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EXECUTIVE SUMMARY

Recent research into the moisture retention properties of saltstone suggest that osmotic pressure may play
a potentially significant role in contaminant transport (Dixon et al., 2009 and Dixon, 2011). The
Savannah River Remediation Closure and Disposal Assessments Group requested the Savannah River
National Laboratory (SRNL) to conduct a literature search on osmotic potential as it relates to
contaminant transport and to develop a conceptual model of saltstone that incorporates osmotic potential.
This report presents the findings of the literature review and presents a conceptual model for saltstone that
incorporates osmotic potential. The task was requested through Task Technical Request HLW-SSF-TTR-
2013-0004.

Simulated saltstone typically has very low permeability (Dixon et al. 2008) and pore water that contains a
large concentration of dissolved salts (Flach and Smith 2013). Pore water in simulated saltstone has a
high salt concentration relative to pore water in concrete and groundwater. This contrast in salt
concentration can generate high osmotic pressures if simulated saltstone has the properties of a semi-
permeable membrane. Estimates of osmotic pressure using results from the analysis of pore water
collected from simulated saltstone show that an osmotic pressure up to 2790 psig could be generated
within the saltstone. Most semi-permeable materials are non-ideal and have an osmotic efficiency <1 and
as a result actual osmotic pressures are less than theoretical pressures.

Observations from laboratory tests of simulated saltstone indicate that it may exhibit the behavior of a
semi-permeable membrane.  After several weeks of back pressure saturation in a flexible wall
permeameter (FWP) the membrane containing a simulated saltstone sample appeared to have bubbles
underneath it. Upon removal from the FWP the specimen was examined and it was determined that the
bubbles were due to liquid that had accumulated between the membrane and the sample. One possible
explanation for the accumulation of solution between the membrane and sample is the development of
osmotic pressure within the sample.

Osmotic pressure will affect fluid flow and contaminant transport and may result in the changes to the
internal structure of the semi-permeable material. Bénard et al. 2008 reported swelling of wet cured
Portland cement mortars containing salts of NaNO3z;, KNO3, NazsPO4x12H,0, and K3;PO, when exposed to
a dilute solution. Typically hydraulic head is considered the only driving force for groundwater in
groundwater models. If a low permeability material containing a concentrated salt solution is present in
the hydrogeologic sequence large osmotic pressures may develop and lead to misinterpretation of
groundwater flow and solute transport. The osmotic pressure in the semi-permeable material can
significantly impact groundwater flow in the vicinity of the semi-permeable material. One possible
outcome is that groundwater will flow into the semi-permeable material resulting in hydrologic
containment within the membrane. Additionally, hyperfiltration can occur within semi-permeable
materials when water moves through a membrane into the more concentrated solution and dissolved
constituents are retained in the lower concentration solution.

Groundwater flow and transport equations that incorporate chemical gradients (osmosis) have been
developed. These equations are referred to as coupled flow equations. Currently groundwater modeling
to assess the performance of saltstone waste forms is conducted using the PORFLOW groundwater flow
and transport model. PORFLOW does not include coupled flow from chemico-osmotic gradients and
therefore numerical simulation of the effect of coupled flow on contaminant transport in and around
saltstone cannot be assessed. Most natural semi-permeable membranes are non-ideal membranes and do
not restrict all movement of solutes and as a result theoretical osmotic potential is not realized. Osmotic
efficiency is a parameter in the coupled flow equation that accounts for the non-ideal behavior of most
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semi-permeable membranes. On order to evaluate the effects of osmotic potential on the hydraulic of a
system the osmotic potential must be known. Several lab methods have been developed to measure
osmotic efficiency for use in coupled flow analysis.
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1.0 Osmotic Pressure

Osmotic pressure results from a difference in the free energy of solutions separated by a semi-
permeable membrane. The dissolution of salts into a solvent (water) creates a solution that has a
lower free energy than the original solute. Free energy can also be decreased by increasing the
temperature of a solute or decreasing the hydrostatic pressure on a solute. An ideal semi-
permeable material is a material that has pores small enough to prevent movement of any solute
but large enough to pass molecules of the solvent. The exclusion of solutes can result from pore
size exclusions or electrical exclusions.

