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Summary.

The studies rerorted in this thesis were under-
taken to discover the chemical and physical properties of
the coloring matter in natural waters. The results of
fhé investigations have seemed to prove that coloring mat-
ter in water is in the colloidal state, and that it ex;
hibits definite and characteristicvproperties which sub~
stantiate this cont ent ion.

A brief synopsis of the more important facts re-
garding the nature of colloids is presented, An outline
is then given of the criteria which must obtain in order
to apply the colloidal theory to color in water.

The, results of the experiments performed in
the laboratory by subjecting various Waters to cataphore-
sis are described and tabulated. The resﬁlts are inter-
preted on the basis of the colloidal theory.

Finally, there is presented a definite state-
ment of the cclloidal theory of color in water, based
upon the results of the studies undeftéken. This theory
is then applied to interpret decolorization of drinking
water by the several processes brdinarily employed.

A bibliography is appended, giving references
to earlier studies upon the nature of color in water and

to treatises upon the.theoryvof colloids.



ON THE NATURE OF COLOR IN WATER.

By Thorndike Saviile.

Tﬁe writer has been engaged in a study of
the problem of color removal from water, and in con-
nection with the experiments which tha has carried on,
application has been made of some of the newer ideas
of physical chemistry. The investigations described
herein were undertaken with a view to proving or dis-
proving the colloidal theory of color in water, and
the'discussion‘bf résﬁltsnand conclusions are largely
confined to that problem.

The question of color removél from public water
supplies is being studied by many engineers. It is
not so much a question of hygiene as of esthetics;
not so much a provision to safeguard the health of
a commnniﬁy as to cater to that psychoiogical attri-
bute which makes a clear and colorless water seem
more salubrious than a turbid or colored water.

Present knowledge concerning the nature of col-
voi in water is'far from satisfactory.- From this lack
of information there results the use of inadequate

and often troublesome methods of removing color from



- public water supplies. The studies reported in this pa-
per are, therefore, only a contribution to the larger
stﬁdy of color removal, and they are bresentéd as offer-
ing possible new departures in the technique of color |
removal practices. |

The investigations made by the writer have been

oniy upon waters from localities along the Atlantic Coast.

The Present Conception of Color.

The origin of the brown color of water isAgen-
erally considered to be due to chlorophyll or its allied
products derived from dead and decaying vegetation. Car-
~ bon, hydrogén,'oxygen, and iron have been shown to be
important elements of the coloring material. In general,
the greater the amount of ifon in a water, the greater
will be its color. The color is usually some shade of
brown, either yellowish or greenish brown; the change from
one to the other often being seasonal.

Unt il comparatively recently, the physical na-
ture of the color in ﬁater has received 1little attention.
It used to be stated that (1)* "color is due fo substances

in solution, while turbidity is due to substances in sus-

* Pigures in parenthesis refer to titles in the bib-
liography appended at the end of the paper.



pension.” Moreover, (2) "tannins, glucosides,’and their
derivatives are doubtless present . . . . Carbon is the
important element in its composition, and the color var-
, iés in amount very closely with the 'oxygen consumed.'"
That "coloring matter (in water) is similar to, and pos-
sibly identical with, the coloring matter in tea" (1,2)
has been generally éccepted as a satisfactory explana-
tibn of the character of the coloring matter. These
statements represented the current views on the question
of the nature of color in water which have been held un-
til lately. Recently studies have been made which will
doubtless cause these earlisr thebries to be somewhat
modified. | |

The belief has been slowly gaining credence
that coloring matter in water is essenﬁiall& colloidal
~ in nature, and does not primarily exist in true soiution.,
It is the aim of this article to. show that color in water
is certainly in the colloidal state, and that it exhibits'
definite énd characteristic electrical‘propérties which

substantiate this contention.

LIhe Nature of Colloids.

'To make more intelligible the discussion of

the material presented in this paper, a brief résumeé



of the underlying theory is attempted in the fbllbwing
paragraphs. This is the more desirable since, to the
writer's knewledoe no such statement of the colloidal |
theory as applied to color in water is available, excent
in two somewhat contradlctory art1cles by Catlett (3,4).

At the outset it is important to define a col-
loid. The ‘whole study of colloids is of such recent de-
velopment that the nomenclature is as yetl unsettled and
often contradictory. ©The terms given below have been
taken from the latest writers on the subject, and indif
eate the most recent views. | |

"A colloidal solution may be defined as a sus-
penSion, in a liquid medium, of fine particles which may
be graded down from those of microscopic to those of
vmolecularbdimensiens. rhe one property common to all
- such solutions is that’the suspended matter Will remain
almost indefinitely in suspension in the liquid, the
natural tendency to settle due to the attract ion of grav-
itat ion being overbsleneed by.some other force tending to
keep the small masses in suspension(5)."™ It has been shown
that nearly all substances exist in the colloiad eondition
if finely‘enough divided or properly prepared, and hence
we now speak of substances as being in the colloldal state

ather than of certaln substances as collolds. The size
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of particles to be in the colloidal state is generally
taken to be from 0.001 mm. to 0.0000001 nmm. |

| There are two major classes of colloids: (a)
viscous, gelatinlzing mixtures, not readily coagulated
by salts, such as gum arabic, gelatine, glue, etc.: and
(b)'non-viscous, non-gelat inizing, readily coagulsble
mixtures. The first types are known as emulsoids, and
may be considered as suspensions of ons ligquid in an-
other liquid, as globules of fat in water.‘ Thoée of
the second type are called suspensoids. The lstter éon-
.sist-of very fineiy divided particles in suspension in
a liquid, and as color in water is supposed to exist
chiefly in such a state, this is the only clsss of col-
loids which we shallvconsider. It is probable that the
color in some waters, and possibly some of the color in
all waters, is in the‘emulsoid state. The conclusions
a8rrived at in this paper, however, are thought to be
valid whether color in water is coﬁceived of as a sﬁs—
rensoid or an emulsocid colloid. |

Color in wabter is postulated.és ordinarily a

suspensoid colloid. The colloid particles, though in-
visible to the eye or under the microscope (coloreé water
is often quite clear), are visible in the Tyndall ray

(6). This is a device Which‘makes use of ‘a bean of



reflected,light passed through the coiloid'solution.

