, probably due to competition for the complexing 
agent by other cations (hardness) present in the tap water. 
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This indicates that whatever nickel complexes are present in nickel 
plating bath are we ak enough that the ions present in tap water can break them 
and allow nickel sulfide precipitation at an l\lkaline pH. Thus the nickel 
plating bath itself should not present a signi ~ ' Jant obstacle to nickel removal 
by the proposed treatment. 

When sulfide (1.3 times stoichiometric) was added to a mixture of nickel 
and cadmium plating baths (10 mg/1 Ni and 10 mg/1 Cd) no nickel was removed by 
precipitation and filtration from ~ither tap water or distilled water at pH 7 
through 11. Essentially; all the cadmium was r emoved at each tested pH. Com
plexing agents in the cadmium plating bath were apparently complexing the 
nickel more strongly than the cadmium so that NiS could not form. Cadmium 
plating baths often contain cyanide, so the effects of cyanide on nickel 
solubility were investigated. 

3. Cyanide Effects on Nickel Solubility 

Nickel cyanide tetrahydrate, NiCN 2 ·4H:i.O is described as being a pale, 
green, insoluble powder (Reference 62), suggesting that cyanide should not 
interfere with nickel precip!tation. When a solution of 0.34 mM sodium cyanide 
and 0.15 mM (8,8 mg/1) nickel (from plating bath) was prepared in tap water at 
pH 9.5, a pale green precipitate formed, and soluble nickel was reduced to 3.2 
mg/1. Comparable results were observed when 0.34 mM sodium sulfide was added 
to the solution. However, with increased cyanide concentration, nickel 
solubility was found to increase, as shown in Figure 40. This suggests that 
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Figure 40. Nickel Sulfide Solubility with Varying Cyanide at pH 9 
(Initial Sulfide= 0.34 mM). 
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excess cyanide causes formation of ions such as Ni(CN) 3 which remain in 
solution, rather than the formation of insoluble Ni(CN) 2 • 

The recommendud concentrations of cyanide in a cadmium plating bath from 
Williams Air Force Base is three times the cadmium concentration on a weight 
basis, so a cadmium plating bath diluted to 10 mg/1 Cd would have 3))--mg/l 
cyanide. This corresponds to 1.14 mM or 6. 7 times the molar concentration of 
nickel at 10 mg/1 (0.17 mM). The solubility curve developed for nickel sulfide
varying concentrations of cyanide indicates that this high concentration of 
cyanide(relative to nickel)would interfere with any removal of nickel sulfide. 

4. Effects of Increasing Doses of Treatment Chemicals 

The effects of varying ferrous iron and sulfide doses on metal removal 
from mixed chromium (10 mg/1) and cadmium (10 mg/1) plating baths in distilled 
water, and mixed chromium (10 mg/1), cadmium (10 mg/1), and nickel (5 mg/1) 
plating baths in tap water were studied. 

Work done with mixed cadmium and chromium baths at pH 8 showed that 
cadmium plating bath does not interfere with chromium removal. Figure 41 shows 
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Figure 41. Chromium Removal from Chromium and 
Cadmium Platinq Baths in Distilled Water . 

that chromium removal was directly proportional to the iron dose, and the 
presence of sulfide-improved chromium removal, in agreement with earlier 
studies (Reference 9). Cadmium removal was directly proportional to sulfide 
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dose and essentially independent of the iron dose as shown in Figure 42. This 
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Cadmium Plating Baths in Distilled Water . 

is what would be expected since cadmium precipitates as CdS. At sulfide doses 
above 0.34 meq/1, residual cadmium concentrations were below detectable limits. 

From mixed cadmium, chromium and nickel plating baths in tap water at pH 
8, similar trends were observed in chromium removal (Figure 43). The effects 
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Figure 43. Chromium Removal from Chromium, Cadmium 
and Nickel Plating Baths in Tap Water. 
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of increased sulfide doses were more marked than in the previous case. This 
also agrees with earlier work. Cadm J11m removal (Figure 44) was proportional to 
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Figure 44. Cadmium Removal from Chromium, Cadmium 
a nd Nick e l Pl a U .n q l3a th s in 'l'ap Water. 

sulfide dose as in the previous 
also improved by the presence 
unaffected by iron or sulfide 
concentration of cyanide present 
mg/1 (log molar concentration of 
pll 8, without cyanide present. 

case, but in tap water, cadmium removal was 
of iron. Nickel concentrations remained 

doses, as would be expected with the high 
in the cadmium bath. Figure 39 shows that 5 
-4.07) is soluble in a nickel plating bath at 

Mixed chromium (10 mg/1). cadmium (10 mg/1) and nickel (10 mg/1) plating 
baths were treated with excess iron, anticipating that the formation of iron 
cyanide complexes would prevent the nickel cyanide complexes from forming, and 
would allow nickel removal as NiS. Excess doses of iron up to five times 
stoichimetric to the chromium did not significantly improve nickel removal. 
Also, the effluent showed consistently low concentrations of iron, indicating 
that iron-cyanide complexes were not formed. This conclusion is supported by 
the fact that cadmium hath does not interfere with chromium removal, because 
iron would not be available to reduce the chromium if it were complexed by 
cyanide. 

When a cadmium plating bath (10 mg/1 Cd) was mixed with nickel pluting 
bath at 83 mg/1 (3.4 meq/1) and 3.4 meq/1 sulfide, resulting nickel solubility 
was 39 mg/1. This indicates that cyanide significantly increases nickel 
solubility. 

B. CONTINUOUS FLOW REACTOR (PILOT PLANT) STUDIES 

The pilot plant operating conditions and data are summarized in Table 10. 
The runs listed in this table are grouped into several broad categories for 
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TABLE 10. SUMMARY OF DATA FOR PILOT PLANT RUNS . 

Drcolr.throush 
Influent He ad 

Run Flow Units Waste (mg / I) Feed (ms/I) Fe /Cr S/Cr Effluent (mg/I) Time Loss 
II (gpm) Used Wotcr Waste Cr Cd Ni Fe+2 s-2 (meq/mcq) pill pll2 Cr Cd Ni (min) (fl) 

-----·---- --------
3 l 4.9 F T s 15 .4 33.0 0.65 8.9 8.3 4.5 
4 5.3 F T s 14 .o 30. 7 o . 72 - 7 . 9 7. 5 0,08 (20 
5 3 .1 F T s 9.3 31.3 1.0 8 . 5 8.2 1.0 53 
6 3,0 Fl,F T s 10 . 4 32.4 0.97 8 . 8 8.2 2.0 59 
7 3 .1 F T s 8.3 31.3 4.5 1.11 0 .58 9.0 8 . 9 0.13 50 
9' 3.3 F T s 6.5 29.6 4 . 3 1.39 0.71 8 . 9 8 . 5 0 . l 39 