Solute movement through pores can be prevented by physical size constraints due to small pore
diameters or repulsion of solutes with a charge the same as the charge on the surface of the
membrane. Typical cement paste has a very high pH and C-S-H particles become highly
negatively charged due to titration of the silanol groups, Bénard et. al 2008. Divalent calcium
ions in the solution are attracted to the negative surface and counterbalance the negative charge
resulting in a positively charged double layer around the particles. This double layer effectively
reduces the pore size and can restrict the movement of positive ions though small pore throats.
Richet 1992 reported a diffusion coefficient for tritiated water 2x greater than cesium at high W/C
ratios.

When a solvent is separated from a solution by a semi-permeable membrane, solvent will flow
through the semi-permeable membrane into the solution reducing the concentration of the
solution, this is referred to as chemical osmosis (osmosis). The solution initially has lower free
energy than the solvent and the system is not in equilibrium. This difference in free energy
between the solvent and the solution results in the flow of solvent through the semi-permeable
membrane into the solution decreasing the concentration (increasing free energy) of the solution
and increasing the pressure on the solution side as the liquid level rises, Figure 1. Both
decreasing solution concentration and increasing pressure increases the free energy on the
solution side of the semi-permeable membrane. Flow will continue until the free energy on both
sides of the semi-permeable membrane is equal.

Osmotic
pressure

Osmotic
pressure
Semi-permeable
Solvent Solution material w/
solution
Solvent

Semi-permeable membrane

Figure 1 Osmotic equilibrium developed across an ideal semi-permeable membrane and in
an ideal semi-permeable material.
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Similarly when a solution is contained within a semi-permeable material surrounded by a solvent
pressure will increase within the semi-permeable material until the free energy inside and outside
the semi-permeable material is in equilibrium, Figure 1. The flow in semi-permeable
membranes/materials is very slow because they are typically fine grained and have small pores.
The final pressure difference when flow has stopped across an ideal semi-permeable membrane is
known as “osmotic pressure”. When a salt is dissolved in water the resulting ions become
surrounded by a shell of water molecules (solvated) creating a solute that has a larger diameter
than the solvent or the ion. Many natural materials that exhibit membrane behavior such as clays
have small pores and pore throats that are large enough to transmit solvated ions. However,
laboratory studies show that some of these clays preferentially transmit water and exclude salt.
This exclusion is due to electrical charges on the surface of the clay particle, the double layer,
which effectively reduces the size of the pore preventing the solvated ions salt from being
transmitted (Marine and Fritz 1981).

Osmotic pressure () is a colligative property and depends solely on the ratio of the number of
particles of solute to the number of solvent molecules in a solution and has nothing to do with the
chemical behavior of the solute. Osmotic pressure for a solution can be related to total pressure
(P) and capillary or matric pressure (P. ) using the following equation:

P=PF+nm (1)

where T = (%) In (%) (2)

R is the gas constant, T is temperature, V,,, is molar volume of water and P} and P, are the vapor
pressure of the solute in the dilute and concentrated solutions (Neuzil and Provost 2009, Al-
Bazali 2012). The osmotic pressure difference across an ideal semi-permeable membrane can be
calculated in terms of the difference in concentration of individual solutes (Malusis et al. 2001)
using the following equation

— N
Am = RT )}, AG; ©)
where AC; represents the concentration difference of solute i across the membrane.