The colloid pafticles are‘thereby_rendered visible. The
phenomenon is similar to that by which dust particiesl |
in the air, ordinarily invisible, are made visible in a
beam of sunlight. If the illuminated particles be now
viewed through a microscope, their character can be as-
kcertained. This combination is known as the ultra-mi-

‘ croscope.

It was early found<that ordinafy suspensoids
moved to one or the other électrode when an electricél
current was passed through the liguid. This phenomenon
has been called cataphoresis. The elsctrode toward
~which the suspensoids move is dependent upon the char-
acter of the charge which they carry,~those’negative1y
charged moving to the anode (and being called anioniec
‘suspensoids), whilé those positively charged move to the
cathqde (and are called cationic suspensoids). Certain
substances when suspended in a colloidal state in water
exhibit these characteristics, and in the following dis-
cussion if will be well to have in mind certain typical

suspensoid members of each class* (5).

* Anionic Suspensoids o Cationic Suspensoids
1. Sulphides of arsenic, an- 1. Hydrates of ironm,
tlmony, and cadmium. chromium, aluminum, cop-

~ per, zirconium, cerium.
(Con. on next page).



"The fundamental assumption is that when a

particle suspended in a liquid becomes charged, there ex-

ists about it a double eleotric layer; when the particle

is negatively charged, there is a layer of negative elee-

tricity on the surface of the solid particle, while in

- the liquid immediately surroundirg it there is a corres-

ronding layer of positive electricity"; and vice versa

for positively charged particles (5).

"In regard to the cause and character of the

electrification, the phenomenon has been expressed by

the term 'contact electrification’; the parﬁicleS'be-

coming charged by the rubbing of the moving particles

of the 1iquid itself against the suspended particles” (5).

It has long been known that when certain salts

such as A12(804)3 (the "alum" of water supply termin-

Note from Page 6.

2.

3.

4.

6.
7.

.8,
9.

Anionic Suspensoids

Suspensions of platinum,
golé, silver, and mercury.
Vanadium pentoxide.

Stannic acid and silicig
acid. A

Aniline blue, indigo, mol-
ybdena blue, eosin, fuchsin,
Prussian blue.

Iodine, sulphur, selenium,
shellac, resin, kaolin,quartz
Starch, mastic, caramel,
chloroform.

Silver halides.

Various o0il emulsions.

Cationic Suépensoids

2.

3.

4.
5.

Bredig solutions of.
bismuth, lead, iron,
copper. :
Hofmann's violet, Mag-
dala red, methyl violet,
Bismarck brown, meth-
Ylene blue.

Albumen, Hemoglobin,
agar. -
Titanic acid.



ology) are added to water, a flocculation and precipi-
tation takes place.

Hardy (7) has shown that this is a colloidal
phenomenon, the Alp(SO4)3 forming aluminum hydroxide*
which is in colloidal state. He formulates two rules
for flocculation by electrolytes, as follows:

l. The coagulative power of a salt is determined by
the valency of one of its ions. This preponeﬁt ion is
either the negative or positive ion, according to whether
the colloidal particles move up or down the potential
gradient.

2. The coagulating ion is always of the opposite elec-

trical sign to the particle.**

Applicat ion of the Colloidal Theorz-zg Color in Water.

If the foregoing hypotheses are correct, and
if we can apply them to interpret the nature of color in
water, the following facts should be borne out in prac-
fice:'

(1) If color is due to particles in the colloidal

state, and such particles are merely minute masses of

*. It is now generally considered among chemists that
the compound heretofore called aluminum hydroxide 1is
really hydrous aluminum oxide having the formula

vy T0202+7 Hp0, instead of Feg(OH)z,

See footnote, page 20.



matter in suspensioﬁ, ﬁhén, given time, we ought to get
decolerization by gravity alone. Under‘ideal condit ions
of quiescence and constant temperature, such might be
the case. Practicélly the particles are so small, and
are influenced to such an extent by convectional currents
and wind, that it is quite feasible to keep them in sus-
pension indefinitely by mechanical means alone. Add to
"this, that if, as we postulate, each particle carries
a similar charge of electricity, there is a mutual tend-
ency to repulsion, and in this way also the suspensoid
phase is cont inued despite gravitative influence.
Moreover, és the velocity of a particle fall-

ing in a liquid is, according to Stokes (8), given by the

r®(s-s’ )g |
gn

s equals specific gravity of particle, s’ equals specific

formula V = where r equals radius of particle
gravity of liquid, n equals viscosity coefficient, and

g equals gravity constant, it will be seen that the vel-
ocity Qf settling is proportional to fhe square of the
radius. Thus in a particle having a size of 10 microns,*
the size of a gold sol,** the velocity of settling under

the influence of gravity alone and under ideal conditions

* 1 mieron = 0.001 millimeter.

** See footnote, page 17.
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is at the rate of 1C mm. per month. If, now, "the floq-
culation of particles increéses the effective radius,
flocculat ion must have the effect of greaﬁly increasing
the rate of éedimentation and, therefore, of clearing of
suspensions (9). This is in faet the chief way in which
flocculat ion is made manifest, and from this fact comes
the common use of the word flocculation as signifying
the rate of clearing of a suspension.”

