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PRE FACE

Th is report docume n ts work pe rfor med dur in g the period
30 June 1974 th rough 1 Ju ly  1976 by the Air  Force Civ i l
Engineering Center (OLAA) , K i r t l a n d  Air  Force Base , New
Mexico . Major Emil C. Frein and 1st Lt Dale U. Allen were
the project officers .

The purpose of the research repo rted her e was to
evaluate Reverse Osmosis (RO) as a process to reduce poi—
lution and increase materials conservation in large Air
Force chrome plating operations. In these studies simulated
ch rome pla ting solu tions were processed by a Reverse Osmosis
un it built to Air Force specifications by Envirex m c ,
Mi lwaukee , Wisconsin , us ing thr ee ty pes of commercial RO
modules. The purpose was to evaluate recycling both the
concent rated chromiu m sol utions to the p la ting baths  and th e
filtrate to the vent scrubbers and rinse tanks. The data
from these studies are compared with theoretical relation—
sh ips foun d in the litera ture and calcu la tions are given for
the design of a typical installation at an Air Force plating
facility.

This report has been reviewed by the I n format ion
Of f ice (01 ) and is releasable to the Na t iona l  Technical
Information Service (NTIS). At NTIS it will be available to
the general  pub l ic , including foreign nations.

This technical report has been reviewed and is approved
for publica tion.
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SEC’l’ION I

INTRODUCTION

REVERSE OSMOSIS

The term osmosis is common ly used to describe the flow
of wate r from a dilute solution through some membrane to a
more concentrated solution. These membranes are frequently
described as beinu semipermeab le , 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
semi permeable membrane and a solution on the other side , the
solvent (water in the case of an aqueous solution ) will dif—
tIus~ 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 euuilibrium and no further
n e t  flow occurs. In theory , if the membrane is ideal and
tr uly semipermeable , and if the solution s are dilute , then
t h e  osmotic pressure is a function only of molar concen-
tration and absolute temperature (Reference 1).

IT
0

CRT (1)

w h e r e :

‘
I 

o 
= o s m o t i c  p r e s s u r e  (atmospheres)

C = solute concentration (moles/liter)
‘5-

P = universal cas constant

T = absolute temperature

If pressure were applied to the concentrated side of
the membrane , the amount of solvent wh ich diffuses through
the membrane to the concentrated side would decrease. Theo—
reticall ..r , application of the osmotic pressure determined by
equation 1 will result in zero not flow across the membrane.
App lication of pressures qreater than the osmotic pressure will
rr sult in flow of solvent from the concentrated solution to
the d i lut t~ solu tion . This is known as reverse osmosis (RO).
The application of HO to industrial scale operations depends
upon th.~ availahi 1it~

: of a membrane which is not only semi—
or~rmeijhle, b u t  also capable of high solvent flux rates.
A l t h o u u h  such membranes do not exist , membranes with charac-
t rist ic s of high flux rates and high solute rejection
r at e s  ar t now ‘ciilabl e. These membranes , mos t of wh ich  ar e

1
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constructed of cellulose acetate in various configurations ,
have been demonstrated to be app licable 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 mater ia l
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 solu tion
flows down the inside of the tube , solvent  (and some sol ute )
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 modifica tion 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 conf iguration 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

:f si tua ted in the center of the mod ule. Feed wa ter passes
chrough the mesh material and over the membrane surface
where a dilute solution passes through the membrane and the
porous mater ia l  in to 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 PR OCESS

Many differen t processes , solut ions, tanks , and tech-
niques arc used in the operation of a chrome p l a t i ng  line .
For the purposes of th i s  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
Logist ics  Cente r  at T i n k e r  AFB (R e f e r e n c e s  5 and 6 ) .

2
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After being cleaned , etched , and rinsed , parts are
placed i n the chrome plate tank where they are plated at
different amperages for different lengths of time , dependiri~
on the nature of the part and the thickness of the surface
to be plated. Parts plated during the referenced study
included sleeve bearings , t u r b i n e  comp ressor h ubs , internal
bearings and other miscellaneous parts from jet eng ines.
The bath  consists of 33 oz/ qal chrom ium t r iox ide (Cr03)
(2.48 moles/liter) and 0.33 oz/gal sulfuric acid (H2S04)(0.0243 moles/liter) , producing a pH of 0.5 to 1.0. The con—

• centrations are checked and adjusted weekly. The Cr03 dis—sociates to fo r m chromic acid (H2CrO3
) (Reference 7):

Cr03 + H20 
-* H7CrO4 (2)

Because the chromium concentration is high , the formation
of dichromate is favored (Reference 8)

2HCrO 4— ~
- Cr2O~ 

2 -f H
20 (3)

The part placed in the solution functions as the cathode
where the reduction of hexavalent chromium supplied by the
dichromate or chromate (Cr -4- 6 )  is reduced to m e t a l l i c
chromium and plated onto the part. Evaporative losses from
each pla ting tank averaged 4 00 l i ters 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 chrom ium bear ing aerosols results f rom the air
ag i t a t ion  sys tem 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)