Most semi-permeable membranes are non-ideal due to heterogeneity in pore sizes and the
development of micro-cracks. A parameter, membrane efficiency (o), is used to characterize this
non-ideality. When the pressure in an osmotic system is in equilibrium o is defined as:

o= (2—2) when J, =0 (4)

where AP is the actual observed osmotic pressure and Am is the ideal osmotic pressure. Neuzil
and Provost 2009 present results from the analysis of 18 different geologic materials using both
lab and in-situ tests to estimate . They found o to range from 0.0004 to 1.0 and concluded a
better understanding of geological membranes and their ability to generate osmotic pressures will
require more extensive experimental characterization of their properties than has been attempted
thus far.
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Fluid flow that is in response to a chemical gradient in addition to a hydraulic head gradient is
said to be coupled flow. Darcy’s law for fluid flow can be written in a generalized form to
include fluid flow due to osmaosis as follows:

q=—%(Vp+ngz)+a§Vn ()

where g = is Darcy flux of pore fluid, k is permeability, u is dynamic viscosity, g is gravitational
constant, o is osmotic efficiency m is ideal osmotic pressure (Neuzil and Provost 2009). The first
term accounts for flow due to hydraulic head gradient and the second term accounts for osmosis.
o, the osmotic efficiency term, was introduced to account for non-ideal behavior nature of semi-
permeable membranes in nature. The current version of PORFLOW that SRNL uses for
Performance Assessment (PA) of saltstone disposal does not include coupled flow from chemico-
osmotic potentials.

2.0 Naturally Occurring Semi-permeable Materials

There are many natural occurrences where osmotic pressure is used as a driving force for fluid in
a permeable material. Plants use osmotic pressure to transport water into and out of cells, roots
use osmotic pressure to draw water from soil, and kidneys use osmotic pressure as part of the
filtration system for blood. Additionally there are occurrences of geologic sequences containing
fluids of different salinities resulting in large osmotic pressures. Neuzil 2000 reported results
from a 9 year in-situ measurement of fluid pressures and solute concentrations in the Cretaceous-
age Pierre shale that are consistent with the generation of large (20 Mpa, 2900 psig) osmotic
pressure anomalies which could persist for 10s of millions of years. The Pierre shale has a
permeability of ~ 10E-18 darcy and shale pore water contains ~ 3.5 g/L NaCl with only minor
amounts of other solutes.

Anomalous subsurface hydraulic pressures up to 750 psig were observed in the buried sediments
of the Dunbarton Triassic Basin at the Savannah River Site near Aiken, SC. Water levels in
groundwater wells installed in the Dunbarton Basin were 100m meters above the water level in
groundwater wells in the overlying coastal plain aquifer (Marine 1974). Marine and Fritz 1981
showed that the most likely explanation for the anomalous water levels is osmotic pressure. The
mudstone sediments of the Dunbarton Basin are comprised predominately of illite a very low
permeability material (5E-8 darcy) and contain pore water with a TDS of ~ 10,000 mg/L as
compared to the groundwater in the overlying sandy coastal plain aquifer with ~ 40 mg/L TDS.

3.0 Osmotic Pressure in Saltstone

Saltstone is a low permeability porous waste form made from Portland cement, slag, fly ash and
low-level salt waste (salt). Salt is a solution containing primarily, sodium, nitrate, and hydroxide
along with other minor constituents and radioactive material. Table 1 lists the primary
constituents in groundwater (A), pore water in two different concrete mixtures (B1 and B2 used
for saltstone vault construction), and saltstone simulant (C).
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Table 1 Molar concentration of solutes in pore water from concrete, saltstone simulant, and

groundwater.
Solute concentration in pore water (mol/L)
*Groundwater |  "SDU2 *SDu1/4 *Sim 1
Solute A Bl B2 C
Na 9.8E-05 2.7E-02 7.4E-02 4.1E+00
NOs 6.4E-05 nm nm 3.6E+00
OH 1.7E-10 1.1E-01 2.4E-01 3.8E-01
CO; 6.4E-04 nm nm 4.7E-02
SO, 2.7E-05 1.0E-04 <1.0E-04 1.1E-01
K 8.6E-06 3.6E-02 1.4E-01 1.2E-01
Ca 7.4E-05 2.0E-03 2.0E-03 1.0E-04
Cl 1.2E-04 4.0E-03 5.0E-03 1.2E-02
Sum 1.0E-03 1.8E-01 4.7E-01 8.4E+00
Note:

nm = not measured

= (Millings and Denham 2012)