(2) If the color be due to colloidal particles in
suspension, then they should be coagulated by electrolytes
and in accordance with the laws of Hardy (page 8 ). If
all the color colloids carry the same charge, they mutu-
ally repel each other, and so tend to remain in suspen-
gsion. If an electrolyte be now added carrying an op-
posite electrical charge, flocculation should occur.

This is precisely'what happens in greater or less degres,
but in less simple relationms.

| As fhe writer hopes to show hereafter, color
in water may carry either a positive or a negative charge.
When the coler is positively charged, it isvremoved by
alum chiefly by mechanical action, and an overdose of
alumAwill'be needed to form a heavy enough precipitate
to carry down the suspended color particles. In the
case of negative colof, both the positive aluminum ion

from Alp(S04)3 and the positive aluminum hydroxide form-

ed produce neutralization of the negative charge on the
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color colloid. Hénée there is in the case of negative
color a flocculation from these causes as well as the
mechanical action of the hydroxide. The underlying
theory of these reactions is explained in detail in
the footnote on page 20. It is a theoretical considera-
tion and has not as yet been entirely substantiated by
experiment.

If color is colloidal in nature, it should be
concentrated upon boiling and evaporation of some of the
water. This the writer has found to be‘true, an increase
in color proportional to the concentration by evaporation
being obtained, and also an increase in opaqueness of
the liquid when viewed in the Tyndall ray.

(3) If the color be colloidal, then it should
be electrically charged and move in an‘electric field.

If a current be passed through the liquid, there should

be a concentration of color at the electrode of opposite
sign tp the charge borne by the color suSpenéoid. With
cont inued application of current, the color in the viei-
hity of the electrode of the same sign as the charge on
the color particles should be reduced to zero. Finally,
the discharge of color particles should occur at the elec-
trode of opposiﬁevsign, with consequent flocculétion and

reduction of color thére also. The experiments of the



writer have been conducted to investigate this phenom-
enon, and the resﬁlts seem to entirely justify the coné
clusion that color in water must be chieflyvcolloidal

in nature, and that it does obey the laws of cataphoresis

as outlined immediately above.

Apparatus.

The apparatus used was simple, consisting at
first of glass U-tubes varying in size from 4 in. in
diameter with 6-in. arms, to 1 in. diameter with 8-in.
arms. These were filled with the liquid to be investi-
gated. Eleotrodes of platinum wire were used, immersed
directly in the liquid and connected to a 110-volt d.c.
current. Lhe amperage obtained was usually in thé viei~
nity of one milliémpere.

Later a somewhat more elaborate tube has been
used,.fitted with a stopcock at the bottom, so that, when
samples were being extracted, each side of the tube coulad
be cut off and prevent any mixing of the liquid. It
was found that in the simpler tubes there was a likeli-
hood, especially when there was a precipitate, of caus-
ing a disturbance and'mixing in the two arms when with-
drawing a gample. The arrangement.of wiring aﬁd general

appearance of the apparatus is indicated by Plate II.
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Description of Experiments

l. On Tea.

The investigation was begun'during the winter;
when highly colored waters were difficult to obtain in
the vicinity. Earlier experimenters, Hollis, Brown,
and Whipple, had all utilized leaf extracts in studiss
of color. In view of the fact that Hazen and others (2)
so persistently adVocated the similarity between the na-
ture of color in tea and in water, the writer began his
experiments with fea extracts.

At once the phenomenon of cataphoresis was
evidénced. There was almost constantly throughout the
experiment a decided difference in color between the two
limbs of the U-tube, showing the particles to be moving
toward one electrode and away from the other. To obey
the laws of‘cataphoresis in their entirety, there should
have been a continual decrease in color on one side, and
a continual increase in the other side. That this is
far from being the case is shown by Table 1. Here it
is seen that for the first forty-two hours there was a
sudden rise in color in both arms of the tube, the posi-
tive arm continuing to rise for sixty-eight hours and
then dropping somewhat.more slowly than the negative

arm. Both arms, however, continue to lose color with



TABLE 1.

ExpPERIMENTS ON TtA EXTRACTS.

ExpERIMENT No. 1.

ExpPERIMENT No. 2.

. : Bravk.
Large Tube. Small Tube. Large Tube.
Platinum Strip. Platinum Wire. Platinum Wire.
Color, p.p.m. Color, p.p.m. Color, p.p.m. .
Hours, Hours. Hours. Color,
+Arm. —Arm. +Arm. —Arm. +Arm. . —Arm, p.p.m.
0 2750 2 750 2750 2750 0 4 300 4 300 0 2750 .

3 2900 3 400 6 5200 5100 42 3 200

22 4 200 5000 | ..... el 11 5 500 5000 261 6 000

42 5700 3 300 5200 5200 20 6 700 6 000 384 7 100

68 5 800 2 300 5 500 1000 28 7 000 5 500 504 7 100

76 6 000 2 300 5 500 1000 34 8 600 3 800 648 9 600

93 6 200 2400 5100 800 48 8 000 3 500 Ce e
125 5 500 2 800 3300 3300 56 11 000 3 500
149 5 500 3 700 2700 300 63 9 600 3200
214 3 700 3 300 1200 200 72 10 000 2700
261 3 600 3100 300 50 80 10 000 2 400
288 3 400 3 400? F l - 88 11 000 2 800
384 3 300 3 100 180 ‘ 96 7 300 2 500
504 ! 107 10 000 2 300
648 ; 118 9 000 1800
N ; 170 6 900 1 600

| .

