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port, well substantiated by other stud- 
ics, cvaporation values were calcu- 
lated for the critical drought penod, 
1915-19. Tablc 1 shows the monthly 
values for 1916. The average monthly 
values, in inches, were multiphed by 
the reservoir surface area and the re- 
sult converted to acre-feet. All of the 
yicld studies started with the assump- 
tion of a minimum pool of 50,000 
acre-ft in November 1915. 

In addition to Computing evapora- 
tion losses, corrections for rainfall on 
the reservoir and for seepage loss 
through the bottom of the impound- 
ment were made in arriving at the de- 
sired storage volume for each of sev- 
eral assumed rates of supply. The 
seepage value was arbitrarily set at 
200 acre-ft per month, taking into con- 
sideration the nature of the underlying 
formations. As the rate of movement 
through sands of the type involved has 
been found by the US Geological Sur- 
vey to bc extremely small, the seep- 
age loss figure adopted is believcd 
conservative. 

It was determined that, with a 
drought period like the one discussed. 
an average annual demand of 140 mgd 
required 99,600 acre-ft of effective 
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storage; 150 mgd, 108,900 acre-ft;^ 
160 mgd, 116,100 acre-ft. To eachol 
these figures must be added a min;, 
mum of 50,000 acre-ft of dead storage, 
dcsirable primarily to maintain the best 
possible quality of water during dry 
periods. ' •«£&! 
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&Mechanism of Corrosion Inhibition by Sodium 

fi-l- Metaphosphate Glass 

By James C. Lamb III and Rolf Eliassen 

A coulribution to the Journal by James C. Lamb III, Rcscarch Assoc. 
in San. Eng., and Rolf Eliassen, Prof. of San. Eng.; both of Massachu- 
setts Inst, of Technology, Cambridge, Mass. ■;,4 

SODIUM metaphosphate glasses 
have been used for a number of 

ycars to inhibit corrosion in municipal 
and industrial water systems. Shortly 
aftcr the introduetion of metaphos- 
phates as corrosion inhibitors, Hatch 
and Rice (/) advanced the theory that 
the inhibitory action was due to the 

:'iöniiation of a protective film of meta- 
phosphate on the metal surface. At 

fthat tinie the exaet mechanism by 
.which this film was deposited was not 

" dcscribed in detail. 
In 1950 Mansa and Szybalski (2) 

concluded that the inhibitory action of 
metaphosphate, in ditferential aeration 
cells, was due to the formation of a 
protective film on the cathodes, result- 
ing in reduced cathodic potentials. 

:;_~.Thcse investigators attributed the film 
^ formation to adsorption of large mole- 

;fcu]cs of metaphosphate, or its com- 
ii-plcxes, on tlic exposed surface of the 
v«Ktal. 

1946 Evans (i) classified meta- 

^le inhibitory action of metaphos- 
Was ^ue to t^e formation of a 0f calcium carbonate on cathodic 

He stated that metaphosphate 
a(lsorbcd on the calcium carbonate 

and prevented it from passing 
Pkt 'olution. Therefore, the meta- 

phosphate served to stabilize this pro- 
tcctive film. 

Also in 1952, Hatch (4) found that 
metaphosphate acted preferentially at 
the cathodes of corrosion cells. He 
concluded that it should be classed as 
a cathodic inhibitor, and that the in- 
hibitory action was due to the eiectro- 
deposition of a film of calcium meta- 
phosphate complexes on the cathodes. 

In 1946, Evans (5) classified meta- 
phosphate as an anodic inhibitor, on 
the basis of unpublished results. In 
1951 the same author (ö) stated that 
it was probably a cathodic inhibitor 
and mentioned the possibility of col- 
loidal action. No data were presented 
at that time. 

In order to obtain a proper evalu- 
ation of the efficiency of metaphosphate 
glasses as corrosion inhibitors, it is 
necessary to determine the inhibitory 
mechanism. Such knowledge should 
lead to a more accurate concept of the 
variables affecting the action of the 
chemicals, and should result in in- 
creased efficiency and economy in their 
use for the control of corrosion in mu- 
nicipal and industrial water systems. 
The research reported in this paper 
was undertaken for the purpose of de- 
termining the mechanism by which a 
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sodium metaphosphate glass inhibitcd 
the corrosion of iron in water. 

Continuous-Flow Equipment 

The limitations of batch testing pro- 
cedures have been pointed out by 
Hatch (7). Of particular importance 
is the fact that the total amount of in- 
hibitor available to the metal is lim- 
ited to that present in the beaker, 
whercas, under continuous-flow condi- 

in Fig. 1. A 5-gal glass carboy Was holder resulted in.the formation 
used as a reservoir for the corrosive • identieäl compartments. >s 
water. This reservoir was immersed 
in a eonstant-temperature bath, which 
was maintained at 270C ± 10C. Xhe 
concentration of dissolved oxygcn was 
maintained at a constant value by cou- 
tinuous aeration. The corrosive waler 
was circulated in the test system at a 
constant rate of flow by means of a 
stainless-steel centrifugal pump. All 

«rpmcnt provided similar flow 
^■^ifions in the vicinity of the two 
I&todö of each galvamc «11. 
feÄ; spccimens wcrc m^chmcd to a 

Ptcr of 0.900 in. and a thickness 
f* f3n25 in, in order to permit them to 
'$t into the Special cups.used with 
'!■» nrlird radioactive counting equip- 
■4^ The face to be exposed to the 
i «I« was prepared in accordance «Ith 

trodes on opposite sides of the speci- 
men holder were normally short- 
cireuited by means of small sections 
of wire, to form galvanic pairs of 
anodes and cathodes. 

When it was desired to remove 
speeimens in order to determine the 
deposit of metaphosphate^. .-the flow 
through the system was stopped. The 
rubber hoses were pinched shut to pre- 
vent loss of water from the system, and 
two speeimens, comprising a galvanic 

Pump 

Fig. 1. Flow Diagram of Test Equipment 

The reservoir is a 5-gal glass carboy. The temperature was 270C ± TC. Waler was 
circulated at a constant rate. 

tions, there is a constant supply of in- 
hibitor to the metal surface. The ef- 
fect of velocity on the rate of corrosion 
of iron in water has been known for 
many years (5, 8, 9). It has been 
found (7) that the effect is even more 
pronounced in metaphosphate-treated 
waters. 

