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PREFACE

1 This report documents work performed during the period
§ 30 June 1974 through 1 July 1976 by the Air Force Civil
Engineering Center (OLAA), Kirtland Air Force Base, New
Mexico. Major Emil C. Frein and 1lst Lt Dale H. Allen were
the project officers.

The purpose of the research reported here was to
evaluate Reverse Osmosis (RO) as a process to reduce pol-
lution and increase materials conservation in large Air
Force chrome plating operations. 1In these studies simulated
chrome plating solutions were processed by a Reverse Osmosis
unit built to Air Force specifications by Envirex Inc,
Milwaukee, Wisconsin, using three types of commercial RO
modules. The purpose was to evaluate recycling both the
concentrated chromium solutions to the plating baths and the

P filtrate to the vent scrubbers and rinse tanks. The data

| from these studies are compared with theoretical relation-
ships found in the literature and calculations are given for
the design of a typical installation at an Air Force plating

facility. i

This report has been reviewed by the Information

E Office (OI) and is releasable to the National Technical

k! Information Service (NTIS). At NTIS it will be available to
the general public, including foreign nations.

k. This technical report has been reviewed and is approved
4 for publication.
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SECTION I

INTRODUCTIOM

REVERSE OSMOSIS

The term osmosis is commonly used to describe the flow
of water from a dilute solution through some membrane to a
more concentrated solution. These membranes are frequently
described as being semipermeable, which, theoretically,
refers to a membrane which is permeable only to the solvent.
If one starts with a pure solvent on one side of such a
semipermeable membrane and a solution on the other side, the
solvent (water in the case of an aqueous solution) will dif-
fuse through the membrane until a certain osmotic pressure
is reached, at which time the rate of diffusion across the
membrane in each direction is in equilibrium and no further
net flow occurs. In theory, if the membrane is ideal and
truly semipermeable, and if the solutions are dilute, then
the osmotic pressure is a function only of molar concen-
tration and absolute temperature (Reference 1).

1© = CRT (1)
where:
© = osmotic pressure (atmospheres)
C = solute concentration (moles/liter)
R = universal gas constant
T = absolute temperature

If pressure were applied to the concentrated side of
the membrane, the amount of solvent which diffuses through
the membrane to the concentrated side would decrease. Theo-
retically, application of the osmotic pressure determined by
equation 1 will result in zero net flow across the membrane.

Application of pressures greater than the osmotic pressure will

result 1n flow of solvent from the concentrated solution to
the dilute solution. This is known as reverse osmosis (RO).
The application of RO to industrial scale operations depends
upon the availability of a membrane which is not only semie
permeable, but also capable of high solvent flux rates.

Although such membranes do not exist, membranes with charac-
teristics of high flux rates and high solute rejection

rates are now available. These membranes, most of which are
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constructed of cellulose acetate in various configurations,
have been demonstrated to be applicable to the desalination
of sea water and brackish water (References 2 and 3).
Design equations as summarized by Weber (Reference 4) are
given in the appendix.

The modules are constructed of the membrane material
attached to a permeable support material. The simplest con-
figuration consists of one tube. The feed solution enters
the module at one end under pressure. As this feed solution
flows down the inside of the tube, solvent (and some solute)
passes through the membrane and becomes the product; the
feed solution becoming continuously more concentrated until
it emerges under slightly reduced pressure as the concentrate.
The inside of this tube is generally referred to as the con-
centrate side of the membrane. The product solution emerges
under negligible pressure.

A modification of this configuration is the hollow fiber
module. These hollow fibers are connected at one end to a
sheet which serves as a manifold. Feed solution enters the
module through some type of distributor tube and passes around
the hollow fiber membranes where some of the solvent (and
solute) enters the fibers and emerges as the product through
a type of manifold device. The remaining portion of the feed
solution emerges as the concentrate.

Another configuration is the spiral wound module,
which consists of sheets of a porous material put together
between two layers of membrane material. This, in turn, is
sandwiched between mesh spacers surrounded by two impervious
layers of material. These layers are wound around a tube
situated in the center of the module. Feed water passes
through the mesh material and over the membrane surface
where a dilute solution passes through the membrane and the
porous material into the tube where it emerges at one end
of the module as the product. The concentrated feed solution
emerges through the mesh material to the concentrate part of
the module.

