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SECTIO N I
INTRODUCTION

A. Nature of Problem

In recent years there has been considerable interest in treating indus-
trial wastewaters prior to their entry into the environment. Legislation
has been enacted which mandates resource recovery, whenever economically
feasible , Resource Conservation and Recovery Act-1976 (RCRA ), and establishes
guidelines for the control of toxic and hazardous material discharged into
the environment , Toxic Substances Control Act-1976 (TSCA). Such legisla tion
has prompted government and industry to develop/modify control technologies
in an effort to meet these new challenges in an economic and timely manner.

V
The metal finishing industry , havin g been identified as a major industry

of concern in the Federal Water Pollution Control Act (1972), faces major new
challen ges in wastewater treatment. Those pollutants of primary concern in-
clude the heavy metals and cyanides. Sufficient technology is not generally
ava ilable for the economic removal or recovery of these materials from waste-
wa ters di scharged from such facil i ties . Of the 20,000 metal finishing opera-
tions wi thin the United States only 5,000 can be classified as large indepen-
dent plants or captive facilities where ample technology is available at rea-
sonable costs (1).

Those methods most widely accepted by the metal finishing industry for
the treatment of waste discharges include : oxidative destruction of cyanides ,
reduction of hexavalent chrome, precipitation of heavy metals, sludge de-
watering and ultimate disposal. The slurries generated in this conventional
scheme are often di fficult to handle and resist most dewatering processes.
Cherry (2) indicates that these sludges often yield less than 1% solids upon
thickening and less than 20~ sol ids by filter pressing. Dewatering rates
are slow and therefore process yields are low resulting in high costs per
vol ume of l iquid handled . To date it is unclear to what extent disposal of
these slud ges will be regulated under RCRA and/or TSCA. However, EPA has ,
in their proposed Guidelines and Regulations on Hazardous Waste Management
(Federal Register-l8 Dec 78) specifically classified electroplating waste-
water treatment sludge as a “hazardous waste” . It has been shown that en-
vi ronmental problems are often encountered in the disposal of metal hydroxide
sludges , slurr ies or dewatered residues , on lan d. The success of lagooning
as a met hod of sludge di sposal depend largely on the type of so il and also
on climatolo gical factors , such as rainfall and evaporation. Acidic ground-
waters or soil may make metals mobile in a short period of time following
disposal. Recent advances In disposal technologies Involve the imobiliza-
tion of metals with strong chelating compounds . Several fixative and en-
capsulating techniques are now available for fixing metals in a solidified
matrix , which can ultima tely be used as construction material. Cementation
of heavy metals in ferrous sul fate matrix is the basis of the “ferrite
process ” recently marketed in Japan by Nippon Electric Company (3).
(Patterson has provided an excellent sumary of some



recent technological developments for the disposed of metal-finished waste
sludges (4)).

Interest in developing possible methods for reclaiming metals from
plating wastes is also on the rise. The value of nickel and chromium lost
in plating wastes in the United States has been estimated at 25 to 30 mi llion
dollars. Some l arge electroplating facilities discard sludges containing
metals values at $150,000 to $200,000 per year (5). Of those recovery
schemes available all require point source segregation of individual metal
streams. For the most part these processes involve either direct precipita-
tion, adsorption followed by precip itation , evaporative/membrane processes,
or ion exchange followed by precipitation of metals from the concentrated
regeneration wastewaters.

B. Present Study

The Un i ted States Air Force (USAF) maintains five Air Loguistics Centers
(ALC ’s) that operate extensive aircraft related plating facilities. These
centers , located in Ok lahoma C ity, OK (OC-ALC) , San Anton io, TX (SA-ALC),
Ogden, UT (O,ALC), Sacramento, CA (S-ALC) and Macon, GA (M-ALC) employ ion
exchange as a water reuse/metal concentration process discharg ing concen-
trated cyanide and metal solutions to their respective base industrial waste
treatment plants (IWTP) in the form of slug regenerant waste streams. Those
newer facilities (SA-ALC and S-ALC) segregate chrome and cyanide waste
streams from the remaining mixed metal stream (Ni , Cu, Zn, Cd). Chrome i s
recovered in an evaporative process whereas cyanide is held for batch deliv-
ery to the IWIP. Present operations make it difficult for the IWTP ’s to
efficiently reduce hexavalent chrome and precipitate metal hydroxides. A
representative discharge permit for one such IWIP (OC-ALC) is shown in Table
1 and indicates the high level of treatment which has been imposed on such
facilities by the regulatory agencies.

It is also noteworthy that the final pretreatment regulations for exist-
ing point sources within the electroplating industry as recently promu lgated
by EPA may be enforced at the actual plating fac ili ty as opposed to the IWTP.
These considerations make it imperative that research and development contin-

• ue with respect to the optimization of proven treatment technologies and po-
tential recovery processes which mi ght have application at the ALC plating
facilities.

In 1977 the Department of Civil Engineering, University of Missouri-
Columbi a , completed a preliminary study entitled , NOptimum Dewatering and 

*Metal Recovery from Metal Plating Waste Sludges’ (6). The major reccnnenda-
tions from this study were to conduct an in—depth investigation into the
effects of important physiochemical parameters on the precipitation of metals
from mixed metal solutions , to determine the dewatering behavior of sludges
that result , and to study the effectiveness of dual media gravity feed fil-
ters and pressure precoat diatomaceous earth filters in removing carryover
metal hydroxide particulates from the settler effluent and from the vacuum

L .• . - .— --.- --- —- - -  
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TABLE 1. EFFLUENT LIMITATIONS AND MONITORING REQUIREMENTS:
INDUSTRIAL WASTE TREATMENT PLANT EFFLUENT ,
TINKER AFB OK (NPDES PERMIT NO. 0K0000809)

EFFLUENT CHARACTERISTIC DISCHARGE LIMITATIONS (Lb/day)

Daily Avg Daily Max
Flow (MGD) -- -.
COD 312 938
Total Suspended Solids 125 280
Cadium .12 .54
Chrom i um, To tal .62 270
Chrom i um, Hexavalent .30 .90
Cyanide , A .03 .14
Copper .07 .32

Lead .37 1.66
N ickel 1.25 5.62

Zinc .62 2.70
phenols .05 .22

O i l an d grease 125 280
Cyanide , Total .06 .27
pH Not less than 6.0 standard

units nor greater than 9.0
standard units

There shall be no discharge of floating solids or visible foam in other
than trace am ounts.
Effective Dates: 7-01-77 through 12-15-79
Monitoring Requirements: Three 24 hour composites per week.

-
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filtrate from dewatering operations. Further , it was reconinended tha t
lmqu id -liquid extraction process be explore d in an attempt to develop a
pilo t unit for separating and recovering metals from the mixed metal
sludges obtained from the precipitatio n of regeneration backwash wastes.

Many different methods are being tried for reclaimin g metals from hy --
droxide sludges (5), but a coniixrn problem found in all is the inab i lit y to
handle mixed sludges containing severa l metals with varying concentrations.
Therefore , if the various waste streams in a plating plant can be kept sepa-
rate , severa l processes for recovery of indivi dua l metals exist , with elec t ro-
deposition and membrane processes being widely used. However , for established
facilities where many different metals are being plated , segregation of indi-
vidua l metal sludges is not practical. A process is needed which can sepa-
rate severa l metals at one time . Furthermo re, the process must lend itsel f
to automation resultin g in reduced labor load. These requirements eliminat e - F
mu lti-techn ique processes employing comb i nations of precipi tation . dist illa-
tion , elec trodeposition and others . Solvent extraction methods using high
molecular weight amines for the removal of tox ic metal ions , such as cadmium ,
chromium , copper , nickel , and zinc , have been extensively investi gated (7-10).
It has , however, seen surprisin gly limited app lication in the reclamation of
plating wastes. The Bureau of Mines (11) used liquid- l i quid exchange to re-
move Co in the reclaiming of superalloy scrap. This was , however , onl y one
part of a mu lti-technique procedure . L i quid-liqu i d exchange also has been
eva l uated using naphthenic acid in  kerosene as the extracting medium (5).
The authors concluded unsatisfactory overall results from this approach.
However, naphth enic acid is a non-chelatin g organic acid and should not be
expected to possess suff icient se l e c t iv i t . y for different metals in a mult i -
component matrix for the type encountered in this si tuat ion. Severa l indus-
trial processes ut i l iz ing solvent ext ract ion procedures have recently been
employed in Europe (12). The Gullspanq process uses hi gh molecular -weight
amine Alamine 336 to remove molybdenum, chromium , cobalt , and nickel from
solid wastes such as scrap lathe turnings , and mill shavings. The Soderfors
process is used to recover metals from stainless steel pickl ing both. The
Va lberq process is being used to recover :inc from effluent water from rayon
manufacturing. All of these processes use solvent extract ion on an indus-
trial ‘~cal e.

A scheme for the precipitation of metals from the regeneration hack -
wastes from ion exchange units at OC-ALC , followed by dewaterino of re-
sultant sludges , and recovery of metals by solvent extraction was proposed
(6), as shown in Figure 1.

C. Objectives

The intent of this study was to determine the operationa l characteri s-
t ic s  tha t govern the vacuum and g rav i ty  dewaterin g of hydroxide sludnes ob-
tained from the ins o lub ilization of mixed-metal electro platin g wastes .
Additiona lly, the feasibility of recovery of metals from dewatered slud~e’s
was to be investi gated.
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The specific objectives can be outlined as below

INSOIUFILIZATION STUDIES

1. To determine the qualitative and quantitative effects of vary ing
ratios of different metals on the insolubili zation/precip itation of
:rtals and whether certain key metals play a significant role in
characterizing metal hydroxide suspensions.

2. To determ ine the effect of varying chemical conditions on the eff m-
d ent removal of metals from mixed-metal solutions; var i ables con-
sidered include (1) the presence or absence of certain background
ions in solution , (2) the choice of chemicals utilized for metals
insolubi lization , (3) var i ations in the solution pH utilized for
metals removal , and (4) the possibilities for chemica l “coprecipi-
tation ” and/or “selective precipitation ”.

SLUDGE CHARACTERIZATION STUDIES

3. To determine the characteristics of the resultant particle suspen- 4
sions. In particular , the particle size distribution and charac- j
teristic surface charge were studied.

4. To determine the settling/thickening characteristics of metal hy-
droxide suspensions in rel ation to particle size and conditioning
polyelectrolytes in improving their settling behavior . Studies
were also conducted to characterize both individual metal and
mixed—me tal sludges regarding sludge filterability, handleabi lity ,
compressibility and filtrate qualities . Various sludge parameters
such as floc size were examined to better define the mechanisms ap-
plicable to metal sludge dewatering. Also , various polye lectrol ytes
were examined to determine their applicability as conditioning
agents for metal hydrox ide sludges.

FILTRATION STUDIES

5. To determine the effecti veness of precoat di atomaceous earth (DE)
fi lters in removing metal oxide particulates , carryover from
sett l iny or vacuum filtration , from dilute suspensions.

6. To determine the removal of metal oxide particu lates in dual-medi a
granular filters , both with and without polymer conditioning.

METAL RECOVERY STUDIES

1. To develop a solvent extraction scheme for the separation and re-
covery of metals from mixed -meta l hydroxide slud ges.

8. To construct and demonstrate a semiautomatic pilot plant for the
separation of metals from mixed-metal hydroxide sludges.

6
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SECTI ON II

METHODS AND MATER IAL S

A . Inso lubi liz ation/ Prec ipitation Studies

Meta ls examined during the insolubilization/precip itation studies in-
cluded chromium copper , nickel and zinc. Inso lubi liz ation studies were
performed using each metal individuall y and several metal combinations.
Solutions were prepared by dissolving metal nitrate salts in distilled
water. The solut ion pH was then l owered to pH 1.5 to 2.0, simulating
the acidic regenerate of an ion exchange unit. In addition to those solu-
tions prepared in the laboratory cation regenerate samples were obtained
from the plating facility at OC-ALC. Tests were performed to determine
if these actual wastewater samples behaved in a manner similar to the
laboratory solutions with respect to metals insolubilizat ion .

The general procedure of ins o lubilization studies began by placing
a defined volume of waste solution into a beaker which contained a pH
electrode for monitoring solution pH levels. Mixing was init iated throuqh
t he  use of a magnetic mixer and stirring bar . Base was added volumetricall y
to the solution , with the rate of base addition between 4 to 8 ml per
m i n u t e .  Base addition continued through the pH range of metal ins olub ili -
zation until a predetermined level was reached. Mixing was contin ued
at the pH level for approximately 20 min utes to provide flocculation time .
Continual readjustment of the solution pH was practiced through the addi-
tion of HNO 3 or NaOH to maint ain the proper pH level. Following floccula-
tion , the beaker was removed from the mixer and a portion of the suspension
pl aced into a 250 ml or 1 liter graduated cylinder. A one-hour sedimenta-
t i on time was then provided , after which a supernatant li quor sample was
collected and analyzed for residual turbidity and metals concentr ation ,
both soluble and insoluble. A schematic of the equipment utilized for
insolub il i zat -l on studies is shown in Fi gure 2.

Metal removal through hydroxide ir so lubi l iz ation was chosen as the
method of treatment based upon the foUowing reasons:

(1) All mnet~il s under consi .leration could be efficiently inso lubi lized
from sol mH on by hydro xide additi on (13). In relation to the overall goals
of the research pr ’oj~~t , thc supernatant waters from the inso luh ili zation /
precipitation process w i ll not be discharged to the environment; rather ,
they will be recycled within the rinse water system . Thus , it is only
necessary to l ower the concentr~tion r~f metals to the 1 to 2 mg/i range
which is characteristi c of most r i nse  w a t e r s .  Hydroxide insolubi l izat ion
has been shown in the literature to be extreme l y efficient in this regard.

(
~

) (T ar ho nate precip itation was not utilized based upon the f indings
of P a t t . er~ on et al.  ( H) .  Their research indicated no signi ficant benefits
could In der ive J t roug h the use of carbonate precipitation.

1
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(3) A major requirement of the proposed metal recovery system Is
the eventual resolubilizatlon of metal  sludges prior to liq uid - liquid
extract i on , the ultimate recovery process to be utilized . For this reason ,
sulfide precipitation (15) was not considered a viable treatment alternativ e
because the extreme insolub il ity of metal sulfide species make recovery
difficult.

Sodium hydrox i de was used for a vast majority of the studies condusted;
l ime was used periodically in parallel studies. The choice of NaOH is
related to the proposed waste treatment system at OC-ALC. Their present
ion exchange system shows a high selectivity for calcium. Thus , it was
felt that the use of l i m e  would result in si gn ificantly h igh calcium concen-
trations in the rinse waters. This would produce a corresponding i ncrease
in the percentage of the Ion exchange bed which would be utilized for
water softening. Sod i um hydroxide , although more expensive on a comparative
chem ica l cost bas i s , will reduce the above mentioned problem because the
exc hange resin possesses a l ower capac i ty for sodium exchange.

Samples of the initial synthetic solution and final supernatant liquor
were collec ted for each study and stored in 50 ml Nalgene sample bottles.
Each bottle contained approximately 1 ml of 141 HNO3 to maintain a soluble
metal env i ronmen t. Samp les were anal yzed using a Perkln-Elmer 360 Atomic
Absorpt ion Spechtrophotometer . Samples were diluted prior to analysis
us i ng 1% HNO3 from an automatic diluter. Representative dilution ratios

included: 1:2 , 1:5 , 1:10 , 1 :50 , 1:100, 1:500 and 1:1 ,000. Anal yses were
run on several dilutions of each sample to ensure that at least 3 dilutions
could he found within the linear range of the spectrophotometer . External
standards for each metal under consideration were prepared throug dilution
of purchased metal standards in 1% HNO3. Standards were prepared periodically

to ensure freshness and reliability.

Metal in sol uhiliza t ion studies were also conducted to examine the
stoichiome t.ric requirements nece ,sary for complete metals removal. Methods
simi la r to those presented by Stunirm and Morgan (16) were utilized to obtain
a c i d i m n e t r i c  titration curves for each metal and/or combinat ion of metals .
Synthetic solutions were prepared as described previously. Base was added
to solution in known quantities , and the pH was monitored as a function
of the amount of base added. Comparing the quantity of base required
to reach the inflection point with the intial quantity of metals present
allows for the calculation and comparison of stoichiometric requirements
tor complete in sol ub ili zat io n.

P. Slud ge Ch arac ter i zat i on and Testi ng

1. Filtration _Parameters

~1ud qe samp les were obtained by (1) collecting the settled samples
following insol ubi li zat ion/precip ltat lon studies , and (2) collect ion of
(iC-Air wastewati’r samples. In general , slu dge samples obtained from
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inso lub iizat ion studies were not analyzed until one day following pro ipi -
tation. This was done to minimize variations between sludge samples due
to aging effects.

Slu dge filtrat i on rate studi es were performed us ing a standard Buchner
funnel apparatus as shown in Fi gure 3. Equi pment ut ilized included a
9 cm Buchner funne l , No. 40 ashless filter paper , a 100 ml gradua ted  c yl in —
der and a vacuum pump. One hundred ml samples were used throughout all
of the filtration studies. Specific directions regarding the procedure
utilized are given by Eckenfelder and O’Connor (17). In general , once the
vacuum was initi ated , filtrate vo lumes were collected i n the graduated cy l-
inder and recorded as a function of time . Unless otherwise noted , the vat-
uuni level was ma intained at 15 inches Hg (approximately 7.5 psi).

Prior to each filtration test the initial solids concentration wa’s
measu red ; l i kew i se, the cake solids concentration was determ i ned follow ing
cake failure. Both a total solids and dissolved solids test were performed
for the prefiltered slud ges according to the procedures defined in St andard
Methods (18). This was because certain metal plating waste solutions
contain large dissolved solids levels such that over 60% of the total
solids may be in a dissolved state. Thus, it was felt that dissolved
solids must be corrected for in each slud ge samp le.

Foll owing the completion of filtration rate studies , the data col let - trd
was used to determine the specific resistance for each slud ge according
to the follow ing equat ion:

r r ~~~~

where

r specific resistance (rn/Kg)

b = slope t/V versus V plot (sec/rn6)

t = ti me (sec)

V = fi l trate volume (rn3)

P = vacuum pressure (N/rn6)
A filtration area (m2)

= filtrate viscos i ty assumed to he identical to water at 20°C
(N-sec/rn2)

10
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Fi gure (3). Laboratriry filtr ation apparatus.

11

.~--



= 
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1 
100 - Cf 

(Kg /rn3)

C~ 
= Cf

c j = initial solids concentration (%)
C f fi lter cake sol id s concentration (%)

Another parameter describing the filtration characteristics of a
slud ge is the coefficient of compressibi lity . Certain slud ges when sub-
jected to variations in pressure differential will deform, resulting in
decreased porosity levels in the sludge cake strata near the filter m ed i um .
Ihis decreased porosity results in increased resistance to flow.

Compressibility has been empiricall y defined by the equation

r r0(p)
5

where

r,r0 = values of specific resistance calculated at two different
pressures ;

p ratio of the two pressures;

S = c o e f fic i e n t  of compressibility.

Values of “s” are determined empirica lly as the slope of a logarithmic
plot of pressure differential versus specific resistance. In this study,
filtration tests were performed at 15 and 20 inches h g to obtain compress-
ib ili ty data. In addition , statistical verificat ion studies were performed
to estimate the standard error assoc iated with the empirical determinat ion
of “s”. Each sl udge was tested a l terna tely at 15 and then 20 inches Hg
and , from each data—pair , a coeff ic ient of c ompressibi l i t y was calculated.
The results from one such study is shown in Figure 4. It can be seen
that considerable error is associ ateu with the determination of “s’ .

Fi l t ra te  quality obtained during dewatering was also a parameter
which was investigated . Samples of the vacuum filtratewere taken fol lowi iu
cak e failure; only the last 50 ml of filtrate were used for testin g.
Initial filtrate quantities were not considered trul y reflective because
the cake structure may not he full y developed during the initial stages
of f~ ltration . Each samp le was anal yzed for turbidity using a Hach 6 100
turbidimeter’. In cases of hi gh filtrate turbidit y, suspended solids test
were performed. Suspended solids testing was not done on al l filtrate
samples since most has residual trubidities less than 10 FlU. In this
range, the suspended solids test was found to be inadequate.

12 
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~~. Particle Size Measurements

Through the course of this investigat rnn, particles and their charac-
teristic size distribution were an important consideration .For this study,
a H1AC-320 12-channel particle size analyzer was utilized . Anal ysis
during this study utilized HIAC-60 and HIAC-300 particle size sensors,
with detection limits of I to 60 microns and 5 to 300 microns respectively.
Channe l settings were chosen to provide twelve roughly equal partical
size ranges within the overall sensing capability of each sensor. Super-
natant and sludge filtrate samples were generally anal yzed using the HIAC-
60 sensor; slud ge samples and suspension samples from polye lectrolyte
dos ing stu di es were ana lyzed with the HIAC-300 sensor. This differentiation
was necessary due to the fact that particles of size larger than the effec-
tive opening of the sensor will result in sensor blockage.

To ensure rel i ab le resu lt s, spec i al procedures for collec ti ng samp les
were deemed necessary. Following the manufacturers ’ reconinendations,
flint-g lass cylindrical wide-mouth bottles were utilized for sample collec-
tion and anal ysis. These bottles were previously washed and dried at
hi gh temperatures in an automatic dishwasher , then sealed with aluminum
foi l . Screw caps or enclosures were not used.

Particle concentration limits are placed on the sample to avoid pro-
blems of “shadi ng”, where certain particles would not be detected by the
counter. This proved to be a seri ous problem at times with the HIAC-300
sensor since the reconinended maximum particle concentration with this
sensor was only 500 particles/ml . To attain such low concentrations ,
sample dilution was required . Dilution was achieved by adding a small
quantity of suspension (0.05 to 0.2 ml ) to 100 nil of filtered (O.45u)
supernatant water. Supernatant waters were utilized for this purpose
since it was felt that their Ionic characteristics most closely resembled
that of the particle suspension.

Generally, samp les were p lace d throu gh t he sensor 2 to 4 times to
-

- ensure reliable data. Initial studies showed that the instrument produced
reproducible data , based upon the repetitive sampling of suspensions ,
as shown in Figure 5. Studies wer e also performed to examine the potential
for particle break-up within the sensing system. Various pressure levels
were tested to determine usable ranges of applied pressure. In general ,
it was found that particle break-up could be minimized by operating at
the lower boundary of allowable sensor flow rates.

Size measurements of a given suspension were generally characterized
by the mean and standard deviation of the particle size distribution.
These two parameters were estimated from a particle size frequency plot.
Size distribution plots were also made showing the rela ti ve fractions
of particles present in different size ranges.
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period , except in cases of dilute suspensions which settled much faster.

Data collected from these studies were analyzed by plotti na inter-
facial settling veloc i ty curves. The zone settling veloc ity was estimnated
from the straight-line portion of each settling curve . Comparison of
settling velocities showed the effect of polyelectrolyte dosing.

C. Filtration Studies

1 . Samples

Several samples of OC-ALC anion and cation regenerant wastes were
eva l uated at the University of Missouri. The results of analyses on these
samples are sumar ized in Appendix A. It is clear from these data tha t
the ion exchange operation at OC-AIC is inefficient with respect to column
utilization and regeneration . The major problems seem to be assoc -tated
with:

(I) Using the columns for the treatment of both makeup and rinse
water

( ‘ )  Ineff icient water/resin contact

These areas are more full y discussed in Appendix A. Based on these findings
it was obvious that the bench scale filtration studies would have to he
accomplished using a simulated sample if excessive delays in data collect ion
we re to be avoided. In this regard the Univers ity of Missouri investi gatin g
teamu and the Air Force program manager jointly agreed to generate the
required data based on representative s i mula ted samp les . The derivation
of the basic sample composition is s uninarized in Appendix B. Tab l e  0 ou t-
lines the resultant composition which formed the basis for generatina saniples
during the filtration and recovery studies.

It should he noted that only the cation exchange reoeneration waste
was simul ated since from initia l results it became apparent that comparative
recovery of chromium d irect ly front the anion exchange regenerant would be
more economical than mixing the two wastes followed by recovery of all
i:u p ’ t o ls separ at e ly .