The experimental equipment used in 
the initial phase of these studies was 
of the continuous-flow type, as shown 

pipes in the system were made of pyr" 
tubing or rubber hose. Hence, t f 

water did not touch any metal m the 
test system, with the exception of ^ 
stainless-steel pump and the corro in» 
speeimens. . r 

Figure 2 shows the speeimen noiQ^ 
which permitted the removal of SP^ 
mens at various times during z . . 
Each speeimen holder was designe 
eight galvanic cells. The use of a 

SPECIMEN 
ASSEMBLY 

Tig. 2. Speeimen Holder 
marrangcmenl provided similar flow conditions in the vicinity of the two elcclrodes 

of each of the eight galvamc cells in the holder. 

£ Standard laboratory techniques for 
/handling corrosion speeimens. All of 
«the metal, except for this face, was 
cTaterproofed with a mixture of bees- 
- ^ and paraffin. Bolts were passed 
» .through rubber washers and screwed 
y «to the tapped holes on the back faces 

-l^c speeimens. The speeimens were 
vtj-inounted in the holder by inserting 
ivSc asscmblies into lucite tubes. plac- 

exposed faces flush with the 
: ^cite channel. The elec- 

cell, were removed from the speeimen 
holder and replaced with rubber stop- 
pers. It was possible to aecomplish 
this change in 2—3 min, without wast- 
ing more than a few drops of water. 

Radiochexnical Analyses 
The quantities of metaphosphate de- 

posited on the anodes and cathodes 
were usually very small. The use of 
radioactive tracer techniques made it 
possible to determine the amounts of 

 . 
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these deposits without removing the 
protcctive films from the mctal. 

The metaphosphate used in these 
tests was a glass, prepared in the lab- 
oratory from phosphoric acid and so- 
dium carbonate, with a P2O5 content of 
67.5 per cent. This approximates the 
inakeup of a eommercial product used 
for the control of corrosion in potable- 
water systems. A trace amount of ra- 
dioactive phosphorus (H3PO4 contain- 
ing P32) was added to the mixture at 
the time of preparation. Levels ot 
radioactivity in the test water were ad- 
justed to the desired value in all runs 
by diluting the radioactive metaphos- 
phate glass with stähle metaphosphate 
glass of identical composition. Dilu- 
tion was accomplished by adding ap- 
propriate amounts of stock solutions of 
the two glasses to the synthetic tap 
water in the reservoir. 

Radioactivity, measured in counts 
per second per milligram of metaphos- 
phate in solution, was determined at 
the beginning of each am by counting 
three samples of the test water. The 
counting equipment used for the radio- 
chemical determinations was a mica 
window type of Geiger-Müller counter, 
with automatic sample changer. This 
equipment has been described in a pre- 
vious paper {10). The same counter 
was used throughout all tests. 

After removal from the test as- 
sembly, the speeimens were placed 
in nickel-plated counting cups and 
counted three times. Corrections were 
made for background, geometry, and 
decay of the radioactive phosphorus. 
The amount of deposit 011 each speci- 
men was determined by relating the 
corrected counts per second of the 
speeimen to the counts per second per 
milligram of metaphosphate in the cor- 
rosive water. All deposits were ex- 

•aKWA 

pressed as milligrams of metaphospw 
per square deeimeter (sqdm) o{ a* 
parent metal surface. 

These techniques did not per®^ 
differentiation between metaphospha^' 
and orthophosphate. Bccausc boih 
types of chemicals are used as corro- 
sion inhibitors, and because metaphoj.' 
phate reverts to orthophosphate, thert 
may be some question whether the pro. 
tective film consisted of the laitcr. 
There are several reasons for bcliev- 
ing that it was the metaphosphalt 
which was of primary significancc io 
these tests. 

The stock solutions of metaphosphalt 
were prepared immediately prcccdinj 
each series of runs and were kcp( 
under refrigeration until used or dis- 
carded. Analyses of the reversion 
characteristics of the metaphosphate 
showed that water dosed with 50 ppa 
would contain less than 1.5 ppm o( 
reverted metaphosphate at the begin- 
ning of any run, and less than 5 ppm 
after 6 days at the temperature of th( 
experiments. Film deposition studits 
conducted several hours apart, usinj 
the same stock solutions, did not sho* 
variations in the rates of deposit, which 
would be expected if the revertri 
chcmical were the primary sourcc w 
the deposited material. 

The protcctive films on a few sani' 
ples were stripped from the metal wi» 
acid and analyzed chemically for meta- 
phosphate and orthophosphate contc 
Approximately 70 per cent of 
chemical was found to be present ® 
the form of metaphosphate. As 1 

use of acid radically increases the 
of reversion of metaphosphate, 1' 
be presumed that the ratio of this 
terial in the film was considera . 
higher than 70 per cent before re"10 

from the metal. vk 

yJ9S4 W 

Slthough both metaphosphates and 
^rthoohosphates inhibit corrosion, their 

f^ractcristics are quite different. Or- 
S^hophosphates are classified as anodic 
^'inhibitors (5, 8). As it has been 

thnwn that metaphosphates are ca- 
y;Züc inhibitors {2-4, 6, 11, 12). it 

follows that the inhibitory action of 
felhcsc chemicals could not logically be 
^•presumed to be due to orthophosphate 
t jjfivcd from their reversion. 

-film Deposition Studios 
The purpose of these studies was 

v to investigate the deposition of meta- 
phospiwte on the cathodes and anodes 

'i-Ä::. 
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dissipated within a period of 12 hr after 
the beginning of the run. The rate of 
flow through the speeimen holder was 
regulated to produce a velocity of 1 fps. 