® = (Flach and Smith 2013)

Equilibrium osmaotic pressures were estimated for the saltstone model in Figure 2 using Equation
2 and assuming that the concrete and saltstone act as ideal semi-permeable membranes, Table 2.
SDU 2 and SDU1/4 represent different concrete formulations in disposal unit construction at the
Savannah River Site (SRS). Low osmotic pressures, 63 — 162 psig, will develop in the concrete
due to the dilute nature of the pore water in concrete, 0.2 -0.5 mol/L. This means that if the
concrete acts as an ideal semi-permeable membrane, over time pore pressure could build up to 63
— 162 psig in the concrete due to coupled water flow from the surrounding sediment into the

concrete.

A
®

B C
L] ®

Concrete /

Saltstone

Sediment

Figure 2 Conceptual model of saltstone for estimating equilibrium osmotic pressure.
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Equation 3 was also used to estimate the equilibrium osmotic pressure in saltstone if it acts as an
ideal semi-permeable membrane, Table 2. Na, NO3; and OH are the primary solutes contributing
to the osmotic pressure. Osmotic pressure in the saltstone is estimated to reach 2790 psig. Figure
3 illustrates the osmotic pressure from individual solutes in salt and pore water. Under these
conditions water would continue to flow from the sediment through the concrete and into
saltstone until the pore pressure in the saltstone reached ~ 2790 psig. Due to the low permeability
of the concrete and saltstone equilibrium would likely require years. Neuzil 2000 reported results
from field observations that showed that after nine years the water level in a groundwater well
had still not equilibrated with the surrounding sediment.

Table 2 Estimated equilibrium osmotic pressures in concrete and saltstone.

Equilibrium osmotic pressure (psig)
SDU2-GW SD 1/4-GW Sim 1-SDU2 | Sim1-SDU 1/4
Solute A/B1 A/B2 B1l/C B2/C
Na 9.35 25.70 1431.60 1415.26
NO; -0.02 -0.02 1235.13 1235.13
OH 39.64 84.85 93.89 48.68
CO; -0.22 -0.22 16.27 16.27
SO, -0.01 -0.01 38.84 38.84
K 12.52 49.03 29.56 -6.95
Ca 0.67 0.67 -0.70 -0.70
cl 1.35 1.70 2.75 2.40
Total 63.28 161.68 2847.34 2748.94

Figure 4 is a photograph of a saltstone simulant in a flexible wall permeameter (FWP) with
confining pressure of 60 psig and pore pressure of 54 psig. After several weeks of back pressure
saturation with water, blisters were observed on the membrane containing the saltstone sample.
The saltstone sample was examined upon removal from the FWP and it was determined that the
blisters observed on the surface were due to liquid that had accumulated between the membrane
and the sample. One possible explanation for the accumulation of solution between the
membrane and sample is the development of osmotic pressure within the sample. If the saltstone
acts as a semi-permeable membrane, the difference in concentration of solutes in salt in the pores
of the saltstone and the water permeant could result in the flow of water into the sample due to
the osmotic pressure gradient. Flow of water into the sample due to osmotic pressure would
increase the pressure in the sample expelling solution into the space between the membrane and
the sample. It is important to note that at this time the sample was undergoing back pressure
saturation and there was no pressure gradient applied across the sample.
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Figure 3 Equilibrium osmotic pressure for individual constituents in salt and pore water
from simulated saltstone.

Osmotic pressure will affect groundwater flow and transport and may result in the changes to the
internal structure of the membrane. Typically hydraulic head is considered the only driving force
for groundwater in groundwater models. If a low permeability material containing a concentrated
salt solution is present in the hydrogeologic sequence large osmotic pressures may develop and
lead to misinterpretation of groundwater flow and solute transport. The osmotic pressure in the
semi-permeable material can significantly impact groundwater flow in the vicinity of the semi-
permeable material. One possible outcome is that groundwater will flow into the semi-permeable
material resulting in hydrologic containment within the membrane. Additionally, hyperfiltration
can occur within semi-permeable materials when water moves through a membrane into the more
concentrated solution and dissolved constituents are retained in the lower concentration solution.
Graf et al. 1965 and Coplen and Hanshaw 1975 report that the isotopic composition of water and
dissolved constituents was altered by a geologic membrane.

