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Viscosity of Protein Solutions



John H. Smith

A thesis presented to the Department of Chemistry of Union
College in partial fulfillment of the requirements for the
Degree of Beachelor of Seience with a Major in Chemistry.

Mey 30, 1963






mmamnmkmtom, as & function of pi,
the viscosity of gelatin solutions containing vericus monovalent
anfons. The sequence of these anions in their ability to depress
viscosity, that is, the Hofmeister or Lyotropic series of anions, will
be velidated for the following salts: Sodium bromide, sodium iodste,
sodiun formate, sodium chloride end sodium nitrate.



KISTORICAL

In 1888, Hofmeister first reported the observation that various
galts had certain charscteristic effects on the viscosity of albumin
sol. He further stated that these salts could therefore be listed
in & series sccording to their relative power in altering the original
viscosity of the sel. Hofmeister's series vas lster modified by Peuli
in 1903, to reed (in the order of decreasing sbility to depress vis
cosity):

- = = - = - - - - - - -

F , 50,, PO, citrate, tertrate, acetate, C1, Noj, C10,, Br, I, CN8

' However, in 1922 Loeb,’ wmummwwm«ammm,
mwmm«:mmmmmm&m:«mmwm
cation, ves the primery factor in determining viscosity. He therefore
contested Hofmeister's work end the validity of the series.

Other subsequent experiments>’>’’ have proven that a series is
prevalent only at concemtrations of salt grester than 0.01 M. Thus,
Losb end Hofmeister vere justified in their disegreement.

In & more recent vork on this subject,’ 1t ves found that the
mumnmxmu,mmmmmmmmw
enhance the viscosity of acidic gelstin in the order given. This
order is, hovever, just the reversal of the sccepted Hofweister order
and, because of this, Purther investigation of the viscosity of gelatin
solutions was underteken.



mﬁ»@wmﬁn‘pﬂm'mm‘mm
mmmm (Iscelectric Point pH 8.6, Lot No. 171, Pebruary 1,
1951)mntnmuuvmmumamm An Ubbelohde Viscometer
m.mamwmmmMMwﬂmwmm,
i.e., tmafmlwotmhﬁn solution divided by time of outflow
of distilled water. It wes previously found by Pollara that at o
temperature of 30°C there was very little chenge in the viscosity of
gelatin vith time. ALl data were therefore teken st this optimum teme
perature, by use of & constent tempersture vater bath set st 30° % .01°.
ummwmammmrmmmr.

The gelatin solutions were prepered by heating 2.00g of solid
mmmmmrmawmo:&%rwwumnm. This
lengthy heating time was necessitated by the fact that the solution
&eewininmweweﬁmymmdmmrmm,
wamuommm:nmmnw. These lumps could
not be dissolved; but it was found that the totel undissolved gelatin
was only about 0.00lg. 'This wes negligible compared to the original
welght (2z) of gelatin sdded. After heating overnight, therefore,
the gelatin solution was filtered into & 200 ml volumetric flask giving
a totel solution of 10g gelatin per liter of solution. The solution
hed to be filtered through & cloth towel, rather than filter paper,
beceuse the pores of the latter weve blocked by the undissolved lumps,
thus meking filtration too long end tedlous & process. The appropriate



amount of salt wes then added to the 200 ml of gelatin solution end the
Memvummmae%mw The salts,
mamwm,mmmmmmmumwmwn
0.01 uan,utm mmxm and the mu, sodium m, Mua
iodste, sodium formste, ummmmm end soliun nitrate were zamm-
muata.osm

mmmzmmmmmmmmrmmumma
wnium,emwngwmmwm M,Mh,éh-s
and 911, mm,m,mumoxn(mwuw«m
mmmwxm)mmmMuwmiawmemutho
mmm&emaawmm mitiwm (4 pH - 9 pH),
while in the "less sensitive range” (2 pi = U PH or 9 pH - 11 pH) strong
solutions of scid or base could be used. If the sclution was divided
into only 2 parts (corresponding to the scidic and besic side of 6.4)
the added volume of weak scid or base needed to produce eves s small
mmwmmrwawmaawmmummaw
the solution. Using our method, however, when the volume change
resulting from weak acid or base becomes eppreciable, the solution can
be discarded and the less voluminous strong seid or base cen be added
mammg |

Viscosity messurements vere taken st various pif resdings using
aifferent salts, by depositing 10 nl of the speeified solution in the
viscometer, waiting 2 mimutes for the solution to come to temperature,
and finally noting the tims of descent with the ald of a stopwstch.



The viscometer was rinsed out with a new solution before another viscosity
mimm'wrtm.