CHROME PLATING PROCESS

Many different processes, solutions, tanks, and tech-
niques are used in the operation of a chrome plating line.
For the purposes of this report, only those processes which
contribute to either water or air emissions of chromium will
be isolated and analyzed (see Figure 1). Example data were
taken from a study of the plating shop at the Oklahoma Air
Logistics Center at Tinker AFB (References 5 and 6).
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After being cleaned, etched, and rinsed, parts are
placed in the chrome plate tank where they are plated at
different amperages for different lengths of time, depending
on the nature of the part and the thickness of the surface
to be plated. Parts plated during the referenced study
included sleeve bearings, turbine compressor hubs, internal
bearings and other miscellaneous parts from jet engines.

The bath consists of 33 oz/gal chromium trioxide (CrO3)

(2.48 moles/liter) and 0.33 oz/gal sulfuric acid (HZSO )
(0.0243 moles/liter), producing a pH of 0.5 to 1.0.° The con-
centrations are checked and adjusted weekly. The CrO3 dis-
sociates to form chromic acid (H?CrOB) (Reference 7) :

Cr0, + H,0 » H,Cro, (2)
Because the chromium concentration is high, the formation
of dichromate is favored (Reference 8).

2

s % (
ZHCrO4 Cr207 4+ HZO (3)

The part placed in the solution functions as the cathode
where the reduction of hexavalent chromium supplied by the
dichromate or chromate (Cr +6) is reduced to metallic
chromium and plated onto the part. Evaporative losses from
each plating tank averaged 400 liters per day.

This electrolytic mechanism causes the formation of
minute bubbles which form a chromium containing aerosol
when they burst at the surface of the tank. A similar
source of chromium bearing aerosols results from the air
agitation system used to mix the tank, thus preventing
depletion stagnation of the plating solution in the vicinity
of the part. Chromium emissions from this source were
correlated with the current applied to each tank (Reference 5).

B o= 0+ K201

where:
E = chromium emission in gm Cr/day
I = current in kiloamps

The aerosol thus produced is exhausted through a collar duct
which surrounds each tank. Most of the chromium contained
in this aerosol is removed by impaction on a mat material

in the scrubber mechanism; the remainder passes through and
constitutes the air emissions. The chromium impacted on




this mat material is removed by water, forming a portion of
the water emissions. Although water emissions from the
scrubber averaaged 20 ma/l as Cr, it has been demonstrated that
concentrations of 1000 mg/l as Cr can be maintained in the
scrubber water without affectina scrubber performance
(Reference 6).

A second source of chromium containing water emissions
results from dragout losses directlv from the platina bath.
Each part removed from the bath dragged out 10 ml of plating
solution with it. (An averace of nine parts were removed
from all plating baths per hour).

One series of rinse tanks serves all seven plating baths
on a line. At present, rinse baths 2 and 3 are counter
current. The influent rinse water to rinse 1 and 3 is
deionized water, the flow of which is controlled by conduc-
tivity measurements.

This arrangement could be modified so that all three rinse
baths would be operated in a counter current mode, with
deionized water as an influent to only the third rinse tank.
Under such an arrangement, the 10 ml of dragout from the
plating bath would become mixed with the solution in the first
rinse tank, 10 ml of the solution irn the first rinse tank
would become mixed with the solution in the second rinse
tank, etc. The flow rate of deionized water into the third
rinse tank can be adjusted to maintain an acceontahle
chromium concentration in the third rinse tank (estimated
to be 10 mg/l as Cr). The overflow from the first rinse tank
would constitute the second source of chromium water emissions.

The neutralizer tank consists of a solution containing
8 oz/gal (1.51 moles/liter) of sodium hydroxide (NaOH). The
purpose of this solution is to neutralize the pH of the
dragout from the first rinse. When used, the dragout from
this bath becomes the principal chromium input to the second
rinse bath.