11' 3 .o F T s 6.4 32.4 4.6 1.57 0 . 5 8.9 9.0 < 0 .l 87 
12 3 .0 Cl,F T s 9.1 32 .4 4 . 6 1.09 0 ,55 8.6 7.9 <O . l 408 
13 2.9 F T s 6 . 7 34.0 4.8 1.51 0.77 0 .2 146 
14 5.1 F T s 6.1 31.8 4 .5 1.63 0.80 - 1.2 43 
lS 2.9 F T s 4.4 33.0 4 . 8 2.27 1.15 7 . 0 7 .2 ( 0 .1 192 
16 3.1 F T s 10 .2 24 .0 4.6 o. 73 0 .49 7 .1 7.0 0.5 79 
17 2.9 F T s 8.9 33.0 4.8 1.13 0.58 7 .1 7 .1 0.3 85 
18 2 .9 Fl,F T s 10.4 33.5 4.8 1.0 0.5 7 . 0 7.2 <O.l 52 
19 2.8 Fl,F T s 9.7 53 . 1 9.3 1.69 1 .04 7. 7 7 .5 (0 .1 79 
20 3.0 Cl.F T s 7 .8 - -32. 4. 6 -1. -0.5 7.'J. 7 .1 ( 0 .l 303 
21 3.0 F T s 10.3 4 . 7 - 32 .4 4.6 0.97 0.48 8.3 7.8 1.5 0.01 64 
22• 3.0 F T p 8.6 43. 7 4.6 1.6 0.58 7 .8 7 .6 ( 0 . 1 49 
23 3.0 F T p 7.7 4.1 24.8 4.6 0,98 0,64 8.2 7.9 0 .2 0.04 8'/ 
24 3 .o F T p 7.8 - 7 .4 15.6 4.6 0 .62 0 .6 4 8 . 0 7 . 7 0.4 1.8 123 
25 2 .9 F T s 8.9 23.3 4.8 0.81 0 .58 8.1 7.8 0.2 100 
26' 2 .9 F T s 8.7 20 . 7 4 . 8 0. 74 0 .6 0 8. l 8,0 < 0. l 102 
27' 2.9 F T s 8.5 21.6 4.8 0.80 0.61 8.0 7.9 <O . l 126 
28 7 3 .o F T s 7.9 18.8 4. 6 0.74 0 .63 8.0 7.8 < 0 .005 189 
29 7 3.0 F T s 8.0 21.9 4.6 0.85 0 .6 3 8,0 <O .l 212 
30 3.0 F T s 7.7 36 . 6 4 . 8 1.46 0.67 8.1 <O .1 163 
31' 2.9 F T s 8 . 0 - -22. -4.6 0 . 84 0.63 8.0 243 
32 2.9 F T p 8.7 23. 4.8 0.82 0 .6 8 . 0 (0 .1 213 4.1 
33 3 . 1 F T p 23 ,6 39 .6 9 . 0 0 .52 0.41 8 .0 1.4 61 

2 ·"' 34 3 ,3 F T p 21.5 69.6 4.2 0 .98 0.21 8.0 7 . 6 0.96 61 3. l 
35 3.4 F T p 20.9 64,3 5 .Ii 0 . 94 0.26 8.0 7 .6 (0,05 60 2,6 
36 3.3 F T p 19 .1 42 .2 9.3 0 .68 0.52 8.0 7.9 0 . 08 82 2 .3 
37 3 .1 F T p 21.6 30. 7 14.4 0 . 44 0 . 71 8 , 0 8.1 (0,05 88 2.3 
38 3 ,1 F D p 20 . 6 40.8 9.9 0,61 0.52 8.0 8 . 5 ( 0 .05 269 7. l 
39 3 .o F D p 54 .5 66.6 34.7 0.37 0.69 8.1 8,0 ( 0,05 94 4.0 
40 3 .2 F T C 38 .8 11.5 8.9 61.4 43.0 0 .4 8 1.19 8.5 7.7 < 0 .1 ( 0 ,05 0,33 32 1 .4 
41 3 .2 F D C 48 .6 15 .1 8.8 62.8 42 . 4 0 .3 9 0.94 8.0 8.1 1 .2 (0 ,05 0 .14 65 3 ,0 
42 3.4 F D C 50.2 14.8 8 . 7 54 . 7 42 .4 0.33 0.91 7 .9 7.8 ( 0.01 ( 0 .05 (0.01 57 2 .2 
43' 3.3 Cl,F T C 47.1 13 .7 8.5 54,7 42 .4 0 .36 0 . 97 8.0 7 .1 1.8 (0,05 0.22 )195 > 1.3 
44 3 .4 F ll C 19. 5 7 .2 4.4 45.4 9.4 0.72 0.52 8,0 8.1 (0,1 ( 0 .05 0 .22 13 9 3.6 
45 3 .3 F T p 11 .l 11. 7 4.8 48 .8 3 .8 1.34 0 ,38 7 . 5 7.8 0.4 0 .11 4 . l 83 2.5 
46 3.3 F IJ p 10.1 11.5 4.6 51.0 3 ,8 1.55 0 .41 7. 7 7.9 0.25 0 ,10 4.9 340 8.5 

-------
ml!.!11.!: 

F - Filter used T - Tempe Top Wolcr s - Synthetic ( from loborotory chcmicol(s)) 
Fl Flocculntor used D Distilled Water p Plating Dnths ( from WAFD) 
Cl - Cl nrif ier used C - Plating Baths with Cd (as CdO) 

Notes : 

1. Filter consisted of 7 feet of medium coarse snnd - effective size 0 . 71 mm end uniformity coefficient 
of 1.8. 

2. Filter changed to 16 inches of Monterey sand; 12 inches of river sand a nd 12 Inches ot #20 si 1 ice 
send . 

3. Treatment chemicnls introduced nt outlet side of wnstc pump. 
4. Defore Run 22, iron doses arc estimates. Lower doses probable due to oxidation by atmospheric 

oxygen of tho ferrous ion to ferric nod pcrcipitotlon as ferric hydroxide , 
5. Filter changed to 3 inches of coarse (1.1 mm)• 2 feet of medium (0.7 mm) and 1 foot of f inc (0 .45 

mm) sand. 
6 . Fil tcr modified by the nddi lions of 16 inches of medium sand, 
7 . Filter mod if i.cd by the addition of 1 fool of medium sand. 
8. Fil tcr modified by tho addition of 8 inches of fine sand, 
9. Clorificr used; run shut down before filter breakthrough. 



detai l ed discussion below. 

1. Pilot Plant Starting (Runs 3-17). 

Results from early pilot plant operations were erratic. The filter was 
initially loaded with 7 feet of Mon t erey sand (effective grain size of 1.10 mm) 
which proved to be too coarse for effective removal of the precipitated metal 
hydroxides produced by the treatment process. Starting with Run 3, this coarse 
media was replaced by 7 feet of sieved Salt River sand (0.71 mm effective grain 
size). This new media was more effective in removing chromium, but failed to 
produce run times that were acceptable (Runs 3 and 4). 

Reduction of the flow rate to 3 gpm (filter loading of 3 gpm per square 
foot), starting with Run 5, improved run times. However, these run times were 
considerably less than those experienced with the smaller filter column pre
viously tested. Use of the flocculator did not significantly improve filter 
performance. With Run 9, a shorter filter was prepared using a mixture of 
sands (Figure 45) to evaluate the relative effectiveness of the three sand 
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Figure 45. Filter Composition for Runs 9-25. 

sizes descrih ,ed in Table 6. 
height of the filter. 

A reduced run time is noted due to the reduced 

It was postulated that the poor performance of the process was caused by 
floe breakup ( and subsequent loading of only the finer sand) in the process 
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pump. Starting with Run 11, the injection point for treatment chemicals was 
shifted to a point following the process pump. This improved removal 
efficiency and more than doubled the time to breakthrough. Use of the 
clarifier (Run 12) produced another significant increase in run time. 