Curves were cbtained for the gelatin soluticn, the gelatin solution
plus the various salts, and the gelatin solution using various scids
to traverse the P range. In sll cases, it was necessary to use that
selt of the acid which was being used to alter the pil, or else the
enion of the acid weuld be pertly responsible for the viscosity change
(which vas supposed to be wmmmwmmeuctmyu).
mwmmtamWwML 2, and 3.



DISCUSSION

Gelatin is an anphoteric linear polyelectrolyte that forms & poly-
molecular golution. The macremolecule of gelstin in solution is &
rondomly kinked coil vwhich is cross-linked to other mescromolecules by
means of chemicsl bonding end simple inmterlocking of coils.  Dry
gelatin, vhen dissolved in water, tekes up a definite emount of hydration
water. Some of this water (ebout one molecule thick) is firmly bound
to the celloidal chain by strong hydration forces. Most of the water,
hewever, is "free" water which is only present between the expanded
mmkﬁmulmm'wemtmnhr. The overall size
of the macromolecular network, end hence the viscosity of the solution
ie determined by &n equilibrivm between hydrstion forces and the
elasticity of the rubberlike network, The emount of wabter held is
in turn determined by expanding "electric” forces. Thése latter forces,
which tend to expand the network cen be expleined (equivalently)l as
resulting from either (1) Dommen osmotic pressure of counterions held
within the gel by electro-neutrality, (2) Repulsion of likemcherged
segments of the ssme protein chain, Both effects come about becsuse
of & "striving for electronsutrality” end both ave really equivalent
weys of explaining the seme phenomens. The former effect considers
the B* don (the ion resulting from the reaction of E* with the protein)
on the "inside” of the metwork, thus giving rise to sn osmotic pressure
"push” ageinst the membrene vells; the latter considers the B* iom on



T

the "outside," wnmaﬁwmmmm "pull” on the walls.
Both do not occowr simltenecusly, but esch taken separstely results in
& svelling of the network and & consequent increase in viscosity.
Both of these concepts vill be spplied in explaining the shape of the
mw.umm.xnan.a.

Geletin, being smphoteric, reacts with either acid or base as
follows:

'ﬁ* --E

"ty ¥ (eHy), c0HS : nsnang) c0," “"“”w nzn(ene) eoﬂ

Tr |

The forms prevalent at the meximums and minimum on the experimental
viscosity ve. pH curve is indieated at the appropriaste pH.



It will be remembered that Gelatin in solution is & chaotically
built meshwork of long strands of molecules which are joined together
by various types of bonds. A cross-section of such a network of
intertwining strands may look as follows in acid solution (see Qrganic
Colloidsy Jirgenson's, Fig. 93, p. 262, Elsevier Press 1958):

It is seen that certein compartments (actually 3-dimensional compartments)
vere drewn contedning the nonediffuseble, sttached, “Ni,* ton and that
mw(u«)m“mm This is, of course, =
nmuaumwmmumtammﬂnwmm
BMMW,M Also, there ave present (not shown sbove)
in each compertment enough C1” ions (from the added acid, HC1) to make
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each compartment electricelly newtrsl. Now, of one red and ome plain
compertuent are singled out, are arbitrarily designated as "inside”

and "outside” (eccording to where the n;-‘ group 18 relative to the
cther compartment), end finelly, e inspected at equilfbriu, the |

following distributior will have _emw:6
"aaide” (red) "gutaide” (plein)
m;' gt o g o”
% Y v 4z X X

Tt is noted here that the designetions "inside” and "owteide” do not
refer to the relative availabilities of the H' lon but ave used to
aistinguish between the compartments which comtain the _»u,"’mm
those which G0 not. That is o say, there is no H' fon “inside”
enything; end hence no H' iom (either "inedde” or "out”) that camnot
be recorded on a pH meter. The a%1s in elther compartment are
equally mobile, fm'wwmywmrmm(mmm
retard movement) is only present ot the walls of each compartment and
iz only one molecule thick. Now, an electrode of a pH meter, vhen
inserted inmto such a solution, will be in contect with both types of
compartment similtenecusly and it is essumed en syerage pE vill be
recorded, l.e.,

PH = «M(!%Z)



mwmmzemm, g 2 may be written

where T 1s the partisl osmotic pressure due to the protein molecules
themselves, and Ay is the pressure resulting from the mqual distri-
bution of diffusible iems scross @ mevbrame. It is this =, , then,

thet mist be considered here. Tt cam be shows,’ thet x, is defined

es follows (at infinite dilution, a simplifying evproximation):

% = B (Fe = 7o)
vhere Zci equals the sum of the concentrations of the diffusible
ions on the inaside end 1% their sum on the outside. Thus, from
the previous final distribution,

%, = KT (y+y+2 > (x+x)

%, = R (2y 4%~ 2x) @)
Now, since &t equilibrium the sctivity of the scid must be the seme on

both sides of the membrene, the product of their concentrations on
the inside equals their product on the outside: |



@ (") = =" (1))

vy(y+2) = 2

za--”";ﬁr . | ROODR .