13
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time, the positive arm remaining slightly more highly
colored than the negative.
| In Plate II, to the left, is shown a tube with
tea extract after three hundred hours' run. The dif-
ference in color is noticeable, that in the positive
arm being greater. There is also a heavy froth on top
of the liquid in the positive arm, and in consequence
there has been a holding back of the oxygen gas which is
liberated aﬁ this electrode and a pressﬁre developed
which is manifest by the slightly greater height of the
liguid in the negatiﬁe arme. '

| The explanation of the sequence of events in
this experiment is not entirely clear, but the writer
interprets them as follows: The increase in color at
first is due to oxidation of iron or soﬁe other element
in the 1liquid, brought about. by the oxygen at the pos-
itive pole. Some other electrochemigal effects are
doubtless active. The indrease in color ceases when
thé chemical action producing it has been completed, and
the cataphoresis, which has besn masked, is now evident.
The'passage of particlss toward the positive elesectrods
is seen, and hence the colloid particles carry a nega-
tive charge. Discharge,‘floeculation, and precipitation

at the positive pols occur, with reduction in color.



Tube at left shows te
300 hours. Tube at right shows tea extract after

electrodes.

a extract after being subjected to cataphoresis for
cataphoresis with copper

Plate II
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Color reduction is greétest in the negative arm, from
which the particles move, and lsast in the positive arm,
toward which they migrate.

The increase in the susvensoid phase in the
positive arm increases the viscosjty of the liquid, and
consequently the oxygen gas escapes less-readily and a
froth forms. The formation of froth is characteristic
of many cataphoresis experiments in water and indicates
ordinarily the side to which the color moves. Largs
masses of flocculated material accumulated at the bot-
tom of the positive arm, showing the color to be charged
‘negatively.

In Plate II, on the right, is shown a tube with
tea extract, which was subjected to cataphoresis with -
copper electrodes instead of platinum. Here there was
a very rapid coagulation, the color decreasing from 4,600
to 250 in twenty-four hours. The copper goes intq solu-
tion, forming an electrolyte, and the color is drawn to
and deposiﬁed upon the anods.

A number of sampless of tea extract were kept
under differing conditions for observation as to changes
of color. Very evidently thers is a slcwlaxidation go-
ring on, as the color in the blank sample rises contin-

uously. The results are tabulated below.
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v ]

Time Unstoppered Stoppered Stoppered Unstoppered Sterile
: and Sterile and Sterile and in

o

“Dark.

1l day 2000 3000 5500 3600 3300
3 days 3300 3200 3300 3400 3400
5 days 4500 4400 4400 5500 3700
8 days 7600 5200 - 5600 5200
2.5 mos. 10000 13000 13200
3 moS. 11000 29600 15200
8

mos . 6000 6900 8000

——
——

These show a progressive increass in colof for
three months, an incrsase greatest in the stoppered,
unsterilized sample and least in the unstoppered, unster-
ilized bottle. That light plays little part is shown
by the fact that the sample>enclosed in a dark casse
has incrsased in color quite as much as the other samples.

A good deal of time was spent on these ex-
periments, as it was supposed the behavior of water
would be somewhat analogous. This was not found to be
so, and the undesirability of drawing conclusions rélat;
ing to color removal from anything but samples of nat-
ural colored water is evident. The preliminary experi-
ments on tea did serve to indicate the general behavior
of eolloidal color in water and to familiarize the ex-
perimepter with the technique of his operations. Ex-
cept for this, these experiménts did not aid in the solu-

tion of the general problem.
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change in the state of the iron content. The complex
iron colloid is presumably oxidized to the hydroxide,

which is insoluble.

18

The water from Mt. Auburn swamp was somewhat

similar to the preceding, but its color was apparently
almost‘entirely due to iron. Upon standing, precipi-
tation took place after floccuiation of the iron, and
complate decolorization from an original color of 450
resulted in less than two months. This water, however,
when fresh, was acid, and the color, therefore, carried
a positive charge. For this very reason, the obedience
to the laws of electrolysié as well as to those of cat-
aphoresis was marked. The water has been especially
ment ioned on that account. This was the only waber ob-
tained which was acid, and was probably rather unusual
for that reason.

In both the expériments noted abové, there
appears to be a double movement, in fhe nature of a
circulation, in each arm of the tube. The nature of

this movement in the case of the Mt. Auburn water is

Cont inued from page 17.

was applied to the liquid state while to the solig,
jellylike form he applied the term "gell' If one

of the two components was watser, the two correspond-
ing colloidal forms were a hydrosol and a hydrogel
(10). These terms ars now in common use.
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shown in Fig. 1.* It will be noted that there are two

positions of the top of the flocculated area, numbered

1 and 2. At first, the flocculent particles appear to

go nearly to the electrodss, but very soon there apnears

 a zone of decolorized water around each electrode, and

fufther movament takes plade in the space below this
zone. It is presumed that the intensity of the électric
field 1in this zone is strong enough to discharge the
co0lloid particles when they approach its border, and so
they flocculate and precipitate before reaching the el-
ectrodes. In this particular case 2ll the colloid color
particlss should theoretically have moved from the posi-
tive to the negaﬁive electrode. Practically , the con-
striction in the tube was sufficient to hinder free
passage, and certain particles being retained at the
bott om took on, probably from contact, a negative charge
and were drawn toward the positive electfode, where

they were discharged. An alternating charging and dis-
gharging of particles in this way is the means which
the writer has adopted to explain the frequent forma-
tion of floc in both arms of the tube, a phenomenon.

which occurs in many waters. With time, however, a

*Thls figure shows 8150 the colloid movements when
an aCId is added to a colored water.
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complete neutralization of all charge on the floc was
obtained, and precipitation resulted with reduction in
color. The froth appeared only upon the negative arm
(in the case cited above where the color is positive),
and there was finally a gradual movement from the posi;
tive arm to the negative arm of the floe which accumu-
lated in the bottom. All the precipitated particlss
which cause color will, if the procsss be carried far
enough, be found in the bottom of the negative arm if
the color is positive, and vice versa. (Fig. 1.)