0. Dual Media Filtration Studie s

Studies wer e conducted to determine if suspended meta l hydroxides
• cou ld ho effectively removed by conventional filtration and to attempt

to define the ont imum operation a l condit ions for filtration. It is expected
that f i l t r a tion  w i l l  be necessary to ‘polish” the effluent from the metal
precipitati on process so that this water can be reused in the plating
operation. A stock metal hydroxide suspension was prepared from a mixed
metal solut ion containin g 1200 mg/l nicke l, 240 mg/I :inc and 60 mc ’)
copper by precip itatin c the metals by NaOH additlo’, at pH 10.5. This
mixed meta l composition was believed to be representative of the “carry
ave r ” frau” .i meta l  precipitation process and would represent the feed
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TABLE 2. COMPOSITION OF SYNTHETIC WASTE

Elemen t meq/~~ mg/i

Cd 0.3 18.5
Ni 59.9 1550.0

Cr 5.3 91.0

Cu 4.1 129.0

Fe 10.4 191.0

Zn 8.6 279.0

Ca 4.9 97.0

Mg 3.3 40.4

95.8 meq/l

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _  _ _ _ _ _ _ _



~~~~~~
- - 

~~~
- - —,

solution which would require filtering. The stock suspension was then
diluted by tap water addition to yield a turbidity of either 10 NTU or
OS NTU. The ph was approximately 8.6. A sunina ry of standard operational
parameters is included in Table 3.

The f-liter which was used in this study is shown in Figure 6. The
filter media consisted on 18.5 inches of anthracite (effective size 0.7
:ivt , porosity 0.55) on top of 10 inches of sand (ef fect ive size 0 .5 tii~u ,
porosity 0. 42).  The intermixing of media was minimal after severa l back -
washes. The clean bed head loss at different flow rates is shown in
Figure

3. Diatomaceous Earth Fi l trat ion

Laboratory scale diatomaceous earth fi lters were desi gned and con-
structed for  use in this study . The precoat filter cell as shown in Figure
$ uses a 0- inch septum. The f low scheme under the three modes of pumping,
during each cycle , namely precoat . filtration , and backwashinr , a e  shown
in Fi~ ur&’ 9. A representative mixed metal hydroxide suspension , identical
to that used in dua l-media f i l ter studies was employed. Studies were

conducted at three rates of filtration , namely 0.5, 0.75 and 1.0 gpm/ft 2.
In order to determine the effect of precoat grain size, severa l different
DE sizes were empl oyed in the precoat.

0. Solvent Extraction

1. Method Ver i f icat ion and Percent Extraction Curves

In this study five metals were considered for recycling from electro-
plating waste streams . These were nickel , copper , chromium , ca dm i um , and
.‘inc . The preliminary work included method verification and calculation
of extract ion curves for each of the seven chelates listed in Table 4.

— This preliminary work was conducted using solutions containing only the
above f ive elements. These were made by taking the appropriate dilution
of 1 rug/nil cornercial Fisher standard solu ti ons of each element. These
standards were prepared by the Fisher Sc ientific Company with the following
chemicals: (1) Cr - potassium dichromate in distilled water (2) Cd -
cad~’i i uun metal in dilute nitric acid (3) Cu - copper oxide in dilute nitric
acid , (41 Zn - zinc oxide in dilute nitric acid (5) Ni - nickel metal in
dilute nitric acid. All dilutions were made with l’~ nitric acid. All pH
adjustmnents were made with sodium hydroxide or nitric acid. The organic
solvent used for the ex tt ’1.i~ tjons was chloroform . All chemicals used were
ACS Rea it ’nt (rade.

The E x traction method used for most of the work consisted of shaking a
Solut ion ‘i f a par~ icu1ar che iate in chloroform (10 ml) with an equa l volume
of an aqueous phase con ta in ing  the appropriate metals. This aqueous phase
wa s a d i u - .ted , previous to the extraction , to the desired ph using either
sod i um hydroxide or ii itt ’ -i c ac id. This method , which used a new chloroform
and aqueous phase i t  each desi red ph , was termed “independent batch” .
The aqueous and organic
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TABLE 3. OPERATIONAL PARAMETERS FOR
THE DUAL MEDIA FILTER STUDIES

SPECIFICATION OF FILTER MEDIA

Depth Effective Size Uniformi ty Coeff icient
Anthracite 20 in 0.7 turn 1.3
Sand 12 i n  0.5 n~ii 1.2

METALS CONCENTRATION OF IN FLUENT

Stock Metal Dilute to Dilute to
Hydroxide Suspensions 25 NTU 10 NTU

Nickel 1200 tug / I 120 mg/I 40 mg/i

Zinc  240 nug/l 24 un g/l 8 mg/1

Copper 60 mg/i 6 mg/ i 2 mg/ i

POLYMERS EVALUATED

Manufacturer Type Molecular
Name Weight

E3etz 1100 An ion i~ 5 x

Betz 1115 Cationic 1 x ~~
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TABLE 4
L IST OF TH E SEVEN CH ELA T IN G COMPOUNDS EVALUATED

Chelati ng ~~~~
Thenyoltrifluoroacetone

Acetylacetone
Benzoyl acetone

Dithlzone
Cupferron

Dlethy1d1th1ocarb~~ate
8-Hydroxyqu I no line
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phases were riot mur utual ly presaturated before equi libriation ; however .
vo l ume changes were negligible and were ignored. After shaking two minutes ,
the two phases were separa ted and the concentration of the metal in the
aqueous phase was determined by atomic absorption using an Instrumental
Laboratories 453 atomic absorption spectrophotometer •.

The data from these experiments were plotted on graphs showing the
percent of meta l extract ed versus ph. Two typical graphs are shown in
Figures 10 and 11 . Figure 10 shows a chelate that produces good separation
while Figure 11 shows one that does not.

The following calculation was used to obtain ~-E .

E - 100 (1
~

Va
where

Act iv i ty  oraanic phase
Activity water phase

Vw = volume of water

Vo = volume of organic

Since most of the exper imuie nt s used equal volumes of organic and water .
the equation simplifies t o

,. — 100 (A)o / IA)w 100 (A ) o lOO(A)o P- - 

(A)~ ~ tATw -

where

(A)o = concentrat ion in organic phase

(A)w = concentration in  water phase

(A)t = total concentration present in a ll phases

The concentr ation in the wa ter phase wa s obta ined by direc t analysis
by atomic absorption . The total concentration present in al l phases was
determ ined by direct ana lys is  of the wat e r phase before extraction. The
difference between the total and tha t in  the water phas e a f t e r  ex t rac t ion
is assumed to be that in the orqani c layer .
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2. SeparatIon Scheme Determina t ion  - -

During this part of the study various chelates were tested in a sequen-
tia l extraction scheme In order to obtain a clean separation of each metal.
For this study a synthetic regenerate sample was used . This was prepared
by dissolving: (1) O.O5g cadm i um nItrate , (2) 1.55g nickel metal ,
(3) O.7g chromium nitrate , (4) O.13g copper metal, (5) O.92g iron (III)
chlor ide , (6) O.28g zinc metal , (7) O.27g calcium chloride , and (8) 0.04g
magnes ium metal. After dissolving, the solution was diluted to one liter
with O.6M hydrochloric acid. —

The extraction method consisted of shaking a solution of a particular
chel ate in chloroform (10 ml ) with an equa l volume of an aqueous phase
containing the regenerate solution adjusted to the proper pH with sodium
hydroxide or hydrochloric acid. After shaking two minutes , the two phases
were separated and an aliquot was taken from the aqueous phase for analysis.
The aqueous phase was then transferred to the next solution of a chelate
in chloroform. This procedure was followed through the total number of
chela tes in the scheme. The data from these experiments were used to
calculate the %E as described previously.

The analysis of the aqueous phase was done using a Jarrel-Ash Model
975 Plasma Atomcop•, an inductively coupled argon plasma spectrometer.
This instrument could simultaneously analyze for all of the elements present
in the synthetic regenerate.

In some cases the regenerate was spiked with cadmium , chromi um, or
copper.

3. Pi lot Plan t

For the exper iments us i ng the pilot p lant , the syn the ti c regenera te
described above was used . For one run , the nickel level was decreased
while the other metal concentrations remained the same.

In the pilot plant , a series of 500 ml Kima x Conical Beakers’, with
a side arm midway down the beaker , served as the extraction vessels.
As can be seen in Figure 12 , the snythetic regenerate solution is put in
a large storage reservoir where the pH is then adjusted . The regenerate
is then gravity feed to the first extraction vessel which contains 150 ml
of chlorofo rm and the desired chelate . The two phases are then mixed
with a stirring bar and magneti c stirring unit. The initia l mixing time
was two minutes , but later it was found that this had to be Increased
to 20 mmt inutes. The two phases were allowed to separate. The clamp on
the side arm tubing was then opened and the water layer was transferred
to the next extraction vessel , again by gravity feed. This process can
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be carried out for as many extraction steps as are In the separation scheme .After the extractions were completed the organic phases were shaken with2.4M HC1 and the metals stripped .

The analysis of the aqueous and stripping phases were done usin gthe inductive ly coupled plasmas descr i bed previously . The data were againused to calculat e the SE as previou sly descr i bed .
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SECTION I i i

RESULTS AND DISCUSS ION

A. Metal Ins olubi lizat i on Stud i es

1. Individual Metal Systems

In F iqures 13 through 1’ the results of Studies rela ted to the insolu -

bi l izat ion and precipitat ion of var ious plat ing met a ls from solution are
presented. In general , the concentrat ion of each metal remnair~i ng  i n  the
supernatant fol lowing a one -hour sedim entation period is in good agreemen t
with that predicted by equilibr i um chemistry. The discrepancy between
measured copper concentrations and those predicted by equilibr i um chemistry
may be the result of experiment al l imn i ta t ions .  The minimum theoretica l
solubi l i ty  for copper is approximately 10 8M; however , the atomic absorpt ion
spectrophotometer used for this stud y had a minimum detection limit of
approximately 10 6M for copper . Thus , the copper concentrations reported
in the pH range 8.5 to 10.5 may ri tact be much higher than the actual
concentrat ions present in the supernatant liquor .

Chr omium was the onl y metal invest iga ted ~t iich showed a marked varia-
tion from equilibrium chemistry predictions. Figure 13 clear ly shows
that higher chromium concentration s remain after sedimentation than would
be expected from equil ibrium cons iderations. Chrom ium susp ens ions were
often characterized by relat i vely hi gh resid uil turb idity l eve l s  (S to
25 FTU) following a one-hour sedimentation period . Other metal hydro xide
suspensions were found to settle to supe rnatarit turbidity l eve l s  of 1
to 5 FTU. A lso , it should be noted that the level of soluble chrom i um
in the supernatant was always found to he helew 0.5 mg/i in the pH range
6.5 to 10. Thus , it appears that the resid ual chrom i um is present in
an insoluble , colloidal form .

In Figure 18 data Is presented relatin g to the effect of.pH on the
residual turbidity and chromium levels remaining in the supernatant liquor
after sedimentat i on . The data shown was obtained using chromium solutions
containing no sulfates. The role of sulfates in chromium removal will
be discussed in a later section . In genera 1 , these fi gures show etf ic ien t
removal of both turbidity and chromium between pH ~.5 to 10.0. This is
in agm’eement with the results of Thomas and Theis . 2O~. Outsid e th i s
pH range , the suspension appeared to be co l lo idal , e~hib iti ri g little or
no settling over extended periods of time .

The s ize d ist r ibut i on of part icles present in each chrom ium suspensi on
as -‘ function of insolubj lj zat ion pH were determined. Resu lts of pa r t i c le
size anal yses are presented in Figure 19 showing the mean particle size
of the suspension and the size d istr ibu t ion . Suspensions outside the
pH range 7.5 to 10.0 are characterized by extreme ly small particles with
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mean particles sizes between 3-8 microns . Suspensions which were charac-
terize d by efficient settling of chromium hydroxide were found to contain
particles of much larger size , with mean particle sizes approaching 50
to 70 microns. Larger particles should settle more readily according
to Stokes ’ law (?1) which states that the settling veloc i ty of particles
in a suspension are directly related to the size of particles present.
Thus , efficient settling in the pH range 7.5 to 10.0 can be directly ac-
counted for by increases in chromium particle size. Also , the presence
of a fine parti cul ate fraction of chromium hydroxide produces a hi gh res i-
dual turbidity and chromium concentration. More efficient removal of
this particulate fraction may necessitate pH adjustment or the addition
of a chem ical coagulant. Finally, Figure 19 shows good agreement between
size measurements obtained through the use of an automatic HIAC Particle
Counter as well as a microscope with an occular micrometer . This data
is reassur ing since it shows convincingly that the method of particle
sizing used in this study is precise and reliable.

Figure 20 shows the results of electrophoretic mobilit y measurements
made for pure chromium hydroxide suspensions as a function of insolubi liza-
tion pH. Mobility tests were performed using a Zeta-Meter electrophoresis
cell (22). Determ ination of the suspension mobility was difficult , because
the extremely small particles present in certain chromium suspensions
were difficult to see. however, it can be seen that an apparent isoelectric
point (LEP) is found to occur between pH 7 to 7.5. This is in agreement
with IEP values for Cr(OH)3(5) of pH 7.0 and pH 7.8 reported in the litera-

ture (20). When considering the data of Figure 19 and 20 one may conclude
th at it is difficult to flocculate and settle positively charged chromium
suspensions. A pH equal to or greater than the IEP must be obtained before
eff icient coagulation and settling can be attained. Suspensions containing
re la t i v e ly h i gh negative surface charges , i n the pH range higher than
10.5 , are also resistant to agg lomeration and settling. It appears that
a ph value at or sl ightly above the IEP of 7.5 to 7.8 is necessary for
eff icient chromium insolubilization and precipitation. This is consistent
with literature reports dealing with chromium treatment. In chromium
treatment systems that operate efficiently, an inso lubi l ization ph near
8.0 is utilized (23) (24).

Figures 21 through 24 show the residual supernatant concentrations
of nickel , cacM~ium, copper and zinc as a function of insolubi lization
pH. All of these metals were found to be efficiently removed from solution -

through insolub iliz ation and precipitation. Furthermore , unlike chromium ,
none of these suspensions were seen to restabi lize at high pH values.
Th is may be because the JEP values for these metals occur at a higher
ph than the IEP of chromium. Table 5 shows representative literature
values for the IEP of each metal hydroxide under consideration ; all fall
within the ph range 9.5 to 11.0. Thus , the pH va lues used in t h i s  study
may not have been sufficiently high to promote restabi lizatlon of these
four metal hydrox i de suspensions.

Changes were detected in the physical appearance of the copper
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TABLE 5. LITERATURE ISOELECTRIC POI~i VALUESFOR CERTAIN META L HYDROXIDES (20)

META L HYDROXI DE REPORTED IEP VA LUE
Cr (OH)

3 7.0
Cu(OH)

2 

tZn(OI-1)2 10.3
Cd( OH ) 2 10.5 

-N i ( O H ) 2 11 .1

p
.

p

46

~~~~~~~~~ 

-

~~~~~~~~~~~ 

. .



33

_ _ _ _  - - 
- 

_ _ _

suspensions , espec ia ll y at high pH values of insolu hil ization (pH 10.5
to 11.0). These suspensions were noted to change from a bluish color
to a dark-brown color within relatively short periods of time. The time
noc ’~-~-~ar -y to observe this change in appearance was found to decrease as
the inso lu bi l i zation pH increased , reaching a minimum of a few minut es —

at pH 11.0. Also , subsequent attempts to reso lubi lize these brown suspen-
s~ons showed they were much more difficult to reso lubi lize than the freshl y
prec ipitated blue suspensions. This chemical phenomenon is apparently
related to the “aging ” of copper from a cupric hydroxide (Cu (0l-fl -~’ to
cupr ic ox i de (CuO). Tewari (25) has reported upon the increased d i fficulty
in resolub ili zing metal hydroxide suspensions following longer periods
of ag ing ” . In the case of copper , it can be seen that this ‘ aging ” phe-
nomenon occurs rapidly while other metal hydroxides have been noted to
“age” much more slowly, with aging periods up to and exceeding one year (26).

2. Effect of Sulfate Ions on Chromium Stability

Thomas and Theis (20) studied the effect of various anions on the
precipitation of chromium hydroxide from solution. They concluded that
some ions effect the stability of chromium suspensions by causin g double -
layer compression , whi le other ions appear to alter stability through
spec itic ion adsorption to the hydroxide surface. Representative data
from Thomas ’ study is shown in Fi gure 25. It is apparent that hi gh concen-
tration s of sulfate ions affected the stability of chromium hydroxide
at ph o.S but not at pH 9.0. Unfortunatel y, in Thomas ’ study, the concen-
trat ion of sulfate was not measured during the prec i pitation of chromium
from solut ion. Data related to sulfate concentrations before and after
chromium precip itation would be useful since it would help to explain
the mechanism whereby sulfate ions affect the stability of chromium hydroxide
suspensions.

It was the intent of th is study to determine the fate of sulfate
ions during the insolub il ization and pre cipitation of chromium hydroxide.
Sulfates were chosen for examination because they are found in a majority
of chromium -bea rin g wastewaters , especially those which use SO2(g) for
the reducion of L r ( V 1 )  to Cr( IlI ). Also , sulfates have been shown to
effect the stability of chromium hydroxide (20).

Figure 26 shows the effect of sulfate ions on the stabilit y of a
cure chromium hydroxide suspension. Sulfates were added to solution as
H,5i~ prior to the inso lubi l i zation of chromium from solution . Comparing
the r’si lt s presented in Fi gures 18 and 26, it may be concluded that the
prt —.t-nce c-f su lt a to ions results in the precipitation of chromium hydroxide
~ n t h o  ph - - i i q ~

- 6 to ~~ . However , no effect is noted regarding the stability
of th c su~~p e n s i u n  at high ph . Furthermore , Figure 27 shows the effect
-t s u h i t~’ ions on the .eta potentia l of chromium hydroxide suspensions.
Comparing these results to Figure 20, it can be seen that the point of
zero charge has been shifted to a lower pH value , imp lying the adsorption
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of sulfate ions for charge neutralizat i on . Finally, Fi gu re 28 shows the
fate of sulfates during the removal of chrom ium from solution . In this
case , the data presented is for a chromium-zinc mixed -metal system . At
pH values below the characteristic isoelectric po int of Cr(OH)3(5). sulfate
ions are being removed from solution . However , at pH values above the
IEP , the sulfate concentration is not affected by the precipitation of
Cr(OH)3. These data support the conclus ion that sulfate ions are removed
from solution through adsorption to the chromi um hydrox ide surface .

3. Chromium Mixed-Metal Systems

Thomas and Theis (20) i nvestigated the effect of severa l cations
on the removal of chromium from solution . In general , n i c k e l , z i n c , copper
and cadmium were found to effect the stability of chromium hydroxide most
si g n i f i c a n t l y  by destabilizing the chromium suspension at high pH. Also ,
metals such as nickel were found to affect the stability of chromium at
l ower pH values . For example , Thomas and Theis reported that the presence
of nickel would produce stable chromium suspensions up to pH 8.5. Thus ,
it is obv i ous that some form of interaction between chromium and these
other metals is occurring. Thomas and Theis attributed this effect to
complexing between the various divalent cati ons and chromium . However ,
they did not investi gate full y the fate of these divalent cations during
the insolubilizat i on and precipitation of chromium hydroxide .

In this study, the role of each divalent cation in the precipitation
of chromi um from solution was evaluated by measuring the residual concentra-
tion of each metal after chromium precipitation . Figures 28 through 30
show representative results from chromium mixed-metal system, namel y
chromium-nickel , chromium-cadmium and chromium-zinc mi xtures respectively.
Exam i nat i on of these results shows that both chromium and the added divalent
cation are efficiently insolubi lized and precipitated from solution .
However , these studi es a l so show that the di valent cat ion present w ith
chromium is removed from solution at pH values far below that predicted
necessary by equilibrium chemistry. For examp le, in Figure 29, n icke l
is found to be completely insolubi lized and precipitated at pH 6.0 to
6.5, showing a measured residual of less than 0.5 mg/i Ni in solution .
Equilibrium chemistry calcu l ations , using thermodynamic equilibrium con-
stants , predict that a pH of 8.5 would be necessary to reach this level
of nickel remaining in solution .

The data collected from these mixed-metal systems is in conflict
with data reported by Thomas and Theis (20). Comparative data from this
study and the work of Thomas and Theis are shown in Figure 31. It is diffi-
cult to explain this apparent discrepancy in exper imental findings. An

— exami nation of the experimental methods shows that simi l ar test procedures
were utilized in both stud i es. It should be noted that the results reported
by Thomas and Theis present only the total concentration of each metal
remaining in the supernatant liquor , with no distinction being made between
the soluble and insoluble fracions. Thus, it is possible that , below

~ - - 1~
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pH 8.5, the residual concentrations of nickel and chromium reported by
Thomas and Theis included certain insoluble species which had not settled.

The term M coprecipitatlon~ is often used in the literature to denote
the removal of a chemical species from solution under conditions which
norma l ly would not predict its remova l . These data show that nickel ,
cac*ni um and zinc were all Hcopreclpitatedu with chromium. Additional
data were obtained to determine the effect of vary ing ratios of chromium p
and nickel on ficoprecipitat lon si . Results from these studies are s~.ownin Figures 32 and 33. The addi t ion of low levels of chromium to a ni cke l
solut ion drastically altered the precipitation:pH pattern for nickel.
Chromium concentrations as low as 1 mg/i were found to si gnificantl y reduce
the effective pH for nickel precipitat ion.

The “coprecipitation ” of chromium with other metal species has been
reported previously in the literature (27)(28). Various mechanisms , in-
cluding adsorption , have been proposed to describe the observed phenomenon.
Prel iminary studies , show ing “coprecipitation ” does occur , resulted in
a need for further ex per imental work in thi s area. Of premiere impor tance
was the collection of data which would help ident i fy possible mechanisms
which operate during the Hcoprecipitation of chromium and other metals.

The experimental approach chosen was to develop base titration curves
for eac h metal indi v idually as well as for certain mixed—metal systems.
The details of the experimental technique are discussed in the Methods
and Materials section of this report. To suninarize , each metal was titrated
wi th a base of known !trength and the solution ph was monitored during
the titration. The addition of base was continued until a solution pH
was obtained above the range of inso lub ilization for a particular metal.
In addition , the Int ial soluble concentration of each metal present in
solution was determined. Thus, by comparing the inita l equivalents of
metal present to the amount of base equivalent s added to solution , it
was poss ible to determine the stoichiometric base requirement necessary
for complete metal insolubi lizat i on. All metals under consideration in
this study were examined individually. In addition , the chromium-nickel
and chromlum-cainium mixed-metal systems were studied .~ These two metal
m ixtures were chosen because the insolub ili zation ranges for nickel and
cac nium are widely separated from that of chromium. Because of a signi -
ficant overlap of p11 ranges for inso lubi lization , the study of chromium-
copper and chromium-zinc metal mixture s u s i n g  titration techniques was
not considered feasible. - -

Representative graphs from the t i trat ion of each indiviual metal
are shown in Figures 34 through 37. Analysis of these results show the
titration method to be useful and reliable as a research tool. In each
experimental study, the stoichiometric amount of base added to solution
was approximately equal to the initial amount of metal present on an
equivalent basis. The endpoint of each titration curve is defined as
the point at which the solution pH begins a rapid rise following the
insolub llizat lon Nplateau N
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Having completed these initial studies , e f fo r t s  were made to examine
the chromium-nickel mixed-metal system in an in-depth fashion. Titration
curves were developed us ing several initial ratios of chromium to nickel
in solution. Representative results from these studies are shown in Fi gures
38 throug h 42. Examination of these resul ts leads to the following obser-
vat ions:

(1) In many instances , the solution pH remains below pH 6.5 through-
out the titration , corres pond ing to the pH range of chromi um insol~ibiliza-tion. Examples of this behavior are seen in Figure 38. In each case,
the pH does not stabilize at any time in the range of 8.0 to 9.0, corre-
sponding to the insolubilization of nickel. Rather , it rises rapidly
from 6.5 to 10.5 or 11.0. Thus , all metals present are insolubil ized at
the pH 5.0 to 6 .5 “plateau ” . This resu lt is different than would be pre-
dicted by equilibrium chemistry considerations. Figure 42 shows this
difference between theoretical predictions and experimental observations
for one set of experimental results. In this study, the i n i t i al chrom i um
and nickel amounts were 18.2 and 35.6 milliequivalents respectively.
Theoretically, equilibrium chemistry would predict that , following base
addition roughly equal to the ini t ial amount of chromium present , a dis-
tinct rise in pH should be noted. The pH shoul d progress to near pH 8.0,
into the range of nickel insolubili zation. In this pH range , the i n s o l u -
bil izat ion of nickel hydroxide would serve to produce a second pH “plateau ”
whick would continue until approximatel y 35.6 meg of base had been added.
At t h i s  po in t , all metals present would be insolubilized and further base
additions would produce a rapid rise in solution pH. Comparing the theore-
tical curve to that determined experimentally shows clearly that this is
not occurring.