As pickled speeimens haying an ex- 
tremely high initial rate of corrosion 
were employed in this study, it was ex- 
pedient to use higher concentrations of 
metaphosphate than those normally em- 
ployed in practice. Such a procedure 
may be justified as long as no attempt 
is made to evaluate the quantitative ef- 
ficiency of this chemical on the basis of 
these test results. The many papers by 
Hatch and Rice have indicated that 
qualitative results obtained with a 50- 

TABLE 1 
Com Position of Synlhdic Tap Waler 

tf  

Chrmical 
w 

Concentra- tion ppm 

Ion Conccnlration—ppm 

MK" C.V Na' Cl- so.— nco,- 

A, MrSO, 
$CaSO, 
ÄjCaClt 

" ^ NaHCOj 

34.65 
27.09 
39.12 
96.30 

7.00 

7.00 

7.98 
14.12 

22.10 

26.36 

26.36 

25.00 

25.00 

27.65 
19.11 • 

46.76 

69.94 

69.94 

r M a funetion of time under continuous- 
•N-flow conditions. Two identical contin- 

Systems were operated in 
■i larallel. A synthetic tap water with 

SH« composition shown in Table 1 was 
'n 0.r(^er t0 prevent variations in ^ tnc chemical characteristics of the test 

..^s during the different runs, and 
.^ -Diaintain an average pH value of 

. *PProxiniately S.O. The total volume 

ÄfÖTni" Cac'1 tcst systern amounted 
, rs; order to minimize bio- 

the water was dosed 
ffjin ? PP01 chlorine at the begin- 

*0 LaC^ ^un■ chlorine resid- 1Q c test water, was completely 

ppm concentration of metaphosphate in 
the laboratory are comparable to those 
obtained with concentrations of 2-5 
ppm in actual pipelines. 

Galvanic cells of steel and stainless 
steel were used to facilitate analyses of 
the action of metaphosphate on the in- 
dividual electrodes of a corrosion cell. 
The use of stainless-steel cathodes min- 
imized the introduetion of foreign metal 
ions into the test solution. Although 
the anodes and cathodes were separated 
by the width of the lucite cell, the ac- 
tion of metaphosphate on the two elec- 
trodes of a galvanic cell of this type 
should be similar qualitatively, but not 



•r*. 

Ulli' 
Sfef'üi 

v 

450 J. C. LAMB III & R. ELIASSEN ^our. A i 

quantitativcly, to its action on elcc- 
trodes located on the surfacc of a Sin- 
gle picce of metal, as in a pipe. This 
concept is correct, provided that the 
inhibitory action does not involve di- 
rect chemical reaction between the in- 
hibitor and the metal to any significant 
degree, a matter that will be discussed 
in a later section. 

Figure 3 shows the results of two 
runs made under identical conditions, 
but in two separate continuous-flow 
systems, each having 50 ppm of meta- 
phosphate in solution. The curves rep- 
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Fig. 3. Mctaphosphatc Dcposition 
on Cathodcs 

The curvcs show the results of two runs 
made under identical conditions, with 50 

ppm vielaphosphate in solution. 

resent the rate of deposit of metaphos- 
phate on the stainless-steel cathodcs of 
galvanic cells. Values similar to those 
shown in Curve A of Fig. 3 were ob- 
tained in other runs using 20 ppm of 
mctaphosphatc instead of 50 ppm, and 
in runs having widely varying levels 
of radioactivity in the test solutions. 
The deposits on the anodes varied er- 
ratically and were 20-100 times as 
great as those on the cathodcs. As 
these very heavy deposits were not ob- 
tained in other tests using platinum an- 
odes in impressed-current cells, it is 

feit that their presence may bc attri* 
buted to adsorption or reaction betwee^' 
the mctaphosphatc and the corrosion 
produets on the anodes. Subsequcm 
polarization studics (11) showed con- 
clusively that the smaller deposits pn' 
the cathodcs were responsible for the 
inhibitory action of the metaphosphate. 
For this reason, only cathode film for- 
mation will be discussed in this paper. 

From the curves in Fig. 3, it maybe 
seen that the amounts of mctaphosphatc 
deposited on the cathodcs were ex- 
tremcly small, possibly approaching a 

1.2 

0.8 

 ß 

/ 

A 

/ 

Fig. 4. 

20 40 60 
Time-hr 

Mctaphosphatc Dcposition 
(Rcuscd Watcr) 

JVatcr from the runs in Fig. 3 was retuci 
with new speeimetts. .if t 

layer only one molccule in thickness. 
There is no way of actually determm:. 
ing whether these amounts represent 
monolayers, becausc the exaet conipo- 
sition of the deposited material is un- 
known. The radiochemical analy^j 
were so sensitive that they permittc 
accurate mcasurement of the amountt 
of film on the cathodcs of the test 

even though the presence of these 
could not be dctccted visually. 

It is evident that similar curves « 
obtained for the first 80 hr of the t« 
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T ns depicted in Fig. 3. After that 
9;tbcre was a significant increase in the 
£^ratc 0f deposit in the run represented 

. . curve B. All of the speeimens used 

-te jo the two runs were prepared at the 
• same time and under identical condi- 

tions. Therefore, it was concluded that 
ibe difference in the rates of deposit in 

f the last hours of the runs was probably 
' duc to differences in the corrosive wa- 
' lers rather than in the character of the 

speeimens. Analyses of the corrosive 
waters at the conclusion of the two 

;* runs revealed no significant difference 
in their chemical composition, with the 
cxccption of iron concentration. In 

. -' the water from the run represented by 
Curve B, there was 0.06 ppm of iron 
in solution, as opposed to an iron con- 
centration of 0.03 ppm in the Curve A 
watcr. 

. A sccond set of fresh speeimens was 
placcd in the speeimen holders, and the 
nins were repeated, in part, using the 

.■".'amc waters that had been employed 
■lor the two runs in Fig. 3. Curves A 
and B in Fig. 4 correspond, respec- 
tivdy, to the runs made reusing the 

;-waters from the runs of Curves A and 
B of Fig. 3. 

can bc seen that the reuse of 
Uic corrosive waters rcsulted in much 
higher rates of dcposition of metaphos- 

• Pnatc on the cathodcs, and a greater 
^ total deposit was obtained. The pres- 

■V*nccr.0^ a ^'rn 0n the cathodcs in these 
"WS could be detected visually through 
V orrnation of interfcrence colors on 

' iiih'f^CC'menS.' ^ was ev'^ent that the act'0n of the metaphosphate 
exerted more rapidly in the sccond 

TOf cq35 • re Were n0 v's't>le deposits 
r-r0Sl°n Products on the anodes, 

t- Ijj 1 !e earI-v hours of the runs. 
ZL-Jl .Preceding runs, the anodes 

had been heavily coated with corrosion 
produets. 