Starting with Run 12, samples were taken from sampling ports (Figure 45) 
located at 1-foot intervals through the depth of the experimental mixture of 
sands. Using & long hypodermic needle and syringe, samples were collected from 
points in the sand approximately 1 inch away from the wall of the filter. 
Results for Run 12 are illustrated in Figure 46. It is apparent that the 
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Figure 46. Chromium Breakthrough Curves for Run 13. 

chromium rapidly penetrated the gravel and coarse sand to G+l and that the 
coarse sand between G+l and G'+2 had little additional capacity for chromium 
removal. The medium sand removed the bulk of the chromium, as demonstrated by 
the longer time needed to reach G+3. This fine material, however, had a low 
capacity for solids storage before breakthrough. The medium sand continued to 
store more solids (as measured by the difference in concentrations at G+3 and 
G+2) after breakthrough than were retained in the fine sand. 

Use of the clarifier in Run 12 reduced the loading on the filter and 
extended the run time proportionally (Figure 47). Sample Point 3 is located 
between the clarifier and the filter. The clarifier was approximately 70 
percent efficient in removing the chromium. The removal characteristics of the 
filter were unaffected by the use of the clarifier, with the medium sand (G+2 
to G+3) removing the bulk of the chromium. Further testing was performed;using 
this configuration of filter media, to see how varied operating conditions 
affected the removal efficiencies of the different sands. 
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Figure 47. Chromium Breakthrough Curves for Run 12.. 

Increasing the loading rate on the filter to 5.1 gallons per minute in Run 
14 greatly reduced the time to breakthrough (Figure 48), although it had little 
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effect on the region of the filter that removed the bulk of the chromium. 
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Figure 51. Chromium Breakthrough Curves for Run 17. 

proportional to the concentration of chromium treated. The relative effective
ness of the different layers of filter media was unaffected by these different 
concentrations, with the bulk of the removal occurring in the medium coarse 
Salt River sand. 

Problems resulted in these runs from degradation of treatment and waste 
synthesis chemicals. A saturated potassium dichromate solution, used for waste 
synthesis, degraded with storage, resulting in decreasing influent waste con·
centrations. The ferrous sulfate and sodium sulfide stock solutions likewise 
degraded with storage, probably due to oxidation by atmospheric oxygen. 
Starting with Run 22 these solutions were prepared fresh prior to each day's 
runs. Also, the concentration of iron added was measured, starting with Run 
22 , rather than calculated. 

2. Filter Media Optimization (Runs 26-31) 

The experiments with a mixture filter media sizes led to a number of 
conclusions. The medium Salt River sand was most effective. The fine number 
20 silica sand was effective in polishing the material that penetrated the 
coarser sand below, al though this finer sand has 1 it tle capacity for solids 
storage. TI1e coarse sand at the bottom provided support fo ~ the media above it 
and aided in flow distribution and particle flocculation but had little 
capacity for solids storage. 

The filter was therefore modified before Run 26 to increase the proportion 
of medium Salt River sand. The new media consisted of 3 inches of Monterey 
sand, (1.1 mm), 2 feet of Salt River sand (0.7 mm) and 1 foot of number 20 
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silica sand ( 0.45 mm). The resulting breakthrough of chromium (Figure 52) 
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Figure 52. Chromium Breakthrough Curves for Run 26. 

shows a more even distribution of chromium solids in the filter and an increase 

in run time. 

The filter was modified by the addition of 16 inches of Salt River sand 
before Run 27. The resulting chromium breakthrough curves (Figure 53) were 
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essentially identical to Run 26 below Gravel +3. An increased run time was the 
result of add i tionRl storage provided between Gravel +3 and Gravel +4. 
Increasing the depth of Salt River sand further improved the run times, with 
chromium ::emoval spread throughout the filter (Figures 54 and 55). An over-

, 12.5 ,-----------------------~ 
OI 
E 

z 
0 10.0 
t--
<l: 
0:: 
t--
z I 

w 7.5 l.? 

u :J 

z 0 

0 
0:: 

l..) 
I 
t--

~ 5.0 
:J 

~ 
0 
0:: 
I 2.5 
l..) 

120 180 240 
RUN TIME (MINUTES) 

Figure 54. Chromium Breakthrough Curves for Run 28. 
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in Run 30 to determine if the resulting larger floe 
The increased solids productions, however, resulted in 
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The relationship between filter r nil times and filter sand depth is shown 
as Figure 56. It is proposed that increasing the depth of filtration media 
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Figure 56. Effect of Media Depth on Filter Run Times. 

improves run times by two mechanisms. First, increased depth provides addi
tional storage space for solids, with breakthrough occurring at a given depth 
in the media when all potential sites for storage are filled. This appears to 
be the mechanism for breakthrough under the operating conditions used in Runs 
25 through 31, as indicated by the linearity of Figure 56. A second mechanism 
occurs when head loss through the filter exceeds the submerged weight of the 
filter media and breakthrough results from lifting of the bed. Run times could 
be increased in this case by increasing depth and weight of media. This 
appears not to be the mechanism involved here, however. 

3. Treatment of Chromium Plating Wastes (Runs 32-39) 

Plating baths were used for waste synthesis and head losses were measured, 
starting with Run 32. No significant differences were noted in treatment of 
wastes made from plating baths and those made from laboratory chemicals. 
Figure 57 shows the chromium breakthrough curves and Figure 58 the head loss 
curves fo r Run 32. As the chromium broke through a particular layer of the 
filter (Figure 57), the head loss began to increase in that layer due to 
plugging of the pores above. At breakthrough, the head losses were distributed 
fairly evenly through the bed . The coarse material at the bottom was capable 
of storing material in its larger pores without causing appreciable head loss. 
However, these large pores were not efficient at retaining the solids in the 
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Figure 58. Head Loss Curves for Run 32. 

increased turbulence resulting from pore plugging. The medium sand was more 
effective at both providing storage without appreciable heed loss and solids 
retention in the diminishing pores. The fine sands at the top provided little 
storage volume in the sand's small pores before this constriction resulted in 
appreciable head loss and breakthrough, usually the result of 1 if ting and 
fluidizing these fines. 

Increasing the chromium concentration 
in a proportionate decrease in run time, 
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in the waste to 23.6 mg/1 resulted 
but had no effect on the relative 



removal efficiencies of the different filter layers (Figure 59). The head loss 
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trends (Figure 60) are similar to those in Run 33, except that final head loss 

is reduced. 
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a. Effects of Varying Ferrous Iron and Sulfide Doses (Runs 34-37) 

Tests were performed to evaluate removal of higher chromium (20 mg/1) 
concentrations with varying FeS0

4 
and Na 2 S doses. Since Na~S has a much lower 

equivalent weight (39) than FeS0
4 

(152) and produces approximately 1/7 of the 
solids residue, one would like to maximize the sulfide dose for equivalent 
treatment. Ferrous sulfate is required as a catalyst and is desirable to 
control sulfide odors by precipitation of excess sulfide. Increasing sulfide 
replacement of iron (Figures 61 through 64) resulted in increased run times. 
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Decreased head losses indicated that less solids were produced by sulfide than 
iron. However, sulfide pre~ipitation resulted in a finer solid that more 
easily penetrated the filter. Final head losses were lower for the high~ 
sulfide doses. A sulfide odor was noted. 
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b. Effects of Distilled Wuter (Runs 38 and 3 9) 

Treatment of a waste in distilled water (Figure 65) resulted in a 

10.0 

~ 8.0 ~-; 
Ii. 
O 6 .0 
I-
IJJ 
l.rJ 
Ii. 
~ 4 .0 
If) 
If) 
0 
..J 
0 

~ 2 .0 
I 

0 
0 120 180 240 

RUN TIME (MINUTES) 

Figure 65. Bead Loss Curves for Run 38. 

significant increase in run time (269 minutes as compared to 82 minutes for a 
waste in hard tap water). Head losses at breakthrough were proportionally 
increased, indicating that a similar solids production occurred as in tap 
water, but that the solids were more easily retained in the filter. Pores were 
visibly more packed with solids. A stronger floe is apparently produced in 
distilled water than in tap water. This opposed the conventional wisdom that 
hardness improves flocculation. Breakthrough was by bed uplift due to high 
head loss. 

