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Figures S1 and S2 show fittings to the proposedeiof acid-base titration data
for several fulvic and humic acids, detailed in [Eahl and 2 of the main article. Figure
S3 shows additional results of humic volume asnatian of pH. Figure S4 shows results

for linear expansiond, ™)

. Figure S5 shows additional results for dimenkgiss1 Donnan
potential @). Figure S6 shows results for merging of differgrdton binding curves on a
single master curve. Appendix A gives a short antoflOhshima soft particle model.
Appendix B contains a short account of Flory'sistiaal polymer network model.
Appendix C gives details of the derivation of thec&rostatic contribution to the swelling
free energy. Finally, Appendix D compares volumedgstions of this work with Donnan

volume results from present models.

The citation numbers correspond to the referentése main text.
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Figure S1. Model fitting result for fulvic acids: Laurentiasoil (a), PUFA (b) and Toledo
soil (c). Symbols indicate experimental resultsed are fitted curves. lonic strengths are

in molar units.
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Figure S2. Model fitting result for humic acids: Elliot sibam HA (a), Shitara Black HA
(b), Tongbersven Forest HA (c) PUHA (d), and Toleddl HA (e). Symbols indicate

experimental results, lines are fitted curves.datrengths are in molar units.



T T T T
SRFA a 10t HH - 09 b
o 10001 o 120002 < 1=0010
0821 | 4 20002 4 ] + 120015 © 1=0085
v 1=0.010 ééfz?‘ - X 120091 & 1=0.30
o - |io_020 P y o> 8r v 1=034 N
o 1=0.050 x* g —
—El % 12010 a0 & x & e
—_ ]
E ool | ¢ 1=020 B8 oF o~ & i
T 922} % kv v&ﬁy >
> 2% x © wv
RN < v
>, X o® ~ 4
o0’ w : ,
6% <><> v v
'8} Q&QV
0.78F  w+ T o 0w ] )
L L L L L L L L L
2 4 6 8 10 4 6 8 10
: ‘ : 60
HH - 11 @D C TS-HA d
H o 1=0015 1 o 1=005
4 120031 DDEPE 4 12010 @ﬁ
v 1=0.10 o0 o 1=0.30 3
- o 1=011 o T 40- &;ﬁﬁ? ,
(@] s == o
- 6L I a
S S
~ ~
I I
> > 20, -
L L L L 0

Figure S3. Total humic volume as a function of pH from EPN mabdesults: (a)
Suwannee River FA; (b) Purified Peat HA (PP-HA); Hdiot silt loam HA; (d) Toledo

soil HA. lonic strengths are in molar units.
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Figure $4. Model results for linear expansion of humic paescas a function of pH for
different ionic strengths. (a) Lake Drummond FA)} (laurentian soil FA; (c) PUFA,; (d)

Toledo Soil FA; (e) Shitara Black HA; () PUHA.f@ strengths are in molar units.



v T v T v T T T T
DAY DI IO SIS IS
ERs
-2 Crtrmmarrrereamo0 © © 00 000 0 © O 4
T 21
a0
AL e b
> >
3k
6 F gpog B8
6 E=elLb FH - 09
o O 1=0001
+ 1=0.010
o 1=010 AL
a | | A 12050 4 b
4 6 8 2
T T T T T T T T
LN
N
ir “ 2Oapp, 71 -05F %&&Wmmmmmamwmnﬂmm
BOMMNMMAN N A A A A DA A A
®o OO0 O COCDEDTETID
%0 Qe
21 990000000000 000 0 0 00 o0 o o o -LOF e o R
+ *#Jr#*##
T+
+4 -1.oF
3 -3f iU A B 15
L ogo 00O
DDDDDDDDDDDDDDDDDDDD
41
1 1 1
4 6 8
T T T T
0.0}
%
% %@%&)%m
)
05k &(9
Eo
> o 9%0
00
0080000
u} Oooo%%©%©
[m]
a
-1.0F P
DDD .
Booa, r %%Emﬁﬁ + 1=0.020
e Pe0 e f o 1=om
1 1 1 1 _5 1 1 1 1
2 4 6 8 10 12 4 6 8 10

pH
Figure S5 (start). Model results for dimensionless Donnan potentfahumic particles
as a function of pH for different ionic strengtfa) Lake Drummond FA; (b) Laurentian
soil FA; (c) PUFA; (d) Toledo soil FA; (e) Elliotlsloam HA; (f) Shitara Black HA.

lonic strengths are in molar units.
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Figure S5 (end). Model results for dimensionless Donnan potentidiwomic particles as

a function of pH for different ionic strengths. (Bdngbersven Forest HA; (h) PUHA; (i)

pH

Toledo Soil HA. lonic strengths are in molar units.
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Figure S6. Verification of the convergence to a single cuirweaster curve) upon
correction for electrostatic effects. The inseteveithe original data. (a) PUFA; (b)
Toledo Soil FA; (c) PPHA; (d) Tongbersven Foregt; Ke) PUHA; (f) Toledo Soil HA.

lonic strengths are in molar units.