Osmosis can lead to swelling and structural modification of membranes when water is drawn into
the membrane by osmotic pressure. Horeseman et al. 2007 reported swelling of a claysale
material after exposure to a fluid with %2 the theoretical 7 of pore fluid in the clayshale. Exposure
of bituminized NaNO; radioactive waste simulant to fluid resembling pore water in concrete for 4
years resulted in swelling of between 10%-20% (Valcke et al 2010). Bénard et al. 2008 reported
swelling of wet cured Portland cement mortars containing salts of NaNOs;, KNOs,
NasPO4x12H,0, and KsPO, when exposed to a dilute solution.
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Figure 4 Saltstone sample in flexible wall permeameter showing pickled surface.

4.0 Laboratory Techniques

Experimental methods have been developed to estimate the osmotic efficiency of a material
suspected to have the properties of a semi-permeable membrane (Gonglaves 2008, Malusis et al.
2001, Keijzer et al. 1999, Gonglavés et al. 1999, Houbenand and Wagner 2007, Horseman et al.
2007, and Valcke et al. 2010). The methods generally resemble each other in their configuration.
A sample is placed in a permeameter similar to the one in Figure 5. The end caps allow
application of backpressure and circulation of fluid across both ends of the sample. The molarity
of the circulating fluid is selected based on the concentration of the pore water in the semi-
permeable material and the type of test being conducted. This equipment is similar to the FWP
already operated by SRNL. Sensors can be added to one of the end caps to measure stress or
stain if desired to study structural changes to the semi-permeable material.
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Figure 5 Typical configuration of a permeameter for measuring osmotic efficiency.
5.0 Summary

Simulated saltstone typically has very low permeability (Dixon et al. 2008) and pore water that
contains a large concentration of dissolved salt (Flach and Smith 2013). Pore water in simulated
saltstone has a higher salt concentration relative to pore water in concrete and groundwater. This
contrast in molarity can generate high osmotic pressures if simulated saltstone has the properties
of a semi-permeable membrane. Observations from laboratory tests of simulated saltstone
indicate that it may exhibit the behavior of a semi-permeable membrane. Estimates of osmotic
pressure using results from pore water analysis show that osmotic pressure up to 2790 psig could
be generated within the saltstone. Most semi-permeable materials are non-ideal and have an
osmotic efficiency <1 and as a result actual osmotic pressures are less than theoretical pressures.

Osmotic pressure will affect fluid flow and contaminant transport and may result in the changes
to the internal structure of the membrane. Typically hydraulic head is considered the only driving
force for groundwater in groundwater models. If a low permeability material containing a
concentrated salt solution is present in the hydrogeologic sequence large osmotic pressures may
develop and lead to misinterpretation of fluid flow and solute transport. The osmotic pressure in
the semi-permeable material can significantly impact groundwater flow in the vicinity of the
semi-permeable material. One possible outcome is that groundwater will flow into the semi-
permeable material resulting in hydrologic containment within the membrane. Additionally,
hyperfiltration can occur within semi-permeable materials when water moves through a
membrane into the more concentrated solution and dissolved constituents are retained in the
lower concentration solution. Graf et al. 1965 and Coplen and Hanshaw 1975 report that the
isotopic composition of water and dissolved constituents was altered by a geologic membrane.

Groundwater flow and transport equations that incorporate chemical gradients (osmosis) have
been developed. These equations are referred to as coupled flow equations. PORFLOW does not
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currently include coupled flow from chemico-osmotic gradients and therefore numerical
simulation of the effect of coupled flow could not be performed. Osmotic efficiency is a
parameter in the coupled flow equation that is not typically measured because coupled flow is not
commonly encountered. Several lab methods have been developed to measure osmotic efficiency
for use in coupled flow analysis.
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