If, now, an acid, such as concentrated HC1,

be added even in minute amounts to an alkaline water

such as that from Bridgewater or Marlboro, the hydro-
gen lon of the acid, being positive, reverses the chargs

on the colloid.* The reaction is very rapid, and the

* Since water (Hg0) dissociates into H+ and OH -
ions, it is probable that among other charges car-
ried by the color colloids in water is a positive
charge due to the H+ ion of hydrogen. This ion
may be in equilibrium with the H+ ion in the wa-
ter in such fashion that

H + ion on colloid - a constant
H + ion in solution

and similarly for the OH - ions if the adsorption
law holds.

If, now, an acid, such as HC1l, be added, which
ionizes into H+ and Cl - ions, the concentration
of the H+ ions in the water is greatly inereased,
and to maintain the constant relation indicated
above, the H+ ions on the colloids must also be

(Cont inued on page 21.
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Leve!/ of liguid 17 Tbe

Fia. 1.

Diagram showing movement of positively charged colloid

. particles when subjected to cataphoresis.

20a.
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electric field set up so strong that a floc appears at once
in both afms and moves toward the negative eletrode, on
which is deposited a brown, jellylike substance. In twenty-
four hours the color of the Bridgéwater water after addition
of 0.025 per cent. %-HCl was reduced from 840 to O in the

positive arm and to 50 in the negative arm.

If, instead of an acid, the sams amount of

N
i KOH be added to the water, exactly the opposite reaction

Continued from page 20.

increased. In this manner the colloid attains a stronger
positive charge than it originally had. If there was
only a negative charge, this will be discharged by ad-
dition of the H+ ions to the water, and the colloid
will adsorb the positive ion. By so much as it inereases
its positive charge, its tendency to move toward the neg-
ative electrode is also inecreased. That the colloid
takses up an H+ ion rather than a Cl1 - ion is due to
selective adsorption.

Similarly, when a base is added to the water, the
colloid may absorb the OH - ions (from, say, potassium
hydroxide (KOH) which dissociates into K+ and OH -
ions), so that its negative charge is increased and it
moves toward the positive electrods. .

In the same way, when Al5(S0,)z (filter alum) is
added to water, it dissociates into Al +++ and 3 So
- - 1lons. The color colloid by selection apparently
tends to adsorb the A1 + ions. If the color colloid be
negatively charged, then the positively charged Al ion
serves to cause discharge, and there results floceculation
and reduction of color through precipitation of the col-
loids. Moreover, there is formed hydrous aluminum ox-
ide (aluminum hydroxide), which is a positively charged
colloid. This also serves to neutralize the negative
charge on the color colloid.

. When the color colloid is positively charged, it will
not be discharged by addition of alum, and decolorization
will not be obtained by the means suggested above. When,
however, Alp(S04)z is added to water, aluminum hydroxide

(Cont inued on page 22.)
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takes place, with slightly less ranidity. There is here
mofement in the same direction as the normal water ex-
hibits in this particular case. The rule is general,
however, that, irrespective of the original charge on
the color particles in the water, the color will move
toward and flocculate in the negative arm of the tube
when an acid is added; and a reversal of this phenomenon
will take place if a base be added. This is in exact
accordance with Hardy's law fegarding (7) thé direct ion
of movement of a hydrosol in an acid or alkaline fluid;
namely, that "an immeasurable amount of free alkali
causes the proteid particles to move against the stream,
while in the presence of an equally minute amount of

free acid, the particles move with the stream. In the

Continued from page 21.

A1(OH)3 is formed, which produces a heavy floceulant
precipitate. This, settling more or less rapidly as

a matte, gathers up the colloid particles by adsorp-
tion and enmeshing, and hence under the influence of
gravity the color is carried down with the precipitats,
and reduction in color is obtained.

In waters negatively charged, both processes would
seem to be effective in color removal; discharge of
the negative co0lloid by the Al+ ion and the hydroxide
colloid, and the mechanical removal effected by the
aludiinum hydroxide. Under these conditions, color re-
.moval by alum is probably most ranid and effective.
When the color colloid is positively charged, only the
mechanical action of the hydroxide can be depended up-
on, and a larger amount of alum with possible overdos-
ing 1s consequent. :
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one case, therefors, the particles are electro-negative
and in the other are electro-positive.” v

What happens here is pfesumably that in the
case where particles in the water are similarly charged
to the acid or alkali which is added, these particles
merely have their charge intensified and the reaction
takes place in the normal direction with greater rapid-
ity. In case the particles are of opposite charge to the
acid or base that is added, the ionizing effect of the
acid or base is sufficient to discharge the charge on
the particles and then to.charge them oppositely to the
original charge. Or the difference in potential may be-
come sufficient and the flow of current strong enough to
attract the color particles to the electrode of the same
electric sign as themselves. If the difference in poten-
tial be great enough, positively charged particles may
be attracted to the positive electrode, and thus the
phenomena described may also be expiained, on this hypo-
thgsis,

In most of the waters investigated therevwas a
reduction of color in both arms of the tube upon cata-
phoreéis. " The reduction in the arm,carrying‘the electrode
of opposite charge to that on the particles was always less

than in the other arm, and the froth alwayé arpeared on the
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arm toward which the colleid ecolor partibles moved, An
explanat ion of the occurrence of froth has already been
advanced. The cause for the reduction in color in both
~tubes is explained byltwo progesses.

There is free oxygen‘given off ét the positiﬁe
electrode, and here the color particles (especially if
they be negativelyrcharged and so concentrated at that
electrode) may be oxidized so as to lose their color.