APPENDIX A
Ohshima soft particle model

Ohshima and coworkers (Ref. 33 of the main texi aeferences therein)
developed a partially penetrable particle modemesl soft particle model (SPM). In this
model, the particle is assumed to be composed oimngenetrable core and a layer
(surface charge layer) which can be charged andtpdiie by the electrolyte solution.
The potential profile is schematized in Fig. 2 loé tmain text. If the thickness of the soft
layer is much larger than the Debye length, thama planar particle can be treated
approximately in the one-dimensional case. Assurthiagthe internal core is uncharged,
solution of the Poisson-Boltzmann equation for @eslike particle (plane surface) with
appropriate boundary conditions leads, for a symioaiz-z electrolyte of concentration

C, to the following expression for the Donnan paint

RT . Yo
= d_ Al
7/ o arcsin chFj (A1)

and the surface potential is given by

_., _(RT ¢,
A WEA -

The potential profile inside the soft particle [st@ned from the transcendental equation:

K'X= Sgn(yo )J.yyo dy 1/2 (A3)
{2(coshy— cosly, -}i(y‘ yD)i|

where

/ 272°F %
- e 'eRT (A4)
r 0

K




is the Debye inverse length inside of the surfaged with relative permittivityg,’; € is
the vacuum permittivity. As an alternative to e§§3), approximate expressions (for low

Y values) can be derived for the potential inside @amtside the particle:

w.e x> (

v Yy +(¢/o _‘//D)exp{/( X¢ 1+(ij ] Xs |

(A5)
2cF

wherek is the Debye inverse length outside the partiglgch differs from (A4) only in

the bulk solution relative permittivitg; instead of;'.

APPENDIX B
Flory model for the swelling of network structures
In this model, developed in Ref. 40, the networkssumed to be composed\bflinear
chains. These chains are linked at the ends; &t @asslink point there are, on average,
fp chains bounds. Thu$; represents the network connectivify:= 2 means that two
chains converge at each point, effectively resgltmno crosslinking; on the other hand,
fp = 4 can be regarded as if a C atom at the crdsphbint is fully bonded to different
chains.
The entropy of swelling is obtained consideringfibllowing cycle:

1

N, chains > Unswollen network
"dry" crosslingn

2 + N; solution 4 4#N; solution
molecules molecules
3
N dissolved chains > Swollen network

"swollen" crosslinking
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The swelling entropy is that of step 4, that is

AS, =AS, +AS, - AS, (B1)
Step 1 consist in the assemblage of the chain elsme 2\,/fp groups. Considering the
probability for a given chain end to be surrountgdr -1 other ends within the volume

elementArt, it is found that

. fo-1, (2NAT
AS =2k r In( Vo j (B2)

wherek is the Boltzmann constant aNdhe total volume. The entropy of mixing in step
2is

AS, =-k(N,Ing,+N,Ing,) (B3)

The entropy of step 3 is similar to that of stegbdt allowing for dilation of the chain

most probable displacement length, resulting in

fo-1 (2NATY 3( . s
A%:kN{Z 3 In( vi ]—§(¢2 —l)—ln¢2} (B4)

whereV' is the total volume for the swollen network, with/' = ¢,. Replacing (B2-B4)
in (B1) results in

AS, =_k|:N1|n ¢1+3_2|2(¢2_2/3_1)+%|n¢2} (B5)

P
The first term within brackets in (B5) is the migirentropy, so that the deformation

entropy is the remainder, resulting in eq. (6)h@ main text.
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APPENDIX C
Electrostatic contribution to the free energy following Hill**
Assuming that in the Poisson-Boltzmann equatiordéoeffects can be neglected, the

Donnan potential is given as a function of the ghatensity by eq (10) of the main text:

_RT i P
Yo (p) = = arcsm}{2I (1_¢2)] (C1)

The electrostatic contribution to the free energyobtained by considering that the

network, initially dry and uncharged, is first sveml by the electrolyte solution and then

gradually charged to the full charge density kegprand thec; constant. Thus,

AF, = [ o (PA)ZFdA = ZRT{arcsinr(—p j— \/ i {2' 44, )] A9, )] (C2)

211-¢,) P P

as in eq (11) of the main text.

APPENDIX D
Comparison with Donnan-Volume models
The present Donnan volumé,, models involve the calculation of a volume suaét t

151523 3ssumes that

the electroneutrality condition is fulfilled. Thel®A-Donnan modé
Vp is function only of the ionic strength:
logV, =b(1-logl )-1 (D1)
whereb is an adjustable parameter. For the case of pdriildrich HA (PAHA, HH-
18), Milne et af*® reportb = 0.69; with this valueyp ranges from 2.4 L kjatl = 0.1 M
to 57.5 L kg" at| = 0.001 M, independent of pH. Whereas at higkg. (D1) gives

reasonable values, at the lower ionic strengthestlts in quite high volumes, a fact

already knowr:*>?° Companys et &f gave a somewhat similar expression:

12



V,=cl™® (D2)

with b andc being adjustable parameters. For PAHA Compangs*&treportb = 0.40
andc = 10 kg* (mol L)*?, which results invp values ranging from 25 to 158 L kdor
the same range df values still higher than those of eq. (D1). Conysaet al. also

proposed a different expression, which for a 1ettedlyte reads:

Vv 1

° sayl +a%Q?

wherea is an adjustable parameter. Eq. (D3) predicts\thatill decrease with aQ (that

(D3)

is, pH) increase, opposite to what is found hem ianother studies (Avena et ¥land
references therein). Companys et al. report0.030 kg (mol L} for PAHA; with this
value, eq. (D3) predicts values similar to (D2) thee usual range ¢fandQ. It should be
remarked tha¥p is the volume required to fulfill the overall elemneutrality equation, so
it is expected to be greater theg;, however, the results for the lowlerange seem to be
excessively large. The opposite behavior of théatian of the Donnan volume with the
charge in eq. (D3) is due to the different cor@ttof Donnan models at high charges
(high pH) with respect to the polyelectrolyte catren made by a impenetrable rigid
sphere model for HA, in accordance with other apipnate models as, for example, the

Marinsky-Mijayima et al. modéf**
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