E = 10 + 120 1

where :

E = chromi um em ission in gm Cr/day

I = current in kiloamps

Th e aerosol thus  produced is exhaus ted th rou gh a collar duct
which surrounds each tank .  Most of the chromi um contai ned
in this aerosol is removed by impaction on a mat material

3 in the scrubber  mechan i sm;  the remainder  passes th rough  and
constitutes the air emissions. The chromium impacted on

4
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this rna~ m a r ~riztl is removed by wat•~-r , formire: a portion of
the ~..- t r  ~~~~~~~~~~ Although watc j emissions from the
scr u ~ ~er  •)V ( - r a tlt -d 20 m a/ l  as Cr , it has been demonstrated that
co:~c n t r a t i on s  of 1000 mg/ i  as Cr can be maintained in the
sc r u b b e r  w at e r  w i t h o u t  a f f e c t i n c i  s c rubbe r  p e r f o r m a n c e
( R e f e r e n c e  6 ) .

A second sourc~’ of chromium containing water emissions
r e s u l ts  f r o m  d r aq o u t  losses d i r e c tly  f r o m  the  p l a t i ne  ba th .
Each nart removed from the bath dragged out 10 ml of platinq
sol u t i o n  w i t h  i t .  (An  aver ace  of n i n e  ~i ar t s  were  removed
from all u l a t i ng  b a t h s  per h o u r )

~~e ser ies  of r i n s e  t anks  serves a l l  seven p l a t i nq  baths
on a l i n e .  At p r e s 2n t , r i n s e  b a t h s  2 and 3 are coun te
c u r ren t .  The i n f l u e n t  r i n s e  w a t r to r i n s e  1 and 3 is
de i o n i z e d  w a t e r , the f low of w h i c h  is con t ro l led  by conduc-
t i v i t y  m e a s u r e m e n t s .

This  a r r a n g e m e n t  could  be m o d i f i e d  so t h a t  a l l  th ree  r in se
• b a t h s  w o u l d  be opera ted  in a coun t e r  c u r r e n t  mode , w i t h

d e i o n i z e d  w a t e r  as an i n f l u e n t  to only  the t h i rd  r inse  tank .
Unde r  such an a r r a ng em e n t , the  10 ml of d ragou t  f rom the
p l a t i n g  ba th  would  become m i x e d  w i t h  the  so lu t i on  in the f i r s t
r i n s e  t a n k , 10 ml of the  so lr ~t ion  iu  t he  f i r s t  r i n s e  t ank
‘~.ou1d become mixed  w i t h  the s o l u t io n  in the second r i n i e
tank , e t c .  The f low r a t e  of de ion ized  wa te r  in to  the t h i r d
r i n s e  tank  can be a d j u s t e d  e~’ m a in t ~i in an acc ’nt a h le
c h r o m i u m  c o n c e n t r a t i o n  in the  t h i r d  r i n s e  t a n k  (es timated
to be 10 mg/ i  as Cr) . The o v e r f l o w  f r o m  the first rinse tank

• would  c o n s t i t u t e  the  second source of c h r o m i u m  w a t e r  emiss ions .

The n e u t r a l i z c- r t an k  cons i s t s  of a s o l u t i o n  c o n t a i n i n g
8 oz/ga l  ( 1 .31  m o l e s/ l i t e r)  of s o d i u m  h y d r o x i d e  (NaOH). The
purpose of t h i s  s o l u t i o n  is to n e u t r a l i z e  the  pH of the

• d r aqou t  f rom the f i r s t  r i n s e .  When used , the  d r aqou t  f rom
th is  ba th  becomes the  p r i n c i pal c h r o m i u m  i n p u t  to the second
r inse  b a t h .