(2) Figures 39 through 41 show cases where two pH “plateaus ” have
been established , corresponding to the reg ions of chromium and nickel
insolubi lization. However , the base equivalents added to the inflection
point of the titration curve are always much l arger than the initial amount
of chromium present. Thus , a mass balance of the system shows that any
additional base added to reach the inflection point must be utilized in
the insolubilization of nickel. For example, Figure 40 shows that 100
meq of base were added during the low pH “p lateau ” before the inflection
po i nt was reac hed. The initi a l chromi um present in thi s t i trat ion corre-
sponded to 20 meq. Thus , since no apprec i able rise in pH is noted over
th i s pH “plateau ” , it can be concluded that the additional 80 meq of base
were uti l ized in the insolubiliz~ tion of nickel from solution.

(3) A suninary of the initial metals concentrat ions and the total
required base equivalents determined experimentally from each mixed-metal
test are l isted in Table 6. By comparing the amount of initial metals
present to the amount of base required for complete insolubi lization ,
i t  can be see that, w ithi n the confi nes of ex per imental error , the equ i va-
lents of base added compares well with the equivalents of metals present
initially. This is an important finding since it provides some insight
into possible explanations for the “coprecipitation” phenomenon. Owing
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TABLE 6. RESULT S OF CHROMIUM - NICK EL
“COPRECIPITATIOW’ STUDIES

INITIAL INITIAL THEORETICAL BASE ACTUAL BASE
Cr~

3 (MEg) N1~
2 (MEQ) REQIJIRED (MEQ) REQUIRED (MEQ)

0.12 2.70 2.82 3.02

0.35 2.75 3.10 3.32
0.46 2.54 3.00 3.02

1.15 2.41 3.56 3.50

2.03 2.35 4.38 4.30

2.86 2.38 5.24 5.29

3.76 1.69 5.45 5.50

5.77 1.66 7.43 7.30

80.8 173. 253.8 268.

19.2 260 . 269.2 300.
19.8 205. 224.8 232.
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to the close agreement between base requirements and initial metals p~-e-sent , it appears that adsorption of nickel to the chromi um surface is
not a likely mechan ism; rather , the data show that both metals are being
com p letely inso lubi lized as metal hydroxide spec i es.

The possibility of a reversible adsorption reaction involving nickel
and the chromium hydroxide surface was investigated. The hypothesis tested
is as follows :

Initially, in the pH range favoring chrom i um insolub ilizat i on , nickel
ions m ay be adsorbed to the chromium surface. However , upon continued
base addition , the nickel ions may desorb from the part icle surface and
in solub ilize as nickel hydroxide . Thus, the adsorption of nickel would
result in the production of a “metasta b le ” chromium-nickel spec ies from
which nickel could desorb at hi gh pH values .

To test this hypothesis , experimental test procedures were devised.
Insolubilization stud ies were performed using a chromi um-nickel mi xture.
The solution pH was raised through base addition to the range of pH 7
to 7.3, a range wh i ch would produce complete chrom i um insolubilizat i on
but would leave nickel in solution . After achiev i ng this pH range , the
suspension was flocculated and settled for one hour. After settling,
the soluble concentration of metals remaining in the supernatant liquor
was determined. By comparing the amount of metals removed at this pH
value with the amount of base added to solution , it should be possible
to examine the possibilities for nickel adsorption . If adsorption is
a v i a b l e  phenomenon , the total amount of metals remove d from so l uti on
would be much higher than the equivalent amount of base added.

Resul ts of these experiments are shown in Table. 7. In all cases ,
the amount of chrom i um and nickel removed at pH 7.0 to 7.3 could be roughly
accounted for by the number of base equivalents added to solution . Thus ,
one may conclude that adsorption does not play a major role in the “copre-
cip itation ” of chrom i um an d n ickel .

After eliminating adsorption as a possible mechanism for “coprecipi-
tation ” , other alternatives were considered. One possible mechanism was
that nickel was involved in an “inclusion reaction ” where nickel ions
could be incorporated in the insolubi lizat ion of chromium ions. Through-
out the study, i t  had been experimentally observed that , during the ini-
tial additions of a base to a chromium-bearing wastewater . the solution
color would turn from a violet -blue to a blue-green in the pH range 4.0
to 4.5. Exami nation of chromium spec i at i on diagrams such as those shown

i n  Fi gures 43 and 44 for 10-2 and 1O ’~ molar chromium solutions show this
pH range to correspond to the production of certain polynuclear chrom i um
spec i es. Thus , it was felt that nickel may be incorporated i nto the pro-
duction of these chemical spec ies. To test this hypothesis , a seri es
of three experimental tests were undertaken . In the first test, both
n ickel and chromium were initially present in solution and base added
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until a pH of 10.1 was obtained. In the second test , the same metal con-
centrations were utilized . However , the nickel was not added to solution
until the pH of the chromium solution had been raised to pH 4.5. Thus ,
the nickel was added to solution following the pH characteristic of the
possible form at i on of chromium polymeric spec ies . Again , the metal mixture
was titrated with base until a final pH of 10.0 was obtained. Finally,
in the third test , the nickel was not added to the chromium solution until
a pH of 5.3 had beerm attained , the pH at which the insolubi l izat ion of
chromium hydroxide becomes incipient . Ilpon attaining pH 5.3 , the soluble
nickel was added to solution , and the pH l ikewise raised to 10 .0. Results
from these three experimental tests are shown in Fi gure 45. It can be
seen that , for all three sets of experimental conditi ons , the resulting
titration curves are indeed similar . If nickel inclusion was the mechanism
occurring during 11coprec ipitat-i on ” one would expect to see a variat i on
between the three sets of data. Precisel y, the curves produced in tests
2 and 3 should produce a second “p la teau ” corresponding to the insolubil-
izat i on of nickel since adding the nickel at the pH values 4.5 and 5.3
would not have allowed for its incorporation into the chromium spec ies
formed . Thus , since no perceivable variat i on can be noted between the
three titration curves , it appears unlikely that “coprecipitation ” occurs
through the inclusion of nickel ions within the chromium hydroxide matrix.

A third alternative to be considered is the effect of ins ol ubi li zatio n
kinetics on these metal mixtures . It is possible that var i at i ons in kinetic
rates of insolubilizat i on may help to explain the obser ved “coprecipitat ion ”
phenomenon . It must be remembered that equilibrium chemistry is useful
in describing only systems wh i ch have reached equilibr ium . Equilibrium
considerations are not applicable in describing the rate at which equi li-
brium is attained. Furthermore , several chemical systems have been shown
to exist for extended per i ods of time in a non-equilibrium or “metastable ”
state . Thus , in considering the interaction of metals in a mixed -metal
system , it is imperative that the system k inet ics be eva luated. A pro-
posed kinetic mechanism for “coprecipitation ” is as fol lows :

Upon the addition of a high-strength base to a chromium-nickel m i\tu re ,
conditions of instantaneous “localized high pH” may develop. Within the
regions of “localized high pH” , the pH may reach 11.0 to 12.0 , even though
the bulk solution pH remains near pH 5.0 to 6.0. The idea of developing
hi gh pH conditions near the point of base addition appears plausible ,
especially when considering solutions of low buffering capacity such as
were utilized during this study . The extent of the development of “local-
ized high pH” would be dictated by the rate at which hydroxy l ions could
diffuse and mix throughout the bulk solution . Within the region of “local-
ized high pH” , both nickel and chromium would be predicted to insol ubi lize
based upon equilibrium chemistry calcu l~tions. Thus , the question becomes
one of insolubil izat ion k inet ics , name ly whether chromium or nickel ions
i n s o l u b i l i z e  more rapidl y from a kinetic rate standpoint .

Examination of the literature related to the kinetic rates of chromium
and nickel inso lub il iz at i on show such a mechanism to be feas ible. Stunii
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and Morgan (16) state

“the establishment of hydrolysis equilibria is frequently very fast ,
as lon g as the hydrolysis species are simple. Some metal ions like Cr(III),
Co (III), ... form their comp lexes very slowl y. Many of these polynuclear
hydroxo comp lexes are kinetic intermediates in the slow transition from
free metal ions to solid precipitates... ”

Thus , the rate of chromium insolubi lization may be dictated by the rate
at which polynuc lear chromium hydrox i de species are formed. Ermolenko
et al. (29) discuss this phenomenon in terms of ligand filed theory. Cal-
culations show that the increase in energy in going from the octahedral
configuration of Cr (H20)~

3 to a quadratic prymidal intermediate is greatest

for the transition metal ions of the d3 ions by several orders of magnitude
when compared with ions of other d configurations. Similar experimental
results regarding “coprecipitation ” may be expected if cobalt had been
utilized in this study instead of chromium , since cobalt is likewise a
d3 transition metal.

Althoug h useful kinetic rate coefficients related to the insolubi li za-
tion of certain metal hydrox i des could not be found , references to their
relative rates of reaction were located. Wilkins and El gen (30) propose
the theory that the rate constant for the formation of certain insolubili-
zation species can be related to the water excange rate for that given
element. Thus , it may be possible to discuss the rates of insolubi l izat ion
base d upon exam inat i on of the wa ter exchan ge rates of certa i n metals .

- - Table 8 lists the established rate constants for the reaction

Me(H20)~~ Me( H20)~~~1) + H20

for chromium , nickel and copper. The rate of water exchange can be seen
to be much faster when considering copper or nickel than chromium . Thus ,
applying the theory of Wilkens and Eigen , it is possible to theorize that
the kinetics of nickel insolubilizat ion are much more rapid than that
of chromium. It should be noted that kinetic effects on the insolubi liza-
tion of certain metal species have been noted by other investigators (31)
(32). Many have concluded that major variations in metal removal from
solution can be attributed to parameters such as the strength and rate
of base addition. A variation in the rate at which hydroxy l i ons are
added to solution would imply a change in the system kinetics.

To sumar i ze , of the proposed mechanisms considered , the onl y one
which appears viable relates to the kinetics of metals insolubilization
and how large differences in kinetic rates may override conditions predicted
from thermodynamic equilibrium considerations. Mechanisms related to
the adsorption or inclusion of other metals during the inso lubi liz ation
of chromium were found to be inadequate in the description of experimental
data collected during this study.
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TABLE 8. WATER EXCHANGE RATES FOR CERTAIN METAL ION S