Therefore, svbstituting (2) imte (1),

"y
. 2 2
4 2 - B
1‘1 = Rr (I ~E' xZ’
and
‘ 2
%, = BT Ls..;.r.xl _ (3)

Thus, this equation determines the osmotic pressure changes on the inside
as more acid is added to the isoelectric gelatin. This equation should

therefore also predict the observed maximum in viscosity at a pH of 3,
for an incresse in cemotic pressure incresses the size of the aggregate
and thus is proportional to viscosity.

The equations relating the varisbles are as follows:

= y(y+2)

g o= =log (5FL) or x4y = 2x2



x = sx10® Ly )

b x 107208
¥y = = = (5)
Z+kxl

Substituting equetions () and (5) in (3),

2 b x 20"
gi = : z.' :&—-ﬂ.———
74 b x 1058

Since at & pH of 3 a meximum in viscosity wes cbserved, this equation
should heve o meximum value st & pil = 3. If this is the case, the
sbove equation's derivative at pH = 3, when set to 0, will give the
value of 2 where the maximum oceurs, thet is,

@ % 3 = o
vhere 7, 1s that velue of 7 which gives o maximm value of =,
(and (). Vhen this is dove (see Appendix) 7z equals 8 x 1073,
From this velue of 7, other relative values of 7 can be sssigned
and from these, corresponding values of X snd y can be calculated at
each pH (from equations (4) and (5)), in order to get & more quantite.
tive (but still empirical) pleture of the occcurrences.



" | Qilf o ;.g ;+ | :ﬁ ‘:M?.::

0 0 e * 107 10?10
5.9x10"7 2.31x10"° 7 1x10” 9.76x10"° 10.8x10°¢ 1.02x10"7
0.00LTx10™> 7.02x10"6 6 mo"’ 2.86x10°7 1.0m0° 1.71x1076
oo T.omae® 5 o™ 2.8600% 1.0m0™ 1m0
oammo™  7.02x0™ »V,Iu' 10" 2.86x10” 1.0m0" 1.mm A
Lamac?t s 3 a0 s.3wac™ 8.33a0™ 16.6u0™
0.196x10"  2.0m10"3 2 m0™®  8.0a07% 1820 1.200
o.092a0”  3mac™ 2 l.mmf’g 9.7x10"% 6.81x10°% 1.03x107t

In assigning velues of 2 (these are the only variebles arbitrarily
essigned, all others are caleulated from ), the value of 8 x 1073 vas
kept in mind end slso the fact that the amount of "‘“3’ will increase

repldly at first, vith smell sddition of H', end them level off after
nearly all gelatin has reacted., If the values of =, are multiplied
by & proportionality factor of 25.0 to connect osmotic pressure to

viscosity, and then a value of 1.70 is added to account for =, the

following values result:

e

1.93
2.94
5.00
2.4
1.74
1.70
1.70
1.70




1k

These are plotted on graph No. 3 for comparison to experimental
observations. aammmmmtummm mum
considered. (The value of 2 = 8 x 10" cbtained from the integration

oould perhaps be used in the equation,®

£ = JL.%, '€, = original conc. of gelatin.
Y % 3 - : ,

nammm'ummwummmmnw«x‘wamn,
if one of these amtﬁﬂWM)

The Donnan Bquilibrium cen also account for the dwynm effects
salts have on viscosity, although the prediction of a Hofmeister series
is not possible with this concept. Considering, however, the addition
of Ne C1 to the previous mixture of gelatin and ascid, one cen eppraise
the following finsl distribution of fons as was dome above:

Z Y w y+Z+w E 4 v x4V
-1y y ma* a” P wmt o

Here the osmotic pressure is
s, = B (Sy 42943 2x-2V)

and the equations to be considered are:



15

a) y(y-ﬁ-ﬁ#"ﬁ) e x(x+V)
) xw = V¥
e) m = - log (BFd)

d) Vaw = 005

vhere b) mmwumu vwiy+2Z+w) = Av(x»v)’ by a)
and d4) vas cbtained by considering & 0.05 m concentration of Na Cl.
Now, cbtaining X, v, and w in terms of y: | |

and substituting into 8),
r(z+2x 10"# + 041) - m""“ - 0.05 x 1w .o

then, st a pif of 3, using the same value of 2 as before (since the
emount of B' probably would not be altered by the addition of & salt)
i.e., z.axm"‘3, m,fmmmmm x, V, and v resulk;

y = 9.3@6310,&
£ = 10714 x 1073



v = 2.618 307

v = 2.322x 1070
Thus, x, = P (0.00186 + 0.046kk + 0.0080 - 0.0021k - 0.05356)

n, = BP(6x ;Le"") = 0.0149

Maltiplying by 25.0 and adding 1.70 as before,

M, = 2.07 st salt conc. = 0.05 M. 8t il = 3

from previously
h\f = 5“‘“1@%. = 0at g = 3

Mttiimntﬂ%%ﬁﬁmﬂre.ﬁﬁmwumwrlefm:utm
solution depresses the viscosity of the latter to elmost one half.

As stated sbove, however, _tmmmaquubﬁwwmwm-
dict any specific ionic sequence of depressing power. Partly because
of this fact, mb,ﬁou@mﬂmam-ehnmmomw
eowhm,mmmmwwmmkﬂmmzm

W"MW“'WMMM».I-‘B‘N.QQ”W
ummmwww;nmwmnwmﬁmmmmn

two protein chains:



mmlmxumumwmxmmumsmu
ave essily broken. Thus, when eommummmnm,m;
acid 1s slowly added, two things ocour. FPirst, the H' reacts with
Wmai’m ﬂ3 MyM“MpMSMhmm
by the solvent. mo,umtlmwnm the mutual repulsion
of the Mi,' groups tend to meke the petwork expand es follovs:
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Therefore, it is seen that with the addition of small amounts of aeid,
mmmw-wmm,uamt«mm-ma
the aggregate. This incresse in viseosity will cccur as long as there
exists still unrescted <N, and o lov concentvetion of the acid’'s
counterion (sey Br™). W.mﬁmmdm;mm
to become small relstive to the emount of Br~ (due to the exhaustion
of unreacted N, and the incressing quentity of scid being added),
s “soreening” effect will occur. That is to say, the Br dioms will

repelling forece:

Fig. 3

mevmm“m”ww"uumaa
resulting decrease in viscosity. AWW&MM”;&M
for the meximm cbserved on the basic side of the JH renge.

The sereentng effect is also significant in showing vhy the
sddition of salts depress the viscosity of gelatin solutions, but does
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not as yet explain why these salts should follow & series in their
depressing power (Hofmeister series). Consider the sbove two chaing
before any salt (Ne Br) vas added; the CH, =--= CH,-and the § < S bonds
are still strong, as they are impervious to water, but bonds No. 2 amd
two bondemaking groups and are thus easily ruptured. As a result,
the twe chains, eppear as follows in acid sclution, with no salt added:

g, b

mmammuumltwmmmmmm
wmz groups (or CO) groups in basic salt). Now, when
mumm,ummm S,Wmtmmto
m.z.-.,mmwmmwnmmwmmmm
mummtnm As & result, the repulsion betveen likee
ehamcms muamu.muwrmmmw
mwwxmwmmt.mmmauuum«m
Mﬁthmnfmimwthw OH-OH and m' « bonds.
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Thus, it 1s seen that the gelatin cage-like structures become swelled
vhen no salts are present, resulting in & high viscosity acidie or
pasic solution, end become condensed when salts are present, resulting
in low viseosity scidic or basic selution. Hovever, when theprotein is
in neither scid or base solution, that is, when it is in its iscelectric
state, with equal nusbers of m's‘f" ‘and €00” groups on the ssme chein,
the sdditicn of salt has just the opposite effect. Wow, without salt,
the gelatin ‘Mn 18 cremped together becsuse of the attraction
between the unlike charges on the same chain.

%“"’“3 g "‘rg

mm«ummmamwmwwmmm oo™
mm, wmmwwmmmmm
Muuﬂt,mmwmmmrmwmumm“
Less electrostatic sttraction exists; but vith this increase in size,
there is & wrommﬁﬁ inerease in viscosity. W. it is seen that
1f salt is edded to {scelectric gelstin, an ineresse in viscosity occurs,
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while if the same salt is added to seidic or basic gelatin, @ decrease
in viseosity occurs, altheugh the latter effect is move pronounced than
the former.