REVERSE OSMOSIS FOR ELECT ROPLP~TI~~G W~d~TF TREA T~fi~N T

Reverse Osmosis has been proposed for use ~ith p l a t i no
operations. Advantages claimed include the rc cyclinc of
plating chemicals , recycling of rinse ~~~~~~~ minima l energy
requirements compared with evaponition , e l i m i n~i t ion of sludge
b u i l d u p , e l i m i n a t i o n  of equ ipmen t  a s s o c iat e d  ~~i t h  chemical
destruction methods and the use of a •~1ost ’J  loop sys t em to
meet EPA requlations (Reference 9). ~ e.

~~~~~~~ 
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(lolomb (Reference 11) d et e  m i  ned th~i t  Cc -I l ulos - acet 5 i t
membranes were attd ,-ked by unneutr aliz t d chromic a c i d  r i n s e s
( u H  2 , 6)  , but were not a t t  ~cked  ~P h e r  a c id i c  p l a l  i n~i
~astes. Donnelly et ~i l ( R e t e n nee 10) f o u n d  t h a t  raisi ni
chromic acid rinses to p!1 4. ~ to 1 .0 Si nificant lv ext ench
the life of cellulose acetate •md p o l \u l r i de membranes , b~~t
did not determine the estimated life of the m mbran s, dn i er
these  pH c o n d i t i o n s .  ~ew types of m~ ;n b r a nes  h a ve  be~~n
developed to treat metal finishing e f fluen t s , hut these
membranes were not f o u n d  to be suit able for acidic o> :id i zin ;
wastes , such as chromic acid was tes at pH 1. 5 ( I d  ‘n -n c
12). 5 eutralized chromic acid wastes were not test ‘ .1 i n
this stud y. Golomb (Reference 13) has prooosed th~~t chromiu~
chemicals resulting from HO treat m ent of cl- rome ul~i t .ing
wastes could he economically reused by other industries , if
unsuitable for recycling within t h e  ulatinq she . -

6



SECTION II

REVERSE OSMOSIS PILOT PLANT

The RO unit used in this study was custom fabricated
specifically for this project. It contains th ree sets of
t h ree  d i f f e r e n t  m e m b r a n e s:  ho l low f i b e r , tubes , and spi ra l
w o u n d , a r r a n g e d  so that any combination of these membranes
can be utilized in either parallel or series operation modes
(S e e  Fiqure 2 and Table 1).

TAB LE 1. REVERSE OSMOSIS MODU LES

~anufacturer: DuPont Gulf Atctiic Fluid Science

Brand N ame : Penuaser Perrreator Roga Madel 4100 LOP ()SM(YFIK
Ivbdel No. 0420—018

Marrbrane Con- -

figuration Ho1la~ Ether Spiral Wound Tubular

I~t~mbrane B—9 Fiber Cellulose Cellulose
Material: Acetate Acetate

Maximtmi Oper-
atinq Pressure (psi) : 400 800 600

‘.5-

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 pos itive
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
1(0 modules. The multistage high pressure pump used was
rated at 7½ hp and was constructed of stainless steel and
plastic.

The RO modules l is ted in Table 1 are a r ranged  and
p lumbed so t h a t  any combinat ion  can be run in pa r a l l e l  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 HO membranes was accomplished by
a procedure recommended by E n v i r e x  Inc .  This procedure calls

7
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fo r flushing the modules wi th the following solution (volume
85 liters)

1. 70 k g ( 3 . 7 5  ib)  c i t r i c  acid

88 ml Tr i ton  X~~(a de te rgen t)

1.25 gm Carboxymethyl cellulose

This solution was circulated through the modules for a
minimum period of 2 hours , fol lowed by rinsing with deion-
ized water.

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

5’.
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SEC T ION I I I

EXPERIMENTAL DESI GN AND RESULT S

The app l ica t ion  of RO or any o ther  membrane separa t ion
process to the t rea tment  of i n d u s t r i a l  wastes  depends on
several factors , i n c l u d i n g  the degree of separa t ion  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 a t t ack  by the waste . Chrome
p l a t i n g  wastes are p a r t i c u l a r ly suspect in the l a t t e r  case , as
hexava len t  chromium in an acidic medium is an extremely potent

• oxidizing agent , as is evidenced by i ts  use as the o x i d i z i n g
agent in the Chemical Oxygen Demand Test. Another area of
concern in applying RO to chrome p l a t i n g  wastes involves the

• a b i l i t y  of the membrane to achieve sufficient solvent and
solute re jec t ion.

Exper iments  were designed to s imula te  p l a t i n g  so lu t ions
diluted to concentrations anticipated in rinse tanks or in
scrubber blowdown water. These solutions were made from
technical grade chromium trioxide (Cr03 ) and reagent  grade
s u l f u r i c  acid (H 2 SO 4 ) in the proport ions found in a p la t ing
bath . These solutions 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  wer e performed using atomic
absorption (AA) spectroscopy with a nitrous oxide-acetylene
flame on a Perk in  Elmer model 403 atomic absorpt ion u n i t .

4 All  membranes had previous ly  been used with  nicke l and
cadmium cyanide so lu t ions .  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 re la t ive  performance of the three
types of membranes , tests were performed using an influent
chromium concentra t ion  of approximately 100 mg/i. Data from
these tes ts are given in Table 2.

10
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TABLE 2. RELATIVE MEMB RAN E PE RFORMANCE