The only detectable difference in the 
conditions under which the first and 
sccond sets of runs were made was the 
presence of corrosion produets in solu- 
tion at the beginning of the sccond set 
of runs. Therefore, it was concluded 
that these corrosion produets might 
have been responsible for the higher 
rates of dcposition in the runs of Fig. 
4. In that event, the protective films 
formed on the cathodcs must have been 
eomposed of metaphosphate, corrosion 
produets, and possibly other chcmi- 
cals in solution in-the watcr. Thus, 
the amount of metaphosphate deposit 
would not present a true picture of 
the amount of film present on an 
electrode, becausc the metaphosphate 
would be only one constituent of the 
film. 

Galvanic-Current Studies 
The differences between the curvcs 

in Fig. 3 and those in Fig. 4 indicated 
a possibility that corrosion produets in 
the water might exert a significant ef- 
fect on the action of metaphosphate. 
The next Step in this investigation, 
then, was to determine the effeet, if 
any, of corrosion produets in solution 
on the inhibitory action of metaphos- 
phate glass, as measured by the current 
flow in galvanic cells. 

In addition to the equipment de- 
scribed previously, a "zero resistance" 
ammeter (8) was used in these stud- 
ies. This device permitted the mcas- 
urement of short-circuit currents be- 
tween the eleetrodes of the galvanic 
cells. This procedure was necessary 
becausc a microammeter in the eireuit 
between the eleetrodes. even though of 
low resistance, could have a serious ef- 
feet on the total current flow in the 



J. C. LAMB III & R. ELIASSEN 

galvanic cell. In ordcr to measure thc 
galvanic currcnt bctwecn thc clectrodcs 
in each of thc couplcs, the wire that 
normally short-circuitcd thc ccll was 
disconncctcd. Thc two clcctrodcs wcrc 
then connectcd to the zero resistance 
ammeter, and the short-circuit currcnt 
was determined. The cells wcrc short- 
circuitcd again immediatcly aftcr meas- 
uring thc currcnt flow. 

In thc first pair of runs, with the 
two continuous-flow systems operated 
in parallel, 0.5 ppm of iron powder was 
addcd to the water in System 1, and 
no iron was addcd to System 2. In a 
sccond pair of parallel runs, 0.5 ppm 
of iron powder was addcd to the water 
in System 2, and none to System 1. 
This proccdurc was followed in ordcr 
to climinate any possible variations in 
thc operating charactcristics of thc two 
separate systems. By adding thc iron 
in thc form of powder, it subsequently 
entcrcd solution in the same manncr 
as when entcring from thc face of a. 
corroding metal. Thc iron and 50 
ppm of metaphosphate wcrc addcd to 
the synthetic tap water 24 hr before 
beginning thc runs. 

Each of thc curves in Fig. 5 repre- 
sents the average of the results of two 
corrcsponding runs made in thc two 
continuous-flow systems. The curves 
for the individual runs, obtained by av- 
craging the currcnt flow measurements 
from the several galvanic cells in each 
system, showed the same trends as thc 
average curves presented in Fig. 5. 

These curves reveal that the addition 
of iron powder to the corrosive water 
had a benefkial effeet on the inhibitory 
action of the metaphosphate. It is sig- 
nificant that, toward the end of the 
runs, the curvc representing the cur- 
rcnt flow in the systems with no iron 
addcd tends to approach the curvc for 

m 
-"Iii 

the systems with iron. An cxplanation 
is that continued corrosion of the spCcj, 
mens resulted in thc further additiou 
of corrosion produets to the solution. 
Separate studies wcrc conducted to dc: 
termine the cffccts of metaphosphafc 
and corrosion produets on anode and 
cathode potcntials and polarization in 
galvanic cells {11). From these stud- 
ics, it was possible to show that thc 
bcncficial effeet of corrosion produets 
was due to increased polarization o( 
thc cathodcs of thc corrosion cells. 

In the light of thc film deposition, 
currcnt flow, and polarization studies, 

Time-hr 

Fig. 5. Effcct of Iron on Galvanic-Curronl 
Flow Inhibition by Metaphosphate ■ 

Thc soliitioiis coulaiiicd 50 ppm {NaPOi)^ 
Iron was addcd in pozvdcr form. 

it may bc concluded that corrosion 
produets in solution have a bcncficial 
effcct on the inhibitory action of meta- 
phosphate glasses—an effeet which nia) 
bc attributed to increascd deposition o 
metaphosphate on the cathode and a 
rcsulting increase in the degrec of p0" 
larization of this elcctrode. 

Theory of Mechanism 

It is the purpose of this scction w 

develop a reasonablc hypothesis co" 
cerning the mechanism by which mc 
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"'■r- ».nsDhatcs inhibit the corrosion of iron 
u.ater. This hypothesis will bc 

^hased on t^e results obtained in thc 
ig scarch described above, taking into 
•v ccount the known charactcristics of 

"' nictaphosphates, as determined by past 
%invcstigators. .. , 
; Metaphosphate has been classified 

as an anodic inhibitor (5, 12. 13) 
: jnd as a cathodic inhibitor (2-4, 14). 
vvThrough polarization studies, it has 
--'/'becn possible to show that the inhib- 

l,* itor may bc made to act in either man- 
> ncr in short-term laboratory tests (11). 

Thc results indicated that the mode of 
action of the inhibitor was affccted 

- greally by the presencc of corrosion 
-produets in solution, and it was con- 

duded that metaphosphate should bc 
■•*■ classed as a cathodic inhibitor under 

, practical operating conditions. 
Metaphosphate glasses of thc type 

■employed in these studies form nega- 
tivcly charged particles when placed in 

'•.»olution in distillcd water. Heavy de- 
' posits of metaphosphate were observed 

on the anodes in the course of thc stud- 
ies reported above. Thc presencc of 

" these deposits can probably bc attrib- 
uted to the dual cffccts of clectrical 
attraction of the negatively charged 
metaphosphate to the anodic areas and 

, subsequent adsorption or reaction be- 
r. twcen metaphosphate and the corrosion 
ii'Products on the metal. 