REVERSE OSMOSIS FOR ELECTROPLATING WASTE TREATMENT

Reverse Osmosis has been proposed for use with plating
operations. Advantages claimed include the recycling of
plating chemicals, recycling of rinse waters, minimal energy
requirements compared with evaporation, elimination of sludge
buildup, elimination of equipment associated with chemical
destruction methods and the use of a closed loop system to

meet EPA regulations (Reference 9). vatems which have been pro-
posed involve the recycle of the concentrat® back into the plating bath
and reuse of the product water for the rinse tanks (References 10 and 11).
Problems have been encountered or anticipated with chromic acid baths,
however.

v




Golomb (Reference 11) determined that cellulose acetate
membranes were attacked by unneutralized chromic acid rinses
(pH 2, 6), but were not attacked by other acidic plating
wastes. Donnelly et al (Reference 10) found that raising
chromic acid rinses to pH 4.5 to 6.0 significantly extended
the life of cellulose acetate and polyamide membranes, but
did not determine the estimated life of the membranes, under
these pH conditions. DNew types of membranes have been
developed to treat metal finishing effluents, but these
membranes were not found to be suitable for acidic oxidizing
wastes, such as chromic acid wastes at pH 1.5 (Reference
12). Neutralized chromic acid wastes were not tested in
this study. Golomb (Reference 13) has proposed that chromium
chemicals resulting from RO treatment of chrome plating
wastes could be economically reused by other industries, if
unsuitable for recycling within the plating shop.




SECTION II
REVERSE OSMOSIS PILOT PLANT

The RO unit used in this study was custom fabricated
specifically for this project. It contains three sets of
three different membranes: hollow fiber, tubes, and spiral
wound, arranged so that any combination of these membranes
can be utilized in either parallel or series operation modes
(See Figure 2 and Table 1).

TABLE 1. REVERSE OSMOSIS MODULES

Manufacturer: DuPont Gulf Atomic Fluid Science

Brand Name: Permaser Permeator Roga Model 4100 UOP OSMOTIK
Model No. 0420-018

Membrane Con-

figuration Hollow Fiber Spiral Wound Tubular
Membrane B-9 Fiber Cellulose Cellulose
Material: Acetate Acetate

Maximum Oper-—
ating Pressure(psi): 400 800 600

pH range: 4-11 5-6 4.5-5.5

Solutions from a 378 liter (100 gal) feed tank pass
through a 1/3 hp booster pump, which provides positive
pressure on the inlet side of the high pressure pump and
overcomes the pressure loss through the cartridge filters.
These retain particles less than 5 microns and protect the
RO modules. The multistage high pressure pump used was
rated at 7% hp and was constructed of stainless steel and
plastic.

The RC modules listed in Table 1 are arranged and
plumbed so that any combination can be run in parallel or
series. The product flow rate is monitored by three roto-
meters before discharge. Under experimental conditions,
both product and feed streams were recombined into the feed
tank which had cooling coils for reducing heat buildup in
the solutions.

The cleaning of RO membranes was accomplished by
a procedure recommended by Envirex Inc. This procedure calls
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for flushing the modules with the following solution

(volume
85 liters):

L. 7200 kg (3.75 1b) citric acid

88 ml Triton X@(a detergent)

1.25 gm Carboxymethyl cellulose
This solution was circulated through the modules for a

minimum period of 2 hours, followed by rinsing with deion-
ized water.

Prolonged storage after flushing requires that a formal-
dehyde (0.3 to 0.5 percent) solution be placed in the modules.

o



SECTION III

EXPERIMENTAL DESIGN AND RESULTS

The application of RO or any other membrane separation
process to the treatment of industrial wastes depends on
several factors, including the degree of separation of the
waste stream that the membrane can achieve, the rejection
of the chemical species in the waste, and the degree to which
the membrane resists damage due to attack by the waste. Chrome
plating wastes are particularly suspect in the latter case, as
hexavalent chromium in an acidic medium is an extremely potent
oxidizing agent, as is evidenced by its use as the oxidizing
agent in the Chemical Oxygen Demand Test. Another area of
concern in applying RO to chrome plating wastes involves the
ability of the membrane to achieve sufficient solvent and
solute rejection.