The most important cause, however, is suprosed to be

due to precipitation of the color colloids. There will
be a reduction in coler in the arm carrying the electrode
of similar sign to the color colloids from migration of
the colloids to the oppositely charged electrode. The
slight reduction in color in the arm carrying the elec-
trode of opposite sign to the colloids is due, as stated,
to discharge in the wicinity of the electrode in this arm,
and subsequent flocculation and’precipitation. The floc-
culent particles are frequently not visible to the eye,
but thevreduction in color is uswally evident, and after
a time the accumulstion of the precipitate in the bottom
of the tube is conspicuous.

If ail wat ers behaved in this fashion, with a
reduction of color in both arms of the tube, the response

of color in water to cataphoresis might not be considered
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entirely conclusive. Foftunately, two waters were found
in which the coler obeyed almost exactly the theoretical
laws of cataphoresis in colloid gsolutions. The Marlboro
water is seen from Table & to have had aﬁ original color
of 245. At the end of fifty hours the color in the posi-
tive arm had risen to 550,vwhile that in the negative arm
had decreased to 160, a mean of 255. After ninety hours,
the colors in the positive and negative arms were 470

and 40 respectively, a mean of 255 again. After two hun-
dred fifty hours, the colors were 450 and 0, a mean of
225, showing that the reaction was complete and rreci-
pitation had begun. The &ifference‘in color of the two
arms of the tube is well illustrated by Plate III, taken
at the end of two hundred fifty hours. The flocculated
particles in'the negative arm in the photograph are sim-
ply those few which the constriction in the tube prevents
from passing to the positive arm.

It should be noted that not only is there a con-
stant inerease in color in fhe positive arm and corres-
ponding decrease in the negative arm, but that the mean
of the color in both arms is almost constantly very near-
1y that of the original water (245), as should theoret-
ically:be the case if there were no precipifation. It

the current be kept on, precipitation will occur,'a floe



Appearance of U-tube containing Marlboro water after bein,

g subjected

to cataphoresis for 250 hours. Color in positive arm is 450, and 0 in the

negative arm.

Plate I
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forming in the positive arm. There is doubtless some
earlier flocculation not apparent %o the eye, and this
accounts for the decrease observed in the color of the
mean after two hundred fifty hours.

That this water follows so closely the laws of

cataphoresis is doubtless due to the fact that both al-

‘kalinity and iron content are almost negligible, a con-

dition not found in the other waters examined. There
were, therefore, no electrochemical reactions upon the
complex iron colloids which interfered with the cata-
vhoresis of the color colloids.

The waters from Hopkinton Reservoir and the
Ogeechee River exhibited similar properties, an increase

of color in the positive arm and a decrease in the nega-

‘ tive arm. As the first of these waters is from Massa-.

chusetts and the second from Georgia, the colloidal con-
dition of color in water was not of local occurrence.
The color in these waters, however, was somewhat less
stable than that in the Marlboro water, and the reduction
in color in both arms soon appears with flocculation and
précipitation.

| " The water from Lost Pond in Brookline is inter-
esting because of the apparent change in character of the

charge carried by the‘colloid color particles. The color
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is originally negatively charged, but after one hundred
hours there has been a great reduction in color from
neutralization and precipitation of the colcr colloids.
It will be seen that at this point there is apparently
a reversal of charge on the colloids remaining in sus-
prension, and a consequent nigration to and increase of
the color in the negative arm. This reversal of color
isvexplained in two ways. Firsﬁ, the normal negatively
charged colloids have migrated to the positive elec-
trode. Here most of them have been discharged and pre-
cipitated, but some have taken on a positive charge from
this electrode and so move back toward the negative arm.
In the second place, what 1little iron is present has be-
come oxidized to the ferric state and become a positive
colloid. Hence it tends to move toward the negative arm.

The Watef}from Lost Pond showing these charac-
teristics was obtained in the spring of 1916. Some water
from the same place has been obtained this fall and does
not show the variations noted above. This would indicate
a more stable coior and seem to show that the condition .
of the color in water varies at different seasons of the
year;

In connection with the investigations out-

lined above, showing the colloidal nature of coloring
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matter in water, mention should be made of certain exper-

iments made by Nr. M. C. Whipple in the Laboratory of

Hygiene and Sanitat ion at Harvard University in 1913. These

experiments consisted of placing in flasks leaf extracts
and natursl waters having colors ranging from 100 to

150. Over the tops of the flasks, sheeﬁskin rarchment
was tied and the edges paraffined to make watert ight.

The flasks were then inverted with the lower ends sub-
merged in beakers of distilled water. In no case did the
color of the distilled water inecrease appreciably, al-
though there was change in alkalinity content, showing
that dialysis took place. The color, therefore, appar-
ently existed in the condition of particles too coarse to

pass through the parchment, for if the color had been due

to substances in solution, it would have passed through

by dialysis. Moreover, illumination under thse Tyndall
ray showed the presence of a large amount of colloidal
substances in the colored extract, but none in the dis-

tilled water évéﬁ after three hours. The colloidal na-

ture of coloring matter in leaf extracts, and in natural

waters, is thus substantiatea mechanically by these ex-
reriments, as well as indicated electrically by the in-

vestigations of the writer.
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Change in Color with Storage.

Various waters were subjected to storage under
varying conditions, the bottles being kept in the ordin-
ary light of the laboratory.

The reduction of color by storage under room
conditions was little unless thé water contained a high
iron content, which was easily brought into the ferriec
state and precipitated, as was the case with the Mt.
Auburn water, and that from Bridgewater. In this event,
the ferric hydroxide formed was a hydrosol and, upon con-
tact or oxidation or by other means, was changed to the
gel state and became a colloidal floc, when precipitatien
and reduction in color occurred.