Hatch (4) has suggested that elec- 
r Irodeposition is involved in thc forma- 
■-r lion of thc cathode film. It is evident 

;T "Ünt some of the metaphosphate in solu- 
V : | n form positively eharged com- 

'?ns or colloids before clectrical 
-y^raetion to the cathodcs takes place. 
V/:: c Prcscnce of trivalent cations in 

^ '^-Ull0n ^0ul^ favor tbe formation of 
^ ^ ^ ^rticles. It has been shown that 

- rrosion produets exert a significant 

effcct on thc amount of metaphosphate 
deposited on thc cathode. 

Hazcl (15) has demonstrated that 
hydrous ferric oxide and sodium meta- 
phosphate glass may form stähle posi- 
tive or negative sols, or they may co- 
agulate, depending upon^th'e relative 
amounts of the reacting substances in 
solution. Thc data indicated that the 
formation of positively charged col- 
loidal particles was favored by reduc- 
tion in pH and increase in thc iron ox- 
ide-metaphosphate ratio.. Düring the 
present investigation, qualitatively sim- 
ilar results wcrc obtained with meta- 
phosphate dosages. of 4-50 ppm and 
iron concentrations of 1-50 ppm (16). 
It is well known that metaphosphate 
will remove corrosion produets from 
iron. At thc anode, where this reac- 
tion takes place, the ratio of ferric ox- 
ide to metaphosphate is high, and the 
pH of the solution is at a minimum. 
Both of these conditions favor thc for- 
mation of positively charged eolloidal 
particles. 

Consideration of thc results obtained 
in this rcsearch, together with those ob- 
tained by past investigators, has led to 
the devclopment of the following hy- 
pothesis conccrning the possible mech- 
anism of corrosion inhibition by meta- 
phosphate glasses: Metaphosphate in 
solution reacts with the corrosion prod- 
uets in the vicinity of the anodes, rc- 
sulting in thc formation of positively 
charged eolloidal particles. .These par- 
ticles, containing iron oxides and meta- 
phosphate, arc subsequently deposited 
on the cathodcs through electrodeposi- 
tion. The film thus formed decreascs 
thc rate of corrosion of iron in water 
by increasing the degree of polarization 
of the cathodcs in the corrosion cells. 

The studies in the latter phase of this 
rescarch projeet were conducted with 
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thc objective of determining whether 
thc prcccding hypothesis could bc 
substantiatcd by cxpcrimental obscrva- 
tions. 

Effect of pH on Film Deposition 

It has bccn pointed out that thc clcc- 
trodcposition of a cathode film must 
dcpcnd upon thc formation of positivcly 
chargcd particlcs. It has bccn shown 

Fig. 6. Effcct of pH on Mctaphosphatc 
Deposition 

Test coudilions: 50 ppm (NaPOt)*; pH 
adjxisted with HCl; enrrent flozv, 1 via; 
platinum cathodc; iron added as FcCU; 

length of test, 1J hr. 

that iron and metaphosphate arc capa- 
blc of forming colloidal particlcs in tap 
watcr (15, 16). Thc experiments in 
this section were undcrtaken for thc 
purposc of investigating thc effeet of 
solution pH on thc deposition of meta- 
phosphate on thc cathode. 

The basic equipment used in these 
tests consisted of a Container made 

of U-shaped lucite sections, fastened 
together by means of bolts passing 
through thc entire unit. To climi- 
nate contamination of thc test solu- 
tions through corrosion of the elec- 
trodes, they were made of platinum. 
A sheet of platinum, which served as 
thc anode, was placcd between thc 
lucite sections at one end of the unit. 
Platinum-covercd stainlcss steel, turned 
to 0.900-in. diameter and 0.25-in. thick- 
ness to fit thc availablc counting equip- 
ment, served as thc cathode. Thc lat- 
ter was screwed to a brass holder, and 
all metallic surfaccs, cxccpt for thc 
platinum, were waterproofed. 

60 

40 

g- 20 
jj 
f / 

pH 
5.0 
6.0 

' , 7.0 
8,0 • 1 

0 5 10 15 20 
Fe - ppm 

Fig. 7. Effcct of Iron Conccntration on 
Metaphosphate Deposition 

Test conditious were as in Fig. 6. 

Radioactive metaphosphate glass to 
make 50 ppm was added to 500 ml 
of synthetie tap water, and the pH 
of the solution was adjusted roughl)' 
with hydrochloric acid. The desired 
amount of iron was then added 
thc solution in thc form of ferrous 
chloride. After 30 min of aeration 
thc exaet pH of the solution was 
ured, and a ISO-ml sample was 
in thc lucite Container. This 
was agitated by a laboratory stirr"1? 
machinc operated at a uniform 
A constant current of 1 ma was p355' 
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between the clectrodes. One-milliliter 
saniples of thc test water were evap- 
orated and counted in triplicate, to de- 
tennine the number of counts per sec- 
ond per milligram of metaphosphate. 
At the end of hr the cathode assem- 
bly was taken from the unit and rinsed 

- slightly in distilled water to remove any 
radioactive test solution adhering to 

, the metal. The cathode was then 
separated from the brass holder, placcd 
In a counting cup, and counted three 
limes. The amount of metaphosphate 

• on the cathode was determined by 
thc radiochcmical techniqucs prcviously 
üutlincd. 
- In Fig. 6, the rcsults have been pre- 
sented in two groups of curves for the 
wke of clarity. It will bc noted that, 
in the absence of iron, the pH of the 
solution, at values greater than 5.0, had 
very little effeet on thc amount of meta- 
phosphate deposited on the cathode. 
Thc decrease in the amount of deposit 
»tlower pH values cannot bc explained 
«tisfactorily at this time. In all solu- 

-lions containing iron, the amount of 
deposit increased with a decrease in 

■ pH to approximately 5.0. The dc- 
.CKasc in the amount of deposit at pH 

^values less than 5.0 can possibly bc 
/..»Unbutcd to the increasing solubility 
-v'iron- Decreasing thc pH below 3.5 