WATER EX CHANGE RATEMETAL ION CONSTANT (M sec~ J
Cu~

2 
108.3

N i~
2 io&4

Cr~
3 

~~~~~
Fe~

3 
io0.6

I
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4. Mixed-Metal Stud i es (Fe - Ni)

Studies ~ re undertaken to determine whether the phenomenon of “Copre
cipitation ” was characteristic of other trivalent cations. Since iron
was one of the metals of interest in this project, the iron(III)-nickel
mixed -metal system was chosen for study. Results of experimental tests
using the previously described titrat ion techniques are shown in Figures
46 and 47. Close examination of the data presented shows the coprecipita-
tion is not apparent when considering the insolubili zation of iron and
nickel from solution . For each ratio of iron and nickel studied , the
amount of base added during the lower pH “plateau ” (pH 2.8 to 3.5) closely
approximates the initial iron concentration on an equivalent basis. Fol-
lowing addition of the stoichiometric amount of base required for complete
iron insolubilization , a sharp rise in pH is noted. The solution pH is
seen to approach pH 7.5 to 80, the range of nickel insolubilizat ion as
Ni(OH)2(5). After subsequent addition of a base requirement near ly equiva-
lent to the initial nickel present, a second rise in pH is noted, signify ing
the complete insolubilization of both iron and nickel. Thus, two distinct
pH ranges of insolubflization can be determined.

Stud ies ~ re also performed to determine the amount of iron and nickel
removed from solution as a function of insolubilizat ion pH. The results
of this study are shown in Figure 48. It can be clearly seen that no
apparent interaction or “coprecipitatlon ” is taking place . Rather , both
nickel and iron are seen to be removed from solution in pH ranges which
correspond closely to the theoretic insolubilization pH ranges. Therefore,
it can be concluded that “coprecipitation ” is not characteristic of all
trivalent cations.

5. Mixed-Metal Stud ies (Cu — Ni)

The intent of this study was to evaluate the fate of nickel during
the insolubilizat ion of other metals such as copper . Copper was chosen
for evaluat ion with nickel since the pH range of copper insolubilizat ion
corresponds closely to that of chromium. Various ratios of copper and
nickel concentrations v~re examined in a series of insolubilizat ion and
titrat ion stud ies. Figures 49 through 51 show representative results
of these stud ies. Each graph shows the characteristic titration response
that ~ uld be predicted by equilibrium chemistry. A low pH “plateau ”
is seen in the range of pH 5.5 to 6.2, corresponding to the range of copper
insolubilizat ion. Once a base amount roughly equivalent to the concentra-
tion of copper has been added, a distinct rise in pH is noted, with the
pH rising to pH 7.5 to 8.0. Continued base addition results in f or forma-
tion of a second pH “plateau”, corresponding to the insolubilizat ion of
nickel from solution . Finally, when an equivalent amount of base has
been added to insolubilize the nickel present in solution , a second rapid
rise in pH is noted, signifyi ng the insolubilization of all metals present.

Insolubilizat ion studies were also performed using varying ratios
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of copper and nickel. Representative results are shown In Figure 52.
Exami nation of these results show no Interaction occurring between copper
and nickel; rather, each metal Is seen to lnsolubillze from solution under —

pH conditions which would predict the formation of metal hydroxides for
these two metals.

From an engineering standpoint , studies such as these provide useful
data since they point the way toward a possible metal recovery method.
Ana lyzing the distinc t separation ranges for nickel , copper and iron in-
solubi lizat i on, it appears plausible that “selective precipitat ion” may
be a viable recovery method. Selective precipitation would involve in-

• creasing the solution pH to a value which would render one metal insoluble ,
yet al low other metals to remain In solution . Stud ies of this nature
were undertaken utilizing various Initial copper and nickel concentrations.
The results are listed in Table 9. It can be seen that “selective precipi-
tation” would be a vi able treatment method for this mixed-metal system
since it is possible to separate and recover both nickel and copper in
relat i vely pure hydroxide suspensions. The method of separation would
involve the insolubilizat i on and precipitation of cupric hydroxide at
a pH value near 7.0. After a sufficient settling time, the supernatant
liquo r laden with soluble nickel would be drawn off and treated in a second
basin with additional base to produce a solution pH near 10.0. This would
result in the format i on of a relatively pure nickel hydroxide suspension
which likewise could be settled and collected. In each case, a concentrated
slurry of each metal hydroxide could be collected which would have an
economi c value .

“Sel ective precipitation ” systems appear promising for mixed—metal
systems such as iron-nickel and nickel-copper. However, referring to
the previously-reported results for the chromium mixed-metal systems,
it can be seen that efficient metals separation cannot be aci eved when
“coprecipitatlon” is seen to occur. Studies performed during this inves-
tigat i on have shown It is relatively Impossible to separate chromi um from
nickel or other divalent metal catlons through conventional Insolubiliza-
t i on techn iques . Each individual mixed-metal system must be analyzed
related to the economic applicability of TMselective precipitation”.

6. Mixed Metal Studies (Chromi um - Cadmi um - Copper - Nlck!i)

Studies were undertaken to examine the effect of chromium on a mixed -
metal system containing several divalent catlons. The metals considered
Included copper , nicke l and cadmium. In addition, the fat e of sulfates
during the insolubilization of these metals was determi ned. Figures 53
and 54 are the results of these studies. Figure 53 shows, In the absence
of chromium , each metal species is removed from so lut ion as would be pre-
dicted by equil ibrium chemistry calcu lations. Also, there Is no evidence
of “coprecipitat ion ” occurr ing. Furthermore, a dissappearance In sulfates
from solut ion can be detected over the pH range 6.5 to 10.5, correspondIng
to the insolubil$zation of the metals present. At higher pH va lues, the
sulfate conc entrations remain similar to the Initial sulfate levels.
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It appears that , at pH values below the isoelectric point of the metals - •

present , sulfate adsorption is taking place . At pH values above 10.5
to 11.0, above the JEP values for the metals present, no ev i dence of sul-
f ate adsorption can be noted. At was seen earlier with chromium hydroxide ,
it appears that sulfates may be selectively adsorbed by metal hydroxide
surfaces at ph values below the characteristic IEP for the hydroxide .
Furthermore, sul fate concentrations are uneffected at pH values above
the IEP.

Fi gure 54 shows the insolu b ilizat i on of copper, nickel and cadmi um
in the presence of chromi um. Comparison of these data with that presented
in Fi gure 53 shows clearly that a shift in the solubility of each metal
has occurred. In this case, each metal is seen to “coprecip itate ” within
the range of pH assoc i ated with the insolub ilizat i on of chromium . Also ,
it should be noted that a decrease in sulfate concentrations was again
observed.

Regarding “coprecip itation ”, Thomas and Theis (20) presented data
which showed a similar response of a mixed-metal system to the presence
of chromium and sulfates . A portion of these data is shown in Figure 55.
As can be seen from this graph , the metals nickel , copper , cadmium and
zinc were precipitated from soiLtion at pH values far below those predicted
necessar y for comp lete insolu bi liza ti on. No effor t was made by Thomas
and Theis (20) to explain this phenomenon.

7, OC-AL C Electroplat i ng Waste Treatment Studies

Was te samp les were obta ined from the metals concentrati on fac ility
as operated in the plating shop at the Oklahoma City Air Logistics Center.
Samp l es of the cation regenerate waste were collected and shipped to the
Un i versity of Missouri - Columbia for testing . At the present time treat-
ment of metal—bearing wastewaters at this facility deals mainl y with rinse
water flows from the pl ating shop. These rinsewaters pass through an
ion exchange system employing both cation , an ion and mixed-bed resins.
The waste sample obtained for anal ysis was collected from the acid waste
produced during the regeneration of the cation exchange column . In general ,
the waste was characterized by a high concentration of nickel , with smaller
but si gn ificant concentrations of iron , copper and zinc . Chromium , al-
though present , was generally in rather limited quant iti es s i nce most
of the chromium removed from the rinse waters is captured (exchanged)
as chromate or dichromate on the anion exchange resin.

Inso lubili zat i on stud ies were performed using this electrop lat i ng
wastewater , the results of which are shown In Figures 56 and 57. These
two fi gures show the results of comparative tests using both NaOH and
CaO as a source of hydroxy l Ions. Analyzi ng the data presented allows
one to conc lude that no major differences in insolubi lization can be noted.
The only major difference between the supernatant liquors obtained was
the 1

~.iee- treated wastewaters contained calcium concentrations of over
2,500 mg/i following sedimentat ion. This produced a rinse water which
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would necessitate further treatment for water softening prior to recycle
i nto the rinse water system. The additional treatment was deemed neces-
sary since the Ion exchange resin presently utilized in the waste treat-
inent facility showed a capacity for calcium exchange. Thus, the presence
of hi gh calcium concentrations In the recycled rinse waters would ulti-
mately result in the reduced capacity of the ion exchange system for metals
removal. In comparison, the supernatant waters from NaOH Insolubi lization
was found to be satisfactory for direct recycle. Although they were charac-
terized by hi gh sodium concentrations , this was not considered detrimental
since (a) the exchange resins have a lower capac i ty for sodium than for
calc i um, and (b) the presence of high sodium concentrations would have
no adverse effects on the rinsing operations. Thus, it was concluded
that, although the chemical costs of using lime are more economical than
NaOH, the added treatment necessary for the recycle of rinse waters neces-
sitate the substitution of NaOH in the metals inso lubilization process.

B. Sludge Characterization

1. Introduct ion

One of the primary objectives of this study was to investigate various
slu dge characteristics and their effect on the dewatering of metal hydroxide
sludges. Most sludge dewatering studies deal with specific resistance,
compressibility and cake solids levels , but rarely investigate or report
results related to the passage of solids into the filtrate liquor. How-
ever , when one considers that solids collected from the dewatering of
metal hydroxide sludges may ultimately be utilized in metal recovery pro-
cesses, It becomes imperative that the filtrate quality be examined.
All solids passing into the filtrate contain metals which could be re-
covered through subsequent treatment; thus, high filtrate solids would
favor the overall recovery process economics.

The experimental approach designed for the investigation of metal
hydroxide sludges involved four basic steps:

(1) The characterization of hydrox i de sludges obtained through the
insolubilization of individual metals from solution as metal hydroxides;

(2) The examination of mixed-metal sludges;

(3) The identification and examination of certain sludge parameters
which significantly affect the dewatering of metal hydrox ide sludges.
Chief among these parameters was particle size in affecting the character-
istic rate of sludge dewatering;

(4) The incorporation of experimental data into a statistically
derived model which would be useful In predicting the rate and extent
of dewatering of a given metal hydroxide sludge given certain character-
istic Information related to that sludge.
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2. Individual Metal Hydroxide Sludges

Studies were undertaken to examine and characterize the sludges pro-
duced through the lnsolubllizaion of metals from solution as metal hy-
droxides. The main research emphasis dealt with the examination of chromi-
um, nickel and cupric hydroxide sludges.

Results related to the characterization of nickel hydroxide sludges
are shown in Figures 58 through 61. Figure 58 shows a direct relationship
between sludge particle size and specific resistance; also, the Indirect
role of sludge pH can be noted. As the insolubilization pH Increases,
the resultant mean sludge floc size likewi se increases, goi ng from a low
size of approximately 9 to 11 microns at pH 8-9 to a high near 20 mIcrons
at pH values greater than 11.5. Also, as the particle size Increases,
the resultant specific resistance decreases substantially, decreasing
from hlgh~va1ues of 175-200 x lO~

l rn/kg near pH 8-9 to 75-80 z l&1 rn/kg
at hi gher pH values. Thus, pH indirectly relates to specific resistance
since the insolubilization ph affects the resulting size of flocs present
In the sludge. This resulting size distribution In turn characterizes
the sludge dewaterlng rate.

1
Figure 59 relates the filtrate turbidity to the nickel hydroxide

pH of Insolubi lization. At pH values near 8-9, hIgh filtrate turbidity
can be observed. Referring to the particle size data presented In Fi gure
58 shows this ph range to be characterized by particles o extremely small S

sIze (9 to 11 mIcrons). Since the filter medium utilized in these flltra-
tion studies was near 8 microns In pore size, a relatively high amount
of sol ids passage may be related to the passage of extremely fine parti-
des through the cake and supporting filter medium. As the sludge pH
increases, the amount of solids passing Into the filtrate is seen to de-
crease dramatically, approaching filtrate turbidity levels of 2 to 5 FlU
at high ph values, in this pH range, the characteristic sludge floc size
has Increased, resulting In the presence of smaller amounts of fine par-
ticles. Thus, In reference to nickel hydroxide sludges, pH plays an im-
portant role In determining the sludge dewatering rate and filtrate quality
by affecting the characteristic size of particles present In the sludge.

— Figures 60 and 61 present data related to the effect of pH on nickel
hydrox i de sludge compressibility and cake solids levels obtained following
dewatering. Figure 60 shows no direct relationshIp between pH and ‘5’ ,
the coefficient of compressibility ; rather, all nickel hydroxide sludges
were found to be compressible to some extent , with an average ‘s’ value
near 0.9-1.0. By placing 90% confidence limits on the ‘s’ values determined,
It can be concluded that the sludge p11 has little effect on sludge compres-
sibility. For the nickel sludges examined, this is a logical conclusion
since, as was shown In Figure 58, the changes in particle size observed
as a funct ion of pH are relatively small. Thus, although the floc mean
size Increases from 9-ilu at low ph values to approximately 20u at hi gh
pH va lues, It is questionable whether this change In particle size would
produce a marked variation In particle compressibility , assuming that
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parti cle size has amy discernable effect on compressibility. Finall y,
Figure 61 shows no apparent relationship between nickel hydrox ide sludge
ph and fina l cake solids concentrations . Rather , most nickel slud ges
were charac terized by 12-15% cake solids following vacuum filtration .

Figures 62 through 64 present data related to the effect of inscilu-
b iliz at i on pH on the characteristics of cupric hydroxide sludges . Figure
62 shows an apparent maximum specific resistance near pH 9.5; however ,
the proper interpretation of these results is to desregard the resistanc e
values presented for pH 8.5 to 9.0 since both sludges were characterized
by extreme ly high solids penetration into the filtrate liquor . It is
questionable ~Eiether resistance values determined under condition s of
high penetration are reliable. If these points are ignored , it can be
seen that , over the ph range 9.5 or higher , the sludge resistance decreases
as the pH increases . Likewise , Figure 63 shows the mean cupric hydroxide
floc size increases as the sludge pH increases . The decrease in resistance
is ~ie to the larger sludge floc s present in the higher ph cupric hydroxide
sludges .

Figure 64, along with Table 10, shows the relationship between pH,
sludge age amd solids penetration. Fi gure 64 shows rel ati vely high solids
passage at the lower ph values ~1ereas essentiall y 100% solids capture
was noted at pH values above 10.0. LikewIse , the pH 9.0 sludge was seen
to drastically improve in filtrate quality with time , improving from 25%
solids passage initially to less than 5 FlU in the filtrate after 3 days
of sludge ‘aging . The Interesting observation Is that sludges which
possessed the character isltic brown color produced better filtrate qualit y.
The brown particu lates are indicat i ve of the conversion of cupric hydroxide
to cupric oxide through the process of hydroxide “ag i ng ” . As can be seen
from the attached observations, the high ph cupric sludges were seen to
undergo aging within relat i vely short per iods of time; however, the pH
9.0 sludge required approximately one day to achi eve an “aged” state.
It is clear that “aging” plays some role indeterm lning the amount of solids
passing into the filtrate liquor . The ‘agi ng’ of metal hydrox ides and
its effect on solids penetration wil l be discussed in later sections of
this report.

Results related to the fina l cake solids levels obtaine d following
filtration were widely scattered for cupric hydroxide and cupric oxide
sludges . Solids levels from 5 to 25% were noted, with no discernab le
pattern related to in itial solids levels , sludge ph, or degree of “aging ” . - ;

No satisfactory explanation for the var i ation of solids levels was devel- - •

oped . Cupric sludges were dewatered only at a vacuum of 15 i nches Hg,
therefore no compressibility data was collected .

Prob1en~ of solids penetration during dewatering were observed for
• pure chromium hydroxide sludges at all levels of inso lubilizat i on pH.

The problem could not be directly related to the presence of sludge “fines ”
as noted earlier for nickel hydroxide sludges . Figure 19 shows the
characteristic size of chromium hydroxide particles as a func ti on of
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Figure (62). The specific resistance of cupric hydroxide sludges
as a function of pH.
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TABLE 10. EFFECT OF pH AND SLUDGE AGE ON THE
FILTRATE QUALIT Y OF Cu(OH) 2 SLUDGES

SLUDGE~pH SLUDGE AGE COLOR F ILTRATE SOL IDS

9.0 6 hrs . bl ue 25% Solids Passage

9.0 1 day brown 65 NTU

9.0 3 days brown 2.1 NTU

10.0 6 hrs . brown/blue 78 NTU

11.0 6 hrs. brown 2.5 NTU
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insolubiliz at ion pH. Within the pH range 7.0 to 10.0, the characteristic
Cr(OH)3 floc Is much larger than 8 mIcrons, the characteristic pore size
of the filter medium utilized . Yet , most chromium sludges were seen to
produce solids penetration of up to 90% of the Initial solids present
and al l pure chromium slud ges, both fresh and aged, produced at least
20% solids breakthroug h dur ing dewatering. It is obvious that ,since the
particle size Is characteristica lly much greater than that of the filter
medi um, floc “break-up ” or shear must be In some way involved in the solids
penetration phenomenon .

In order to adequately characterize the dewatering of chromium hydrox-
ide slud ges, polymer conditioning was necessary. A more detailed discus-
sion of the results of chromium hydroxide sludge condition ing studies
will be presented In Section (H) which deals specifically wi th the condi-
tioning of metal hydrox ide sludges.

Finally, noting the possible effects of calcium and other Ions men-
tioned by Patteng ill (33), studies were undertaken to characterize the
sludges obtained from the insolubilizatlon of chromium hydroxide using
lime Instead of sodium hydroxide. Representati ve results are shown In
Table 11 . Although the filtrate turbidity levels are high , these sludges
were found not to penetrate to near the extent of those obtained through
sodium hydrox ide insolubilization. In comparing the mean size of flocs
obtained from lime Inso lubi lization to floc sizes obtained at equivalent
pH va lues w i th NaOH, it can be seen that both floc sizes are similar .
That is , the addition of lime does not result in the production of parti-
cles of much l arger size than those produced through NaOH insolubilizatlon
of chrom i um. It appears that the use of lime results in the production
of a stronger chromium hydroxide floc which is able to withstand higher
shear forces or stresses during dewatering without fracture and penetra-
tion.

3. Mixed —Metal Sludges

In Tables 12 and 13 data are presented showing the characteristics
of m ixed-metal hydroxide sludges. The data collected and presented In
Tab li’ h’ are for synthetic waste solutions containing varying Initial
levels of chromium , caMi ium , copper and nickel. Table 13 contains the
resul ts of studies performed on sludges obtained from a nickel—dominant
elec troplating wastewater.

Iloferrinq to Table 12, most of the synthetic mixed—metal sludges
examined were characterized by (1) specific resistance values of 40 to
60 x lO~ rn/kg, (2) cake solids levels between 10 to 13%. (3) an Initial
solids level between I to 2% which correspond well with values reported
in the literature for metal hydrox ide sludges (6), and (4) an average
coefficient of compressibility “s” around 1.0. Also , i t should be noted
that , as the average floc size Increased, the specific resistance of the
mixed -metal sludges decrease. The role of particle size In affecting
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the filtration of sludges Is apparent.

Table 13 presents the data related to the effect of pH in character-
Izing the sludges obtained from the treatment of a nickel—dominant metal—
bearing wastewater. These waste samples were obtained from the electro-
plating shop at Tinker Air Force Base in Ok lahoma City, Ok lahoma. The
waste was characterized by high nickel concentrations and other metals
(chrom ium, copper and zinc approximately 50 to 100 mg/i). ExaminatIon
of the results presented in Table 13 show these sludges to be character-
ized by (1) a relatively high resIstance to filtration , (2) low filtrate
turbidities , and (3) small mean floc sizes. Comparing these results to
data presented in Table 12 , the major difference noted between these two
m ixed-metal systems can be seen to be due to the variation in floc sizes
obtained during insolubilization. The nickel-dominant system produced
a higher resistance to fluid flow. Also , by comparing the data presented
in Figure 58 to that listed in Table 13, It can be seen that the nickel
dominant mixed-metal system behaves In a fashion simi lar to pure nickel
hydrox ide sludges at similar pH values. Thus, one may conclude that a -•
mixed-metal sludge dominated by one metal may respond to dewatering In
a manner similar to that of a pure hydroxide sludge of that same metal
at the same pH value.

4. Effects of Particle Size on the Dewatering of Metal
Hydroxide S1u~ges

The role of particle size and size distribution in affecting the
specific resistance of a sludge to dewatering has been examined by several
investi gators (34) (35) (36). Karr and Keinath (37) studied the role
of various particle size fractions in affecting the specific resistance
of wastewater sludges. In analyzing the effect of various size fraction
on specific resistance, Karr and Kelnath were able to identify one size
range which most significantly affected the ultimate resistance of a sludge
to vacuum filtration . The relative weight fraction of supracolloidal
particles (between 1.2 to 104 mIcrons) was found to affect the resulting
sludge specific resistance directly. Particles of larger size fractions
were found to contribute little to the overall characteristic sludge spe-
cific resistance.

After examining the results of these studies , It was felt that more
research was needed to determine the role of particle size In sludge de-
watering. Although the i dentification of the supracolloidal fraction
as being crucial in sludge dewatering was noteworthy, the range of parti-
cle sizes contained within this size fraction, 1.2 to 104 microns , is
rather large. It was the intent of this study to divide this size range
Into smaller size subsets and investigate the effect of each size subset
on sludge dewatering . with particular reference to metal hydroxide sludges.
Through the use of the HIAC Particle Counter, It was possible to divide
the supracol loidal size range Into numerous size subsets, as listed In
Table 14. The rel ative fraction of particles in each of these size ranges
was determined for each sludge investigated during this study. In all ,

109

- -  - - -~~-- ~~-~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~



-5--- ~~~~~
-5
~-r —w-r

TABLE 14. PARTI CLE SIZE RANGES UTI LIZED
FOR HIAC SIZE ANALYSIS

RANGE I SIZE FRACTION WITHIN-
_______ 

RANGE_ (MICRONS)

1 5 — 1 0

2 10-20

3 20-30

4 30 - 40

5 40 - 50

6 50 - 60

7 60 - 70

8 70-80

9 80-100

10,11 ,12 greater than 100
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over 175 metal hydroxide sludges were characterized during this study .

The Kozeny equation (38):

R* 36K(1-eJ
e
~
(Pp )( D e~~

shows that , at constant porosity e, an increase in the characteristic
sludge floc size 

~
11e~ 

will result in a reduction in sludge specific re-
sistance . For metal hydroxide sludges , Figures 65 and 66 show clear ly
the role of mean sludge particle size In affecting the characterisitc
dewater i ng rate as measured by specific resistance . The results presented
in these two fi gures are for pressure differentials of 15 in. and 20 in.
Hg respectively. Examination of each figure shows the sludge specific
resistance is very sensitive to the mean sludge floc size In the range
of 8 to 20 microns , and less sensitive at higher mean size values . Re-
men~ er i ng that the mean pore size of the filter medium was approx imately
8 mi crons, it is possible that , at lower mean size values , the i ncrease d
resistance may be partially due to the blind i ng of the filter med ium .
With larger mean size particles , the fraction of flocs in the size range
of the f i lter med ium is smaller , result ing i n a decreased tendency to
blind the med ium .

The Kozeny equation states the resistance to flow is inversely pro-
port-lonal to the square of the particle diameter . In order to test the
applicability of this equation in explaining metal hydroxide sludge de-
water i ng , a stat istica l relati onship between specific resistance and
(l/d~)

2 was developed , d~ be ing the mean floc s i ze of a sludge. Figure
67 shows a rather well-defined linear relationshi p between the two para—
meters. This is an interesting finding since many investigators have
questioned the use of this equation for compressible sludges. However,
as can be seen by Figure 67, the Kozeny equation can be successfully applied
to compressibl e sludges .

Another parameter of interest was the effect of the distribution
of particle sizes present on the sludge specific resistance. Slninons
ano Dahlstrom (39) reported that certain sludge characteristics are more
dependent upon particle size distribution than on average particle size
and shape. T~ sludges may have the same mean size floc and yet possess
widely differ ing size distributions. Thus , it Is conceivable that varia-
tion s in size distri bution could play a role in determining the resistance
of a given sludge to dewater i ng . To check this possibility, statistical
methods were used to exam i ne the effect of both mean floc size and size
distribution on the observed sludge specific resistance. The resulting— equati on was of the form:

r* = 

(d~)
2(SD )
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where SD was the standard deviat ion of size distribution around the mean
particle size. The correlation coefficient for this relation was simi l ar

to that for (l/d~)
2 alone (R2 = 0.78). It appears that the effect of

size distribution is minimal , and tends to be such that sludges of widel y
vary ing particle sizes appear to dewater better than sludges of uniform
size (small size deviation).

Another var i able to be examined was the effect of various particle
size fractions on the specific resistance of metal hydrox i de slud ges .
Table 14 lists the size fraction ranges utilized in this investi gation .
In general , a vast majority bf the flocs produced during the inso lub il iza-
tion and precipitation of metal hydrox i des fell within the size range
of 5 to 60 microns; some form of sludge conditioning was often found neces-
sary to produce significant numbers of particles of characteristic size
greater than 60 microns. Fi gures 68 and 69 show the effect of the 5-l0~and lO-ZOu fractions on slud ge specific resistance.

Figures 68 and 69 show a si gnificant relationship between the relat ive
fraction of fine particles (5-lOu and lO-20u) and the specific resistance .
This would be expected since (a) larger amounts of fine particles result
in an increase in the surface area to volume ratio characteristic of a
given sludge , resulting in an increase in the resistant drag forces devel-
oped during fluid flow through the sludge cake. (b) The presence of “fines ”
may also result in the blockage of pores either within the cake itself
or the supporting filter medium . The possibility of filter medium block-
age is extremely significant since the mean pore size of the filter medium
is very similar to the size of particles in this size range. If blinding
(blockage or pores) does occur, it reduces the available cross—section
available for fluid flow , caus ing an increase in specific resistance.

F igures 70 and 71 show clearly the role of floc size and size distri-
but ion in determining sludge specific resistance. In general , s’u dges
with similar particle size fractions will produce similar dewatering charac-
teristics , regardless of the chemical composition of the sludge. Al though
exceptions to this were noted where two sludges of like size did not pro-
duce si m i lar res i stance values , the typical result between two sludges
of simi l ar size fractions was to produce similar specific resistance values.
This is extremely important since it again shows the dramatic effect of
floc size in characterizing sludge specific resistance. Of the parameters
i nvest i gated during this study, size was by far the most crucial factor
in determining most aspects of the dewatering characteristics of metal
hydroxide sludges. Sludge pH and variations in metal content were found
to be secondary or indirect parameters in that they would have a greater
effect in determining the characteristic size distribution of flocs present.

5. Statistical Modelling

Using the results collected from the examination of over 175 metal
hydrox i de sludges , statistical methods were employed to develop a model - - -
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wh ii-h would prove useful in estimatin g the speci fic res~ stanco of a sludge
based upon the examination of a minima l number of independent sludge pat-a-
meters. Variou s independent sludge parameters were chosen for poss ible
Inclusion in the proposed model , a list of which is -5hown in T a ble 15.
The r e su l t  of modelling efforts , shown In Table 16 are the best one-vi ,- iab l~’.two-var i able , and . .. n-variable statistica l models that could  h~ devclopl’d .
The criteria for mode l acce ptance was based upon the c orr elation ~o r ff  i c  iont
obta ined for each model considered. In general , It was found t hat aptw ~4 x i —

mate i y  76% of the var i at ion In speci f ic  t - es  1st ance on 141 be at t t i  hut~’dto the va riat ion in the mean sludge f loc s iz e alone. By takin g into a~the presence of s ludge f ines and suspended sol ids ~f t e t s, the mode l on
be improved to approximatel y 82% correlatIon level . Addit io ns of other
independent slud ge parameters (lid not signif icant l y improve the pr~41ic t l v i ’

capab i l i t i es of the model.

Thus , the best app l icabl e model for meta l hydroxide sludges cons ider-~(a) the mean slud ge floc s i z e , (hI the presence and quantity of sludge
fines , and (c) the initial sludge solids concentr ation. Point s (a~ and(h) have been previously discussed regarding their effect on spec i t ft

resistance. It was somewhat unexpected that specific resistanc e was 1lrpen
(lent upon the Initial solids levels since , by definition , spec ific resis-
tance is independent of solids concentration. However it should be noted
that the correlation level between suspended solids and specific r~’sistanceis relatively low. Thus , at this point . It is not possib le to adequat ely
expla in the role of solids concentration , further work Is warran ted .

Figure 72 shows the re lat ionship between the observed spec if i c i- es is -

tance and that predicted by the chosen model for eac h of the m e t a l  hydros~desludges examined. Considering that the speci f ic ,- i’s ista nce exper imental
procedure has a characterist ic error of approximatel y 7%, i t  may he con
cluded that the mode l does offer reasonabl e accuracy.

6. SolI ds Penetration During Dewater i ng

A parameter whi ch is often overlooked in the t’xami 9ation and charac
t i’riza tlon of sludges is the filtrate quality. Most often , sludge dewa-
ter inq rates are used to characterl:r t he  qualit y of a s lud ge , and quant i-
t a t iv e  data or any interpretation of problem s relat ed to solids penetra-
t i o n  is seldom provided.

A review of the liter al tire dealing with net, a 1 hydroxide sludges revt’a is
instances where reference is  made t o problems related to solids penetr ation
ihit- in g dewaterlnq. Mcvauqh and Wa ll (40) studIed the dewatering ~f heavy
metal sludges and found that , under opt imum pH and dewat ering c ondi t ions ,
the filtr ate suspended solids level was still  near 1 .500 mg/’$ . I ikewise .
Pattenq lll (33) found very serious problems of turbid filtrate qu a l ity
when ‘;tudy lng pure chromium hydroxide sludges. In Patt .enqi ll’ s stud y
small doses of polye lectrolyte were found necessary to al levi ate the pt-e
b 1 em.
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TABLE 15. DESCRIPTION OF INDEPENDENT VARIABLES
UTILIZED IN STATISTICAL MODELS

- 
, VARIABLE NAME DESCRIPTLON

xi Size FractIon 5 - lOu

X2 Size Fraction 10 - 20u
X3 Size Fraction 20 - 30u
X4 Slze FractiOn 3O-40u

X5 Size Fract ion 40 - 50u
X6 Size Fraction 50 - 60u
X7 Size FractIon 60 - 70u
X8 Size Fraction 70 - 80u
X9 Size Grea ter Than ~)u
ME Sludge Mean Floc Size (dr )

so Floc Size Distribution
SS Settled Solids (1)
CC Coefficient of Co~~ressIbility
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Dur i ng the course of this study, problems related to filtrate quali ty
were often noted during the dewater i ng of certain metal hydroxide sludges .
Of parti cu l ar importance were slud ges dom i nan t in chrom i um. Pure chromium
hydroxide sludges were seen to penetrate up to 90% of the initial solids
leve l into the filtrate liquor . Based upon this experimental observation
and an exam i nati on of the literature , it was felt that more investi gative
work was needed related to filtrate quality problems . Of major importance
was the role of particle size in determining filtrate quality. The effects
of particle size were investigated since it was noted that , for severa l
slu dges , f i l tra te sol id s woul d often show the presence of flocs of muc h
larger size than the filter media pore size. This leads to the question :
If floc s are foun d i n the fi l trate to have larger mean s i zes than the
supporting filter media , were they ab le to penetra te by defor m ing their
characteristic shape? Or, were the flocs sheared under the applied pres-
sure with subsequent reflocculat i on in the filtrate liquor?

The effect of the sludge floc size and size distribution on the amount
of solids penetrat i on observed during dewatering was examined . Graphical
rela ti onsh ip s between the amoun t of s lu dge “fines ” present and the resultant
filtrate turbidity were developed and are presented in Fi gure 73. The
conclus i on that sol id s penetrat ion i s solel y related to the presence of
“fines ” in a sludge is not valid. It can be seen in Figure 84 that ex-
tremely low filtrate turbid ities could be obtained even for sludges of
relat i ve ly high fractions of “fines ” .

Statistical correlat i on methods were utilized to determ i ne whether
any of the independent sludge parameters exami ned during this study would
be useful in predicting problems rel ated to solids penetration . The re-
sul ts of a mu ltilinear regression analysis are shown in Table 17. It
is obv i ous that none of the conventional sludge parameters examined during
this study offers much hope for being a predictive tool for filtrate quality
problems .

A sludge parameter which was not investigated during this study but
wh ich may have a bearing on the passage of sol i ds is the “floc strength”
or ability of the sludge floc s to withstand the surface shear stresses
deve loped during sludge dewatering . The mechanical strength of slud ge
floc s is mentioned in the literature (41) (42). However , it is a diffi-
c u l t  parameter to quantify, although methods have been proposed and ex-
ami ned for “floc strength” testing (38) (42).

During this study, an apparent increase in “floc strengt h” , as seen
by reduced solids penetration , was noted when sludges were allowed to
“age ” . Representative results for the dewater ing of certain mixed -metal
hydroxide sludges are seen in Figure 74. In all cases, the filtrate quali-
ty was seen to Improve dramatically with time . No dramatic improvement
in the specific resistance was noted with time . Specific resistance values
held roughly constant or Improved only slightly. If the slud ge specific
resistance is Indicative of particle size changes, it appears that very
little change In particle size occurred with aging . Changes i n f loc s i ze
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w i t h  time do not appear to be sufficient to explain the rather large improve-
ments in filtrate quality . It is possible that , as the metal hydroxide
species “age ” from the hydroxide to oxide forms , the stren~th of the sludot ’
floc improves , thus offering increased resistance to shear during dewaterinci .
A similar observation was made earlier in relation to the dewaterinq of
cupric hydroxide sludges , namely significant improvement in filtrate qua l it y
resulted as the sludge seemingly ‘ aged” from the hydroxide to the oxide
state . The problem is that it is di f f icult  to quantify ‘ ag ing ” . One
possible method would be to examine the dewatering aspects of a sludge
as a function of time and correlate this to any possible structura l changes
indicated by x-ray diffraction analyses of the sludge flocs. However .
such analyses would be expensive and it is doubtful tha t testing of this
type could be economically warranted . Rather , it may be more practical
to examine a sludge over a period of time to determine whether improve-
ments in sludge dewaterinq, especially in relation to solids penetration .
occur if sludges are allowed to ‘age” prior to dewatering .

A proposed method of testing for “aging ” effects is as fo l lows :

(1) Measure equa l volumes of the sludge into 100 nil graduated cv-
linders .

(2) Perform a standard dewaterinq test on each sludge sample , unt il-
zing either a vacuum or pressure fi l ter apparatus. The sludge samples
should be tested for dewatering using severa l pressure differentials.
For vacuum filtrat ion , this may necessitate performing the test at 5 in.
Hg increments up to 30 in. Hg, while for pressure filters , increments
of 10 psi may be practical .

(3) At each pressure differential tested . dewaterin g time to obtain
a given filtrate volume should be measured . Also, the filtrate turbidity,
filtrate suspended solids , initial sludge suspended solids and particle
size distribution of both the sludge and filtrate should be determined.

Representative data from such experiments are shown in Figures 75
and 76. In Figure 75 , a sludge with a high resistance to shear or deforma-
tion is shown . Increasing pressures resulted in little change in the f i l-
trate turbidity . By contrast, Figure 76 shows a sludge with a l ower resist-
ance to shear , denoted by the abrupt rise in filtrate solids levels as the
pressure increases from 40 to 50 psi. A lso, Figure 76 shows the effect of
adding polyelectrolyte to this particular sludge . resu1tin~ in a greatly
reduced tendency for solids penetration . Finall y Figure 76 shows that varia-
tions in filtrate turbidity may be due in part to the method of dewatering
utilized. Considering the data presented in Fi gure 74 with that in Figure 6 ,
it can be seen that a much higher solids breakthrouqh occurred when using
vacuum f i ltration than when using pressure filtration at a similar pressure .
This may be due to differences in the development of shear forces within
the cake structure , owing to varying methods of pressure differential
application .
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Studies of the dewatering of metal hydrox i de sludges have shown poly-
electrolytes to be beneficial in minimizing f i l t rate quality problems.
Patteng ill’ s work on chromium hydroxide slud ges showe d tha t pol ymer doses
as low as 0.5 mg/yr (0.05%) could effectivel y reduce the quantity of solids
passing into the f i l t rate (33). Representative data obtained in this
study for  polymer use is shown in Figure 77. This figure is especially
noteworthy since it shows the variation in size fractions which pass into
the filtrate as a function of conditioning dose. One can see that improve d
filtrate quality is marked by the capture within the sludge cake of all
but the finest part iculates. One possible explanation for the role of
polyelectrol ytes is in improving the structural integrity or “floc strength”
of the sludge particles , with polymer “bridg ing ” playing a major role.
This would account for the fact that only hi gh molecular weight polyelec-
trolytes (greater than 106) were found to be beneficial. Studies emp loying
lower weight polyelectrolytes did not prove successful. Thus , it would
be recommended that , if f i l trate quality were a significant problem at
a slud ge dewatering facility, sludge conditioning studies should be under-
taken utilizing several high molecular weight polyelec trol ytes. A po lymer
would then be chosen for app lication based upon its reduction of specific
resistance as well as its improvement in filtrate quality. -

7. S1ud~e Compressib ility

Using the data collected during the dewatering portion of this study,
it was possible to evaluate the effect of floc size and size distribution
on sludge compressibility. Also , the effect of each size fraction was

F exam ined. Fi gure 78 shows the effect of increasing the mean sludge f loc
size on the coefficient of compressibility. An examination of this figure
shows no apparent relationship exists between these two parameters; rather ,
most of the sludges examined were characterized by “s’ values in the range
0.5 to 1.5. Applying the 90% confidence limit on “s ” of +/— 42 %, as was
previousl y determined in the methods and materials section , it is possible
to conclude that no distinct relationship exists between the mean slud ge
floc size and “5 ” , ~t least when considering the size range of 1 to 100
microns. Sludges with larger f loc sizes were not included in this study

3 since it was difficult to properly evaluate their size distrthution using
the HIAC counter.

F The results of a m ulti li near regression analysis to evaluate the
— effect of certain sludge parameters on the coefficient of compressibility

“s’ are listed in Table 18. Examining these results shows that no single
sludge parameter or combination of slu dge parameters proves worthwhile
for predicting variations in sludge compressibility. This is noteworthy
since i~ shcws no significant trend between either the presence of small
or large size flocs and “s” . Given the results of this analysis , coup led
with the determined experimental error associated with the determination
of “s” , it becomes obvious that the determinations of “s” are unreliable
and cannot be used in design of dewateririg equipment.
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8. Pol ymer Treatment of Metal Hydroxide Sludges

Sludge cond itioning studies using high molecular wei ght ca t ion ic
and anionic polyelectrolytes were undertaken to examine their useful appli-
cation for improving the dewatering of metal hydroxide slud ges. S ludges
considered during these studies included :

(1) N ickel Hydrox i de Slu dges - the main emphasis in considering
these slu dges was the use of conditioning agents for improvements in the
sludge dewatering rate;

(2) Mixe d-Metal Sludges (Nickel Dominant) - again , the empahsis
was cond itioning for the reduction of sludge specific resistance. Mixed -
metal slu dges that were low in nickel content were not examined since
they were often characterized by relativel y low specif ic resistance values ;

(3) Chrom ium Hydroxide Sludges - chromium slud ges were often charac-
terized by low specific resistance values; thus , cond itioning for improve-
ments in the s lu dge dewatering rate alone was not considered necessary.
Instead , the main emphasis in dealin g with chromium sludges was the mini-
mizat ion of prob l ems related to solids penetration . Filtrate qualit y
was the standard cr i ter ia for the useful app l icat ion of po lymers.

Other slu dges, such as the cupric hydroxide and cupric oxide sludges ,
were not examined for conditionin g since no slud ge dewatering problem s
occure d w i th these s l udges it t hey were allowed to age at least one day
prior to dewaterin~j.

Results trom the polymer conditioning studies are summarized in Table
19. Certain gener~i l iza t io ns can be made in reference to the application
of high molecular weight polye lectrolytes for metal hydroxide s ludge con-
ditionin g :

( I )  In ~t ll c ise ~ examined , the appl i cat i on of e i ther cat i on i c or
anionic polyelect - i l ytcs produced a decrease in the characteristic sludge
speci f ic  res Ntar i t F - . Both types of pol yelectro lytes  were foun d to work
efficiently for ~i 1l sludge t vpes over the ~‘H range 7.5 to 1 1.0. Also ,
the improvement in slud ge dew~te ,-in q rates was found to be directly related
to increases in the si:t’ of u-~qe f l ocs p roduce d du r i n g cond i t i on i ng. 

V

(2) Lit t l e  v~u - j I t ion w~i- - noted in cake solids concentration as a
function of condit ioniuq do’.~ . Rather , most of the nickel slu dges were
charact e r ized by lIlal sol il ls c- I ncerit rdt io n s in the range of 10 to 13%,
with d few iI1s t~s?1 ( e~• of 1 ii q her ‘~oli d s concentrations occurring in the —

range ot 16 to 18%. For chrom i um slud ges , the final cake solids concentra— 
V

t ion was -
~~t ” i  in the r~ n~~’ ut ‘1 to ?5% sol ids , corresponding well  w i th

the work of Patt onqi 11 ( U).

(3) The m l -  of polyolectmo l ytes in influencing f i l t r a t e  turb idi ty
can be dra lnati cal l y -;e~’ri throuqht ht results of these studies. In all
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TABLE 19. SU*tARY OF METAL HYDROXIDE SLUDGE
CONDITIONING STUDIES

SLUDGE SLUDGE INITIAL OPTIMA L OPTIMA L
pH TYP E C0(%) DOSE (ppm) DOSE (mg/gr)

7.5 Cr(OH)3 3.10 60 1.94
5.9 Ni (OH)2 1.77 200 11.30
8.5 Ni(OH) 2 0.50 40 8.00
9.0 Cr(OH)3 2 .52 33 1.31
9.1 Cr(OH)3 3.10 50 1.61
9.4 Ni(OH)2 0.90 33 3.67
9.6 Ni (OH) 1.00 30 3.00
9.7 N~ (OH )

2 1.54 90 5.84
9.7 Ni(OH)2 2.50 150 6.00
10.0 Ni(OH)2 1.33 75 5.64
11 .1 Ni(OH)2 0.81 12 1.48
11.3 Ni(OH )2 2.31 90 3.90
11.5 Ni (OH)2 1.35 41 3.04
11.8 Ni(OH ) 2 2.75 120 4.36
11.8 Ni (OH)

2 4.68 225 4.81
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cases, especially those where si gn ificant solids penetration occured , $
small polymer doses resulted in a drastic decrease in the amount of solids
passing into the filtrate l iquor . Often filtrate turbidities of 1 to
3 NTU or less were noted for the dewatering of conditioned sludges . Also ,
Fi gure 77 shows the effect of condit ioning on the size distribution of
particles passing into the vacuum filtrate. As the pol ymer dose increases .
the characteristic floc size of the filtrate decreases. At h i gh polymer
doses , the filtrate particles are in the range of 1 to 2 microns , ap proac h-
i ng the col lo i dal range.

The addition of polyelectrolytes appears to serve two functions:
(1) the coagulation of s lu dge “fines 11 , resulting in a decrease in the
relative fraction of fines which could conceivably pass into the filtrate.
(2) Improvements in floc strength may also be realized through conditioning.
This is especially important for chrom i um s lu dges wh i ch , upon i nsolu bi l i za-
tion and precipitation , are characterized by large flocs with an apparent - 

-

low resistance to shear. Polymer conditioning appears to provide added
mechanical strength to these flocs , resultin g in their increased ability
to withstand the forces develo ped during sludge dewatering. Thus , polymer
treatmen t should be considered for cases where solids p e n e t r a t i o n  is a
major prob l em. The added cost of conditionin g may be wei ghed against
both an improvement i n dewatering and a reduction in solids penetration .

A summary of the cond itioning data is listed in Table 19 with repre-
sentativ e results related to the conditioning of nickel hydroxide sludges
also shown in Figure 79. During this study, the optimum polymer dose
was defined as the amount of polymer necessary to produce a speci f ic  resis-
tance value 0f 20 x rn/kg. This value was chosen as representing
the speci f ic resistance of a good dewatering sludge. Norma lly, opt imum
polymer doses correspond to minimum specific resistance values; however ,
these conditioning stud ies did not utili ze polymer doses of the large L
amounts necessary to reach a minimum resistance value. In general , large
po lymer doses produce l a particle size distribution which was too large
to be adequately tested using the HIAC particle counter . Thus , for the

resul ts  of th i~ stud y, the resistance value of 20 x io ll m/k g was chosen
• to correspond to an optimum polymer dose.

Exam ination of the results presented leads to the following observa-
tions:

(1) The polymer requirements for conditioning chromium hydroxide
slud ges (in mq polymer/gr solids ’) are significantly less than that required
to con dition nickel hydrox i de sludges.

(2) The optimum polymer dose is dependent upon the init i a l slud ge
solids concentration , as shown in Fi gure 79. This resu lt is similar to
that  observe d by King et al ., (43) who showed a similar dependence on
slu dge solids concentration when considering the po lymer conditioning
of water treatme nt p lant sludges.

137

- —-5— - - ~~~
- --.-

~
- - - 

-- - _~~~~~~~
--.- 