Experiments were designed to simulate plating solutions
diluted to concentrations anticipated in rinse tanks or in
scrubber blowdown water. These solutions were made from
technical grade chromium trioxide (Cr0O,) ard reagent grade
sulfuric acid (H,SO,) in the proportions found in a plating
bath. These solitions were then neutralized with reagent
grade sodium hydroxide (NaOH) to a pH of 6.5 + 0.4. This
neutralization was done to protect the membranes from
oxidation by the chromium as previously discussed. Chromium
concentrations and water level were checked daily and readjusted
when necessary.

All chromium measurements were performed using atomic
absorption (AA) spectroscopy with a nitrous oxide-acetylene
flame on a Perkin Elmer model 403 atomic absorption unit.

All membranes had previously been used with nickel and
cadmium cyanide solutions. Data from these tests indicated
that no decrease in membrane performance had occurred.

All membranes were cleaned using the recommended procedure
before being used with the chromium solutions.

In order to assess the relative performance of the three
types of membranes, tests were performed using an influent
chromium concentration of approximately 100 mg/l. Data from
these tests are given in Table 2.

10




TABLE 2. RELATIVE MEMBRANE PERFORMANCE

Membrane R R
3 Tubular 0.77 0.116
Spiral Wound 0 0.25
4 PermasepO 01,97 0.69

The Spiral Wound membrane failed to achieve any separa-
tion of the chromium. In order to determine whether the
membrane had been damaged, a nickel solution was passed
through the membrane and the performance was compared with
previous nickel tests. ©No difference in performance was
detected.

The Tubular membrane's performance was hetter, but
significantly less than that of the Permacep , especially
with respect to the product regovery ratio, R. On the basis
of these results, the Permacep membrane was selected for
further testing.

e .

Information from the literature indicates that the per-
formance characteristics of the membrane are a function of
feed pressure and/or feed concentration, or variables which

r are functions of feed pressure and/or fea2d concentration.

s To evaluate the effects of varying feed pressure (AP), tests
were conducted on a solution containing 210 mg/1 + 7 mg/l
chromium at pH 6.0 to 6.5. Each pressure increment was

k| maintained for a minimum of 4 hours to achieve a steady state

! condition.

Theoretically, variables which are functions of feed
pressure are actually functions of the difference between
feed pressure and the osmotic pressure of the solution. As
previously discussed, permeate (solvent or product flow)
flux is proportional to feed pressure minus osmotic pressure:

i = Wy A e 7°) (4)

These data are presented in Figure 3. Note that the plot
of product flow versus feed pressure (Q. versus AP) has a
positive intercept; inferring that the Osmotic pressure in
Equation 1A (Appendix) is negative, an impossibility. However,
the function relating feed flow, er with feed pressure can
be used for design purpose:




Qf = 0.17178 AP + 1.0491 (5)

Product flow, Q 1is related to feed flow by the solvent
recovery ratio (see gppendix equation A9). The data from
Figure 3 was used to prepare a plot of R versus /P (see Figure
4). These data were combined with a plot of R versus Cg (see
Figure 5) to yield an equation relating R to AP and Ce:

R = Qp/Qf = 0.61172 - 0.000028 C_ + 0.00312 AP (6)

f

The relationship given in the literature between solgte
rejection and feed pressure also involves the term AP - =
(see Appendix equations A4 and A5). When l/RO was plotted
as a function of 1/AP, a straight line defined by following
equation resulted (see Figure 6):

1/R® = 0.11852 1/AP + 1.00362 (7)

This can be rearranged to form an equation of the same
form as equation R4:

o) 1

R™ = [1.00366 + 0.11822/AP] (8)
Another series of tests was run to determine the effect
of the solute (feed) concentration (C.) on membrane perform-
ance. After cleaning the membrane, an initial chromium concen-
tration of 25 mg/l was used as a feed to the membrane under a
pressure of 25.67 bars (370 psi). The concentration of the
feed solution was changed at 48 hour increments by adding a
Cr03, sto4 mixture which had been neutralized with NaOH as
before.