'P el'niinatc formation of col- 
ü. Pafticles, as indicated by the ab- 

^■tions concs in these solu- 

Part'c'cs 'ron aiid meta- sPhate may carry net positive or 

?llarges- 11 has ljeen well 
Äftc f

1$ many investigators that 
*WfI0rKnat,0n 0f a P05'1^6 so1 is fa- 

t»oluiiony ^Uction in .thc pH of thc 
th ^ curves in Fig. 6 show 

; cn C <fePosition of metaphosphate 
^ 0^e is favored by reduetion 

in the pH of the solution to a value of 
approximately 5.0. Therefore, these 
rcsults arc compatible with the hy- 
pothesis that the cathode film may bc 
formed through the deposition of posi- 
tivcly chargcd colloidal particlcs on this 
electrode. , f' 

Effeet of Iron on Film Deposition 

The curves in Fig. 7, plotted from 
data in Fig. 6, reveal that the addition 
of iron to the test water had a signifi- 
cant effect on thc amounts of metaphos- 
phate deposited on the cathodcs, in 
U hr, at pH 5.0, 6.0, and 7.0. An 
incrcase in iron conccntration to ap- 
proximately 5 ppm resulted in a sharp 
increase in the amount of deposit. 
This increase can be attributed to depo- 
sition of thc greater number of posi- 
tivcly chargcd particles on thc cathodes. 
A subsequent increase in iron conccn- 
tration resulted in a decrease in the 
amount of deposit, which may bc at- 
tributed to one or both of the follow- 
ingfactors: [1] increased ferric oxide- 
metaphosphate ratio in the particles, 
resulting in a decrease in the quantity 
of metaphosphate deposited; and [2] 
increased size of the particles, result- 
ing in a lower migration velocity in an 
electrical field. 

It will be noted that the increase in 
iron conccntration had little or no ef- 
fect on thc amount of metaphosphate 
deposited at a pH of 8.0. The forma- 
tion of positively charged colloidal par- 
ticles is inhibited by a risc in pH. 
Therefore, it may be concludcd that, 
at this pH, the hydrous ferric oxide 
and metaphosphate did not combinc to 
form a significant number of positively 
charged particles. On the other band, 
in the earlier phases of this investiga- 
tion (Fig. 3 and 4), it was found that 
thc addition of small quantitics of cor- 
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rosion products to the solution at this 
pH did have a significant effcct on the 
dcposit of metaphosphate. 1 his indi- 
cates that the rcmoval of corrosion 
products by metaphosphate is more ef- 
fcctive in producing positively charged 
colloidal particlcs than is the reaction 
between metaphosphate and iron added 
to thc solution in chemical form. 

The high ferric oxide-metaphosphate 
ratio and minimum pH in the vicinity 
of the anode favor thc formation of 
colloidal particlcs with net positive 
elcctrostatic chargcs, even though con- 
ditions in the solution proper might bc 
unfavorable to the formation of such 
particlcs. Furthermore, it has been 
found (17) that metaphosphate glass 
forms very highly hydrated particlcs in 
watcr. Thcrefore, colloidal particlcs 
containing hydrous fcrric oxidc and 
metaphosphate arc probably highly hy- 
drated. This hydration shcll interferes 
with or retards rcaction between a par- 
ticle, once formed, and other particlcs 
in solution. Hcnce, a partide formed 
at the anode of a corrosion ccll would 
have a tendency to retain its net posi- 
tive charge, although conditions in the 
solution proper might he unfavorable 
to the formation or continued existcnce 
of such a particle. 

The curves in Fig. 7 show that a 
deposit of metaphosphate was obtained 
on the cathode in the absence of iron. 
It has been found that this deposit can 
bc attributed to the effcct of calcium in 
solution (18). 

Deposition of Corrosion Products in 
Cathode Film 

It has been shown that the addition 
of corrosion products to the solution 
incrcases the amount of metaphosphate 
deposited on thc cathode. It was the 
purpose of the experiment described in 

Jour. A W ' 
$$6 

this section to determme whether'^, 
transfer of corrosion products fr^ 
anode to cathode, as postulated in the 
hypothesis, actually takes place. 

An iron-plating bath containing {(£' 
rous chloride and calcium chloride Vvaj 
prepared. Approximately 75 micro- 
curies of radioactive iron (Fe"-") ^ 
added to this solution. Steel speeimens 
were pickled thoroughly and placed in 
the plating solution. A current with 
a density of approximately 100 amp 
per Square foot of speeimen area was 
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JP^tive deposit on'thc platinum 
only bc attributed to the 

f- ^nsfer of material from the anode to 
$ hc cathode of the corrosion cell, thus 
^eubstantiating the hypothesis that the 

W-Lthode film contams corrosion prod- 
P^ts- in addition to metaphosphate. 
^Anothcr infercncc is that it is not nec- 
Sglcsary to add iron to the water in 
* Order to cause the deposit of a cathode 

film containing iron. A source of this 
pctal is made available in thc corro- 

o^uu4v. -- -i  |sion process. i • i i a 
passed between thc submerged sped..| ^ r .Thc prescnce of a relativcly large üe- 
mens. After rcmoval from thc plat- j ' posil on thc cathode in the imprcssed- 
ing bath, thc radioactive cathode was 
washed thoroughly with tap and dis- 
tillcd watcr. ■ 

This clectrodc was then used as the 
anode in an imprcssed-currcnt ccll. A 
platinum clectrodc, idcntical with tho« 
cmploycd in preccding tests, was used 
as thc cathode of thc corrosion ccll 
Thc elcctrodes were immersed in 500 
ml of synthetie tap watcr containing 
50 ppm of nonradioactive metaphos- 
phate glass, and a currcnt of 1 nu 
was passed between them. The solu- 
tion was agitated by means of a lab- 
oratory stirrer. A platinum electrodt 
through which no clectrical currcnt 
passed semd as a p^rrent cell, and a very small deposit 
The platinum e cc ro counled R ?n thc control speeimen, is consistcnt 
r,„sed m d.st. led water, and l ^ ^ P that

,
elcctrodep„si. 

at the end of U hr- ■ * • ^ K - 

4 6 
^."itii'V Current Flow-ma 
• Flg. 8. Effcct of Electrical-Currcnt Fiow 

on Metaphosphate Deposition 

Tal conditions: 50 ppm (NaPOt)*: 20 
PPm Fe (FcCU); pH 7.7. 