~~~~~~ 

- -



- 
-5-5 V -~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- 

-
~ 

- 
L~~~L~ ~~~

j

u.n

V

.j- ~~~u.n

‘4- 
C

—-5— 
~V -t

C.
-5—..

‘4— ‘i)
=
0 a) V ,-5

C’4~~~D ~~~ — •~~~C V

‘-~1~~ --, , - i— 
~a. a) u.n V

N.J N J  ~~

- 

IIc~\ ~\ 
C

$.\ o~.\ LU
. (~~\ 

6’~
\ 

~~~~~

x -~~

\~~~~\~ \

~~ \. ‘—1

I.’

0
ci)
S.-

I— ‘I- —I-- GD

8 GD
C J  C~J

(Wdd) ]SOQ d3WAlOd WIWIIIcI()

138 

— V~~ - - - - - - ~~~—-~~~~~~~~~~



-

~~~~~~~~~ 

_ _

(3) The conditioning requirement of nickel hydroxide sludges decreases
as the sludge pH increases.

(4) Finally, Figure 79 shows that both cationic and anionic polymers
work well for the same type of sludge within the pH ranges listed. Both

— 
polymers , havin g similar molecular weights (3-5 x 106), have relatively
similar conditioning doses required to produce optimum dewatering rates.

Statistical methods were utilized in an attempt to relate the optimum
polymer dosage (in mg polymer/gr solids ) to the initial mean size of the
sludge to be conditioned. This evaluation could help to explain the role
of surface area in determining the necessary polymer dosage for effective V

sludge conditioning. Data from all three sludge types, using both cationic
and anionic polyelectrolytes , were considered within the statistical analy-
sis .

Resul ts from statistical modelling efforts are listed in Table 20.
It is obvious that particle size and the corresponding specific surface
play an important role in determining the optimum polymer dosage . This
observation is similar to that put forth by other investi gators . Stum
and O ’Melia (44), in discussing the “bridging ” act ion of polyelectrolytes
durin g coagulation , state that

a direct relationship exists between the available surface area in
the colloidal system and the amount of polymer required to pi -.. duce optimum
destabil ization.

The analo gy between coagulation and sludge conditioning is proper since
the ma in action of polyelectrolytes during sludge conditioning is through
the coagulation of sludge particles. Also , La Mer and Healey (45), in
reachin g this same conclusion , stated that approximately 50% surface cov-
erage of flocs with polyelectrolyte is necessary to produce optimum aggre-
gation by chemical “bridging ” .

In relat ion to metal hydroxide sludge conditioning, it may be conclu ded
that such a linear rela t ions hi p ex i s ts , as evidenced by the high correlation
between optimum polymer dose and specific surface area (as 1/ME)2 in Table
20. Furthermore , i t  is fel t  that these results show chemical “bridging ”
is the mechanism occurrino during the conditioning of these sludges .
Noval and O’Brien (19) reached the same conclusion from studies related
to the polymer conditioning of water treatment sludges. The mechanism
of inter par t ic le “bridging ’ woul d help to explain the inadequacy of low-
molecula r weight polymers for meta l hydroxide sludge condition ing. Experi-
ments us ing low-molecular weight cationic polymers were conducted and , in
general , produced no significant benefits related to sludge condit ioning.

In summa ry , organic polyeiectrolytes can be efficiently utilized
for the conditioning metal hydroxide sludges. Their addition to a meta l
hydroxide sludge promotes coagulation of the particles through the mechanism
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of i nter par t ic le ‘bridging ” , producing a significant increase in floc
size and a corresponding decrease in sludge specific resistance. Also ,
polymer conditi oning may work to improve the mechanical strength of flocs ,
as evidence d by a decreased tendency for floc shear and the r e d u c t i o n  of
soli ds penetration into the vacuum filtrate.

9. Th icke~~~ of~ 1etal i~ydroxi de SusI?ensions

Stud ie s  were unde rtaken to examine i n detail the thic ken ing charac ter-
istics of metal hydroxide suspensions. Of prime importance was an evalu a- 

- 
-

tion of the effect of floc size in determining the interf acial settling ~
- -

ra te of a metal hyd roxi de sus pens i on . Coa gu l a t i o n /f loccu la ti on stu di es
were performed using a standard six-place jar test apparatus. Synthetic V

pol yelec trol ytes of var ious character i st ic char ge were emp loyed as floccu-
lant aids. Two types of metal hydroxide suspensions were examined: (1)
pure nickel hydroxide suspensions in the pH range 10 .0 to 11.0 , and (2)
a synthetic mixed -metal hydroxide suspension near pH 10.0. Solids concen-
trations from O.4~~- to l.92”~: were examine d. Each suspension , after poly-
nier additi on and adequate flocculation , was anal yze d for i ts chara cteris-
tic particle size distribu tion. Also , sam p les of each sus pens i on were
placed into with 250 ml or 1 liter graduated cylinders. Thickenin g studies
were performed by monitorin g the heigh t of the solid-liquid interface
as a function of time . The effects of using small-size cylinders on thicken-
ing rates were ignored , cit ing the results of Schaefer (46). In his exam-
ination of the settling characteristic of chemical sludges . Schaefer con-
cluded the diameter of settling column had a minima l effect on the ob-
served settling behavior.

Representative results from the examination of metal hydroxide suspen-
sions are shown in Figure ~O. Increased doses of polyelectrolytes produce
a distinct increase in the observed interfacial settling veloc i ty . Like-
wise, Fiqure 81 , presenting the variation in the floc size distribution
as a function of po l ye l ectrolyte dose , shows a similar increase in the
mean sludqe floc size. Thus , the i mp rovement i n settl i n g veloc ity note d
is due princ i pall y to increases in the size of flocs present in suspension .

The relationshi p between floc si:e and suspension thickening veloc i ty
was observed repeatedly with every initial solids concentration examined
for boti types of metal hydr oxide suspensions . Also , Figure 80 shows
each suspension settled to the same ultimate sludge depth. That is , the
addition of pe lyelec t ro ly tes appeared to have no effect on the ult imate
soli d s ~c’ncpntration achie ved by gravity thickenin g. It may be conclu ded
tha t po l vru~r condit ionin g increases the cha racteristic size of flocs pre-
sent, iesu lti n q in an increase in the interfacial settlin g velocity hut
pro ducinu or perceiv able effect on the ultimate solids c o n c e n t r a ti o n  ob-
tained.

iqure ~~~.
‘ representative settlin g data is used to show the rela-

t i onship which exi st s between the mean suspension floc size and the inter-
t au.- ia l  se t tlinr v e l o c i t y .  A series of par allel lines corresponding to
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increases in the mean floc size are noted. For a given solids concentra-
t i on, an increase in size produces a corresponding increase in the thicken-
ing velocity . It is important to note that the lines correspondin g to
similar floc sizes are roug hly parallel , imp l ying that conditioning has
produced no major change in the floc density. Results presented by Schaefer
(46) have shown that changes in the floc density produce a shift in the
cha racte ri st i c slo pe of a log sett l i ng veloc i ty versu s sol i ds concen trat i on
plot. As the f loc dens ity i nc reases , th e slo pe dec reases , impl ying a
decreased dependency of settling veloc i ty on the solid co~centration.
Patteng ill (33) presented similar results for the settling of chromium
hydroxide suspensions. As the chromium floc density increased , the slo pe
of the log (v) versus solids concentration plot was seen to decrease.
Thus , since the data shown in Figure 82 presents no evidence of a varia-
t i on i n slo pe , it may be concluded that conditioning results in an in-
crease i n the metal hydrox id e floc s i ze but has lit t le eff ec t on t he f loc
density .

Numerous investigators have developed empirical equations showing
the effect of sludge solids concentration on the settling veloc i ty (47).
Several of these relationships contain empirical constants. It was the
intent of this study to examine how parameters such as sludge floc size
were accounted for in these models. Using data from the anal ys i s of metal
hydroxide suspensions , an empirical relationshi p was develo ped to acco unt
for the effects of solids concentration and particle size on the observed
interfac ial settling velocity. Table 21 presents the two models which
show the h ighest levels of statistical significance. Examining the two
relationships presented allows one to cc nclude that the initial solids
concentration plays the most dramatic r le in determining the observed
interfacial settling velocity . Equation ~~~~ shows that a small i ncrease
in the initial solids concentration will produce a dramatic decrease in
the rate of interface settling. However , the inclusion of particle size
in the empirical model can be seen to produce a significant improvement ,
increasing the correlation coefficient of the model to R2 = 0.92. Roughly
92% of the variation in observed interfacial settling velocities can be
accounted for strictly by the solids concentration and the mean suspen—
sicn floc size. Also , it is important to note that , in Equation (b)

(ISV) ct k (ME)L833

for a given solids concentration. Thi s relationship is similar to that
provided by Stokes Law for the settling of discrete particles

(Vc) = k(d~)
2.

Finally, Equation (b) can be seen to be indeed similar to the model pre-
sented by Vesilind (47).

It may be concluded that zone settling can be characterized by flocs
which appear to settle independently, though hindered by fluid flow around
nei ghboring particles. Likewise , if adequate dilution of the suspension
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was provided , the flocs would settle as discrete particles . Finally,
it should be noted tha t  the models presented in Table 21 must be modified
to account  for possible variations in floc density before they may be
app lied to other suspensions.

F ig ure 83 presents the resul ts  of comparat i ve th i cken i ng tests us in g
cationic . anionic and nonionic po lyelectrolytes as flocculant aids. No
apprec iable difference can be noted between the use of any of the three
polye lectrolytes; rather , all are seen to produce simi lar improvements
in the interface settling velocity. For the polymers exami ned , i t can
be concluded that polymer charge does not affect the app licability of H
a given polye l ectrolyte to t h i s  mixed -metal suspension , at least when
considering pH values near 10.0. The mechanism of polymer action appears

• to involve ‘tbridg i ng ” , a characterist ic response to the use of hig h molecu-
lar we i ght polymers. I t  should be noted that the only po ymers stud i ed

were character ized by molecular wei ght values  in excess of 2 x 106. No
studies were performed to evaluate the applicability of low-molecular
wei gh t polymers for coagulat i ng metal hydroxid e suspensions.

F inally, at tempts were made to determ i ne whether a correlation be-
tween sett l i ng rates an d dewa ter i ng ra tes coul d be observe d for metal
hydroxide suspensions. Two separate thickening studies using nickel hy-
drox ide suspensions were performed usin g cationic and anionic polye l ec-
trolytes respectively. In each study, the original nickel suspension
was dosed with increasing polymer concentrations. Each samp le was t hen
p laced into a one-liter graduated cylind er , and a t hi cken i ng test was
performed to determine the character istic interfacial settling ve l ocity
fo r each pol yelectro l yte dosage. Followin g a twelve-hour thickening per i od ,
the concentrated sol ids  s lu r ry  was remove d from the bottom of each settl i ng
column . Filtration stud i es were then performed on 100 ml samp l es of each
slurry to determine the time necessary to obtain a filtrate volume of
60 ml .

Representative results from each study are shown i n F i gure 84 . The
addition of polymer produced an increase in the settling ve l ocity and
a corresponding increase in the dewater i ng rate dur i ng f i l tra ti on . Th i s
is a reasonable observati on , ow ing to the previous discussion re l ated
to the effects of p articl e size on both the interfacial settling ve l ocity
as well as in relat i on to the characteristic resistance to dewatering.
One nay conclu de that , for metal hydroxide sludges , the rate of th i cken i ng
and the filtration rate correlate and are both dependent on particle size.

In suninar y, the results presented in Sections (8) and (9) have shown
tri o t )enef lcial aspects of polyelectrolyte additions for the conditioning
of metal hydroxide suspensions. Improvements related both to thickening
and dewat.ering have been documented for several metal hydroxide slud ges.
Also , the resu lt s of th i s stu dy have shown that  a s i gn ificant correlation
exists be~~w et ’n the thick ening and filtering rates of hydroxide slud ges .
Fin ally, in a ll cases , the action of polye lectrolytes was through the
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coagu la t i on of hydrox i de flocs , most pro bab ly by the mechanism of inter-
particle “bridg ing ” .

C. Gravity Dual Media F i l t ra t i on  of Metal Oxide Suspensions

Filtration is to serve as a pol i sh i ng step for e f f l u e n t  from the
precipitation process. Althoug h some studies were condu ted us i ng chromium
hydroxide suspensions it was anticipated that chromium would be recovered
di rectl y from the anion exchanger so the bulk of the studies were conducted
usin g the mixed metal (Ni , Zn and Cu) suspension.

1. Effect  of Flow Rate

Studies were conducted to determine the opt im um f low ra te to be use d V

in the process. The optimum rate of flow is usually the maximum loading
that provides the desired effluent quality without apprec i ab ly reducing
the volume of flow which can be treated before backwashin g is required.

Two runs were conducted using flow rates of 2 gpm/ft2 and 3 gpm/ft 2.
Other characteristics of the experiments are shown in Fi gures 85, 86,
87 and 88. The effluent quality of the 2 gpm/f t 2 flow was far superior
to that produced at 3 gpm/ft 2. These data suggest tha t the metal hydrox i de
suspensions used in t h i s  study may be poorly bound to the filter media
surfaces or the metal hydroxide particles may be of a size that is diffi -
cult to remove by conventional filtration (48)(49). I n  e i t her i n s t a n c e,
pol ymer cond i t i o n i n g using cationic polymer addition should produce better
part ic le removal by coagu lating the particles and reducing the particle
c h arg ~~~.

? . Pojymer Addition

The cationic polymer, Betz ll75~, was added to the metal hydroxide
suspension just prior to addition to the filters and was m ixed using two

magnetic st irrers. Betz l175 has an approximate molecular weight of
10,000 and cationic polymers of this size have been found to be effective
in direct f i l t ra t ion app lications (50).

A comparison of the removal efficiency obtain ed without polymer,
shown in Figure 85, to that obtained when pol ymer was used , shown in Figur e
89 , provides evidence that polymer addition can great ly inc rease  p a r t i c l e
removal e f f i c i ency  in a f i l ter.  Hea d loss data for the two runs , with
and without polymer addition , are shown i n F i gure 86 and 90. As shown
earlier , almost all of the turbidity removal occurs in the upper l ayer
of the sand bed when no polymer is used , the 18 i nch anthrac i te layer
playing only a minor role in the particle removal process. The addition
of polymer results i n better u t i l i za t ion of the bed such that part ic le
removal appears to be distributed well throughout the bed. Overall , polymer
addition results in improved particle removal and reduced head loss through
the f i l ter bed.
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Fi gure (85). Filtration of mixed -metal hydroxide suspension without
polymer addition - effluent profile.
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INFLUENT TURBIDITY 25 ITU
POLYMER = NONE

1.2 -

1,0 - 

DEPTH 8” (ANTHRACITE )

DEPTH 26” (SAND)

0.8 DEPTH 32” (SAND)

0.2 -

0 ____________

0 50 100 150
TIME (MIN)

Fi gure (87) .  Filtration of mixed -met al hydroxide susupensions witho ut
polymer additi on - effluent profile.
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Fi gure (88). Filtrati on of mixed -metal hydrox i de suspension without
polymer add ition - headloss profile.
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Figure (89). Filtration of mixed-metal hydrox ide sus Densions w i th
polymer addition - effluent profile.
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Fi guee (90). Filtration of mixed-metal hydroxide suspensions with
polymer addition - headloss prcfil e .
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Addi t i onal stud i es con ducted us i ng the 10 NTU turbidity suspension
show that the amount of polymer needed for improved filter performance
is quite small .  In F i gure 91 the tur bidi ty removal us i ng 0.5 mg/i Betz
ll75 is shown to be equal or superior to that ob ta i ned us i ng 3 mg/i , shown
in Fi gure 89. Both doses perform well and head losses are minimal .

Increasing the filter rate from 2 to 4 gpm/ft2 resulted in a marked
deter ioration in filter performance. The filter data for 4 gpm/ft2 us i ng V

3 mg/ i Betz l l75 is shown in Fi gure 92. Compar i s i on of the data i n
Fi gure 89 (2 gpm/ft2) with that in Figure 92 (4 gpm/ft2) suggests that
at t he h i gher flow rates the anthracite media is not effectivel y used ,
possibly because insufficient time is being allotted for particles to
make contact with the surface of the media. This results in heavy particle
application to the sand l ayer, producing hi gh head losses and rap i d  p a r t i c l e
breakthrough. Increased pol ymer addition did not improve filter performance
at th is flow rate as indicated in Fi gure 93.

3. Precoat F i l t r a ti on V

An al ternative to adding polymer to the metal suspension is polymer
precoating of the filter media. If particle removal is inefficient be-
cause of charge repulsion between the particle and filter med ia surface
or i f par ti cles are poorl y reta i ned, media precoatin g can offer advantages
over polymer addition directly to the suspension. These advantages are
a reduct i on in mater i al , han dling, el imination of a pol ymer influent mixing
un it and elimination of operational problems associated with try ing to
const antly alter polymer feeding as flow rates and particle concentrations
vary.

Precoa ti ng was accom p lished by bottom feeding a concentrated pol ymer
solution into the bed until it comp le tel y covered the media and permitting
it to remain in contact for two hours.