0Membrane R R

Tubular 0.77 0.116

Spiral Wound ~0 0.25

Permasep~ 0.97 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
de tected.

The Tubular membran&s performance was setter , but
s ign i f i cantly less than tha t  of th e Permacep , especially
wi th respect to the product re~ overy ratio , R. On the basis
of these resul ts , the Permacep membrane was selected for
further testing.

Information from the literature indicates that the per-
formance characteristics of the membrane are a function of
feed pressure and/or feed concentra tion , or var iables which
are functions of feed pressure and/or fe3d concentration.
To evaluate the ef fects  of varying feed pressure (A P) , tests
were conducted on a solution containing 210 mc~/l ± 7 mg/l
chromium at  pfl 6.0 to 6.5. Each pressure increment was
maintained for a min imum of 4 hours to achieve a steady state
condition .

Theore t ica l ly ,  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 :

Q

~ 

= ~~~ — ~ O )

Theur -data are presented in Figure 3. Note that the plot
of prod uct flow versus feed pressure (Qf versus AP) has aposit ive in t e rcep t ;  i n f e r r i n g  that  the osmotic pressure in
Eq ua t i on  lA (Appendix ) is negat ive , an impossibility. However ,
the function relating feed flow , Q f I with feed pressure can3 be used for  design purpose :

11



Qf 
= 0.l7l78AP + 1.0491 (5)

Produc t flow , Q is related to feed f low by the solvent
recovery ra t io  (see ~ppend ix  equat ion  A9) .  The dat a f rom
Figure 3 was used to prepare a plot of P versus ‘,P (see Figure
4). These data were combined with a plot of R versus Cf (s ee
Figure 5) to y ield an equation relating R to AP and C

f:

R = Q/Q f = 0.61172 — 0 . 0 0 0 0 2 8  C f + 0.00312 ‘P (6)

The rela tionship given in the l i t e r a t u r e  between sol~ te
rejection and feed pressure also involves the term CP -

- 
S (see Appendix equations A4 and AS). When l/R° was plotted

as a fu nction of 1/AP , a s t r a igh t  line def i ned by following
equation resulted (see Figure 6)

l/R° = 0.11852 h A P  + 1.00362 (7)

This can be rea rra nged to for m an equat ion of the same
form as equat ion A 4 :

R0 = [ 1.00366  + 0.ll822/AP] 1 (8)

Another series of tests was run to determine the ef fect
of the solute (feed)  concen t r a t i on  (Cf) on membrane perform-ance . After cleaning the membrane , an initial chromium concen-
tration of 25 mg/i was used as a feed to the membrane under a

- 
pressure of 25.67 bars (370 psi). The concen tra t ion of the
feed so lu t ion  wa s ch ange d a t 4 8 hour increments by addin g a

• • Cr0 3, H2SO4 mix ture which had been ne u t r a l i z ed with NaOH as
before .

Thes e da ta are plot ted as P versus Cf 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

in appendix eq u a t  i o n  •\ ~~~ by pl ot t ing  Fç
0 a s a Iu n ct  ion of

• C for both sets of d a t a , hu t the graphs were inconsistent w i t h
each other and t h e  express ions were not used.

An expression to determine solute separat ion was s t i l l
• required . Data from both sets of experiments were plotted

t8 determine C as a f u n c t i o n  of C ( l -R °) (see Fi gure 7 ) .
R (append ix  equat ion A3 )  and C (~~ppendix  eq~~a t ion  A8 )  were
c~ lculated for  each data ~~~~~~~ The use of R in place of
R 

AV 
in appendix equat ion  A6 y ielded s a t i s f a c t o r y  r e su l t s .

The ~ ine determined in Figure 7 was defined by the f o l l o w i n g
equat ion:

12
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C = 1.92587 (l-R °) C + .0015  ( 9 )
p m

The intercept was considered neg ligible , and Lh u  e q u a t i o n  was
used as:

C = 1.92587 (l—R °) C (10)p m
After several days of testing at the hi ghest feed concen-

tration (950 mg/h) , the HO u n i t  was opera ted  u n t i l  evidence of
excessive f o u l i n g  was e v i d e n c e d .  A f t e r  1200 h o u r s , it was no
lonqer  poss ible  to m a i nt a i n  t h i s  feed ra te , even at feed oressures
of s l ig h t l y  in excess  of 27 .75 bars (400 psi) and the device
was shut down for cleaninq. This was repeated for a second
1600 hours  w i th  s i m i l a r  r e s u l t s .

During the prepara tion for one test, the pH of the chromium
f eed so lu t ion  was inadve r tent ly ad j u sted above pH 7. 0 . The
filters and membranes became clogged with precipilated chromium
to the extent that after 2 days it was no longer possible to
main tain the maximum f eed f low rate , even at the highest oper-
ating pressure. Although the reason for this  phenomena was
no t k nown , care was exercised in all subsequent tests to main-
tam a pH below 7.0.

‘5-
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SECTION I V

PROPOSED DESIGN

Reverse osmosis  can be app l i ed  to the  chrome plating
process descr ibed in the i n t r o d u c t i o n  by m a k i n g  a number

• of m o d i f i c a t i o n s  to the p l a t i n g  l i n e .

An HO u n i t , w i t h  u n i t s  a r r a n g e d  i.-i some given combination
of series and p a r a l l e l  modules , is capable  of p r o d u c i n g  a
low f l o w  concen t ra te  s t rear ~ w i t h  a r e l a t i v ely h i g h  chromium