.ine v...^ niati-f---. n 1S the primary mechanism in the 
On the bas.s of three runstepU J V ^ ^ 

num cathode showed the prcscnce 
significant amount of radioactive 
posit at the end of the above Proce " 
(1.33 counts per second). The 

■ < •■ -f 
Äole of Electrical-Current Flow in 

Deposition 

(lf C0Un,S ^hnwhieh"w rl« ! section of the investigation was trol speemen, ^h.ch l ^eruken to determine whether cath- 

^im formaiio"is ^ oi 

tackground The only source ofra^l . fe ^«r,cal current flowing through 
active material in this test was the^f •» «*« 
anode Therefore, the presence *« '^""«1 with that in the 

investigation of the effects of pH on 
film deposition. 

A synthetie tap water solution con- 
taining 50 ppm of radioactive meta- 
phosphate glass and 20 ppm of iron, 
in the form of ferrous chloride, was 
aerated for 30 min, and 180 ml of this 
water was added to each^lucite Con- 
tainer." The rate of electrical-currcnt 
flow through each unit was adjusted 
to a desired constant value. Thc wa- 
ter was stirred continuously through- 
out the tests, as in the studies on the 
effcct of pH. One-milliliter samplcs of 
thc watcr were evaporated and countcd 
to determine the counts per second per 
milligram of metaphosphate in solution. 
At the end of 1^ hr the platinum-faccd 
cathodes were removed. The amount 
of metaphosphate deposited on each 
was determined by counting thc speei- 
mens with the films in place. Dupli- 
catc runs were made and thc rcsults 
averaged for presentation in Fig. 8. 

Figure 8 reveals that the rate of cur- 
rcnt flow had a markcd effcct on thc 
amount of metaphosphate deposited on 
the cathode. Very little deposit was 
obtained in the absence of electrical 
currcnt, and the small amount that was 
deposited can probably be attributed 
to adsorption of the chemicals on thc 
mctal. The increase in the amount of 
deposit with increase in current flow 
can be attributed to one of two factors: 
[1] reaction between the metaphos- 
phate and cathodic products, causing 
deposition of this chemical on the 
cathode; or [2] • electrodeposition of 
the metaphosphate. 

To distinguish between these alterna- 
tives, it should be rccalled that alkalin- 
ity is produced at the cathode, causing 
a rise in pH in the vicinity of this clec- 
trodc (5, 8, 9). In the phase of this 
investigation dealing with the effects 

".V'kf 
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of pH. it was shown that a nse in pH 
could bc expected to result m a sma 1er 
cathodc deposit. From th,s {ac ' ^ 
evident that thc increase in deposit 
with increascd currcnt flow occurr^ 
in spitc of the alkalmity formed at the 
cathodc rather than bewuf ?f 

sequently, it must bc conduded that thc 
cathodc film of metaphosphate ^nd cor- 
rosion produets is formed through elcc- 
trodeposition, thus confirming a por- 
tion of the hypothesis prcviously out- 
lincd. 

Evaluation 

Hatch (4) has suggested the possi- 
bility that thc calcium salt or complex 
of metaphosphate glass may form po i- 
tivcly chargcd colloidal particles m so- 
luiton. On thc other hand, Rcitcmeicr 
and Buehrer {19) concludcd that col- 
loidal particles of calcium and meta- 
phosphate were not formed, even in 
supersaturated solutions ot calcium 
carbonate. It should be po.ntcd out 
however, that this «nfus'0" 
based on the abscncc of ^ Tyndal 

conc in such solutions, a condmon that 
does not necessarily preclude thc pos- 
sibility ot a colloidal suspens.on. 

It is well known that metaphosphate 
exists in the form of a negatively 
chargcd particle in distillcd water. In 
this investigation. no signl^n^eP°slt_ 
of metaphosphate was found on plaU 
num cathodcs immersed in ^t'lled^.va- 
ter containing metaphosphatc. All mi 
gration of metaphosphate under thesc 
conditions was in the direction of the 
anode. In waters containing calcium, 
significant deposits of metaphosphate 
were found on the platinum cathodcs 
(Fig. 6 and 7). Thereforc, it may bc 
concludcd that calcium and meta- 
phosphate combinc to form positivcly 
chargcd particles. No conclusion can 

bc reached, however. as to whether 
thesc particles are lomc or colloidal 
in nature. as no Tyndall concs were 
observed in thesc samples. Previous 
studies (11) showcd that, when meta- 
phosphate was deposited on tbc cath- 
ode in thc abscncc of iron, it had httle 
or no effeet on thc polanzation of this 
electrode. Thereforc. thc inhibitory 
action of metaphosphate glass cannot 
bc attributed solcly to this deposit. 

In thc film deposition studies and in 
the scction dealing with thc effeet of 
iron on film formation, it was found 
that thc presencc of a small amount of 
iron in the water resultcd in a signifi- 
cant increase in the amount of meta- 
phosphate deposited on the cathodcs. 
Thc results of thc galvamc-currcnt flo« 
studies indicated that the add.t.on o 
iron had a bcncficial effeet on the 
inhibitory action of metaphosphate. 
Other studies {11) have rcycaled that 
thc bcncficial effeet was due to in- 
ercased polarization of thc cathodcs 
thc presencc of iron. 

Metapbosphatcs remove corrosion 
produets from thc anodes of corros.o 
cclls. At thesc locations are found tn 
conditions of low pH and hlSh ir, 
concentration that are most favo^ 
to the formation of positiycl) ch g 
colloidal particles of metaphosphate an 
hydrous ferric oxidc. Thcstudyof^ 
deposition of corrosion produets in ^ 
cathodc film showcd that a transfe ^ 
corrosion produets from anode 
ode actually took placc. These r , 5. 
confirm the hypothesis that metaph^ 
phatc and hydrous ferne oxidcs 
constituents of thc protectivc fi m- ^ 
corrosion produets removed tron corrosion proum-i»    con. 
anodes by metaphosphate ma) ü H 
sidered a sourcc ot thc oxidc ^ 
subsequcntly deposited on he ' ^ 
in combination with thc metaphosp^ 

The investigation has shown that 
the protectivc film is formed on thc 
cathodcs primarily through a process 
of electrodeposition. This conclusion 
is in agreement with thc findings 
of Hatch (4) and is consistent with 
a theory of cathodc film formation 
through electrodeposition of positivcly 
chargcd colloidal particles containing 
metaphosphate and hydrous ferric ox- 
ides- . 