Increasing the chromium concentration to 54.5 mg/1 resulted in a portional 
decrease in run time (Figure 66). A lower head loss at breakthrough was noted 
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in this run, due to the higher proportion of sulfide used for chromium 
reduction. 

Figure 67 was prepared to relate run time to solids production (as 
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Figure 67. Effects of Metal Concentrations on Run Times. 

measured by the sum of chromium removed and iron added). Run times decrease in 
inverse proportion to increased metal concentrations. It is evident that it 
would be infeasible to treat high concentrations of chromium in a hard water by 
direct filtration, Using high sul f ide - low iron doses would be 
advisable. Adding clarification (Run 43) greatly increased the run time. High 
concentrations of chromium were efficiently treated where the waste was in 
distilled water (Runs 38 and 39). 

4. Treatment of Mixed-Metal Wastes (Runs 21, 23, 24, 40-46) 

Problems had been encountered in bath studies with removal of nickel from 
a mixture of metal plating wastes. Pilot plant treatment of wastes consisting 
of mixtures of metals was, therefore,investigated. In Run 21 a mixture of 10.3 
mg/1 of chromium and 4.7 mg/1 of cadmium, prepared from reagent grade chemicals 
in tap water was treated. Good cadmium removal was noted (Table 10), although 
chromium removal was incomplete. This run was performed prior to the estab
lishment of a policy of preparing treatment reagents fresh daily. The lower 
concentration of active chemical actually added, as well as competition for 
sulfide between the two metals, removed may explain this reduced treatment 
effectiveness. Run 21 was performed using a mixed filter media described in 
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Figure 45. 
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Figure 68 shows that the bulk of the chromium was removed in the 
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medium coarse Salt River sand, showing that 
istics are similar to previous runs where 
Removal of cadmium (Figure 69) closely 
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indicating that they are co-precipitated and removed together. The chromium in 
the effluent was observed to be soluble, due probably to underdosing of the 
chemicals. 

After a policy of preparing reagents fresh daily was established, a 
similar run was performed,using a mixture of chromium and cadmium plating baths 
(Figure 70 and 71). Again, chromium and cadmium removals paralleled each 
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other, with the medium coarse Salt River sand most effective in precipitate 
removal. Good chromium removal was accomplished, using fresh reagents. The 
cadmium concentration in the effluent was higher than in Run 21, probably due 
to the cyanide contribution from the cadmium bath. Run time was comparable to 
that encountered in the treatment of a synthetic chromium bath of equivalent 
concentration. 

Treatment of a mixture of chromium and nickel plating baths (Run 24) in 
tap water had little effect on chromium removal (Figure 72), with a significant 
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Figure 72. Chromium Breakthrough Curves for Run 24. 

increase in run -time noted. Nickel was quite soluble, with only about 75 
percent of the nickel precipitated and removed (Figure 73). In batch studies 
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(Figures 38 and 39) it was difficult to remove nickel from solutions prepared 
from nickel plating baths. Treatment of nickel in a mixed-metal waste appears 
to improve nickel removal. Again the two breakthrough curves are seen to 
parallel each other, indicating that the two metals are co-precipitating. 

Following development of the filter to its full height by the addition of 
Salt River sand, the pilot pl 11nt was tested using all three metals. Since 
batch studies confirmed that cyanide prevented removal of nickel from solution 
and since cadmium plating baths are commonly prepared with cyanide, a synthetic 
cadmium. solution was used for runs with mixed metals. The solution was 
prepared using cadmium oxide, the salt commonly used in cadmium plating baths, 
without sodium cyanide. The chromium and nickel were from plating baths 
obtained from Williams Air Force Base. 

In Run 40, high concentrations (38.8, 11.5 and 8.9 mg/1) of chromium, 
cadmium and nickel were treated in tap water. Good removal of all three metals 
was the result, al though the ru.n time was short (Figure 74). A high dose of 
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Figure 74. Head Loss Curves for Run 40. 

90 

sodium sulfide was used relative to ferrous iron, as recommended previously to 
reduce solids production. Breakthrough occurred at low head loss due to break
through of fine floes, the result of high concentrations of sulfides. 

Treatment of higher concentrations of these three metals in distilled 
wate~ (Runs 41 and 42) resulted in a significant increase in run times and head 
loss at breakthrough (Figures 75 and 76) compared with runs performed in hard 
tap water. 
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A comparison of run times with mixed metal wastes (solid symbols) results 
in Figure 77 (an expansion of Figure 67). Treatment of mixed metals is similar 
to treatment of chromium alone. Good chromium removal resulted in good removal 
of cadmium and nickel. Run times for wastes in distilled water are 
significantly longer than for similar wastes in hard tap water. 
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(Solid Figures are for MLxed Metal Wastes). 

Treatment of wastes containing cyanide (Runs 45 and 46) resulted in 
reduced effectiveness of chromium and cadmium removal and· no removal of nickel. 
High iron concentrations were used in an attempt to compete for the cyanide. 
Distilled water increased run times but did not improve nickel removal. These 
runs fa 1. l on the predictive curves prepared for non-cyanide-containing wastes 
(Figure 77), indicating that the solids phase was not interfered with by the 
cyanide. The cyanide apparently only increased the metals' solubility by 
complexation. 

5. Use of the Flocculator and Clarifier (Runs 6, 12, 18-20, 43) 

Use of the flocculator resulted in no improvement in the removal 
efficiency of the process. Visually, it was noted that the floe size leaving 
the flocculators was smaller than when the flocculators were bypassed. The 
chromium breakthrough curves for Runs 18 and 19 are included as Figure 78 and 
79. Ni-:, improvement in run times was noted, compared to operation without 
flocculation. It was noted that significant flocculation was taking place in 
the turbulent area at the inlet to the filters,precluding the need for separate 
floe cul a tion. 
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Use of the clarifier, 
effectiveness of the process. 

on the other hand, significantly imp~oved the 
It was previously shown (Figure 47) that use of 
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the clarifier in Run 12 greatly increased the run time by decreasing the solids 
loading on the filter. A similar improvement in run time was noted for Run 20 
(Figure 80). Approximately two-thirds of the chromium was removed by the 
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Figure 80. Chromium Breakthrough Curves for Run 20. 
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clarifier during this run. It was noted that the clarifier acted as a solids 
contact clarifier, providing intimate mixing of the freshly treated waste with 
a blanket of sludge descending along the plates, promoting particle growth. 
The bulk of the solids remaining after clarification was removed by the Salt 
River sand, located between G+2 and G+3. The particles remaining following 
clarification thus are seen to behave similarly to particles produced without 
clarification. Since the principal effect uf the clarifier was to increase the 
run time by a factor of about 3 to 4, but not affect the apparent removal 
characteristics of the particles in the filter, most runs were made with just 
the filter to more rapidly assess the effects of operating parameters on filter 
performance. 