c o n c e n t r a t i o n , and a h i g h e r  f l o w  p roduc t  s t r eam c o n t a i n i n g  a
d i l u t e  c o n c e n t r a t i o n  of c h r o m i u m . The chrome p l a t i n g  process
offers potential uses for both streams .

The concentrate strear~s can be added directly hack into
the p l a t i n g  ba th  in place of the deionized water currently
be ing  added to t h e  b a t h  to replace  evapora t ive  losses. This
w i l l  prove f e a s i b l e, nrovided that the concentrate flow rate
is less t h a n  or equal  to the evapora t ion  ra te  f rom the p l a t i n g

• b a t h s , and there is r 1o excess ive  b u i l d u p  of f or e ign  chemicals
such as sod ium.

The p roduc t  s t r eam can be used in processes which require
re la t ively clean , but  not  pure  w a t e r .  Such processes are the

• s c rubbe r  wa te r  makeup and the first rinse tank followinq the
p l a t i n g  bath .

The desi gn for  such a sys tem is g iven in F igure  8. The
5-- purpose of th i s  design exe rc i s e  is to demonstra te  t h a t  HO can

be incorpora ted  in to  a v i ab le  closed 1oop sys tem for the re-
cycle of chromium f rom a typ ica l  Ai r  Force chrome p l a t i n g
opera t ion . The c o n t r o l l i n g  va r i ab l e s  are the evaporation
ra tes  f rom the scrubbers,  and f rom the scrubber  b lowdown ra te
necessa ry  to m a i n t a i n  adequa te  scrubber  pe r fo rmance , and the
c h r o m i u m  c o n cen t ra t i o n  in the f i n a l  rinse tank .

The proposed des ign u t i l i z e s  a scrubber  desi gn de t e rmined
:1 . 

as a result of studies performed at the Oklahoma Air Logistic
C e n t e r  ( R e f e r e n c s 5 and 6 ) .  A t o t a l  f l o w  th rough each scrub-
ber of 20 1/mm as c u r r e n t ly er p lo yr d  is mai n t a ined w i th a
recircuhation of 18 1/mm and blowdown rate of 2 1/mm . The
makeup must equal the blowdown rate plus any evaporation in
the  s c r u b b e r .  This  evapora t ion  ra te  is expected to be highly
variable depending on the flow rate of air through the scrub-
ber , the relative humidity , and temperatUre. In this design ,
makeup water is provide d through the product side of the HO
unit. To design for adequate capacity in the 1(0 unit , con d i t ions
under which a r~ asonable maximum evapora tion rate would be

19
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expected were selected for desiqn purposes : 32.2°C (90°F) and
40 pe r cen t  r e l a t i ve  h u m i d i t y . Assum ing  t h a t  the exhaust air
leaves the sc rubbe r  at  ~2 . 2 ° C ,  100 percent relative humidity,
and a f low ra te  of lOOm 1mm (currently used) , the evapo ration

- rate per scrubber is 2 . 4 4  1/mm , or 1 7 . 0 8  1/mm for  a l l  seve n
sc rubbe r s . rrhu s , the  produc t flow rat e from the RO unit mus t
be ( 2 . 0  + 2 . 4 4 )  x 7 = 31.08 1/mm . This  calculatio n ignores
t he  30 m i/ mm evapora t ion  rate expected from each rinse tank .

Scrubber  chromium concentrations were calculated by
as suming  t h a t  each p l a t i ng  bath was h a l f  f i l led wi th par ts
be ing  p l a t e d  and that the cur rent densi ty was 0 . 8  k i loamps
per t a n k .  This  y i e lded  a c h r o m i u m  emission ra te  from each
scrubber  of 7 3 . 6 1  mg/mm .

The ch romium c o n c e n t r a t i o n  in the f i r s t  r inse  tank  was
c a l c u l a t e d  f r o m  a mass ba l ance  on chromium , a s s u m i n g  a 10 ml
dragout  per par t ri nsed and nine par ts ri n sed per hour . The
chromium c o n c e n t r a t i o n  of 128 , 500 mg/h was assumed cons t an t ,
si nce the chromi um and sulfur ic aci d concen tra tions in each
tank are checked and adjusted weekly. The HO unit was designed
using the iterative procedure described in the appendix to
proc ess sli ghtly more than 31 1/mm feed flow and to produce
less than 2 h/nu n of concentrate (see Figure 9) -

So dium hy d rox ide or some other hydroxi de will be req u ired
to n e u t r a l i z e  the a c i d i t y  resu l t ing  f rom dragout  f rom the ÷

• 
- p l a t i n g  bath . A c i d i ty  w i l l  resu l t  from d i lu t ion  of the H

of the  p l a t i n g  ba th  and the f o r m a t i o n  and subsequent  dis—
• sociation of bichromate. As the chromium concentration is

decreased , d ichro ma te reacts to fo rm two bichro mate ions
(Reference 8)

Cr207
2 + H20 2HCrO 4 (11)

As the pH is increased to pH 6.5 (the pK
1 of

÷
chrornic acid ) , t h e

bichronate dissociates with the release of H (Reference 8)

IlCrO 4 4: 
+ Cr04

2 ( 12)

The draqout r~ te of 0.0015 1/mm of the plating bath con-
taining 0.32 rn/i H and 1.24 rn/i Cr2O7 (2.5 rn/i as H~ r04
will consume NaOH at a rate of i9.2 mg/mm for the H and

.4 150 mg/mm for the HCrO4 . This is a yearly requirement of
89 kg (196 lb) of NaOH . This requirement may be drastically
reduced if the pH is ma intained below 6.5 , as the HCrOA wo u ld
not have to be neutralized. This was not done ir~ the lab-ora to ry  study because of the concern tha t t ’)le membranes would
be at tack ed. How ever , th i s  may not be a probl em whe re the
chromate species is present instead of the dichromate . In

21



- - ‘- ~~~

i-i
C
E o c

E
C ’ J W

Li a
C) O~~~~~4 