These data are plotted as R versus C_. in Figure 5, as
previously described. When the equation Of this line is
combined with the equation of the line in Figure 4, equation
6 results. In addition, an attempt was made to determine
K in appendix equation A2 by plotting Fgo as a function of
AC for both sets of data, but the graphs were inconsistent with
each other and the expressions were not used.

An expression to determine solute separation was still
required. Data from both sets of experiments were plotted
to determine C_ as a function of C_ (1-R7) (see Figure 7).
R~ (appendix eguation A3) and C (Qppendix quation AB) were
calculated for each data point. The use of R~ in place of
R AV in appendix equation A6 yielded satisfactory results.
™he&%ine determined in Figure 7 was defined by the following
equation:

12
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)

¢ = 1.92587 (1-R°Y ©  + 0005 (9)
P m

The intercept was considered negligible, and the equation was
used as:

¢ = 1.92587 (1-r"%) ¢ (10)
p m

After several days of testing at the highest feed concen-
tration (950 mg/l), the RO unit was operated until evidence of
excessive fouling was evidenced. After 1200 hours, it was no
longer possible to maintain this feed rate, even at feed pressures
of slightly in excess of 27.75 bars (400 psi) and the device
was shut down for cleaning. This was repeated for a second
1600 hours with similar results. :

During the preparation for one test, the pH of the chromium
feed solution was inadvertently adjusted above pH 7.0. The
filters and membranes became clogged with precipitated chromium
to the extent that after 2 days it was no longer possible to
maintain the maximum feed flow rate, even at the highest oper-
ating pressure. Although the reason for this phenomena was

not known, care was exercised in all subsequent tests to main-
tain a pH below 7.0.

18
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SECTION IV

PROPOSED DESIGN

3 Reverse osmosis can be applied to the chrome plating
. process described in the introduction by making a number
of modifications to the plating line.

An RO unit, with units arranged in some given combination
of series and parallel modules, is capable of producing a
b low flow concentrate stream with a relatively high chromium
concentration, and a higher flow product stream containing a
dilute concentration of chromium. The chrome plating process
offers potential uses for both streams.

The concentrate streams can be added directly back into
the plating bath in place of the deionized water currently
being added to the bath to replace evaporative losses. This
will prove feasible, provided that the concentrate flow rate

! is less than or equal to the evaporation rate from the plating
} baths, and there 1s no excessive buildup of foreign chemicals
such as sodium.

_ The product stream can be used in processes which require

L relatively clean, but not pure water. Such processes are the
{ scrubber water makeup and the first rinse tank following the

| plating bath.

The design for such a system is given in Figure 8. The
E | 3 purpose of this design exercise is to demonstrate that RO can
E be incorporated into a viable closed loop system for the re-
cycle of chromium from a typical Air Force chrome plating
operation. The controlling variables are the evaporation
rates from the scrubbers, and from the scrubber blowdown rate
necessary to maintain adequate scrubber performance, and the
chromium concentration in the final rinse tank.

ey

The proposed design utilizes a scrubber design determined
as a result of studies performed at the Oklahoma Air Logistic

Center (References 5 and 6). A total flow through each scrub-
ber of 20 1/min as currently employed is maintained with a
recirculation of 18 1/min and blowdown rate of 2 1/min. The

makeup must equal the blowdown rate plus any evaporation in

the scrubber. This evaporation rate is expected to be highly
variable depending on the flow rate of air through the scrub-
ber, the relative humidity, and temperature. 1In this design,
makeup water is provided through the product side of the RO

unit. To design for adequate capacity in the RO unit, conditions
under which a reasonable maximum evaporation rate would be
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expected were selected for design purposes: 32.2°C (90°F) and
40 percent relative humidity. Assuming that the exhaust air
leaves the scrubber at %2.2°C, 100 percent relative humidity,
and a flow rate of 100m™ /min (currently used), the evaporation
rate per scrubber is 2.44 1/min, or 17.08 1/min for all seven
scrubbers. Thus, the product flow rate from the RO unit must
be (2.0 + 2.44) x 7 = 31.08 1/min. This calculation ignores
the 30 ml/min evaporation rate expected from each rinse tank.