Run 43 was performed to assess the effect of clarificat.ion on removal of a 
mixed metal waste prepared with tap water. Figure 81 shows the head loss 
curves for this run. Breakthrough was not reached due to time limitations on 
the experiment. 
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Figure 81. Head Loss Curves for Run 43. 

C. INSTRUMENTATION AND CONTROL 

Evaluation of the perfo r mance of the pilot plant, as discussed abo~e, was 
based on analysis of samples taken f r om the process and analyzed with an atomic 
absorption spectrophotometer. In order to evaluate the on-line colorimetric 
method for Cr(VI) as described in Section 111D, the colorimeter, beginning with 
Run 47, was connected to a sampl i ng port as shown in Figure 11. The colori
meter was placed as close to the sampling port as possible, decreasing dead 
time (the transport time for the sample to pass from the sample point to the 
flow cell) in the sampling line. The system was modified by replacing the 
original mixing coil in the cartridge with one having a shorter residence time 
as shown in Figure 82. An additional sample line to a container of distilled 

FILTER 

TO WASTE 

DE-BUBBLER 

SAMPLE 2.5ml/m 

DISTILLED WATER 
2.5ml/min 

DIPHENYL CARBAZIDE 
2.5 ml/min 

STRIP CHART RECORDER 

TO WASTE FLOW 
CELL~------------

Figure 82. On-Line Colorimetric Determination of Cr(VI). 
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water wu added to allow dilution of the sa• ple to the 0-1 mg/ 1 Cr(VI) level. 
Thia also decreased the residence time between mh.ing tees and the flow cell 
because of the increased flow rate through the same tubing. 

To deter• ine the dynamics of the colorimeter, the system was allowed to 
reach steady state using a S mg/1 Cr(VI) standard as the sample. The sampling 
tube was quickly switched to a 1.0 mg/1 standard and the response measure<!. 
Thia procedure was repeated,uaing O.S, 0.1, O.OS, and 0.01 mg/1 standards. The 
dead ti• e was found to be approximately 33 seconds. Because of the storag,, 
vol1111es associated with the filter chamber and the flow cell itself, th ,, 
response to the step chanae in input was not sharp but had the characteristius 
of a first-order reaction with a ti• e constant of 13 seconds (time to reach 63 
percent of steady state). Figure 83 shows the good agreement between the five 
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Figure 83. Determination of Ti• e Constant for 
On-Line Colorime t r ic Method for Cr(VI ). 

runs in ter• s of the response curves. The time for the colorimeter to reach 
the new steady_ state after a change was made waa around one minute. However, 
since the ti• e allotted for color development in the colorimeter cartridae was 
significantly reduced fr011 the ti• ea used in the studies reported in Section 
IIIDl, it was questionable as to whether the color developaent reaction between 
the Cr(VI) and diphenylcarbazide had come to steady state by the time the aolu-
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tion r ach a th l ow ce ll . The abs e nce of steady state would not be a problem, 
however, if the reaction was first - order as shown in Section IIIDl. The 
fraction of the Cr(VI) that had bee n complexed would be fixed if the reaction 
time was fixed and therefore the absorbance reading would be a fixed fraction 
of th r adin tha t would c ur wid r s t ady- s t a t e condi tions , for e xam l e , i ·f the 
time wa s such that only 75 percent of the reaction was complete, for all 
concentrations the absorbance readings would be only 75 percent of the readings 
based on steady state. This factor would be constant and, thus, a calibration 
curve could be generated and used just as effectively as a curve based on 
steady-state data. 

A calibration carve of absorbance vs. concentration for the colorimeter 
was prepared using Cr(VI) standard solutions and is shown in Figure 84. Note 
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Figure 84. Calibration of On- Line Colorimetric Method for Cr(VI). 

that deviations from Beer's Law occur at concentration levels greater than 2.5 
mg/1. Below, this value 

Absorbance = 0.360 (Cr(VI)) 

where (Cr(VI)) = concentration of hexavalent chromium (mg/1). 

Three runs ( 47 ,48,49) were conducted using on-line colorimetric analysis 
of hexavalent chro• ium to monitor pilot plant performance. Coaparisons were 
made between on-line measurement and atomic absorption analysis of the plant 
effluent. 

The waste treated during Run 47 consisted of 20 mg/1 of Cr(VI), 10 • a/1 of 
Cd( II) and 5 111/ 1 of Ni( II). Figure 85 shows the effects of varying doses of 
ferrous iron and sulfide. In general, the Cr(VI) concentration varied 
inversely with iron and sulfide doses, as expected. The chro11i1111 concen-
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trationa determined by the two methods are included on this figure. There is a 
residence ti• e of about 15 minute s betwee n the aa• pling point used for the 
on-1 ine colori• eter and the filter effluent. The filter effluent ti• ea were 
therefore adjusted by subtracting 15 • inutea so the two methods are compared 
for approximately the aa• e solution. 

The two • ethoda parallel each other, with peats and valleys coinciding. 
However, the colori• eter showed consistently higher concentrations of chro• iu• 
than found by at011ic absorption analysis of the effluent. One pouible 
explanation would be that the reaction is slow at a pH leas than 7 and that 
treat• ent of the wastes had not aone to co• pletion before colori• etric analy
sis. (The rate of reaction was investigated separately and will be discussed 
later in the report.) Another poaaible explanation is the use of peristaltic 
pu• pa for che• ical feed, with their inherent pulsing, reaultina in insufficient 
lonaitudinal • ixina of treat• ent che• icala in the pipina and inco• plete 
reaction. In the filter or clarifer, longitudinal • ixina is sufficient to 
re• edy this deficiency before the filter effluent. 

Run 48 treated a waste with 10 • a/1 Cr(VI), 5 • a/1 Cd(II) and 2 mg/1 
Ni(II). The pH was uried between 7 and 9. As seen in Fiaure 86, there is 
close aaree• ent between readin11 of the two inatru• enta for a pH of 8 or 
areater. However, at a pH of 7, the on-line colori• eter aave • uch hiaher 

-90 



3 

i 2 
~ 
::> 
i 
~ 
I 
u 

pH•7 

,. 
I I 
I I 

I 

~ 

Q ON LINE COLORIMETER 
• ATOMIC ABSORPTION 

(DISPLACED 15 MIN.) 

pH•S - -•_,,l ... •----pH • 9 

TIME, MIN. 

Figure 86. Results for Run 48. 

readings than the atomic absorption analysis of the filter effluent asoccurring 
during Run 47 at pH less than 7. 

Run 49 utilized sufficient doses of reagents to maintain minimal 
Cr(VI) concentration using Fe(II) only. The A.A. readings showed < .05 mg/1, 
while the colorimeter readings drifted randomly in the 0.05 mg/1 Cr(VI) to 0.20 
mg/ 1 range. 

In summary, the colorimeter can be used to 
measure Cr(VI) on-line and would be a suitable 
concentrations for automatic control purposes. 