It was found that a decrease in pH 
lo approximately 5.0 rcsultcd in am 
increase in cathodc film deposition. A 
(urther dccrease in pH resultcd in a 
sharp decrease in film formation. It 
has been pointed out that thesc effects 
arc consistent with the theory of col- 
loidal action which has been dcvclopcd. 
A decrease in pH might bc expected 
to rcsult in the formation of a grcatcr 
number of positivcly chargcd colloidal 
particles (or more highly chargcd par- 
lidcs). The decrease in film forma- 
tion at lower pH may bc attributed to 
the increascd solubility of iron. These 
results are in agreement with those of 

- Hatch and Rice (i), who found that 
-the inhibitory action in metaphosphate- 

treated water appeared to be more pro- 
nouneed as the pH decreased to ap- 
proximately 5.0. They also found that 
thc inhibitory action decreased at pH 
values less than 5.0. 

It should be pointed out that the 
.Undings of this investigation do not 

negate or conflict with the results ob- 
toined by most previous investigators. 

.Rather, an explanation of the mcch- 
Jnism underlying their findings has 

/J*en disclosed. This makes possible 
4 direet corrclation between thc pres- 

( ^t findings and those of past investi- 
new mformation brought ... light during thesc studies may be 

cxplain conflicting or incon- 

sistent results reported by some investi- 
gators. 

Conclusions 

Thc results obtained in this research 
work lead to the following conclusions 
about thc inhibitory action- öf meta- 
phosphate glass on thc corrosion of iron 
in water: 

1. Metaphosphate glass. when added 
to solution in sufficient quantity, wil! 
remove corrosion produets from the 
anodes of corrosion cclls. 

2. In the vicinity of thc anodes of 
corrosion cclls. there is a high ferric 
oxide-metaphosphatQ ratio and a mini- 
mum pH. These conditions are fa- 
vorable to the formation of positivcly 
chargcd colloidal particles of hydrous 
ferric oxidc and metaphosphate. 

3. Thc rate of deposition of meta- 
phosphate on cathodic areas, as well as 
its inhibitory action, is enhaneed by the 
presencc of corrosion produets in solu- 
tion. 

4. Some of the corrosion produets 
stripped from anodes by metaphosphate 
are subsequcntly deposited on the cath- 
odcs. 

5. The protective film formed on 
the cathodc contains colloidal particles 
made up of metaphosphate, ferric ox- 
idc, and other chemicals deposited from 
solution. 

6. The protective film is deposited 
on the cathodc through a process of 
electrodeposition. 

7. The protective film reduces the 
rate of corrosion by increasing the de- 
gree of polarization of thc cathodc. 

8. Thc rate of deposition of meta- 
phosphate on cathodes is highest at a 
pH of 5.0 and deereases above and 
below this pH value. 

9. Thc rate of deposition of meta- 
phosphate on cathodes increases with 



460 J. C. LAMB III & R. ELIASSEN Jour. A iVW/i 

an increase in iron concentration in the 
water up to a limiting value. 
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Mechanism and Control of Scale Formation in 

Sea Water Distillation ^ ^ 

By W. F. Langelier 

A contnbution to the Journal by IV. F. Langelier, Prof. of San Ena 
Univ. of California. Berkeley, Calif. ' ' 

IN 1941, when the military services 
aeeepted engine-driven compression 

equipment for the distillation of sea 
-•.Iwatcr, serious problems in the control 
--of evaporator scale deposits were 
~ quickly brought to light, and several 
. .investigations were initiated in an en- 
" dwvor to solve these difficulties. This 

paper describes briefly some of the con- 
dusions derived from a rcsearch proj- 
cet reccntly completed by the Institute 
of Engineering Research at the Uni- 

■^rsity of California, Berkeley, Calif. 
,$SThc project involved extensive labo- 
.ratory studies in the chemistry of 

-vcvaporator deposits and also the full- 
;.gKalc Operation of a Standard 60-gph 
-^Uiermocompression still supplied with 
■^Tptcr from San Francisco Bay. The 
-.^projeet was sponsored by and received 

Sfal'r1"1316 cooPeration of the Sani- 
Branch, US Army 

r 0f ^Hgineers, Fort Belvoir, Va. 
^W!lmp,e theory is completely ade- 

-itions a ^ exP'a'n a" of the manifesta- 
^ cijtCcj • ^PParent contradictions asso- 

i-tinatin^-1!1 SCale formation in the dis- 
^ •PPcars 0t»,SCa waters- Just when it 
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for as long as 600 hr 

between descalings, whereas, with di- 
luted harbor water, the same unit may 
operate for only 200 hr. A unit that 
develops magnesium hydroxide scale 
when operated at one location on the 
Atlantic Ocean is found to develop cal- 
cium carbonate scale when operated at 
another. These and other apparent 
inconsistencies have been observed. A 
few generalizations can, however, be 
made : 

1. The avoidance of hard sulfate 
scale requires that the sea water should 
not be concentrated to less than one- 
third of its original volume—that is, 
the concentration factor should not ex- 
ceed 3.0. This is accomplished by 
Controlling the blowdown rate so that 
it does not fall below 33 per cent of the 
rate of feed. 

2. Operating as in the preceding 
paragraph, the scaling potential of sea 
water is normally a funetion of total 
alkalinity, but silica, when present in 
significant amounts, either as turbidity 
or in solution, exerts an unfavorable 
effect disproportionate to its concen- 
tration. Coastal and harbor waters 
may differ from normal sea water in 
these respects. 

3. The dry weight of scale deposited 
within a given interval is roughly 
equivalent to the total alkalinity in the 
volume of water distilled. Depending 