In the open air, exposed to sunlight, there is
always reduction of color in greater or less degree.

The so-called bleaching action so fregquently observed

in the upper portions of reservoirs is possibly due in
large measure to the action of the sunlight in breaking

up the complex iron color colloid into some state in which
its iron content may be oxidized and precipitated as de-
scribed heretofore. The influence of sunlight upon wa-
ters of different degrees and state of coior is well-
illustrated in the last three waters of Table 3. The Mt.

Auburn'water having an iron content of 9 p.p.m., which
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was readily brought into the hydroxide state even under
room conditions, was completely decolorized upon standing
in the open air. The Lost Pond water, having an iron con-
tent of 2 p.p.m. and color colloids of iron which were
less readily brought into floccﬁlation, was decolorized
66 per cent. in the open air. The Marlboro water, with
very low iron content, 0.75 p.p.m., and color due 1arge1y
to other than the iron colloids, shows practically no
reduction of colqr upon exposure to 1ight} This would
indicate that bleaching action per se by sunlight was

in no large degree responsible for color reduction, but
operated only so far as it produced chemical changes af-
fect ing thé gtability of the complex color colloids.

The growths of algae were pronounced in the Lost

‘Pond water when exposed to sunlight, and did not occur

tnder laboratory conditions. It is probable that these
growths influence color removal, color colloids being
retained on the gelat inous slime formed by them and 8o

carried to the bottom.

Conclusions.

“As a result of the experiments outlined above,

"the writer presents the following theory of the colloidal

nature of coloring matter in water. The writer believes

that the colloidal theory offers an explanation of many
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of the obscure and contradictory behaviors of colored

waters toward coagulating agents and toward the general

- processes of decolorization. The theory that coloring

matter in water is in part at least colloidal in nature
is not new, but the investigations and elaboration of

this theory presented herewith are believed to represent

more advanced data upon the subject than have heretofore

appeared.

Color in water in 1érge part exists in the form
of colloidal suspensions of ultramisroscopic particles or
"suspensoids.” BSome of the color may be due to colloidal
emulsoids. A small part of the color is probably dus %o
non-colloidal material, organic acids, and neutral salts
in true solﬁtion. The colloidal coloring matter, whether
suspensoids or emulsoids, carrieé‘an elesctrostatic charge.
This charge may be positive or negabive, depending on the '
character and source of the watef, and varying in dif-
ferent waters. Color in water 1is usuallj due to nega-
tively charged colloidal material. |

These chargéd particles ars of such minute dim-
enSiqns that, if allowed to remain quiescent under the
influence of gravity alone, they would remain susvended
for very long times. Being similarly charged, they tend
to mutually repel eacﬁ othef and remain in suspensioﬁ in-
definitely, a tendency which is strengthensd by convection-

al temperature currents, wind, etec.
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Since these particles carry an electric charge,
and are in colloidal suspension, they obey the laws of
éataphoresis Whén an electrie current is sent through a
colored water. The particlzs are atfiracted to the elsec-
trode of opposite.sign from the charge which they carry.
There they are discharged, flocculate, and precipitate,
with consequant reduofion in color of the water. This
type of reaction may be, and often is, modified by elec-
trochemical reactions, the reaction being theorstical |
only in those waters having little alkalinity or iron
content.

When an acid is added to a colored water, the
color migfates to the negative electrode. .When a base is
added, the color goes to the positive electrode. This

is in accordance with the laws of Hardy outlined above.

Decolorization by Sand Filters.

Sand filtration has been found inadequate fof
the removal of color from highly colored waters. The
degree of removal is very variable, depending on the wa-
ter and the nature of the sand. A pure quartz sand (11)
will remove little color, while sands containing much
iron, aluminum, or manganese remove a large proportion
of color. It is evident that the presence of iron and

allied elements in a sand has an important effeet upon
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the capacity of that sand for color removal. In general,

experiment has shown that about one third the color in

~water can be removed by filtration through sand. That

mors color cannot be removed may be explained on the hy-
pothesis that the colloidal particlss of which it is com-
posed are so extremely fine as to pass in large measure
through the smallest capillary pores in the sand. It
is}possible also that the color colloids removed by
filtration are of opposite charge to the filtering medium.
The color not removed may not have come in contact with
the filter material or may carry the same electrical

charge.

Decolorization by Flocoulation with Electrolytes.

This is ﬁerhaps the most general method of clar-
ifjing colored or turbid waters. ZEither alum or ferriec
hydroxide and lime are commonly used as coagulants. The
general principle of these react ions upon the basis of
the colloidal theory has been explained at length.*.

To summarize: It may be said that where most success-
fully used, the act ion depends upon the discharge of a
negative color colloid by the positively charged ion of

the coagulating agent and the positively charged hydroxide

* Footnote, rage 20,
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which is formed. The consequent neutralization of the
charged color ¢o0lloids results in flocculation, preci-
pitation, and decolorization. This process is mater-
ially aided by the mechanical removal of the color col-
loids by the hydroxide floc which is formed.

When clarification is obtained with difficulty,
the reason is frequently that the color colloids in the
- water bear a positive charge. Hence they are not discharged
by the positive ion of the dissociat ing coagulant. Under
such conditions, the removal of color is supposed to
be entirely a mechanical process result ing from enmeshment
and straining out of the ecolor ecolloids by the precipit-
ated hydroxide floe. |

It is well known that a high alkalinity fre-
qﬁently causes difficulty in color removal. This is ex-
rlained by the fact that the elements causing alkalinity
are negatively charged. If, then, the color also be neg-
atively charged, a correspondingly greater amount of pos-
1t ively charged coagulant ion and hydroXide will be nec-

essary to cause neutralization ang DPrecipitation.