D. RESIDUALS ANALYSIS 

1. Sludge Dewaterability 

rapidly 
way of 

and continuously 
measuring Cr(VI) 

Sludae •amples wen collected from Runs 32 and 33 and from Runs 40 and 41 
for determination of Specific Resistance. Solids content of the filter 
backwash water was quite dilute. Followina settling overniaht, appro:d• ately 
95 percent of the water was readily decanted,producing a sludge with a solids 
content ranging from 0.9 to 1.4 percent by weight. These sludaes rapidly were 
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dewatered to a solids content of 16 to 20 percent by vacuum filtration on the 
Buchner Funnel apparatus. 

The Specific Resistance of these sludges ranged from 7.5 to 9.5 x 
lOu m/kg, somewhat lower than values quoted previously for municipal waste
water sludges (Table 1), indicating that the sludges from the proposed process 
would be more readily dewatered. 

The effects of conditioning chemical (lime and ferric chloride) on 
Specific Resistance of the sludge were investigated. The conditioning of the 
sludge from Runs 32 and 33 with a 5-percent lime (CaO) slurry is illustrated in 
Figure 87. Addition of lime reduced the Specific Resistance with a minimum at 
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Fiaure 87. Effects of Slurried Lime (5 Percent) Conditionina 
on Sludge Specific Resistance (Runs 32 and 33). 

about 1-percent li• o dose to tho sludao. Thia was approximately equivalent to 
the solidi content of the aludgo. Powdered li• o was uaod to condition tho 
1lud1e fro• Runa 40 and 41 (Fiauro 88). This second teat waa virtually 
identical to tho first, with • ini• a Specific Resiatance produced by a 
1-percont doae of li• o. 
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Figure 88. Effects of Powered Lime Conditioning on Sludge-Specific Resistance. 

Conditioning of the sludge from Runs 32 and 33 with ferric chloride 
resulted in dispersion of the solids and excessive bleeding of solids through 
the filter paper without improvement in Specific Resistance. Combining ferric 
chloride with lime improved the solids retention on the filter but produced no 
improvement in Specific Resistance. 

2. Decant and Filtrate Quality 

The decant from the sludge storage tank and filtrate from Buchner Funnel 
tests were analyzed to determine if these by-product streams would require 
treatment prior to discharge (Table 11). The decants from the sludge tank were 
considerably better than the untreated waste, but retreatment may be required 
depending upon effluent limits at a specific site. 

The filtrates from the Buchner Funnel tests contained higher concentra
tions of chromium and cadmium compared to the decant. Use· of 1 ime as a 
conditioner prior to filtration of the sludge reduced the concentrations of 
chromium and cadmium in the filtrate but increased the solubility of nickel. 
Storage of the conditioned sludge increased the solubility of cadmiua and 
nickel and slightly decreased the solubility of chromium. 
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From these results it is apparent that provisions will have to be made for 
treatment of these side streams in the design of the full-scale treatment 
plant. 

3. Sludge Composition 

Samples of sludge were digested with nitric acid,using _ the stream t--ble 
digestion procedure outlined in the appendix. The results of analyses of four 
representative sludges are presented as Table 12. 

TABLE 12. COMPOSITION OF SLUDGES(% DRY WEIGHT) 

Run# Cr Cd Ni Fe Cr(OH), CdS or NiS or Fe(OH) 1 Other 
Cd(OH) 2 NI(OH) 2 

( a) 0.25 0.01 0.20 

21 8.0 4.0 28.0 16.0 5.0 53.0 26.0 

24 9.0 7.0 26.0 18.0 11.0 49.0 22.0 

40, 41 13.5 S.6 3.9 17.0 26.7 7.2 3.9 32.7 29. 5 

46 10.0 10.9 0.05 41.0 19.9 14.0 0.7 7 8.4 

(a) California Hazardous Waste Limits on Total Metal Content. 

No Federal standards exist for classifying a wastd as hazardous, based on 
its composition. However, California recently proposed standards based on 
metals content (Reference 56). These standards are included in Table 12. 

The composition of the sludges closely compares with the composition of 
the wastes treated and the iron added. Iron is the predominant metal in all of 
the sludges since high concentrations of ferrous iron are needed for chromium 
reduction. Replacement of some ferrous iron by sulfide (Runs 40 and 41) 
reduces the relative amount of iron (and decreases the sludge production). 

Also included in Table 12 are the various metals expressed as concentra
tions of their expected precipitates (hydroxides or sulfides). Solids not accounted 
for are included under the heading Other. This category includes metals not 
dissolved in the digestion, waters of hydration, elemental sulfur produced by 
oxidation of tb.e sulfide and some sand carried over from the filter during 
backwash. 

a. Sulfur Analysis 

It has been postulated that sulfide affects reduction of hexavalent 
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chro• iUJD by being reduced to elemental sulfur. Earlier studies showed that a 
stoichiometric dose of sulfide corresponded to a change of two valence units 
indicating a change from sulfide to elemental sulfur. 

There are three forms of elemental sulfur, all of which are pale yellow, 
which dissolve in carbon disulfide and melt at between 112.8 and 120°c 
(Reference 62). The residue from the nitric acid digestion was analyzed for 
the presence of elemental sulfur. The residue was dissolved in carbon 
disulfide and filtered. When the filtrate was evaporated, a pale yellow solid 
remained. The solid was determined to have a melting point of 118°C, 
confirming the presence of elemental sulfur in the sludge. This confirmed that 
elemental sulfur was the end product when sulfide was used to reduce hexavalent 
chromiUJD. 

5. Sludge Volume 

An important consideratio,:. in determining the economics of a process is 
the amount of sludge that must be handled, dewatered and eventually disposed 
of. Experiments have shown that the sludge produced by the candidate process 
can be readily decanted to about 1 percent solids and dewatered to about 20 
percent solids. Table 13 lists calculated volUJDes of sludge production for the 
runs that sludge analysis was performed on. Sludge production is reported as a 
fraction of the volumes of waste treated during these runs. The 1- percent 
solids content is useful in sizing sludge dewatering equipment and the 20 
percent should be used· to calculate disposal costs. 

Run NUJDber 

21 
24 

40,41 
46 

TABLE 13 • SLUDGE PRODUCTION 

Sludge Production (Fraction of Waste Treated) 

0.012 
0.0096 
0.028 
0.01 

20'Wt Sol ids 

0.0006 
0.0005 
0.0014 
0.0005 

Figure 89 shows the volume of sludge produced (1 percent solids) as a 
function of total concentration of metals removed from the waste,plus ferrous 
iron added in treatment. Sludge volume is shown as a function of wastewater 
treated. VolUJDe of sludge production increases as concentrations of metals in 
the waste increases and as iron doses are increased to treat these increased 
waste concentrations. Due to the high use of iron in this process, it is 
anticipated that use of the process would be limited to wastes containing low 
concentrations of chromium (dilute mixed-metal rinsewater wastes). 
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5. Extraction Testing for Toxicity 

Two variations on the standard EP toxicity procedure were used on sludge 
samples. In one, the concentrated sludge (!-percent solids) was shaken over a 
24-hour period,with the pH adjusted with acetic acid. No distilled water was 
added. In the other procedure , the filter cake from the Buchner Funnel tests 
was tested,using the standard EP procedure . 

Table 14 lists the results for the EP tests performed on the sludges. EPA 
standards, above which a waste is classified as toxic, are included for 
reference. The US EPA does not have a nickel standard, al though the State of 
California does, and their value is included for reference. Chromium is seen 
to have a low extractabili ty for all sludges tested and both methods of 
testing. Cadmium excee ded the toxic limits in all sludges that contain~d 
cadmium. Two of the three wastes containing nickel had extracts that exceeded 
the California standard. The third had a low nickel content to begin with. 