-
~~~

~~ N W
-H

z $‘U)~~ 
.S-~

H 1~
Z C 

—

0 W~~~ 
•
~~~~I~i~ C

C.) — N aI . -
P - N  E

f P—W It

‘I P0~~

J~ L

H -
~~

:1
C)

S
0 C

o-I-
H j U) a.

.E 4 -~C

H.5’ c ‘-.4

.5...
U)

- - 3

(C

T T T T F T T T

22

_ _ _ _ _ _ _ _ _ _ _ _ _  ______



any case , this question should be addressed in a pilot scale
s t u d y .

Sodium h y droxide  a d d i t i o n s  may be made either in the
r i n s e  t a n k  i tse l f  or in the line f rom the r inse  tank  to the
HO u n i t .  Exac t  addit ions must be regula ted by some co ntrol
device using a pH electrode . Care must  be exercised in the

• design of this control system so as not to raise the pH above
7 . 0 .

Flow of deionized water into the system is controlled by
a li qu id  level con t ro l l e r  (LLC ) on the  f i r s t  r i n se  ba th .
Th is water f i rs t  pass es th rou gh t he second r inse tank before

H entering the f i r s t  r i n se  tank , t hus  p r o v i d i n g  a pure r inse
water  for  the f i n a l  r inse . This  design f e a t u r e  pe rmi t s  corrp en—
sat ion for  evapora t ive  losses in the scrubbers , provided tha t
the RO u n i t  produces enough product f low to account for  the
evapora t ion  in the  scrubbers and to al low for  a scrubber
blow down rate of 2 1/mm .

Thi s f lo w was ca lculat ed to bal ance the evapora tive
losses in  the scrubbers and the p l a t i n g  b a t h s .  The c h r o m i u m

fl concen tra tion wa s de termi ned f rom a mass bala nce on chrom ium
assuming a 10 ml carryover per part (0.0015 1/mm ) from the
first rinse tank.

The final concentrations were determined by reiteratinci
the mass balances until the chan ge in conce nt rat io n from one
iterat ion to th e ne x t was arbitra ril y small.

Al l  of the sod ium ad ded to the f eed to the HO u n i t w i l l
eventually end up in the  p l a t i ng ba th .  The above ca lc u lat ion
fo r sodi um hydroxi de additio n indic ate s a sodi um addi t ion to
the plating bath of 53.71 mg/mm (as Na~~). The yearly buildupof sod ium in a 7000 l i t e r  ta nk w i l l  be 4 . 03 gm/ I. If this
accumula t ion p rov e~ to be too much , a cation exchanqe column

• operating on the H cycle could be place~ in the+concent rate
line following the HO unit to exchange H for Na

‘ 3 This  desi gn will requ i re the use of certain additional
• pieces of equipmen t wh ich are not shown . Some filter arrange-

men t similar to that emp loyed in this stu dy in line before
the HO mod u les will be necessary  f o r  protect ion f rom p r ematu re

-
• f o u l i n g  from suspended material . Flow meters on the product

l i n e  and scrubber  blowdown l i ne  w i l l  be requi red  to moni to r
the scrubber evaporation rates. In addition , some provision
mus t be made to cool the HO feed in case the rinse water
temperature exceeds 35°C (95°F) , as recommended by the
m a n u f a c t u r e r .
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Difficulties in ba lancinq the actual system will be
encountered due to variations in the rate of evaporation
from both the rinse tanks and the scrubbers. A decrease in
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 ~:ill
result in an increase in the chrorriutr concentration of the
scrubber water and a decrease in the blowdown ra t -  into the
rinse tank. This will cause a mi n ir~al increase in the  a m o u n t
of chromi um carried over into the second rinse tank asId carrie’J
out with the parts beinc s rinsed . I I t h e  dI cr ase in t h  r c r u b —
be r b lowdown is s ig n i f i c a n t , as inclicatjJ bc  moriitori:~ the
b lowdown ra te , the flow through the RO unit can be increased ,
by increas ing the f eed pressure or by ~iddin~ idditional
mod u les.

Th is system was desi gned assuninq 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/mm of 34 ,500
mg/h ~;a OH , resultinq in a faster buildup of sodium in the

• plat ing bath , and larger chemical requirements. This sodium
buildup can be compensate~ for  by p lacinc~ a cation exchange

• 1. column operating on the H cycle betI.~-ren the HO u n i t  and the
p l a t i n g  ba th , as p r e v i o u s l y  desc r ibed .

I t  s h o u l d  he r e a l i z e d  t h a t  t h i s  d es ign  is based on a
n u n -h e r  of h i-Th lv v a r i a b l e  p a r a m et e r s ; however , i t  shou ld  be

1 ’  ev ic i~~n t  t h a t  th e  i m p l e m e n t a t i o n  of such a sys t em w i l l
‘5’ ..‘~~ result in relative ease of maint enance with zero discharue

of chromium , a well—rinsed product , and e f f i c i e n t  s c rubbe r
operation .
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SECTION V

CONCLUSI ONS

This study was designed to determine if RO could be
uti l ized as a pollu tion con trol process for a chrome plati ng
shop. Data from this study indicate that the answer is
affirmative . The Permasep~ membrane manufactured by du Pont
combines a hi gh salt rejection rate with a high product recov—
ery ra te .  A closed sys tem resu l t ing in zero d i scharge of
chromi um f rom wa ter emissio ns has be en desi gned.

It is recomm ended 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 cons ider ed :

1. What are the long—term variations of performance
of the HO membranes?

2. Can the RU unit be op~ rated at a pH below 6.5 to
reduce NaOH consumption and Na buildup in the plating bath?

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