By Storags.

Some engineers believe that the removal of col-
or in water consequent upon storage for long periods of

time in large reservoirs is due to the bleaching action



35

of sunlight. When decolorization occurs at considerable
depths in the absence'of light, oxidation has had to be
adduced to explain the phenomenon.

That waters do become decolorized by storage
ié undisputed. It has been shown (1) that bleaching by
sunlight is capable of removing color in waber, but the
writer doubts the competensy of this procsss to explain
the considerabls color removal in reservoirs. If, as has
been suggested in the foregoing statements, the ecolor in
water is largely due to particles in a colloidal state,
the precipitation of such particles by storage is large-
ly é matter of elsctrostatics.

The vafious streams tributary to a reservoir
doubtless carry color particlss having differsnt charges.
There is also more or less sediment in water, which gen-
erally is negatively charged. The mixture of all these
variously charged particlss in the reservoir probably
tends to.discharge certain of them, with consequent pPre-
cipitation and decblorization.

‘Such, howeVer; the writer believes to be only
a minor causs of decolorization by Storage;~ It was sarly
shown by Hollis (13) and later by Whipplse (1) that the in-
crease in color with depth in reservoirs is dﬁe primarily

to the condition of the ironm content ; that at depths the

. b ——
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iron 18 reduced Qnd‘taken int o solubtion; that upon rising
to the surface in the spring, the iron is oxidized and
adds to the color. Tnat sbtagnation OT storage will bring
gbout an jnorease in color of the 1ower layers of the wa-
ter which, given proper conditions of wind and t empera-
ture, may effect the upper layers, has also been shown
by Whipple (1).

Notwithstanding this, there 18 in many reser-

voirs a decided decreass in coloT. What , then, is the

‘cause of this'decolorization, and how may it be explained

by the colloidal theory? 1t seemsS probably that the iron
content.is the most important factor in this decoloriza-
tion. Iron 1s jmportant in sands for removing color; is
g direct precipitant ijn the case of addition of glectirol-
ytes; is the factor upon which solor removal bY pleaching
depends (see Tabls 3 and Page 26); is the direct cause

of color at the bottom of reservoirs; in short, iron is

probab;l-the chief element influencing the presence and

remmval of color in water. The 1ron probably does not
exist in any such simple condition as the ferrous of
ferric state. The jron content 1in color is supﬁosed to
exist in the form of certain organic compounds that are
in colloidal gtate, - chemical compounds of exbtreme

complexity. Due to many processes, of which oxidation
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and electrostatic neutralization-by other coiloids are
the most active, iron is brbught‘into the ferric state,
in which case it exists as a hydrosol and will bs preci-
pitated by clay or any other negativé colloid. Ofther-
wise, some slow chemical change is brought about so that
the complex iron suspensoid is broken up }nto const ituent
particles which may carry opposite charges and so mutu- |
aily precipitate each dther, or which may be discharged
by other differently charged colloids presént in the water.
In general, it may be said that most coloring
matter in water, whether dué to iron or not, is charged;

and that the color suspensoids mutually repel each other,

tending to maintain their suspensoid phase. In large

bodies of water, however, agitation by convectional and
wind currents, oxidation, algae growths, ete., all tend
to ﬁring about contact‘between the color suspensoids and
other colloidal substances in the water, many of which

bear an opposite chargse. Thers will tend to be discharge

and neutralization. The particles will then flocculate

and precipitats, and reduction of color will be apparent.
It has long been noted that, when certain tur-

bid étreams in the West carrying clay in suspension come

into confluence with highly colored but clear rivers, there

is sometimes a reduction in both color and turbidity in
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the effluent stream. ‘Thié is readily explained on the
hypothesis advanced above if the color and turbidity
bear opposite charges. In the same way, prospectors in
the West state that muddy turbid pools of water can be
cleared well enough to drink from merely by moving about
in them a piece of cactus stalk. This phenomenon, too,
is explained by the colloidal theory, since the cactus
sap 1s acid and hence carries a strong positive charge.
The negatively charged clay is thus neutralized and pre-
cipivated.

The w:iter believes, therefore, that not only

is color largely due to charged colloidal particleé,

but that the state and degree of irom in the water is

the controlling factor, both as to the permanence of the
color and its ease of removal. The latter is undoubtedly
much influenced by the alkalinity, - a high alkalinity
making for difficulty in color removal. The alkalinity
increases the negative charges and also possibly makes for
electrbstatic stability of the complex iron suspensoids.
The addition of alkali to water in the séme way seems to
operate to prevent neutralization of the electrié charge
on the complek irén suspensoid, thus maintaining the sus-

pensoid condit ion and preventing floceculation and pre-

~cipitation.
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If any one conclusion is e?ident from these
investigations, it is that generalized statements and
rules regarding color in water and color removal cannot
be made. Every water is in this respect a law unto it-
sélf, and the problem of color removal from any given
water can be inﬁélligently approached only after detail-
ed study as’to the nature and electrical properties of
the color in that particular water.

There is a great opportunity for further inves-
tigation along the lines of colloidal color in water, and
that these investigations wiil undoubted1y prove helpful
in the solutlon 0f the coler removal problem is obvious.
Such investigations, however, belong more properly to
the water supply chemist than to the engineer. These
problems must be approabhéd with an unbiased att itude,
for hitherto preconceived ideas have militated against
a fuller understanding of thé subject. While it ig prob-
able that alllcolor changes and removal in‘water are not
wholly due to the colloidal properties of the coloring
material, yet it would seem that the colloldal theory may
be 1ooked to for a more complete understanding of the na-
ture of color in water, and for a more satisfactory solu-

tion of methods for its removal than now obtain,
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