The results of one such experiment are shown in Fi gure 94 . These
data indicate that precoating provides results comparable to those obtained -

by direct polymer addition to the suspension solution when flow rates

are low ( gpm/f t 2). Precoating followed by operation at 4 gpm / f t 2 produces
results nearly identi cal to those obtained using polymer addition to the
suspension. These data are presented in Fi gure 95.

Overal l , it appears that cationi c polymers can effectively be used
to aid in the - il tr ~tion of metal hydroxide suspensions using a mix ed -

‘~edia filt er. The polymer’s make the anthracite l ayer much more effective
for particle removal and m’educe the overall head loss in the bed by distri-
buting the particle deposition uniform ly throug hout the bed. The concen-
trat ion of pol ymer appeared not to be critical; the l ower dose used (0.5
mci /i )  worked as wefl is doses much hi gher.

Polymer prec i ti nu produced results nearl y identical to direct pol ymer
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Fi gure (92). F iltration of mixed —metal hydroxide suspens~ons withpolymer addition - effluent profile.
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app l ication to the suspending medium. Either method can be used and eco-
nom ics and ease of operation should decide the best method of application.

A few filter runs were conducted using anionic polymers. Stump and
Novak (50) have shown that anion ic polymers have limited app lication to V _i

dual media filters because they cause hi gh head losses at the top surface 4
of the filter. Similar results were obtained in this study us ing the

an ionic polymer, Betz llOO•, a 5 x 106 mo l ecular  weight  pol yamine. Data
presented in Fi gures 96 and 97 indicate that even at very small doses,
0.5 mg /l , head losses occur ra p idly and at the filter surface. In addi-
t i on , turbidity removal is not as effective as with cationic pol ymers.

A preliminary study was conducted to determine if anionic polymer
performance could be improved by using a coarser media. Although this
study was not meant to be exhaustive , it could provide a direction for
future study. Because the l ower doses of anionic polymer would result
i n  less chemi c a l  cost , optimization of anionic polymer app l i ca t ion coul d
be beneficial .

Data was collected using a filter which contained a l arger anthracite
med i a (E.S. = 1.0, U,C . = 1.4) than the other filter experiments (E.S.
= 0.7, U.C.  = 1.5). The results of this experimental run , shown in  Figures
98 and 99 , indicate that the f i l ter e f f lu en t  qual i ty can be greatly im-
proved and head losses reduced by the addition of a coarser media. Head
losses st i ’l great l y exceed those obtained usin g cationic polymers but
i ndicate that some i ncrease in filter performance may still be possible
by further media size alterations. Overall , an ionic polymers do not pro-
v ide filter runs that are equal to those obtained using cationic polymers
because of excessive head losses.

Sumar ies of metal removal efficiencies for some of the filter runs
are presented in Table 22. These data show that under the best operating
con dit ions , nickel concentrations in the effluent stream will contain
greater than 1 mg/i n i ckel and often exceed 5 mg/i .  Al thou gh add i t i onal
optimization of the granular medi a process is possible , it is unreasonable
to expect metal removals to exceed 95%. This level of removal may be
acceptable for recycling of the waste stream but will be unacceptable

V for di rect d ischa rge.

0. Pressure Precoat Filtrati on with Diatoniaceous Earth

Precoat filters often find use in industrial applications because
of the i r sma l ler space requ i rements , l ower cap ital investment , and decrease d
need for extensi ve pretreatment. This final advantage may be especially
applicable to the waste stream from the preci pitat ion process because
polymers were needed to provide for effective filtrati on using a granular
filter .

If precoat f i l t ra t ion  is to be considered , it must be shown that
the filtration processes is e f fect ive in removing metals from the waste
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F igure (96). Filtra tion of mixed-metal hydrox i de suspensions withanioni c polymer addition - effluent profile.
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Figure (97). Fil tration of mix ed-metal hydroxide suspensions with
an ionic polymer addition - headloss profile.
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TABLE 22(a). EFFLUENT METAL CONCENTRATION FOR DUAL MEDIA STUDIES

Time Depth Total Metal Concent ration (mg/i) —

(hr) ( i n)  N i Cu Zn

0 24.3 1.2 6.0

12 11.7 0.5 2.2

0.25 20 10.3 0.4 2.6

2. 2 trace 0.5

32 1 .1 trace 1 .1 
_ _ _ _ _ _

~~~~~~~~~~~

-- -— - -- - - - - -V

0 29.t 1.6 7.9
— 

12 17.0 1.0 4.8

LOU 20 15.4 
- -

~~ 0.3 3.8

26 4.0 0.1 0.4

32 1.6 trace 0.4

0 26.0 1.6 8.2

12 17.8 1.2 5.8

2.25 23 14.7 1.2 5.4

13 .1 0.9 4.4

32 6.3 0.4 2.0

0 
- 

18.2 
- 

1.7 7.8

1.4 6.3

4.00 20 11 .1 1.3 6.0

26 9.3 1.2 5.5

32 6.2 1 .0 4.2

Q = 4 gpm/ft 2 Inf l uen t Tur M d ity 10 NTU
polymer precoat: none

polymer added to influent : Bet: 1175 ~1 ppm
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TABLE 22(b). EFFLUENT METAL CONCENTRATION FOR DUAL MEDIA STUDIES

Time Depth Total Metal Concentration (mg/l)
(hr) (in) Ni Cu Zn

O 26.2 1 .6 9.2

20 9.4 trace 0.3
0.30 —___________________________________________

26 8.9 trace trace

32 7.2 trace trace C

O 30.7 1.9 9.1

12 21.5 1.1 5.3

20 11.7 0.2 1.4
1 .33

26 9.6 trace trace

32 5.3 trace trace

O 28.9 1.9 8.4

12 22.8 1.1 4.8

20 17.6 0.5 2.4 
—

2.25
26 10.2 0.1 0.4

32 9.5 trace trace

0 30.4 1.7 7.6

12 2 1.2 1.0 4.6

20 20.6 0.8 4.2
4.25 -— ——--——

26 14.7 0.4 3.0

32 6.3 0.3

Q = 2 gpm/ft 2 Influent Turbidity 10 NTU
polymer precoat: Betz 1175 1000 ppm
polymer added to influent: none
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stream . Once this process has been shown to be feasible , optimum operation-
al conditions must be established . The two operational considerations V

of importance are the body feed requirements and the optimum flow rate
to be used.

Precoat f i l ters operate by f irst coating a f i lter medium , ca l led
a septum , with diatomaceous earth , then  feeding the water to be filtered
through the septum supported filter cake. Because the filter cake can
rapidly become plugged because of solids buildup and cake compression
dur i ng the filter cycle , additional cake is usually added continuously
by adding diatomaceous earth to the feed suspension throughout the f i lter
cycle. This continuous feed slurry is called body feed. It has been
observed that the optimum body feed rate is that which provides for a
linear head loss with time. Excess body feeding wastes diatomaceous earth
while an i n s u f f i c i e n t  body feed creates rapid head losses and shortened - -
filter runs .

In this study, tests were conducted initially usin g a buchner funne l
apparatus in order to screen various grades of diatomaceous earth. As
can be seen in Table 23 , l i t t l e  d i f f e r e n c e  in filtrate turbidity was 

V

found for the various mesh sizes. Although the buchner funnel screening
technique is not accurate because of difficul ties in apply ing a un i form
cake , the data  in  the ta b le indicate that all mesh sizes should perform
equally wel l .  For most of the stud ies , Cel ite 545’ was use d because —

this precoat size represented an approximate average between coarse and
f i ne grades. All experiments were conducted using an infl uent with a V -

turbidity of 10 NTU.
1. Effect of Body Feed

In F i gures 100 and 101 the effect of several body feed rates on head
loss and filtrate turbidity are shown. It can he seen in Figure 101 that
for all body feed rates above 300 mg/i the f i l trate c la rit y was exce l len t .
The hea d loss , shown i n F ig ure 100, appeared to become linear with time
at or slightly exceeding 700 mg/i so this rate should be near the optimum.
Calculations of the volume of water which could be f i l tered before a sped -
fic head loss was exceeded were made and are shown in Figure 102. These
data show that a body feed rate of appoximat ely 700 mg /l i s op t i mum for
a flow rate of 0.5 gpm/ft2.

The head loss  values selected for the calculations shown in Fi gure
102 are we ll below those ac tua l l y used i n precoat f i l t e r s .  Typ i cal term i nal
head loss values are 75 to 150 ft. of water . At a head loss of 150 ft.,
a fil ter run of nearly 6.5 hrs could be attained under optimum conditions.

It could be expected that body feed rates may require some upward
adjustment at high flow rates because the increased flow may cause addition-
al penetration of metal hydroxides into the cake. Data were collected
for flow rates of 0 .75 and 1.0 gpm/f t 2 as shown in Figures 103, 104 , 105 .
and 106 . At these hi gher f low rates , filter runs are cons iderably shortened
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TABLE 23. DIFFERENT GRADES OF DIATOMACEOUS EARTH AND THE FILTRATE
TURBIDITY OF BUCHNER FUNNEL TEST

Screen
Grade Anal ysis Filtr ate Turbidity (NTU)*

% Reta ined

150 Mesh Cake 0.15 lb/ft 2 Cake 0.10 lb/ft 2

Stan dard 3 0  1 4  2 6Super -Cel -

Ce l ite 4.0 1.1 
- 

2.3

Hyf l o  5 0  1 4  1 8Super -Cel - .

Celite 9 . 0  1.3 1.2 
—

Cel i te
545 12.0 1.5 3.4

Celite 
20.0 1.5 2.6 

V

Celite 

- 

1.9 1.5

*Inf luerl t Turbidity 10 NIh
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CEUTE 5L~5

Q = 0.5 GP M /FT 20.5 - 
9

PRECOAT = 0.15 LB/F1

V BF O MC/ L- 

• BF 3fl0 MG/L
~ BF 70-0 MG/L

0.3 -

C/Co

0
0 10 20 30 Lt c~ 50

TIME (MIN .)

Figure (101). Effect of body feed on filtrate turbidi ty.
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L 0.7
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J 0 1000 MG/L
0.5 - a 1500 MG/L

0.4
C/Co

0.3

0.2 -

TIME (MINUTES)

Figure (104). Effect of~body feed variations on filtrate turbidity .
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Figure (106). Effect of body feed variations on filtrate turbidity.
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and the effectiveness of body feeding is reduced. The systems do, however,
continue to produce high quality effluents.

The optimum body feed rate increases somewhat as the flow rate is
increased but excess body feeding seems not to be so critical. At a feed
rate of 1.0 gpm/ft2 and applying a body feed of 1000 mgi) which Is near
optimum , a filter run of 3.8 hours can be attained before a head loss
of 150 ft. is reached. This compares with 6.5 hours for a flow of 0.5
gpm/ft 2 and a 700 mg/i body feed.

2. Effect of Precoat Variations

• A precoat of 0.15 lb/ft2 was used for the experiments previously
described. This precoat leve l has been suggested by Cleasby (51) as being
near optimum for clay suspensions. Tests were conducted to determine
if the 0.15 lb/ft2 precoat was optimum. Tests were conducted using pre-
coats of 0.1 and 0.2 lb/ft2 and body feeds of 700 and 1000 mg/i at several
flow rates. These data, presented in Figures 107 through 110 show that
little difference in performace exists for the three cake applications.
In general, all of the filter runs produced hi gh quality effluents at
comparable head loss values.

In suninary (Table 24), diatomaceous earth precoat filtration was
found to provide high quality effluents using precoat levels of 0.1 to
0.2 lb/f t2 and flow rates of 0.5 to 1 gpm/ft2. At the lower flow rate
the process was slightl y more efficient, as measured by the volume of
water processes per unit of diatomaceous earth utilized. Higher flow
rates were effective but more diatomaceous earth was required. The efflu-
ent characteristics were vastly superior to those produced by granular
media filterat ion. If the quality of the filtrate is to be an Important
consideration , precoat diatomaceous earth filtration should be strongly
considered.

E. Liquid -Liquid Extraction

Liquid-liquid extraction, which has long been used in the nuclear
field and in analytical chemistry is now becoming used in various recovery
processes. In Europe various processes have recently been developed (12):
(a) Gul ispang process - uses tertiary alkylamine (Al amine 336) in kerosene
for extracting Mo, W, Cr , Fe, Co. and Ni from scrap metal and mi ll shavings,
(b) Soderfors process - uses tributy iphosphate in kerosene to extract HF,
HNO3, Mo from stainless steel pickling baths, (c) Valberg process - uses
di (2-ethylhexyl) Phosphoric acid (HDEHP) to recover zinc , and (4) MAR
process - uses a sequential extraction scheme of first LIX—64N (reagent
selective for copper) followed by HDEHP in kerosene (Fe and Zn extracted)
and finally MX-200 for Ni and Cr. In the United States naphthenic acid
in kerosene to extract metals from electroplati ng wastewater has been
evalua ted and found to be unsuccessful (5). The Bureau of Mines uses
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CELITE 545
0 — 05 GPM/FT”

:: BODY FEED 700 MG/L

1] / PRECOAT
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I
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Figure (107). Effect of precoat variations on headloss.

180

______ 
I



- - _ .  — . -t.a~~~~~S.S — -——--— -——r—-,~ ,~~~~~~~~_ ,  .. —,.—- -.-----—.—- - ‘r  - - --—--- - ,- _~~ .

CELITE 5L15
0.5 2

- 
0 0.5 GPM/FT

BODY FEED = 700 MG/L

0.11

PRECOAT

a 0.1 LB/FT2
0.3 0 0.15 LB/FT2

a 0.2 LB/FT2C/Co

fl ‘) 01
J . g _

‘I

• 

o.: 

15 ~~~~~~~~ 30 35
IDlE (MIN.)

Figure (108). Effect of precoat variations on filtrate turbidity.
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CELITE 51i5
50 = 0.75 GPM/FT~

BODY FEED = 1000 MG/L
II
I

/

• PRECOAT
‘tu I

I I0 
~~~~~ LB/Fr- A

A 0.15 LB/FTL
0 0.2 LB/FT2 /

/- --I
I

/

w I

z 0 /

~~ 20 /

U,
U,
0

—-I

LU 10 ‘

0 I I I

0 10 20 30 ‘40
TIME (luN.)

Figure (109). Effect of precoat variations on head loss.
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Figure (110). Effect of precoat var i ations on filtrate turbidity.
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TABLE 24. INFLUENT AND EFFLUENT METAL CONCENTRATION
OF DIATOMCEQ(js EARTH FILTRATION

Flow Rate Body Feed Precoating Zn Cu Ni
Q(gpm/ft 2 ) BF (ppm) (l6/ft2)

Influent (Turb 1O NTU ) 9.6 2.2 43.7
0.5 N 0.15 trace trace 0.9

Influent 8.8 2.2 43.0
0.5 700 0.15 trace trace O•2 

— — — — — — — — — —~~~— _________

Influent 8.6 2. 1 41.4
0.5 300 0.15 trace trace 0.2 

- - - ---—- ---—-0.5 1000 0.15 trace trace 3.1
0.5 1500 0.15 trace _ trace

!nfluent 8.6 2.2 43.6
1 N 0.15 1.2 0.2 7.2

- -

~

- - - _ _ _

1 700 0.15 trace trace 1.4
1 1000 0.15 trace trace 0.5

1500 0.15 trace trace 0.3 
—  

- -- - - --

Influent 8.4 2.2 44.9
0.5 700 0.10 trace trace 1.2
0.5 700 0.15 trace trace 22 

— — - -- - - - - - -- --- — -- - - -- - -— -- 0.5 700 0.20 trace trace 1.4

Influent 8.9 2.2 43.2
0.75 1000 0.1 0.3 0.1 1.7
0. 75 1000 0.2 trace trace 0.3
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liquid-liquid extraction to remove Co in the reclaiming of super~1loyscrap (11). I-IDEHP in kerosene has been successfully used to recycle
aluminum used for phosphate removal in domestic wastewater treatment.
Alam ine 336 in xylene has recently been evaluated for removal of toxic
metals from metal finishing wastewater (9). It successfully removed the
metals which were examined (Cd, Cr , & Zn).

These liquid-liquid extraction studies as well as other methods of
metal removal from electroplating wastewater (electrochemical , reverse
osmosis , cementation , ion exchange , and neutralization- precipitation) are
not completely selective and do not produce a clean metal (5). This is
especially true of the methods other than liquid -l iquid extraction. How-
ever , even the li quid -l iquid extraction process has produced a contami nat-
ed meta l . In the European cases , they found that they were able to use
the contaminated recovered metal.

In this work it was attempted to find a very selective liquid -- li qu id
extraction scheme tha t would produce a clean recovered metal fro i an
electroplatin g wastewater.

There have been severa l books written on liquid-liquid extraction
and in all cases chelating compounds are given as being the most selective
in the extraction process. Therefore , seven chelates which were listed
as being the most widel y used and known for their selectivity were chosen
for this study . These are listed in Table 4.

Before beginning the actual study , the extraction procedure to be
used was evaluated .

The first parameter checked was the time necessary to allow for
separation of the phases. In this experiment , three chelatinq compounds
were evaluated : (1) Benzoylacetone (0.lM in chloroform), (2) 8-hydro-
xyquinol ine (0.lM in chloroform), and (3) sodium diethyldithio carbamate
(0.03M in chloroform). Each was shaken for two minutes with a 100 ma/l
solution of Cd , Cu, Zn , Ni and Cr. Aliquots for analysis were then taken
periodically to check for variation with settling time . The results are
presented in Table 25.

These results indicated that the separations occurred in~nediate1yupon separation of the two phases.
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TABLE 25
SETTLING EFFECTS ON EXTRACTION EFFICIENCES OF

THREE DIFFERENT CHELATING COMPOUNDS

— 
% Extrac tion 

_____—

~~

Cu Cu Ni Zn Cu
Settling Sodium
Time Benzoylacetone 8—hydroxyguinoline Diethyldithiocarbamate
5 sec. 91 98+ 98+ 47 11

30 sec. 92 98+ 98+ 47 17

60 sec. 92 98+ 98+ 47 11

120 sec. 96 98+ 98+ 47 10

5 m m .  96 98+ 98+ 47 10

15 m m .  98+ 98+ 98+ 47 8

30 m m .  98+ 98+ 98+ 50 16

60 m m .  98+ 98+ 98+ 50 17
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‘i. r~~’ ..t parameter checked was that of shaking time . In this ex-
,~~ricnt ’ nt ,~ metal solution containing 10 mg/l Cd , Cu , Zn , Ni , and Cr was
s -’itr& (tI’d for various shaking times, with aliquots being taken at pre-
i~ terinined t nnes for analysis. 8-Hydroxyquinollne (0.1 M in chloroform)
~n 1  ‘.~~1 1L4 ” ~1’iethy1dithiocarbamate (0.03M in chloroform) were both checked
The ‘~~- a 1t ~ are given In Table 26. The extracting pH was 5.5.

These results indicated that the metal chelates were being formed
very rapidly and tha t the choice of shaking for two minutes should insure
as ~omplete of extraction as will be obtained .

Figure lii presents data indicating the precision of the method.
Fiq ure 111 gives data collected for three different runs on the same day .
The results indi cate that the precision is acceptable.

In order to check the protocol against reported literature results
each of the seven chelates In chloroform were extracted using the ‘in-
dependent batch” method with a meta l solution of 100 mg/l Ni , Cr, Cu,
Cd . and Zn. The data are plotted versus literature values in Figures 10,
11 , 112-116. The overall agreement with the literature is good (10).
There are , however , some discrepancies . These were probably caused by
problems with precipitation using the above mixed metal solution . At
pH’s above 5.5, precipitation began to occur. At the high pH’s It was
difficult to determine if extraction or simply precipitation was the
mechanism producing metal removal.

In order for liquid - liquid extraction to be an economically feasible
method of metal recovery with today ’s metal prices , it has to be capable
of (1) selectively extracting the metals into an organic l ayer, (2) stri p-
ping the metals from the organic layer Into an acid layer, (3) having the
chelates remain in the organic layer and still have chelating capabilities .
Figure 117 shows these conditions In a flow diagram.

187



TABLE 26

SHAKING TIME EFFECTS ON EXTRACTION EFFICIENCIES
8HQ and NaDDC

% Extraction

Shaking Sodium
Time 8-Hydroxygulnol m e  Diethyldithiocarbamate

Cu Ni Cu Ni

5 sec. 99+ 80 99+ 99+

30 sec. 99+ 99+ 99+ 99+

1 m m .  99+ 99+ 99+ 99+

2 m m .  99+ 99+ 99+ 99+

5 m m .  99+ 99+ 99+ 99+

15 m m .  99+ 99+ 99+ 99+

30 m m .  99+ 99+ 99+ 99+

60 m m .  99+ 99+ 99+ gg.,.
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Figure (112). Percent extraction curve for AcA.
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______________________________

Figures 10, 11 , 112— 11 6 show the selectivity that each chel ating corn-
• pound exhibits for a mixed metal solution of Cd, Cu , Cr , Zn and Ni. Tables

27-31 present the data obtained in attempting to strip any extracted metals
from the organic (chloroform) layer using l.2M HC1. This concentration of
acid was chosen because: (1) it was a convenient dilution (1:10) and (2) In
cases when various strength of acids were tested, 1.2M HC1 proved the weakest
that would still strip. It was thought that the weakest acid solution would
be desirable so not to destroy the chelating compound. HC1 was chosen so
that the stripped metals would be in a chloride form which Is the form used
by the Air Force.

From these two sets of data, it Is possibl e to draw some conclusions.

(1) 8-Hydroxyquinoline shows excellent selectivity and sane of the
metals could be stripped.

(2) Acetyl acetone was only effective in removing copper and the
stripping of the copper was good (about 80%).

(3) Sodium Diethyldithiocarbamate showed some removal capabiliti es
• with l imited stripping of the metals.

(4) Benzoylacetone was only effective for the removal of copper and
that was at a high pH. However, it was not possible to strip this copper
from the organic l ayer.

(5) Dithizone was effective in cathium and copper removal , with limited
zinc removal. Copper was not stripped , however , the cacMiium of some of the
zinc was stripped.

(6) Cupfurron was effecti ve in only removing copper and it was not
stripped back.

(7) Thenyltrifluoracetone was effective in removal of copper and the
stripping of the copper was good.

Since cupferron and benzoylacetone would not release the metals , they
were studied no further. The other five chelating compounds were then checked
as to their reuse capabilities. This was done by simply extracting a 100 mg/l
metal solution of Cu , Cr , Cd, Ni , and Zn with chloroform and each of the
chelating compounds. Each chloroform layer was then stripped with 2.4M HC1.
The chloroform layer was then used for a second extraction of a fresh 100
mg/i metal solution. The results are listed in Table 32. These results m di-
cate that dith-Izone, 8—Hydroxyqulnoline , and acetylacetone cannot be reused.
There was , however, some doubt if the re-extraction capability of sodi um
diethyldith1ocarb~nate and thenyoltrifluoroacetone was due to actual recycling
or simply an excess of the chelate present.

An experiment was then run using these chelating compounds. Instead of
using just the 100 mg/I metal solution , metal solutions also containing 10 and
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7

TABLE 32

RE-EXTRACTION CAPABILITIES OF VARIOUS CHELATING COMPOUNDS

SE
O.005M Dithizone Cd
1st Extraction (pH = 5.0) 99
Strip (2.4MHC1) 88
2nd Extraction (pH = 5.0) 2

SE
O.03M Sodium Diethydithicarb amate (NaDDC)Cr Cd Cu Zn Ni
1st Extraction (pH = 3.0) 85 99+ 99+ 99+ 99+
Strip (2.4MHC1) 38 90 9 88 0
2nd Extraction l,pH = 3.0) 16 95 99 24 30

SE
0.114 Thenyoltrifluoroacetone (TTA) Cr Ni Cr Zn Cu
1st Extraction (pH = 4.0) 5 8 4 0 99+

-
• 

Strip (2.4MHC1) -- -- -- -- 86
2nd Extraction (pH = 4.0) 13 13 12 11 99+

SE
0.514 8-Hydroxyqulnoline (BHQ ) Ni

• 1st Extraction (pH = 2.0) 99+
Strip (2.4MHC1) 89
2nd Extraction (pH = 2.0) 0

SE
0.114 Acetylacetone (AcA)
1st Extraction (pH = 5.5) 70
Strip (2.4MHC1) 83
2nd Extraction (pH = 5.5) 3
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1000 mg/i Cu , Cd , Cr, Ni , and Zn were used. The results are given in Table
33. The sodium diethyldithiocarbamate results indicate that the re-extrac-
tion capabilities may only have been the resul ts of excess chelate present
and when hi gh levels of metal were present It was exhausted and no re-extrac-
tion was seen. It Is difficult to interpret the thenylotrifluoroacetone re-
sults. The re-extraction obtained in the previous experiments was not ob-
tained in this one. The compound showed very little ability to be reuseable.
The 10 mg/l experiment was rerun with same results.