Sludge cakes from Runs 40 and 41 which had been conditioned with varying 
amounts of lime, were extracted using the EP toxicity test. The effects of 
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lime dose on estract~bility of metals are shown on Figure 90. With increasing 
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Figure 90. Effects of Lime Conditioning on EP Extraction. 

doses of lime, cadmium and nickel estractability decreased with chromium 
becoming more soluble. No dose of lime resulted in making this waste non toxic 
under EPA and California regulations. 

E. CHROMIUM REDUCTION RATE STIJDIES 

Batch studies were performed to determine the effect of varying ferrous 
iron dose and pH on the reduction rate of hexavalent chromium. Figures 91 
through 94 show responses to stoichiometric and twice- stoichiometric (16 111/ 1 
excess Fe(II)) doses of ferrous iron. The response of the Auto-Analyzer to a 
similar step-change in chromium concentration is included for comparison. 

The response curves indicate that the reaction is slower at pH 5 and above 
thun at 3 and 4. At pH 3 and 4 (Figure 91) the response curves for stoichio
r.ietric doses of iron lie along the Auto-Analyzer step-change curve. Thia 
indicates that the reaction time is negligible, compared to the Analyzer 
response time, but, that with this analysis, no information on the rate of 
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Figure 91. Response Curves for Stoichiometric Ferrous 
Reduction of Cr (VI) at p H 3 and 4. 

reaction could be obtained. At pH S (Figure 92), however, the reaction time 
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Fiaure 92. Response Curves for Stoichio• etric 
Ferrous Reduction of Cr(VI) at pH 5.5 ands. 

has about the sa• e order of • aanitude as the Analyzer response ti••• indicatina 
that the reaction is slower at pH 5 and above for stoichio• etric iron doses. 
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The response curves at pH 3 and 4 for excess iron doses of 16 mg/ 1 in 
Figure 93 are shifted to the right of the Analyzer response curve showing that 
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Figure 93. Response Curves for Twice Stoichiometric Ferrous 
Re ucti o n of Cr(VI) at pH 3 and 4. 

the reaction has slowed with increased iron dose at these pH values. At pH 5 
and above (Figure 94), however, the response is faster than when stoichiometric 

' "' 

u 

6 , ---,-------,- --.----.---- ~ 

TI ME , l se cl 

Figure 94. Response Curves for Twice Stoichiometric Ferrous 
Reduc tion of Cr(VJ) at pH 5 through 10. 
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iron doses were used, which • eana that the exceaa iron • ay speed up the 
reaction rate at these pH values. These responses fr011 exceaa iron doses at 
hi1her pH are sli1htly slower than the re sponses using the aa• e iron dose at pH 
3 and 4. 

Althouah the reaction rate is a few seconds faster at pH 3 and 4, the rate 
studies show that hexavalent chro• iu• and ferrous iron do not react stoichio
• etrically at these values . The reaction proceeded fro• 5.0 1111/l to 1.7 • g/1 
Cr(VI) when equivalent a• ounta of iron to chromilllll were used and from 5.0 mg/1 
to 0.6 • g/ 1 Cr(VI) · when 16 • 1/ 1 ezceaa iron was used. At pH 5 and above , 
however, the reaction was nearly co• plete at both the iron doaea that were 
teated, proceedina fro• 5.0 • g/1 to leas than 0.1 mg/1 Cr(VI) in each case. 

The fiaurea show that the reaction proce eds • ore rapidly than Eapenson's 
rate expression predicts (Fi1ure 2). All of the reactions teated were 
essentially complete within 40 to 60 seconds. (These ti• es are greatly over
eati• ated since the response ti• e of the Auto-Analyzer is included.) The 
curves derived fro• Espenson's rate expression indicate reaction times of 5 to 
30 • inutea for equivalent iron doaea and extents of reactions. The difference 
ia thouaht to be caused by a change in reaction 111echanis• s due to a shift to 
Cr04 _ , at hi1her pH. E11 penson'1 reaction assu• es that HCr0

4 
- is the reacting 

species . 

102 



SECTION V 

CONCL SIONS AND RECOMMENDATIONS 

A. CHROMIUM REDUCTION AT ALKALINE PH 

Hexavalent chromium is rapidly and stoichiometrically reduced to trivalent 
chromium and precip it ated by the addition of ferrous sulfate at an alkaline pH 
(7 to 10). The oxidi zed i ron precipitates as ferric hydroxide and aids 
flocculation of the solids produced in the process. A disadvantage of ferrous 
sulfate use is the production of exc e s s ferric hydroxide sludge. 

·o dium s ul fi c .:i - a sol c u c .1. nq nt for hexava l e nt chromium i s not ef fe c -
tive at neutral and alkaline pH. In combination with ferrous iron, sulfide is 
effect i ve, wit ~ th e ferrous iron acting as a catalys t . The combination is mos t 
effective at neutral pH with effectiveness decreasing at higher pH. 

In reduci ng chromium , sulfide wa s shown to be oxidized to elemental 
sulfur. Use of sulfide results in sig nifican ly less sludge production than 
when ferrous iron is used as the sole reducing agent. Sulfide precipitates 
formed rapidly but wer e finely d ivi ded and more difficult to remove than the 
better flocculated i ron sludge s. It is advisable to use a combination of 
ferrous sulfate and sodium sul fi de to pro duce a solid that is easily removed 
and yet minimize slud~e pr odu tion. eparate control of the addition of these 
two chemic a 1 s is nee es sa ry to provi de the opt in1um combination. 

B. TREATMENT OF A MIXTIJRE OF CHROMIUM ,CADMIUM ,AND NICKEL 

Treatment of a mi1ture of metals is somewhat more effective than 
individual treatment of metals . Sul fide lowers the solubility of cadmium and 
nickel. Ferric hydroxide precipitates reduce, metal solubilities by 
incorporation of other metals in an amorphous precipita t e and provide surface 
sites for adsorption . 

The presence of cyanide, used in cadmium plating baths, resulted in no 
removal of nickel and reduced effectiveness in the removal of chromium and 
cadmium. Increasing the doses of iron and sulfide did not compensate for the 
adverse effects of cyanide. It is recommended that cyanide-containing wastes 
be segregated and treated so that the cyanide is destroyed prior to the waste 
being combined with other wastes for metal removal. 

C. DISTILLED AND TAP WATERS 

Treatment of wastes prepared in a hard tap water was more difficult to 
treat than those prepared in distilled water with the following disadvantages : 
metal solubilities were larger; floes were smaller and penetrated more deeply 
into the filter; filter run times were considerably shorter. 

D. UNIT PROCESSES 

Chromium reduction and metal 
instantaneous. Separate reactors 
In-line mixing is sufficient. 

hydroxide precipitation are virtually 
are not required for these reactions. 
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Separate flocculation was found to be unnecessary and somewhat harmful in 
causing shear stress to the rapidly produced flocculant metal hydroxide 
precipitate. 

A separate clarifier would be required in a prototype treatment plant 
unless it was designed to treat a waste of consistently low metal content ( 5 
mg/1 or less in a hard tap water. 20 mg/1 or less in distilled water) . or 
provisions were made for frequent backwashing. 