Scrubber chromium concentrations were calculated by
assuming that each plating bath was half filled with parts
being plated and that the current density was 0.8 kiloamps
per tank. This yielded a chromium emission rate from each
scrubber of 73.61 mg/min.

The chromium concentration in the first rinse tank was
calculated from a mass balance on chromium, assuming a 10 ml
dragout per part rinsed and nine parts rinsed per hour. The
chromium concentration of 128,500 mg/l was assumed constant,
since the chromium and sulfuric acid concentrations in each
tank are checked and adjusted weekly. The RO unit was designed
using the iterative procedure described in the appendix to
process slightly more than 31 1/min feed flow and to produce
less than 2 1/min of concentrate (see Figure 9).

Sodium hydroxide or some other hydroxide will be required
to neutralize the acidity resulting from dragout from the
plating bath. Acidity will result from dilution of the H
of the plating bath and the formation and subsequent dis-
sociation of bichromate. As the chromium concentration is
decreased, dichromate reacts to form two bichromate ions
(Reference 8):

4

. - =
Cr,0, © + H,0 » 2HCrO, (11)

As the pH is increased to pH 6.5 (the pK, of chromic acid), the

bichromate dissociates with the release 6f F' (Reference 8):

2

ucro,” » H' + cro,” (12)

4
The dragout rate of 0.0015 1/min of the plating bath con-
taining 0.32 m/l H® ‘and 1:24 n/l Cr.0. (2.5 m/l as HCrO, )
will consume NaOH at a rate of 19.2"mg/min for the H and
150 mg/min for the HCrO, . This is a yearly requirement of
89 kg (196 1lb) of NaOH. This requirement may be drastically
reduced if the pH is maintained below 6.5, as the HCroO would
not have to be neutralized. This was not done im the fab-
oratory study because of the concern that tiie membranes would
be attacked. However, this may not be a problem where the
chromate species is present instead of the dichromate. In
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any case, this question should be addressed in a pilot scalc
study.

Sodium hydroxide additions may be made either in the
rinse tank itself or in the line from the rinse tank to the
RO unit. Exact additions must be regulated by some control
device using a pH electrode. Care must be exercised in the
design of this control system so as not to raise the pH above
705

Flow of deionized water into the system is controlled by
a liguid level controller (LLC) on the first rinse bath.
This water first passes through the second rinse tank before
entering the first rinse tank, thus providing a pure rinse
water for the final rinse. This design feature permits compen-
sation for evaporative losses in the scrubbers, provided that
the RO unit produces enough product flow to account for the
evaporation in the scrubbers and to allow for a scrubber
blowdown rate of 2 1/min.

This flow was calculated to balance the evaporative
losses in the scrubbers and the plating baths. The chromium
concentration was determined from a mass balance on chromium
assuming a 10 ml carryover per part (0.0015 1/min) from the
first rinse tank.

The final concentrations were determined by reiterating
the mass balances until the change in concentration from one
iteration to the next was arbitrarily small.

All of the sodium added to the feed to the RO unit will
eventually end up in the plating bath. The above calculation
for sodium hydroxide addition indicates a sodium addition to
the plating bath of 53.71 mg/min (as Na‘). The yearly buildup
of sodium in a 7000 liter tank will be 4.03 gm/1. If this
accumulation proves to be too much, a cation exchange column
operating on the H cycle could be placed in the, concentrate
line following the RO unit to exchange H for Na .

This design will require the use of certain additional
pieces of equipment which are not shown. Some filter arrange-
ment similar to that employed in this study in line before
the RO modules will be necessary for protection from premature
fouling from suspended material. Flow meters on the product
line and scrubber blowdown line will be required to monitor
the scrubber evaporation rates. In addition, some provision
must be made to cool the RO feed in case the rinse water
temperature exceeds 35°C (95°F), as recommended by the
manufacturer.