For 8-Hydroxyquinoline the problem of not obtaining re-extraction Is ex-
plained by its distribution ratio as a function of pH

Distribution Ratio
0 0.01
1 0.06
2 0.59
3 5.90
4 59.0

The 8-Hydroxyquinoline should , therefore, be in the aqueous l ayer at
low pH’s. An experiment was then run to test this hypothesis. Various
10 ml portions of 0.511 8HQ in chloroform washed with aqueous l ayers con-
taining different pH’s. Each washed chloroform layer was then used to ex-
tract a mixed metal solution containing 810 mg/i Ni at pH = 2. The results
were as follows :

pH of washing solution SE
1.0 100
0.6 (O.6M HC1) 77
0.35 (2.4M HC1) 45
Contro l (water) 100

This seems to confirm that at low pH’s 8HQ is transferred to the aqueous
l ayer and , therefore, lost from the chloroform for future extraction.

In another attempt to verify that the 8HQ was lost to the aqueous l ayer
during stripping, UV spectrum was taken to see if Increased 8HQ could be
seen in the acid solution and decreasing In the organic layer. This was
found to be the case.

In order to have recycling for 8HQ, It would be necessary to separate
the SHQ from the aqueous phase or remove the metals from the aqueous phase.

Ion exchange was the first method reviewed. The stripped aqueous l ayer,
containing the 8HQ and metals was eluted through a column containing macro-
porous cation resin , Blo. Rad. “AG—MP-50M , 20—50 mesh, hydrogen form.

203

—-—-•-•-•—-——•--•-----• - - • • • - — - • - - — - —•- • - -• . • _ -  ••—~- -—~ — -- • - -...-—.—-— -—-—-—-----.-——- •- -~
-- -- ----•- — - • . ---— -.—- •-—--• - -- -—-



- • -  -- --r - 
- - 

- -• -

TABLE 33

RE-EXTRACTION CAPAB ILITIES OF THENYOLTRIFLUOROACETONE AND SODiUM
DIETHYLDITHIOCARBAMATE USING DIFFERENT METAL CONCENTRAT IONS

O.1M Thenyoltrifluoroacetone SE
1Om ~/1 Cd Cr Cu Zn
1st Extraction (pH 4) 0 4 0 78 0
Strip ( i.2MHC I) -- -- -- gg+ --
2nd ExtractIon (pH 4) 7 10 10 7

SE
lOO mg/l Cd Ni Cr Cu Zn
1st Extraction (pH 4) 10 11 11 71 14
Strip (l.2MHC1) -- -. -- 81 61
2nd Extraction (pH 4) 9 9 9 10 9

SE
1000 mg/i Cd Ni Cr Cu Zn
1st Extract ion (pH 4) 6 8 9 49 28
Strip (1.2 MHC1) .- -- -- 99-. 90
2nd Extraction (pH 4) 8 7 9 4 7

O.1M Sodium Diethyldithiocarbamate
10 mg/i Cd NI Cr Cu
1st Extraction (pH 4) 99+ 99+ 99+ 99+ 99+
Strip (2.4MHC1) 80 0 51 0 80
2nd Extraction (pH 4) 99+ 18 2 99+ 19
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(TABLE 33 cont’d)

100 mg/i
1st ExtractIon (pH 4) 99+ 99+ 86 96 94
Strip (2.4MHC1) 73 0 51 0 70
2nd Extraction (pH = 4) 6 12 7 78 11

1000 mg/i
1st ExtractIon (pH = 4) 99+ 99+ 69 99+ 99+
Strip (2.4MHCI) 75 0 33 0 34
2nd Extraction (pH = 4) 0 0 5 0 0
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• Seventy-six percent of the nickel was removed by the cation resin. Nickel
was the only metal checked in order to shorten analysis time . The pH of the
eluted stripped solution was then adjusted to 4.0 and extracted with clean
chloroform. If 8HQ was present, It should extract into the chloroform l ayer.
The chloroform layer was then used to extract a fresh metal solution with 965
mg/i NI. Only 6S of the Ni was extracted. This indicated that 8HQ did not
pass thru the ion exchange column , but was trapped with the metal on the
cation resin , probably because the acid destroyed the molecular structure .

A chelating resin , Bio. RAD Chelex 100, 100-200 mesh , sodium form, was
also tried. It was thought that the chelating resin might successfully com-
pete for the metals while not reacting with the 8-.Hydroxyquinoline. This
res in, however , produced the same results as the cation resin discussed pre-
viousl y.

It was, therefore, concluded that at the present time it would be r
impossible to reuse the chelating compounds. A separation scheme was
then planned assuming no reuse of the chelating compounds.

Since the separation scheme was to be used for the regenerate, the selec-
tion of a proper scheme should be checked using a real regenerate. The pro-
blem of obtaining a proper regenerate sample has been discussed previously.
As stated there, it was deci ded to use a synthetic solution instead. The
concentration of metals are listed in Appendix B.

A series of experiments were then done to examine the use of var i ous
combinations of chelates in a sequential extraction scheme. In all of these
experiments and all future experiments , work was done using a synthetic re-
generate solution as described in a previous section. However, in order to
test the applicability of this method, In some experiments the regenerate
solution was spiked with other metals of interest. In these cases, the added
metal concentration will be given.

Figure 118 shows the results of the first experiment . In this run three
different 8HQ solutions of the same concentration were used in the sequential
scheme.

As can be seen in Figure 118, A (8HQ, pH=O.5), as expected, gave little
extraction. B(8HQ, pH=4.O) showed excellent extraction for several elements,
in fact, too many to be useful. C(8HQ, p14=5.5) was able to extract the re-
mainder of those elements which B did not. These results Indicated that
8HQ would be useful In removing the elements at the hi gher pH but some ele-
ments would need to be removed before its use in order to obtain better
selectivity.

In the nex t run, A(TTA , pH=3) was used expecting to be able to selec-
tlvely remove Cu. As Figure 119 shows A did selectively remove the Cu with
little else being extracted (24% Fe). B(8HQ, pH 5.3), as before had good
removal of Cd, Ni , Fe, Zn and any Cu remaining. C(8HQ, pH”7.2) didn ’t have
much left to extract and therefore was not of much benefit. 
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• Figure (118). Sequential extraction scheme using
A (8HQ, pH = 0.5), B(8HQ, pH 4.0)
and C(8HQ, pH = 5.5).
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Figure (119). Sequential extraction scheme using
A(TTA , pH = 3), B(8HQ, pH = 5.3) and
C(8HQ, pH = 7.2).

208

__________________ 
_______ - - ~~~~~~~~~~~~~~~~~~~~~~~~~~



From the earlier work It was shown that 8HQ was more selective at p11=4.0,
theref ore, a run was done us ing A (TTA , pH=2.6), B(8HQ, pH4 .0) and C(T TA ,
p11=7.0). Figure 120 shows the results. A again showed selective removal
of copper with some Fe and Cr being extracted. B did not extract as selec-
tivel y as expected. Ni , Fe, Zn and some Cd and Cu were extracted. The C
solution was ineffective.

In the next run , as shown in F i gure 121 , A(8HQ, pH=2.5) extracted all of
the Cu and Fe but also extracted some of Cd , Ni , Cr , Zn, Ca and Mg. B (8HQ,
pH=4.O), however , produced a clean extraction for Ni and Zn. C (NaDDC, pH=4.O)
then extracted the remaining metals Cd , Cr , Zn. The performance of B and C
was encouraging since both had clean extractions containing only two ele-
ments in each.

In the next run , A (AcA , pH=5.5) was used to try to remove the Cu. As
Fi gure 129 shows, it was relat i vely successful with about 80% removal , with
minimum extraction of other metals. B(8HQ, p11=2.5) again extracted a little
of everything and a lot of Fe. This time C(8HQ, pH=4.O) had not only Ni and
Zn extraction but also about 30% Cd. This made this a little less clean
than desirable. O(NaDDC, p11=4.0) again extracted the remaining metals.

TTA was used instead of AcA in a similar experiment. The results are
given in Figure 123. TTA behaved similar to AcA. It extracted a little less
Cu and a flttle more Fe. But both, in general , produced the same result.
B(8HQ, pH=2.5) again shows a wide range of extraction . C(8HQ, p11=5.3) was
the same as the previous run with Ni , Zn and Cd extraction. O(NaDDC, p11=5.3)
again extracted the remaining metals.

It was dec i ded to extract twice with TTA in order to obtain more com-
plete copper recovery. 8HQ, p11=2.5 was dropped, since It lacked selectivity.
The results of this run are given in Figure 124. The two TTA extraction did
as expected with nearly complete Cu removal with minimal extraction of other
metals except Fe. C(8HQ, p11=4.0) gave a clean extraction of Ni and Zn with
minima l extraction of other metals. D(8HQ, pH 5.5) extracted most of the
remaining Zn and with some Cd being extracted. E(NaDDC, p11=5.5) extracted
most of the remaining elements. L

I

It one did not have to adjust the pH for each extraction but could use
one value , the time and chemical savings would be advantageous. Therefore,
an experiment was run using a synthetic regenerate solution at pH=4. Figure
125 shows these results. A and B (hA , pH=4) again extracted all of the Cu
with minima l extraction of other elements. C(8HQ, pH=4.O) extracted most
of the Ni and Fe. D(NaDDC , pH=4.0) extracted the remaining Cd, Cr, Fe, Zn
and some Ca and Mg.

This system seemed to offer as good a separation as obtained to this
point. TTA l ayers were producing a relativel y clean solution of copper with
a small amount of Fe. The 8HQ l ayer was extracting 75% of the nickel , 60% of
the Fe and small amount of Zn. The NaDDC served as a general scavenger for
removal of the remaining metals. The final water was very clean. Therefore,
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Fi gure (120) . Sequential extraction scheme using
A(TTA , pH = 2.6), B(8HQ, pH = 4.0) and
C(TTA , pH = 7.0).
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Figure (122). Sequential extraction scheme using

• A(AcA , pH = 5.5), B(8HQ, pH = 2.5),
C(8HQ, pH = 4.0) and D (NaDOC , pH = 4.0).
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C(8HQ, pH = 4.O),D(8HQ, pH = 5.3)
and E(NaDDC , pH = 5.3).
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this scheme was selected for the pilot plant.

The pilot plant used was previousl y described in the methods and materi-
als section. Since the same pH was used for all extractions , the only pH ad-
justment was the Initial adjustment of the synthetic regenerate solution.

The first run using the pilot run consisted of four consecutive extrac-
tions of a synthetic solution of:

c~ !~! c~~~ ~ c~ ~11 74 65 87 124 209 65 29 mg/l

The results are presented In Fi gures 126-128.

Figure 126 shows the XE for the TTA. The results were as expected from
the preliminary extraction schemes. Over 90% of the Cu was extracted, with
minima l extraction of other elements.

Figure 127 shows the XE for the 8HQ. These results were very surprising.
The amounts of Cd and Zn extracted were l arger than expected while the Ni
was much less. Only 15-30% Ni was extracted , while 75% was expected. The re-
maining elements behaved as expected.

Figure 128 shows the SE for NaDDC. These results seem to indicate that
the NaDOC was becoming exhausted. The first two extractions behave as ex-
pected with high removal of the remainin g metals but on the third and fourth
extraction the SE’s decrease significantly.

The next set of runs through the pilot plan were five individual runs.
New chelates were used for each run. In each run one of the five metals
studied in this project (Cr, Cu, Cd , Zn and NI) were spiked to give about
1000 gni/l. The actual concentrations are listed below:

c~4 c~
Run 1 14 90 62 980 113 260 100 35

2 11 800 72 85 160 240 80 32
3 13 88 77 102 160 1140 84 33
4 890 80 71 87 150 230 78 29
5 12 76 850 87 144 225 74 08

Figure 129 shows the results of the TTA. These results are as expected.
Little is extracted except Cu. The high amounts of the metals had no effect
on the XE except in the case of Cu. At a high concentration , only 55% was
extracted. This agrees with results observed in the preliminary sequent ial
scheme study.

Fi gure 130 shows the results for 8HQ. These results are more scat tered
than for TTA but there appears to be no effect on SE by high leve k
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Figure (126). Percent extraction for TTA for four consecutive
extractions of a synthetic regenerate solution.
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Figure (127). Percent extraction for 8HQ for four consecutive
extracti ons of a syntheti c regenerate so luti on.
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Fi gure (128). Percent extraction for NaDDC for four consecutive
extractions of a synthetic regenerate solution.
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Fi gure (129). Percent extraction for TTA for five independent runs
containing the synthetic regenerate solution spiked
with various metals .
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Figure (130). Percent extraction for 8HQ for five independent
runs containing the syntheti c regenerate soluti on
spiked with various metals.
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of various metals. As in the previous experiment using the pilot plant .
the Ni is lower than expected . This was higher than the previous experi-
ment however, when It had been 15-30% while now It was 30-50% but still
not 75-100% was expected . The other metals extracted as expected. The
NaDDC data is not presented since the NaDDC effectively scavenged all the
remaining metals. It extracted all of the remaining Cd, Ni , Cr , Fe and
Zn with small amount of Ca and Mg being extracted. •

Wha t is more important than the %E is the amount of metals stripped.
Each of the five NaDDC solutions were stripped as well as four of the
8HQ, while only one of TTA solutions was extracted . Only those solutions
thought to contain a significant level of metals were stripped . The
concentrations of these strips are shown in Figures 131-140.

For this study , it was hoped to obtain a separated metal in a strip-
ped solution with the other metals less than 10 mg/l . As shown in Figure
131 the TTA strip was as expected , 78% of the extracted Cu was stripped Lwith Zn being the only metal in the solution over 10 mq/l. In a plant
having high copper discharge this process would produce a Cu solution Lof high purity .

The strips from the 8HQ varied in metal concentration depending upon
which metal had been present in high concentrations in the initial solution.

Figure 132 gives the concentration of the strip for the high Cu run. 
FThe Cu not extracted with the TTA was recovered here. Over 10 mg/l Ni ,

Fe and Zn were also present.

Figure 133 presents the results for the 8HQ in the high Ni run . 56~of the Ni extracted was stripped. However, as mentioned previously, much
more Ni was expected to have been extracted. Zn and Fe were again over
10 mg/i in the strip.

Fiqure 134 shows the results of the high Zn run for 8HQ strip. 84~.of the extracted zinc was stripped. However, Ni , Cr , Fe and Ca all ex-
ceeded 10 rng/l. Thus , the produced zinc strip was not as pure as would
be desired.

Figure 135 shows the results of the high Cd run for 8HQ strip. These
results indicate that an error was made in the calculat ion for the t L of
Cd for 8HQ for this run. The calculated value was 0%. however, 145 inti l
Cd was stripped , 16% of the original starting concentration . This dis-
agreement shows a problem in using this method . In order to calculate
%E the amount of Cd in the water layer after extraction is subtracted
from that amount of Cd in the starting solution . In cases of low ~‘~~~

-

traction, a large number is substracted from an equall y large number.
therefore , a large error can result. For these studies each value has an
error of 5-10% associated wi th it. Therefore , the error of not seeing the •

l6~. Cd extraction was possible simply due to errors in the measurement of
the original two numbers . Again the 8HQ strip contained severa l metal s in
high levels and did not produce a clean recovered metal.
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Figure(13l). Metal content in stripped TTA solution from high Cu run.
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Figure (132). Metal content in stripped 8HQ solution from high Cu run.
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Fi gure (133). Metal content in stripped 8HQ solution frc~n high Ni run.
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Figure (137). Metal content in stripped NaDDC solution from high Ni run.
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Figure (139). Metal content in stripped NaDDC solution from high Cd run.
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Figure 136 shows the results of the high Cu run for the NaDDC strip.
91% of the Zn extracted was recovered with all other metals below 10 mg/i.

Figure 137 shows the results of the high Ni run for the NaDDC strip.
71% of the Zn extracted was recoverd. Cr, Ca and Mg were all above iO mg/i.
Even though 460 mg/i NI had been extracted, none was str ipped.

Figure 138 shows the results of the high Zn run for the NaDOC strip.
71% of the Zn extracted was recovered. No other metals exceeded 10 mg/i.
This was a clean solution of Zn and would seem to offer potential for a
Zn recovery process. NaDDc , even though It extracts most metals, It does
not easily release all of them, thus mak ing it very selective and offering
potential for recovery schemes.

Figure 139 shows the results of the high Cd run for the NaDOC strip.
On ly 43% of the Cd extracted was recovered. Zn was again present above 10
mg/ I but all other metals were less.

Fi gure 140 shows the results of the high Cr run for the NaDDC strip.
42% of the extracted Cr was recovered. Zn and Ca were the only metals above
10 mg/i.

To suimlarize the results of the stripping experiments, the following
conclusions can be drawn:

(1) For h A, 78% of extracted Cu was recovered. Zn was the only metal
as a significant contaminant (19 mg/i). However, most of the zinc In the
original solution (260 mg/i) was not extracted. Therefore, this extraction
has potential for producing a clean Cu solution even at these relatively
high levels of zinc. At a lower level of zinc the solut ion would be even
cleaner.

(2) The 8HQ performance was disappointing, especially for Ni extraction.
The 8HQ gives comp lete release of Cd and Cu. It released 56-75% of the Ni ,
62-100% Cr , 48-100% Fe, 65-100% Zn. 8HQ gives a nearly complete release of
all metals extracted.

(3) The NaDOC produced the most surprising and encouraging results.
This chelate does not readily release all of the metals it extracts. None
of the NI extracted was released. Less than 6% of the Fe was released,
50-80% of the Cd was released , 7-42% of the Cr was released. Zn Is readily
released with 55-91% recovered. Because of this retention of NI and Fe,
this chelate which previously offered potential use only as a final clean-up
for left-over meta ls , mi ght be useful in actually selectivity recovering
some of the metals.

The problem with the poor extraction of Ni using 8HQ In the pilot plant
system was found to be due to Insufficient shaking time and mixing. in order
to obtain the extraction efficiencies which were obtained in the preliminary
work , the extraction flasks had to be mixed at maximum rate and mixed for at
least 15 minutes.
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For the final portion of this study , it was desired to make use of the
information obtained so far and apply it toward the recovery of metals in
a real electroplating wastewater. Since information was available for
Tinker Air Force Base , it was chosen as an example.

As described previousl y the Tinker Air Force Base Electrop l ating waste-
water (from ion exchanae ) has only two elements. Cr+6 and Ni ”2worth re-
covering. The Cr is in the anion regenerant and the Ni is the cation reqencrant.

+6Reviewing the results from our study, Cr is not extractable. However ,
there are various procedures for reuse of Cr’

~
6 from anion exchange columns.

These include methods as simple as evaporation or a more complicated method
involving reduction of Cr+6 to cr’

~
3 and then removal by cation exchange ,
+6stripping and oxidation back to Cr

The Ni would be the only metal applicable to this procedure. If 8HQ H
was used alone , any Ni extracted would be expected to be contaminated with
Fe, Zn and Cu. TTA could be used in a pretreatment to remove the Cu and some
Fe, but since there is not enough Cu to recover, this added extraction would
seem to be an expensive clean-up step.

From work discussed in a previous section , it was found that certain
metals could be selectivel y precipitated. It had been observed during this
work that if the pH of the synthetic regenerate was raised to pH=5..5 a brown
precipatate formed. Upon examining the water before and after the pH ad-
justment the following information was obtained:

mg/l
Run l Cd ~fl Cr Cu F€ Zn Ca ~~
pH=O.8 11 1720 84 110 176 257 73 3?
pH=5.5 9 1410 1 10 1 191 62 27
Run 2
pH=0.8 19 1840 105 120 215 274 86 35
pH=5.5 19 1640 2 14 4 240 83 29 

-

XE
Run 1 18 18 100 91 100 26 15 16
Run 2 0 11 98 88 98 12 3 17

As can be seen, nearl y all of the copper, chromium and iron were removed
with only a smal l amount of nickel. This precip itation has selectively re-
moved two of the contaminating metals. There is still , however, a large
amount of zinc present in solution. Examining Figure 10, Ni should be ex-
tracted at pH~3.O with only minimal Zn.
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The following procedure was then followed:

(1) A synthetic regenerate solution (Run 2 from above) was adjusted
to pH=5.5.

(2) The precipatate that formed was allowed to settle and the super-
natant poured off.

(3) 500 ml of this supernatant was poured into the storage reservoir
of the pilot p lant.

(4) 150 ml was discharged into an extraction vessel containing 150 ml
0.25M 8HQ in chloroform.

(5) System was stirred at maximum speed for 30 minutes.

(6) Aqueous l ayer was discarded and another 150 ml was discharged into
the extraction vessel.

(7) Step 5 and 6 were repeated.

(8) The organic l ayer had now extracted 3-150 ml portions of the super-
nat ant.

(9) The organic layer was then stripped with 2.4 M HC1 for 10 minutes.

Figure 141 shows a graph with the SE for each run. Only Cu and Ni were
extracted to any degree. 83% of the total Ni was extracted.

Fi gure 142 shows the concentration of the stripped solution. 83% of
the extracted Ni was recovered. More mi ght have been recovered with a
longer stripping time . The Zn and Cu are still in the final solution but
represent less than 3% of the total nickel.

This Lombin ation of prec ipitation and extraction is able to produce a
final stripped solution containing a clean solution of Ni.

During the entire process , 8 ml of chloroform was lost. The solub ility
of chloroform in water (0.8%) would account for about half of this loss with
the rest being carried over upon separation of l ayers. The chloroform and any
chelate in the stripped solution might be significant if the metal Is to be
reused. If this is true , then the stripped solution would have to be run
through an activated carbon bed for organic removal.

Su~~~t t L igu id -~~~uid Ext raction Studies

Th~’ results obtained in these studies indicate that the li quid -liquid 
-

extra~t ion t~chni que offers potential for the recovery of metals from an
ion exchange regenerate of an electroplating plant. However, at the present
time it does not appear to be economical.
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This technique was shown to be able to separate the various metals of
interest with vary ing degrees of success. The chelating compounds examined
did not show as much selectivity as expected. This was l argely due to the
use in the project of hi gher metal levels. Most work using these chelating
compounds had been done at very dilute concentrations. In this work , levels
as high as 10,000 mg/i were tested. Upon using the hi gh levels of the various
metals , solub il ities became a major problem . Several chelating compounds I’
studied gave excellent separations , but had to be ~t high pH ’s . Us i ng the
hi gh met als at these p Fi ’ s produced precipitates and did not allow for the
extraction to occur . Also the metal chelates , themselves , have a limited
solub il ity in the organic l ayer and at some of the high metal levels used ,
these metal chelates preci p itated f r om the chloroform l ayer. Therefore, the
work ing p range for the metal extractions was limited to be l ow pH~5.5,wh ich thei limited the useful chelating compounds.

The p ilot plant that was built , demonstrate d that th i s techn iq ue was
simple and no elaborate or expensive equi pment would be required. The main
equipment needed would be an acid reservoir , storage feed reservoir and a
series of tanks with mixers for the chelating compounds. The process was
very fast so the volume of the tanks could be kept small. Since the tech-
ni que was s imp le , personnel operating it would not need to be highl y trained . 

-
‘

This technique is not , however , uni versa l . It must be set up for a
specific type of waste. Since each che l ating compound is effective for a
different metal , the types and number of different che l ating compounds will
determine the metals separated. If the wastes of a plant are var i able ,
severa l tanks with different chelating compounds would be needed. If the
waste is uniform , then onl y one or two tanks might be sufficient.

It is possible that the separated metal could be reused directly back in-
to the p lant operat i on . This reuse , however , will depend upon the tolerances
of the baths. In a ll cases , the metal solutions recovered do have contamina-
tion a r i d are dependent upon the different treatments received. If a metal
solu tion is too contaminated to be used , it is possible to run it through
another chelate system to clean it further . Th is will increase the cost.

The recovered metal solutions also contain small amounts of chloroform
and chelating compounds. If these organics interfere with the electroplating
process , another step would have to be added; removal with activated carbon.