Upflow filtration was effective in removing the high concentration of 
solids produced by alkaline ferrous and sulfide treatment of a mixed-metal 
waste . A sand of 0.7 mm effective grain size was found to combine good removal 
efficiency with high solids storage capacity. A layer of finer sand (0.44 mm 
effective grain size) was useful in polishing the effluent from the coarser 
sand. but had little capacity for solids storage. A coarser sand (1.1 mm 
effective size) was most effective in removing the large floes formed in the 
treatment of wastes prepared in distilled water. 

The filter was most effective when operating at a loading rate of 3 
gallons per minute per square foot. Good removal was accomplished at a loading 
rate of 5 gallons per minute per square foot, but at the expense of greatly 
reduc e d run times. 

E. INSTRUMENTATION AND CONTROL 

The on-line colorimeter system based on a modification of the cartridge 
supplied by Alptem gives accurate and suitably fast analyses of hexavalent 
chromium levels. With typical electroplating waste streU1s, reducing the 
chromium level to within tolerable limits will also result in reducing nickel 
and cadmium concentrations to analogous low levels and thus the monitoring of 
only Cr(VI) is sufficient for control purposes. The positioning of the 
sampling port immediately downstream of the mixing/reaction section and 
subsequent analysis yields a total dead time of about 33 seconds and a time 
constant of 13 seconds in the measuring system. This response is fast enough 
to use as part of an automatic feedback loop to control the addition of ferrous 
sulfate and sodium sulfide to the process. especially if the process is not 
subject to rapid changes in Cr(VI) concentration in the incoming waste feed. 

The stability of the colorimeter. quantities of reagents used and capacity 
of the filter in the colorimeter all are compatible with 8-hour runs with no 
intervention by an operator. 

The pH was monitored with no apparent problem with self-cleaning in- line 
electrodes and the signal fro• the meter could be used to control the pH of the 
reaction by addition of NaOH solution. 

The use of these two instruments to manually control Cr(VI) levels was 
proven and it is recommended that future wort be done on the development of 
a oontrol strategy and i • ple• entation of suitable hardware to put the pH and 
Cr(VI) control loops under automatic control. 

F. RESIDUALS MANAGEMENT 

Significant quantities of liquid sludge are produced in the candidate 
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plating waste treatment process. The amount of sludge produced (per amount of 
waste treated) is proportional to the concentration of 11etals in the waste plus 
chemicals added in treatment. A backwash storage tank would be required and 
could serve as a sludge thickening tank. Gravity settling and decanting of 
supernatant should produce a sludge of I - percent solids content. Mechanical 
dewatering could produce a sludge cake of 20-percent sol ids, significantly 
reducing the volume of sludge to be disposed of . 

Provisions would be required for treatment of sludge thickener decant and 
filtrate water, depending on their quality and specific effluent standards. 

The extract obtained when an "EP" toxicity test was performed on the 
sludge xceedin the standard for cad11ium. Chromium concentrations did not 
exceed concentrations th~t would classify this waste as toxic. It is antici
pated that use of this process to treat wastes containing only chromium and 
nickel would result in production of a sludge that is not "EP" Toxic. 

Lime conditioning of the sludge improved it s mechanical dewaterability at 
ihe expense of increasing the volume of solids requiring disposal. Conditioned 
l,ludge bad lower" EP" extract concentrations of cadmium and nickel, although 
the concentration of chromium was above the toxi c limit. 

G. CHROMIUM REDUCTION RATE STIJDIES 

The reaction rate for ferrous reduction of hexavalent chromium is 
considerably faster at pH values above 3 than that redicted in th e lite r tur e . 
Espenson's rate expression was for very acidic pH, where HCro, - is the 
JJ C dominant chromium species. The reaction mechanisms may be different for 
Cro,-a, the species that predominates at neutral and alkaline pH. 

Smaller doses of ferrous iron are needed for chromium reduction at values 
of pH 5 and above than at pH 3 and 4. At pH 3 and 4 adding ferrous iron 
appeared to slow the reaction rate, al though improving chromium removal. These 
data are suspect, however, due to the pr.oblems associated with using a measuring 
oevice with a relatively slow response time to measure these fast reactions. 

At high pH levels (S to 8 ) , adding excess ferrous iron results in 
increasing the rate of reaction, but does not affect chro11ium removal because 
stoichio11etric doaes resulted in virtually complete chromium removal. 

Since the Auto Analyzer bas a response time similar or larger than the 
reaction being measured, accurate dynamic measurements could not be obtained. 
Faster measurement,or a way of questioning the reaction, is needed in order to 
more accurately doter• ine reaction rates. 
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APPENDIX A 

METIIODS OF SLUDGE ANALYSIS (References 45 and 57) 

A. STEAM TABLE DIGESTION PROCEDURE FOR METALS RECOVERY. 

1. Place 20 ml of wet sludge of known solids content in a 250 ml polycar-
bonate erlenmeyer flask. 

2. Add 20 ml of concentrated HN03, swirl to mix. 

3. Place on steam table for 4 hours, swirling each hour to mix. 

4. Cool and filter through a prewashed ( 0.45 micrometer pore) membrane 
filter into a 50 ml polypropylene test tube, Wash flask with DI water 
and add to filter. 

5. Bring final volume to 50 ml with DI water. 

B. MODIFIED EXTRACT'ION PROCEDURE FOR METALS RECOVERY (METIIOD 1). 

1. Filter a representative sludge sample through a filter with Whitmore 
#4 filter paper. 

2 • . Place the filtered sludge in a tared 250 ml polycarbonate erlenmeyer 
flask. Weigh sample to 0.01 g. Add 16 times the sample weight of 
deionized water, and shake to ensure complete mixing. 

3. Measure the pH and, if above 5.0, adjust to 5,0 ± 0.2 by adding 0.5 N 
acetic acid. (Add no more than a total of 4 ml of acid per gram of 
sample; record volume of acid used.) 

4. Place the mixture on a shaker table and agitate sufficiently to 
prevent stratification and e nsure complete mixing. 

5. Check the pH and adjust to 5.0 ± 0.2 with 0.5 N acetic acid at 15, 30, 
or 60-minute intervals, move to the next time interval if adjustments 
are not more than 0.5 pH units. Continue the adjustment period for 6 
hours. 

6. After 24 hours, adjust the pH to 5 .0 ± 0.2 if necessary (unless 
maximum acid has been used) and continue the e7.traction for 4 hours, 
adjust the pH at 1-hour intervals. 

7. At the end of the extraction period, add a volum~ of deionized water 
to make the total volume of 1 iquids added to the :.ample 20 times the 
sample weight. 

V = 20w - 16w - A 
V = volume (ml) of deionized water added at end 
w = wt (grams) of sample 
A = volume (ml) of 0.5 N acetic acid adding during extraction. 

8. Filter the sample through a prewashed (0.45-micrometer pore size) 
membrane fi 1 ter into a 50 ml polypropylene test tube. Sample is 
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acidified with 1 drop of concentrated RN~. 

C. MODIFIED EXTRACTION PROCEDURE FOR METALS RECOVERY ( ME1HOD 2) 

1. Place 100 ml ,of wet sludge of known sol ids content into a 250 ml 
polycarbonate erlenmeyer flask. Calculate the weight of solids in the 
sample and use this as the sample weight. 

2. Add no more dilution water, but add O.S N acetic acid to adjust pH. 
(Add no more than 4 ml of acid per gram of solids.) 

3. Follow extraction procedure #1. 
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