2\




Difficulties in balancing the actual system will be
encountered due to variations in the rate of evaporation
from both the rinse tanks and the scrubbers. A decrease 1in
evaporation from the scrubbers would result in a lower
chromium concentration in the blowdown and a higher blowdown
rate into the first rinse tank.

An increase in the scrubber evaporation rate will
result in an increase in the chromium concentration of the
scrubber water and a decrease in the blowdown rate into the
rinse tank. This will cause a minimal increase in the amount
of chromium carried over into the second rinse tank and carried
out with the parts being rinsed. If the decrease in the scrub-
ber blowdown is significant, as indicated by monitoring the
blowdown rate, the flow through the RO unit can be increased,
by increasing the feed pressure or by adding additional
modules.

This system was designed assuming that the neutralizer
tank was not used. If this tank is used, the carryover into
the second rinse tank will consist of 0.0015 1/min of 34,500
mg/1l NaOH, resulting in a faster buildup of sodium in the
plating bath, and larger chemical requirements. This sodium
buildup can be compensateg for by placing a cation exchange
column operating on the H cycle between the RO unit and the
plating bath, as previously described.

It should be realized that this design is based on a
number of highly variable parameters; however, it should be
evident that the implementation of such a system will
result in relative ease of maintenance with zero discharge 1
of chromium, a well-rinsed product, and efficient scrubber |
operation. |
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SECTION V

CONCLUSIONS

This study was designed to determine if RO could be
utilized as a pollution control process for a chrome plating
shop. Data from this study indicate that the answer is
affirmative. The Permasep® membrane manufactured by duPont
combines a high salt rejection rate with a high product recov-
ery rate. A closed system resulting in zero discharge of
chromium from water emissions has been designed.

It is recommended that a system similar to this one be
installed on an existing chrome plating line at one of the
Air Logistics Centers. During this study, the following
questions must be considered:

1. What are the long-term variations of performance
of the RO membranes?

2. Can the RO unit be operated at a pH below 6.5 to
reduce NaOH consumption and Na buildup ir the plating bath?

3. What effects will this system have on the plating
process itself?

4. What operational procedures are necessary to
implement this system?

5. What personnel procedures and organization changes
must be instituted?

6. Is it feasible to reuse the cleaning solutions?

7. What will be the total cost of implementing this
system?
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APPENDIX

TABLE OF METRIC CONVERSIONS

psi X .06939 = bars

gallons X 3.785 = liters

pounds X 453.6 = grams

a3 = °C

Eb /212 = kg

LIST OF ABBREVIATIONS

C solute concentration

Cc solute concentration in concentrate

Cf solute concentration in feed solution

Cm mean golutg concentration or concentrate
solution side of membrane inside module

(% solute concentration in product solution

(05« chromium

WD concentration of water in product

E chromium emission from scrubber

I current intensity

K4 empirical constant

M moles

QC volumetric flow rate of concentrate

Qf volumetric flow rate of feed

Qp volumetric flow rate of product

R universal gas constant (0.082054)

2/

(pressure)
(volume)
(mass)
(temperature)

(mass)

M/1
mg/1

mg/1

mg/1

mg/1

m/1
g Cr/day

kiloamps

1/min
1/min
1/min

l-atmospheres

2R M




-

R product recovery ratio

R solute rejection ratio

RO reverse OsSmosis

P absolute temperature °Kelvin
eq equivalents

hp horsepower

KA kiloamps

kg kilograms

e liter

m meter

mg milligram

ml milliliter

i osmotic pressure atmospheres

psi pound (force) per square inch

DESIGN EQUATIONS

The product, or permeate, is that portion of the feed
solution which passes through the membrane to the dilute
side. This volumetric flow rate of the solvent per module
is a function of the pressure gradient across the membrane
and individual characteristics of the membrane:

O

Q¢ = wp (VIR (A1)
where:
Q¢ = product flow rate (1/min)
wp = coefficient of water permeation (1l/min-bar)
AP = feed pressure (bars)
1? = osmotic pressure (bars)

W may be determined experimentally.
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Solute flux through the membrane is a function of the
solute concentration gradient:

Fs© = Kp AC (A2)

-

Fg©® = solute flux (M/min)
; K, = coefficient of permeability (1/min)

A\C = change in concentration of solute
species across the membrane (M/1)

The coefficient of permeability is also a characteristic
of a particular membrane and its method of manufacture.