Because of the 1arn~ number of poss ible variations to a plant , it is
d if ficult to estimate a total cost. However , certa in costs can be calculated.
The cost of the three main chelating compounds used in this study are: 8HQ
($35/lb.), TTFA ($270/lb.) and NaDOC ($44/lb.). These prices are based on
small purchases and hi gh purity. If these chemicals were purchased in quan-
t i ty and of less purity , it is reasonable to assume that the cost would be
2-5 times less. Below is a comparison of the metal prices and the chelate
cost assuming a factor of 3 reduction for bulk purchases :
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lb Metal Recovered
(theoretical)

Metal Metal Price (su b) Chelate Price (su b) per lb Chelate Used

Ni 5.3 12 (8HQ) 2

Cr 0.8 15 (NaDDC) 3

Cd 16. 15 (NaDDC ) I
Cu 7. 90 (TTFA) 2

From these data , Cu and Cr recovery would not be economically feas i ble
based solely upon the cost of the chelate. The value of the Ni and Cd would
equal the cost of the chelate used. This does not consider the cost of the
ch lo ro fo rm , HC 1 , NaOH , capital costs, as well as operating costs. A ll of
these costs would be much more than current dis posal costs.

Therefore, unless the metal prices increase dramatica lly, or a method of
recycling the chelating compound can be found , the process is not economically
feasible.
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Sft I ION IV

CONCLUSIONS

~~~~~~~~~~~~~ L~LAJL~~ STUD~~S

1 . The hydrox ide ins ol ubi I i z a t  ion/pro i p i tat Ion of cadm i um , op poi- ,
nl ck o l  and z inc y i ol dod ros i du al stipernat ant r io t a  Is concentr -a—
tions which were in c lose aqi-eeinent with v~ lu~ s pl Ott ic t ott  from
theoret i a] equ ii i  h i - i  urn chemistry ca Icu 1 at ions .

10. The addition of sul fate ions resulted in the destcthj I izat ion of
Cr (OH) 

~ 
so spoils on’. in t he pH ranqe 6.0 to / .5 t hrouqh the

mec han i srn of adcorp t ion I or c harqe nets t i a  li z at ion. The so 1 t at e
adsorp t I on phenomenon was I ound to he r-~’v or’. it) 1e , w i t h  su if~ t e
ions being dosorhod t ack into so I ut Ion at pH v i i  ues greater than
the isoelec t r i c  point of Cr(O H) I( s )

The pros once of chromium in a ml xed—m et a 1 sol ut i on was found to
qreat ly at 1 oct t ho in col Ut) Ii zat ion/proc i p i t  at ion of other rati ons
~~~~ so lis t iOn throuq h “ oprec I p i t  at ion ” .

4. The mechan kin of “coproc I p it i t ion ” was determined to be re la te d  to
inso luhi ii za t  ion k m e t  i c c  such th a t , under conditions of “ local I zed
high pH” , the “ s low ” k I net i cs of chromium hydro xid e i nso 1 ult i i i  z a —
t ion all owed fo r  the i nsol 01)1 liz at ion of other metals. No cvi —

deuce of met al Ion adsorpt ion or ion inc los ion , mochani s ins r e—
ported by other invest  i q~ttors , W as 50011 to occur.

5. Mi ~ed - ne t al sy~ t ~Mll s cont.~un tnq I i t t  le or no chromium were found
to fuiic 1 ion accord i nq to eqti ii i  hr i urn chem i st ry predict ions. ft i —

c it ’mt sep~arat ion of two or more mct~i 1’. as Me(0H
’
~ sp ec ies was

of ten ach I eyed , of fo r rig the puss ib iii ty t or metal ’. recovery
through “ se lect i ye t iydro ’ . ide proc I p it at ion ”.

it . “ Coprec i p i tat ion ” I s  n ot  character i s t ic of a l l  t r i v a l e n t  c~tions .

SLIII)GL (~HARAC TI R I/Al ION SI UP I

7. N 1 r k e  1 hydrox ide s 1 urIqt ~s were c ha rac t or i zed by h i qh spe c if I ~res i s t  3n( e va 1 sec  , low ca ke so l ids  cuilceii t ra t i ons , and min imal
so i l  Os pent ’t rat I on dur i rig ‘Iowa I or i nq

~l. Chromium hydrox ide ci t i t t qes wer e t hai at te n ze d b y low spec i t  Ic
nec st ance v~~t uvc , high cake soli Os conc entrations , and major
prob l em s rel it ed to so lids periet rat ion.

9. The use of 1 irne in st ead of sod i urn hydrox i do rests It ed in the
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formation of a chromium hydrox ide floc which was more resistant
to “break-up ” during dewater ing, as evidenced by signif icant de-
crease in solids penetrat ion.

10. The addition of small doses of polyelectrolyte to chromium hydrox-
ide sludges will often si gnificantl y reduce the amount of solids
passing into the vacuum filtrate.

11 . Cupric hydroxide sludges were characterized by low spec i f i c re-
sistance values , widely varying cake solids concentrations , and
prob lems related to solids penetration. However, the “aging ” of
cupric hydroxide to cupri c oxide helped to alleviate most problem s
of solids penetration.

FACTORS AFFECTING DEWATER ING

12. Of the sludge parameters investigat ed , particle size was found to
have the most important role in characterizing the resistance of
metal hydroxide sludges to dewatering.

13. As the mean sludge fioc s i ze increased , the specific resistance
of meta l hydroxide sludges decreased signific antly.

14. Parameters such as inso lub- i l ization pH and variations in metal
content were found to relate to sludge specific resistance by
affect ing the size of f locs formed during insolubilization/precipi-
tation.

15. No one size fraction could be i dentified as being most character-
-
~~~ i s t i c  of metal hydrox id e slud ge dewater ing. Rather , the slu dge

mean floc size and size distribution most adequately accounted
for variations in specific resistance observed.

16. Accurate , predictive sludge dewatering models can be developed to
relate specific resistance to measureable sludge parameters. In
the case of metal hydroxide slud ges, particle size and the fraction
of “f ines ” were found to be the most crucial physical parameters
necessary to characterize the resultant specific resistance.

17. Solids penetration is a major problem when considering the de—
watering of certain metal hydroxide sludges. Furthermore , solids
penetration could not be correlated to the relative fraction of
“fi ne ” particles present in a sludge. Instead , f loc strength ap-
pears to he a major determining factor in the amount of solids
penetrati on which occurs during dewater ing.

18. None of t he physical sludge parameters evaluated were found to be
a good indicator of sludge compressibility. Particle size offered
a m i n i mal correlat i on to “s’ . Most s ludges evaluated had coeffi-
d ent c-f compressibility, “s” , values near 1.0. Finally, the
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variation in “s” during polymer conditioning studies was at best
considered random and unreliable.

19. Synthetic organic polymers of high molecular weight (greater than
106) were found to be efficient condition i ng agents for metal hy-
drox i de sludges.

20. Polymers condition metal hydroxide sludges through increases In
particle size, the mechanism of action being iriterpart icle
“bridging ”.

GRAVITY THICKENING

21. The rate of metal hydrox i de suspension thickening was seen to be
affected by solids concentration as well as by changes in the
characteristic floc size of the suspension.

22. Polyelectrolytes enhanced the rate of thickening through increases
in particle size.

23. It is possible to correlate the thickening rates and dewatering
rates of metal hydrox i de suspensions.

DUAL MEDIA FILTRATION

24. Dual media f i l t rat ion wit h cationic polymer addition can effec-
tively clar i fy a metal hydroxide suspension.

25. A cation-ic polymer dose of 0.5 mg/l was found to be as effective
as higher doses.

26. Filtration efficiency is very sensitive to the l~quid application
rate. Performance was always better at 2 gpm/ft than at 4 gpm/ft ’ .

27. Precoat f i l tration was found to perform at a level comparable to
direct polymer addition to the slurry .

28. Anionic polymers were not useful because they caused hi gh head
losses at the f i lter surfac e.

DIATOMACEOUS EARTH FILTRATION

29. Diatomaceous earth f i l trat ion provided effluent turbidities that
were superior to those obtained by dual media filtration.

30. Most grades of diatomaceous earth performed well. The choice of
media was not critical.

‘14
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31. A flow rate of 0.5 gpm/ft2 and a precoat addition rate of 0.15
lb/ft 2 were found to be optimum.

LIQUID-LIQUID EXTRACTION

32. Liquid-liquid extraction can be used to separate metals from a
mixed metal solution. The separated metals can be obtained in a
reasonably pure form.

33. Althoug h the liquid-liquid extraction process was found to effec-
t ively separate metals , the value of the recovered metals could
rot offset the extraction cost.

34. Inability to recover and reuse the metal chelates is the major cost
factor which renders this process uneconomically feasible .

35. Chelating compounds which can be recovered are not selective enough
to separate metals so they can be reused.

ii
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SECTION V

RECOMMENDATIONS

METAL INSOLUBILIZAT ION

The concentration of metals from an ion exchange reqenerant solution
could be effectively reduced by chemical precipitation as metal hydroxides.
Individua l metals were found to precipitate in a manner predicted by
equilibrium chemistry . Mixed metal systems were nx re complex. Solutions
containing a significant quantity of chromium were found to oroduco
conditions of “coprecipitation ” wherein other divalent cations were
insolub ilized at ph values far below that oredicted necessary for their
remova l from solution .

Sedimentation of metal hydroxide flocs was directly related to the
size of particulates formed dur ing the insolubi lization r,hase of trea tment.
Certain specie s such as Cr(OH)~(5) were characterized by the nresence of
extreme ly fine particles for thsolubilization pH values outside the Lrange 7.5 to 10.5 , resulting in the formation of relatively stable
suspensions. Insolubi lizat ion at oH values near the isoelectric noint
resulted in good settlinq characteristics.

SLUDGE DEWATER ING

Particle size was also found to he a major factor in determining
the rate of hydroxide sludge thickening and dewatering. Particles of
larger characterist ic size produced increased interfacial settl inq
velocities and low specific resistance values . Vacuum filtration was
examined extensively and found to be an applicable procedure for the
dewaterinq of metal hydroxide sludoes . Most sludoes were found to
dewater well and produce cake solids concentrations in the range of 11
to I7’~. with slightly higher levels of 21 to 25’- so lids obtaine d for
chromium hydroxide sludges. In cases where higher resistance to fi ltration
was noted , the addition of organic polyel ectrolytes resulted in improvement
in the dewatering rate .

~ILT RAT ION

E i ther filtration process could be used to unqrade effluents from
the precipitation orocess for recycle of the effluent back through the
ion exchanqe units. The diatomaceous earth pressure precoat filt er
should be considered iii polishing operations involving m eta l hydroddes
as this filter produced a high quality filtrate and was generall y sunenior
to the dual media filter. Ne ither filtration rirocess provided met a ls
removal sufficien t for direct effluent discharge. Organic po l yelectrolvt.es
were required for dual media filtra tion but the dose requirements were
not cr i t ical .

LIQUID -L IQUID EX 1RACTION

The li quid-liquid extraction process was evaluated to determine i~
the metals from a mixed metal system could he separated and rec overed
economicall y. Li quid -li quid extraction was found to be a technicall y
feasible
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procedure but is not an economicall y viable procedure. The major economic
difficulty with this procedure is that the chelates cannot be recovered
and reused and therefore costs of the separation are unreasonably large.

The speci f ic recoirvitendations itiade for the treatment. of metal -bearin g
regeneration backwash water similar to tha t found at the U.S. Air Force
Logistic Center located in Oklahoma City, OK (OC-AIC) are :

I. The concentration of various metals in the regeneration backw ash
should be monitored frequently for the contro l of the neutr ali~ a t ion
process. Since copr ecipi t at ion of metals may supress the equilibrium
pH of prec ip i t a t ion of individua l species , alka limetric titration of
mixed meta l wastes should be performed to determine both the dosaqe
of alkali and precipitation pH of the various metals. Insoluhili-
zation of mixed metals is optimum in the pH range of 7.5 to 10.5.

2. Use of lime is recon~nended instead of caustic soda despi te the
expected increased volum e of s~~dge. Besides being less expensive ,
lime can enhance the dewaterab ility of mixed metal hydroxides by
increasing their shear strength .

3. It is reconiiiended that chromnate waste stream be separated since the
presence of chromium may make dewatening of the hydroxide sludges
difficult.

4. Sufficient time must he allowed in the precipitation and settling
process to comp lete inso lubi li zat i on and allow for some “aging ” of
meta l hydroxides p~~rn’ to dewatering. Problems of “bleeding ” of
part ic ula tes th rough vacuum filter med ia during dewater i ng may be
partly overcome if ce r ta in  metal hydroxides , suc h as those of copper
and chromium , are aged.

5. Add i t i on  of small amounts of high molecular weight polye lectrolytes
as a f i ller  aid in dewatering should he used to increase the strength
of hydroxide f l ocs h using polyelectrolytes, since this appears to
be the risc al parame t ~~ control  1 ing sol ids penetration.

6. The proposed imodel for specific resistanc e may he used convenientl y
to predict specific resistance of a metal hydroxide sludge from a
knowledge of It s particle si:e and size distribution.

7. I ith e r dual-media granular f i l ter or diato maceous earth precoat fill
may he used to r id the clarifi er overflow and vacuum filtrate of
t ra~ o carryov er pant icul ates . Diatomaceous earth filters yield a
superior quality of  effluent amid hence recornended for the polishing
of eff 1uent ’~ from the hydro xide treatment operations.

8. Th e i e t a l  w a s t e  st reams should he segregated in the electroplating
shops and , w he reve r eco riot itics warrant it, recovery should be
acco mpi i s hied by evapora t i oil
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9. Separation and recovery of mixed wastes by liquid -liquid extraction
is not economically feasible.

10. Further research is reconinended to investigate methods of reducing -

sludge volumes and to determine environmentally safe methods for
the ultimate disposal of dewatered metallic residues.

k
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APPENDIX A

ESTIMATiON OF CURRENT BED UTILIZATION

Column Util ization

In pract i ce , the ratio of operating to theoret ical exchanger capac i ty
is at a level cons iderably bel ow its theoretical capacity. The exchange
reactions are equilibrium reactions and a large quantity of regenerant
would be required to drive the reaction to completion. Although increasing
the quantity of regenerant per unit volume of resin in regeneration in-
creases the operat ional capacity of the exchanger , the resulting bed capa-
city is not directl y proportional to the increase in regenerant required.

Eff iciency

The term “Efficiency ” is used to desi gnate the degree of uti lizat aion
of regenerant. E is the ratio of the operating exchange capac i ty of a unit
to the exchan ge capac i ty that theoretically could be derived from a sped-
fic wei ght of applied regenerant. Efficiency refers onl y the output of an
exc hanger relative to the input of regenerant , on an equivalent basis.

This suggests that hi gher efficiencies are achieved with lower levels
of regenerat ion. However , low bed capacities also result at low regenera-
tion levels. In practice , some ef fi ciency is generally sacrif iced to ob-
tain a reasonable column utilizati on.

100 -.

Column
Utilization TYPICAL RELATIONSHIP

• 
_ _ _ _ _ _ _ _ _ _ _ _ _ _0 I

100 Regenerat i on E 0
• Typ ical L’ s

Typ ical Column Utilization = 30—65%

OC-ALC Cat i on Column

Dowex HCRS
135 ft 3 We t Volume
Total Capacit y : -1 .8 rneq/gm

l.~ meq/wet nil from product literature
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1.8 m~q gm 1O3 ml
p as Dry wt/wet vol. = ml 4 .8 meq 1

= 375 gm/i

Column Ut ilization = ~~~~~~~~~~~~~~~

Total capacity = 1.8 ~~ nil 28;32 1 (135 ft 3)

= 6 .9 xm 6
~~~q

= 1800 meq/ l resin

Operating capacity = rneq ’.s removed /i res i n

Estimate froiii regenerant Data collec ted January 1978 and shown in Table

A-i is 140 meq/1 including Na~

140 (1o~ Gal Regen.) 3.785 ft 3 
-

R 
—  78.32 1 — 139 rneqil resin

5 esins = 3.925 eq/ft3 res in

NOTE: This is not the best way to determine operating capac ity but the
only way given the data we have from Tinker . Using the regen’~rant
data we inherently assume each cation introduced into the column is
remove d by the HC1

Usu3l Method:

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

r

i~ ®Liz~~±~~~~~~~~~~~~~
L

~~
Z

~~~~~

1

C~iu iv a1~ nt~ Processed

(Vo l .  ~t water processed for constant waste)

~‘.hen T~’S or con.i i cJv i ty  in product water reaches level A , then regenera-
tion is required .

2 
~ 5
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operating capacity = cross hatched area

would need to monitor : a) Flows
b) Influent concentrations
c) Effluent concentrations

ie: A comprehensive Mass Balance

using our best estimate of operating capac i ty,

Column Utilization = 139 meg/i resin 
~ 100 = 7.7%1800 meq/T resin

Tinker Regeneration E

100 Gal of Tech. Grade HC1 in 100 gal . Ff20

Tech. Grade = 31.45% HCL by wt.

Theoret ical exchange capacity based on regen. applied

5 gallons @ $9.55

FSN 6810-00-236-5665

E = operating capac ity

(5 gal)( 62.4 lb) 1 ft 3 (.3145) = 13.12 lb HC1/5_gal
7.48 gal 

=L
~~~~

62 lb  HCl /gal~

100 gal (2 .62 lb HC1) = 262 lb HC1

= 1.94 lb HC1/ft 3 res in

1.94 lb HC1/ft3 (454 gm) mole = 24.1 moles HCl
lb ~~ S gm = 24.1 moles H1’

1 mole H ” 1 equiv H1’

E = 3.925 eq/ft3 
100 =~i6.3% J24.1 eq/ft3

(20 containers) ~~~~ 180 regens /yr . =~$34 ,00O/yrjregen container ____________
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Soften i ng

I t is noteworthy that on an equivalent basis approximately 90% of the
total operating ~ipac i ty is being uti l ized to remove Ca and Mg i ons. The
major ity of this hardness comes from the 25 ,00 GPO well make up water which
contains 42 mg/l and 20 mg/i compared to onl y 1~~ 3 mg/i and 2 .0 mg/i i n the
OC-ACL ri nsewater.

A so ftening process which emp l oys dnd strong acid cation resin
should be i ri’-.ta lled up~ tream of the rinse sump on the make up water line.
Column u t i liz a tion may rot i ncrease but cycle t i me should go from 2 clays
to approximately 2 weeks and metal concentrat ions in the reqenerant will be
much hiaher an advantage with respect to recovery .

The prohlt’I!~. assoHated with util i zation and regeneration E are physi-
cal i n nature.

1. Loss of resin
2. Air locks (consider deq asing the influent)
3. Improper distribution system 4’

4. ~-lydrox ide fou ling in the anion column
5. Cha nn el in q short circuiting

;4 57
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APPENDIX B

CALCULATION OF SIMULATED SAMPLE CONTENT FOR CATION REGENERANT

I. Method A

1. Assume 50% column utilization is desirable and regeneration is con-
ducted to achieve this valve.

Total capacity = (135 ft3) (1.8 meq/1)

= 6.9 x 106 meq

50% = operating capac i ty 
~ 1006.9 x lO meq

Operating Capacity 3.45 x 106 meq

Based on a regenerant volume of 1000 gal , the equivalent concentra-
tion in the regenerant is 912 meg/i.

2. An alternate calculation is as follows :

Typical operating capac ity for Dowex strong acid resin regenerant
with 6 lb . 100% HC1/ft3 resin.

25 kg/ft3 resin (as CaCO3)

g 3 10 ~~~~ - 
eq 10 meq

1000 gal x 3.78S 1/gal kg grain 50 gm eq

= 1150 meg/ i

Use 1000 meg/i for simulated samples

Assume make-up water softened with strong acid H’
~ resin , removing all

cations from rinse water

The simulated sample content is shown in Table B-i.

II. Method B

1. Assume 2000 gal regeneration and backwash f low

2. Two samples were taken at Tinker AFB and the metal content measured .
One sample , desi gnated as sample #1 , was a grab sample taken during
the regeneration cycle. Sample #2 was a composite sample and repre-
sents the composite metal concentration In one regeneration cycle.
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These values , presented in Table B-2, show that both the grap sample
and composite sample contain similar ion contents. Therefore, these
values were averaged and used to calculate the synthetic waste metal
content.

The criteria utilized in developing the proposed synthetic regeneration
wa ste solution are as fo ll ows :

(1) Both Samples #1 and #2 contained approximately 95 meq/1 of cations
(excluding H , Na , K , etc.) This was assumed to be the representative —

cation exchange capacity (CEC) of the resin that could be realized under the
operating conditions. This Is at best a judgment decision. Since the present
ion exchange system at Tinker AFB Is assumed to be exhausted on the basis of
conductance measurements after both anion and ca ti on exc hanges , it is impos-
sible to determine exactly what percentages of the CEC and also total exchange P
capacity are utilized when the system is regenerated.

(2) All calculations were made assuming that proper equipment for the
removal of hardness from make up water will be Installed . Thus, it was
assumed that 90% of the present levels of calcium and magnesium would be re-
moved through pretreatment.

(3) Other elements under consideration (Ni, Cr, Cu, Cd , Zn and Fe) were
considered to remain in the same proportions as were obtained by averaging
their respective concentrations present in Sample #1 and #2. These calcula-
tions are shown in Table B-2.

TABLE 8-2.

Sample Calculations for Synthetic Cations Regeneration Waste

Ave . Conc. % of Equivalence
Meta l Sam_pie #1 Sample #2 

~~~ 
meg/i (excluding Ca & M~)

Cd 2.6 1.2 1.9 0.03 0.40
Ni 210.1 74.2 142.1 4.84 65.0
Cr 11.5 5.2 8.35 0.48 6.44
Cu 4.5 18.7 11.6 0.37 4.97
Fe 20.0 14.7 17.4 0.95 12.75
Zn 39.0 12.0 25.5 0.78 10.47

Ca 990.0 960.0 975.0 48.7 --
Mg 420.0 390.0 405.0 33.7 --
Pb 6.0 6.0 .058

Because insufficient data existed for the chemical composition (metals ,
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in particular) of the rinse water, its use in developing the metallic compo-
sition of the simulated cation exchange regeneration wastewater was precluded.

From the average ratio of various metals present in the two waste sam-
ples , it is possible to predict the concentration of each metal , assum i ng
95 meq/l to be the total concentration of all metals the results of these cal-
culatlons are shown bel ow:

TABLE B-3

Composition of Synthetic Waste Calculated Using Method B.

Element meq/1 
!~~LJ.

Cd 0.3 18.5
Ni 59.9 1550.0

Cr 5.3 91.0
Cr 4 .1 129.0
Fe 10.4 191.0
Zn 8.6 279.0 r
Ca 4 .9 97.0

Mg 3.3 40.0

95.8 meq/l r

The synthet ic waste were prepared by utilizing nitrate or chlor i de salts of
each metal and dissolving them in di stilled water. Hydrochloric acid was
used to l ower the pH to 1.4-1.5 , the normal pH range of the backwash waste
samples from Tinker AFB. Also , NaC l was added 1ff additional ionic strength
was needed .

Because the synthetic sample in Table B-3 was calculated based upon
actual Tinker AFB samples , this synthetic waste sample was selected over
that shown in Table B-l.
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INITIAL DISTRIBUTION

DDC/DAA 2 HQ AFESC/DEV 1
HQ AFSC /DL 1 USAFSAM/EDE 2
HQ AFSC /SD 1 HQ AFISC 2
HQ USAF/LEEV 1 HQ AUL/LSE 71-249 1
OSAF/MIQ 1 HQ USAFA/Library 1
OSAF/Ol 1 HQ AFESC/TST 2
AFIT/Library 1 OL-AD ; USAF OEHL 1
AFIT/DE 1 OUSDR &E 1
EPA/ORD 1 USAF Hospital , Weisbaden 1
AFIT/LSGM 1 VP I and SU 1
USA C h i e f , R&D /EQ 1 University of S. Carolina 1
USM Chie f , R &D/EQ 1 AFLC/MA 1
WR -ALC/DEE 1 Industrial Env Research Lab 1
WR -ALC/MAA 1 AFRCE/ER 1
OC-ALC/DEE 1 USAMBRDL 1
OC-ALC/MAA 1 AFLC /DE 1
SM-ALe /DEE 1 Us Army/CERL 1
SM—ALC 7MAA 1 USA Environ Hygn Agency 1
SA—ALC/DEE 1 Universi ty of MO-Columbia 10
SA-ALC/MAA 3. HQ AFESC/RDVM 10
O-hLC/DEE 1 AFRCE/CR 1
O-ALC /MAA 1 AFRCE/WR 1
AFOSR/CC 1 NEPSS 1
OEHL /CC 1 NCEL , Code 25111 1
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