4. Wha t op era tio nal proc ed ures are necessary to
impleme nt thi s sys tem?

5. what personnel procedures and organ ization change s
must  be i n s t i t u t e d ?

6. Is i t f e a s i b l e  to reuse the cleanin g solu tions?

7. Wha t will be the total cos t of im pleme nt in g this
sys tem?

• 25
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APPEN DIX

TABLE OF METRIC CONVERSIONS

psi x .06939 = bars (pressure)

gal lons x 3 . 7 85 = li ters (volume )

pounds x 4 5 3 . 6  = grams (mass)

( ° F  - 3 2) / 1.8  = °C (t e m p e r a t u r e)

• 
- 

lb/2.2 = kg (mass)

LIST OF ABBREVIATIONS

C solute  concen t ra t ion  M/ 1

solute concentration in concentrate rnq/l

Cf solute concentration in feed solution mg/i

C mean solute concentration or concentratem solution side of membrane inside module rng,’l

C solute concentration in product solution mg/h

Cr chrom ium

C concentration of water in product rn/hwp

• E ch romium emission from scrubber g Cr/day

• I current intensity kiloamps

K4 empirical constant

M moles

• Q volumetric flow rate of concentrate 1/mm

Qf volumetric flow rate of feed 1/mm

Q~ volumetric flow rate of product 1/mm

R universal gas constant (0.0820 54) 1—atmospheres
M
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R produc t recover y ratio

solute rejec tion rat io

RU reverse osmosis

T absolute temperature °Kelv in

eq equivalents

hp horsepower

kA k i loamp s

kg k i lograms

1 l i t e r

• in meter

mg milli gram

ml mill ili ter

r~
O osmotic pressure atmospheres

psi pound (force) per square inch

DESIGN EQU?\TIONS
1

The product, or permeate , is tha t por t ion  of the feed
s o l u t i o n  which  passes t h r o u g h  the membrane  to the  d i l u t e
side . This volumetric flow rate of the solvent per module
is a fu nct ion of the pressu re gr adient ac ross the membrane
and i n d i v i d u a l  c h a r a c t e r i s t i c s  of the membrane:

Q f = W~ ( ‘ P  — 
0) (A l )

wh ere :

= produc t  f low ra te  ( 1/mm )

= coefficient of water permeation (1/mm —bar)

feed pressure (ba r s )

- f  = osmotic pressure  ( b a r s )

W may be de te rmined  e x p e r i m e n t a l l y .
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Solute flux through the membrane is a function of the
solute concentration gradient:

Fs° = K0 - c  (A2 )

whe re:

F~° = solute flux (M/rnin)

K0 = c o e f f ic ient  of permeability (1/mm )

= change in concen t r a t ion  of sol ute
species across the membrane (M/1)

The coefficient of permeability is also a charac ter is tic
of a particular membrane and its method of manufacture .
The chan ge in con cen t r a t ion  of sol ute species across the

H membrane is related to the rejection rate for that species:

Li C - c
H0 = c p (A3)

Cc

where :

R0 = fractional solute rejection

Cc = concentration of solute in concentrate side (M/l)

Cp = concentration of solute on produc t side (N/i)

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

R° = r 1 + CWP_ _~ _ 1

L ( : p  — •
~

j
where :

w p = concentration of wate r in the product (N/i) or
if the cons tants Kp, Cw~ and W~ are comb ined into one
empirical  constan t 1< 4 :

1 r1+ 1
~ L ~~~ 

(A 5)
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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:

= (1 - R°
AVE )C (A6)

where : 1 h
0 _ I  __________ I (A7)R A~~ I W  ( t ’ P -  ~°) Cp f

where :

= average f r actional  solute rej ec t ion

Cf = feed concentration (M/ l )

= 
Q~ C~ + Qf Cf (M/ h )  (A8 )

m

C = mean solute concentration (N/ h )

= concentrate flow (1/mm )

C = concentration of solute in concentra te (M/ l )

‘ Qf = feed flow rate (1/mm )

The product recovery ratio is defined as:

R = Q / Q f
where :

R = f r ac t i ona l  product recovery ratio

Q = flow rate of product (h/mm )

This ratio is usually constant for a given membrane.

DESIGN PROCEDURE

Equat ion s A6 , A4 , A2 , and Al , toge ther  wi th  equat ion
11 and equations describing volumetric and mass flow
balances for the module are s u ff icient for the desi gn
for a module unde r initial (clean and undamaged) conditions

A
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(as described in this report , continued ooeration will
alter the Pl n-h rine characteristics). The design equations
are:

a. Qf = Q + Q (volumet ric f low balance)

b. QfCf 
= Q~ C~ + QcCc (mass balance )

QcCc + QfCf
C. Cm

d . Qf 
= 0.17178AP + 1.04691

e. R = 0.61172 — 0.000028 Cf + 0.00312’•P

I. ~R
O 

= 1.00366 + 0.1182]

g. C = 1.92587 (1 — H°) Cp m

The desi gn proc edure is as follows :

1. An in itial max imum flow for each modul e 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
maxi m um flow was determined (ra ther arbit rarily ) as the flow
at 20.8 bars (300 psi) or approximately 4.5 1/mm . The
number of modules is , the refore , equal to the feed f low
d iv id ed by 4.5 , raised to the next higher integer. For
example , for  a Q f of 32.66 1/mm and C~ of 23.35 mg/h ,
7.26 or B modules will be required. This will result in a
Qf per module of 4.0825 1/mm .

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

= 17.67 bars (254.65 psi)

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

R0 
= 0 . 9 8 9

4. R is calculated for this C
f and A P  from E:

H = 0 . 6 6 6 2
31
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5. 0 is de te rmined  f rom t hi s  R

= H

0.6662 (4.0825) = 2.72 1/mm