The change in concentration of solute species across the
membrane is related to the rejection rate for that species:

ey
RS = o “p (A3)
Ce
E
i where: .
RO = fractional solute rejection W
Ce = concentration of solute in concentrate side (M/1)

= concentration of solute on product side (M/1)

Solute rejection can be related to feed pressure by
the following formula:

: RO = |1 ¢ XpCup - 3
; Wp (4P - 70) (A4)
where:
2 Cyp = concentration of water in the product (M/1) or

if the constants Kp, Cyp and Wp are combined into one
empirical constant K4:

Kq
—F Up - 19) W
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The product concentration is a function of the mean
solute concentration (on the concentrate side of the membrane)
and the average reject ratio:

i ooy
Cp = (I R AVE)Cm (A6)
where: K Cw AC -1
o i e (A7)
R AVE = 1 + =
wp (AP = 1 )Cf
where:
ROAVE = average fractional solute rejection
Cf = feed concentration (M/1)
L9 G Qe G (M/1) (A8)
e
c £
Cm = mean solute concentration (M/1)
Qc = concentrate flow (1/min)
CC = concentration of solute in concentrate (M/1)
Qf = feed flow rate (1/min)

The product recovery ratio is defined as:

I Qp/Qf
where:
ﬁ = fractional product recovery ratio
Qp = flow rate of product (1/min)

This ratio is usually constant for a given membrane.
DESIGN PROCEDURE

Equations A6, A4, A2, and Al, together with equation
11 and equations describing volumetric and mass flow

balances for the module are sufficient for the design
for a module under initial (clean and undamaged) conditions
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(as described in this report, continued operation will

alter the membrane characteristics). The design equations
are:
a. Qf = Qp + Qc (volumetric flow balance)
b Qfo = QpCp + QCCC (mass balance)
i C_QC +chf
m Q+Q‘E
d Qf = 0.17178AP + 1.04691
o R = 0.61172 ~ 0.000028 Cf + 0.00312AP
-1
@ . 0.1182
f R™ = 1.00366 + -
€. = 1.925887 {1 = 8”1 ¢
g. T -

The design procedure is as follows:

1. An initial maximum flow for each module must be
determined. This is due to the fact that the feed pressure
must be increased as the module becomes fouled with chromium
in order to maintain a given flow rate. The maximum pressure
recommended for this module is 27.76 bars (400 psi). The
maximum flow was determined (rather arbitrarily) as the flow
at 20.8 bars (300 psi) or approximately 4.5 1/min. The
number of modules is, therefore, equal to the feed flow
divided by 4.5, raised to the next higher integer. For
example, for a Q. of 32.66 1l/min and C_. of 23.35 mg/l,

7.26 or 8 modulesS will be required. This will result in a
Q¢ per module of 4.0825 1/min.

2. The pressure necessary to operate a module at
this pressure is calculated from D:

AP = 17.67 bars (254.65 psi)

3. R° is calculated for this AP from G:

rR® = 0.989

A

4., R 1is calculated for this Cf and AP from E:

A

R = 0.6662
31
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B Qp is determined from this R

6. @

Vi e (&

8. €

9. €

R

Qp 0.6662 (4.0825) = 2.72 1/min

alculate Qc from A:

o is determined using an iterative procedure :

Assume Cp = 0; this implies (from B) that
BeCp = 9.6, OL Q€. 0 € & 20,0
alculate Cm from C:
Cm = 35.:2:29 mqg/lL

alculate Cp from G:

C, = 0.74419 mg/1

10.  Calculate CC from B:

11. Reiterate steps 8 and 9 until the change in C
arkitrarily small;

C, = 0.684 mg/1

See Tables A-1 and A-2 for the data constants for C. and AP,

respectively
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