The two remaining bonds, 3 and b mist now be considered.  As
stated previcusly, these bonds can be loosened or broken by polar groups
such as weter molecules. If these bonds are broken, the tvo chalns
vill expand, somevhat like in dlegran ¥o. 2, to the wost probeble state,
that is the state of meximms entropy which is of larger size than the
:‘metm;1’anwumm.&{mm¢uummu
forces are being considered a8 in Fig. 2). The chains would spread
apart indefinitely if the opposing elastic forces, anchored by the
st11l intact bonds No. 1 avd No. 2, did not restrain their movements.
Consider the process whereby scme water molecules are inserted between
the OH-OH bond, thus loosening the bond. If the salt is nov added,
the ions tend to pull the sbove tightly bound veter molecules from
between the bond with a strength proportional to the salts integral
hest of dilution, That i8 to say, salts retard the breaking of bonds
No. 3 and No. b, and thus retard both the expansion of the chains and
mzmmv&mﬁyﬂﬂmwﬂvm-mtammum
of dllution. Let the partial thermodynsmic quantities referring to
the bonds and to the salt selutdon be denoted by subseripts 1 and 2
and consider again the process of squeesing water molecules between
the bonds. Then the relations for the partiel free energles for

this process are:



- M, - T8, m%ama-m‘z

the total relation is
My = Of o+ &y = O - Al “‘\m“x"_",'%*

mmuunmmw ”m s - . Mm,thmmr
mn urwammt,mwmmmmmnsm

('bhimlmaf ma W@Wh‘ﬂ) !natbﬁrman,
mmummmmn mtnwwumxmmnmw
mhu‘wmmmwmmmwcmtwwmw@u
umwwwmw, no salt, viscosity to the least
extent. Ts, for .mzc. the heat of dilution of NH N0, '
«1hh2 amhﬁ(h) (L.8., if to 1 gm. mole of KC1 and 25 gm. woles of
£,0 st 30°C 1s sdded 25 gn. moles of N0, 12 Joules of hest mist be
supplied to keep the tempersture at 30°C) while thet for NH,Cl is
45 3.*) unger the same conditions. The NO,” should therefore de-
cresse the viscosity less than C1”. As seen on greph No. 1 this is
borne out by experiment.

The vesults of graphs No. 1 and No. 2 definitely seem to validate
the Hofmeister series at both 0.05 emd 0.01 MNolar concentrations
of salt. mﬁmuutmmu(ummwm«mv
ﬂ»mMiMmr)x

Hm»," " 103‘ ; B, ms"' , @
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There is also present, however, an enowalous waximm &t about
it = T, %

One explanstion was given by Wilson and Kern (J. Am. Chem. Soe.
4, 26336 (1922)) whe found gelatin Yo consist of 2 equilibrim forms.
One form can be made to gel while the other form camnct. At 20%
mummhemrmmmmmaumm,mwwcsmm
st 3§ = 8. mmmwwm 3.waecmwmsamm
bas an iscelectrie point et i = 6.7 and i = 8. This difference
(and indeed the entire trouble of reproducibility in gelatin research)
umzvmwmumofmmmmw. ‘

mwﬁmmumww B and OF" ioms
wmmamw:mmmmm
wm:mmmmn. and thus decremse the viscosity on either
eide of P = 7. This is consistent vith the fact that Y s s
good dehydrator, and Also the fact that the gelatin molecule st a
gil of 7 18 iv 2 swelled condition due to the discharging effect of the
various selts on the switter fon. Tt might therefore be relatively
ensy for the 1" (or 0H) Sen te semsvs soms of this Jecsely bewnd
vater of the zwitter lon and thus decrease the viscosity of the gelatin
solution o the normsl (no salt) viscesity at that particulsr g,



APPENDTX
-6 . The sbsolute value of
103 . L bx10 7 is used here because
- 2] + b x 2073 | % cannot be negative.
!1 = w’% Y
Izle-kxlo:!

4(‘1).0. 22200 |[103. ux10® 4 x 206 +
. 2] + b x 207 2 + b %103 || (lz] o)

10
(|z] + 4= m:f)'ﬁ

10722 . 8 %105 b A6 x 10718
8 x 1073 o bl 10" o |z + & x 10°3 Eizi* W‘:&.
(2] + 4 = 10) 107

2] + b4 x m"}

2
-12 103 . _ b x10°6 1076
» L "3 ﬂso
|| + 4 x107° (|2] &b x 1079

-6 |
. * 8RN0 41 =0

(|2 +hs:w:s;§

+ 16:19‘6 2o stzlnm‘3 + 16:3.@‘6



12| (|z| +8x20"3) = 0

|$| = ..8:19‘*3
52 = th.;xa"ﬁ v

2] = #+\Vex20® - ¢ 821073

=

lz| = ¢ 8x10™3
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