~~~. Calculate from A :

• 7. C
0 is determined using an iterative procedure :

Assume C = 0; this imohies (from B) thatp

Q f C f = QcCc or Qf
C
f + Q C  + 2(Q

fCf
)

8. Calculate C from C:
in

Cm 35.129 mg/h

9. C a l cu l a t e  C f rom G:

C~ = 0 . 7 4 4 1 9  mg/ l

10. Calculate C from B:
C

11. Reiterate steps 8 and 9 until the change in C is
arbitrarily small; p

C~ = 0 . 6 8 4  mg/h

See Tables A-i and A-2 for the data constants for C
f 

and AP ,
respectively.
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Hq USAF/RDPS 2 AFA L/TSR 1
Hq USAF/SAFOI 1 AFFDL/TST 1
Hq IJSAF/SGPA 2 AMRL/DAL 1
Hq Comd USAF/DEE I AFML/DO (Library) 1
CINCAD /DEEV 2 OENL/CC 3
CINCAD /DEECV 1 OEHL/OL-AA 1
CINCAD /SGPAP 1 OEHL/OL-AB 1
AFCS/DEEE 1 AFWL/SUL (Tech Library ) 1
AFLC/SGB 1 AFGL/XOP 1
AFLC /DEPV 1 USAFSAM /EDE 2

- 
- AFLC /MAUT 1 AFRPL/ Library 1

AFLC/MMRF 1 FTD/LGM 1
AFSC /DE 1 AMRL /THE 1
AFSC /SD 1 AS D/ENAMC 1
AFSC /DEV 1 ASD/ENESS 1
AFSC /SGB 1 ASD/ENFPA 1
AFSC/SGPE 1 ASD/DEP 1
AFSC/DLCAM 2 ASD/SMKF 1
ATC/DEPV 1 RADC/DOT 1
ATC/SGPAP 1 AEDC /DEE 1
AAC/DEV 1 SAMTEC /SEH 1
AAC/SGB 1 SAMSO/DEC 1
MAC/SGPE 1 SAMSO/SG 1
MAC/DEEE 1 AMD/RDU 1
MAC/DEMP 1 ADTC/CSV 1
CINCPACAF /DEMU 2 ADTC/DLOSL (Tech Library ) 1
CINCPACAF /SGPE 1 AFFTC/DE 1
CINCSAC/DEPA 2 AFETR/DER ‘1

C CINCSAC /DEPV 1 ESD/DE 1
CINCSAC/SGPA 1 1035 USAF Tech Ops Gp 1
TAC/DE 1 USAF Rgn Civ Engr 3
TAC/DEEV 1 SAMMA/MAGCB 1
TAC/SGPB 1 USAFSO/DEE 1
USAFSS/DEE 1 1 Med Service Wg/SGB 1
USAFSS/DEMM 1 USAF Hosp /SGPM 1
CINCUSAFE/Surgeon 1 DDC/TCA ‘ 12
CINCUSAFE /DEPV 1 ARPA 1

‘ AFISC/SGMS 1 Def Rsch & Engr/AD (E&LS) 1
AFISC/SES 2 OASD/(I&L)ES 1
AFRES/DEEE 1 USA Environ Hygn Agcy 1
USAFA/DEV 1 Chief of Engr/ENGMC-RD 1
3800 ABW/OEE 1 Dir , USA WW Exp Stn 1
AFIT/DEM 1 USA CERL 1
AU/LOG 1 Dir , USA Eng R&D Lab/MERDC 1
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