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Abstract

Nanofiltration membrane elements have been employed for the treatment of solutions
containing raw brine generated by chloralkali industry. This study focused on the
selection of appropriate nanofiltration membrane element and the assessment of their
performance for the removal of sulfate and the retention of chloride from feed
solutions. The influence of membrane type, temperature, pressure and sodium sulfate
concentration on the selective removal of sulfate from concentrated sodium chloride
brines were investigated. A high passage of sodium chloride and rejection of sodium
sulfate were achieved with two different commercial nanofiltration membrane
elements, DL2540 produced by GE Osmonics and NF270-2540 manufactured by
FilmTec (Dow), suggesting that both membranes can be employed in sulfate removal
from sodium chloride brines for chloralkali industry. Operating pressure and
temperature showed no significant effects on sulfate rejection under the tested
conditions. However permeate flux increased with both temperature and pressure in
the tested ranges. The influence of temperature on permeate flux was due to the
dependency of the viscosity of salt solution, which follows the Arrhenius model.
Sodium concentration in feed had significant effects on permeate flux, sulfate
rejection, and sulfate concentration at membrane interface and in permeate. Sulfate
rejection and permeate flux reduced sharply with the increase of sulfate concentration

in feed.



Résumé

Les éléments de membrane de Nahofiltration ont été employés pour le
traitement de solutions contenant la saumure brute produite par l'industrie
chloralcali. Cette étude s'est concentrée sur le choix d’élément approprié de
membrane de nanofiltration et de I'évaluation de leur performance pour
I'enlevement de sulfate et de la rétention de chlorure des solutions de
nourriture. L'influence du type de membrane, la température, pression et la
concentration en sulfate de sodium sur le déplacement sélectif de sulfate des
saumures de chlorure de sodium concentrées ont été enquétées. Une
passage élevée du chlorure de sodium et le rejet du sulfate de sodium ont été
réalisés avec deux éléments commerciaux de membrane de nanofiltration,
D1.2540 produit par GE Osmonics et NF270-2540 fabriqué par FiimTec (Dow),
en suggérant que les deux membranes peuvent étre employées dans
I'enlévement de sulfate des saumures de chlorure de sodium pour l'industrie
chloralcali. La pression de fonctionnement et la température n'ont montré
aucun effet significatif sur le rejet de sulfate dans les conditions évaluées.
Cependant, le flux perméable a augmenté avec la température et la pression
dans les gammes examinées. L'influence de la température sur le flux
perméable était due a la dépendance de la viscosité de la solution de sel, qui
suit le modéle d'Arrhenius. La concentration de sodium dans l'alimentation a
eu des effets significatifs sur le flux, le rejet de sulfate, et la concentration
perméable en sulfate a l'interface de membrane et dans l'imprégnation. Le
rejet de sulfate et le flux permeéable ont réduit brusquement avec

l'augmentation de concentration de sulfate dans I'alimentation.
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ai
C;
C:
Cs
C’
Ci
Cim
Cip

mol/m®

Nomenclature

chloride ion activity
activity, mol m™
. . . -3
activity of ion 7, mol m
concentration in bulk solution, mol/m>
concentration on membrane sulface, mol/m®

concentration in permeate, mol/m’
bulk concentration of ion i. mol/m>

concentration of component i in membrane, mol/m>
concentration of ion i at the membrane interfaces of feed side, mol/m’

concentration of ion i at the membrane interfaces of permeate side,

concentration of component  in bulk solution, mol/m?
concentration of component i in permeate, mol/m’
hindered diffusivity, m2s™

bulk diffusivity, m’s™

measured electrode potential, V

constant, the sum of several system potentials, V
the apparent activation energy for permeation, J
Faraday constant, C mol”

the hydrodynamic lag coefficient

ion flux (based on membrane area), mol m” s™
volume flux (based on membrane area), ms™

the hydrodynamic enhanced drag coefficient

iv



Ki,c

Kiq

Xp

Ax

Zj

hindrance factor for convection
hindrance factor for diffusion

length of the membrane module, m
membrane permeability (L/h-m*-PSI)

molecular weight, g mol’!

passage of solute or pressure, N m?

Peclet number

water permeability, m s Pa’!

applied pressure drop, kN m™

effective pore radius, m

stock redius of ions and solutes, m

rejection of solute or gas constant, J mol™ K™
electrode slope

absolute temperature, K

solute velocity, m s™

partial molar volume of ion i, m> mol’

the effective volumetric membrane charge density.
effective membrane charge, mol m™

distance normal to membrane, m

effective membrane to thickness, m

valence of ion 7, dimensionless



Ayn

Ayp

steric partition term

ratio of ionic or solute radius/pore radius

viscosity of solution, Pa s

the eleétrochemical potential, V

ratio of effective charge density to bulk concentration
osmotic pressure, kN m™

activity coefficient of ion i with membrane

bulk activity coefficient of ion i

activity coefficient

potential within the pore, V

electric potential in axial direction inside membrane, V
potential difference inside membrane

Donnan potential difference, V
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1. Introduction

1.1 Project background

Chloralkali industry is a key contributor to the economic, social and environmental
well-being of society. In the chlorine making process, high concentration of sodium
chloride (NaCl) brine is electrolyzed to produce gaseous chlorine (Cl,), hydrogen (H,)

and sodium hydroxide (NaOH), see Figure 1-1.

A typical chloralkali plant consists of six main process areas:
1. Brine preparation

2. Electrolysis

3. Chlorine handling

4. Caustic handling

5. Hydrogen handling

6. Hypochlorite

Chlorine and sodium hydroxide are produced from the electrolysis of an aqueous
solution of sodium chloride brine. Hydrogen gas is produced as a byproduct of the
chloralkali process. The chemical equation for the overall reaction taking place in an

electrolysis cell is illustrated in the following equation:

2 NaCl (aq) + 2 H,O (1) + electric current

— H; (g) + Cl> (g) + 2 NaOH (aq) (1-1)



Sodlam hydroxide

¥
Hydrogen

w

Chiorine

Figure 1-1 Chloralkali industry process



For a close up view of what an electrolysis cell may resemble, see Figure 1-2 blow.

NaCl Inlet

Chlorine Gas Out

Hydrogen
Gas Out™

ectricnl connection
to cathode

Steet mesh cathode

Ton Exchange
Membrane

Figure 1-2  Electrolysis cell

Industrial salt (NaCl) always contains a small amount of sulfate, which is not subject
to any change in the electrolysis process and will accumulate if not removed from the
recycled brine. The accumulation of sulfate in brine may cause precipitation on the
electrode surface in the electrolysis cell, which leads to high voltage requirement and
power consumption. Most importantly, the precipitation may significantly reduce the
lifetimes of the expensive electrodes and the ion exchange membrane used in the
electrolysis cell. Therefore, selective removal of sulfate from concentrated brine is

needed for the chloralkali industry to address this concern.



Conventional methods of sulfate removal are either the purging of brine to the sewer
or nearby water body or by reaction with barium chloride to form solid barium sulfate

for downstream removal by filtration [1].

The purging method of sulfate removal results in an effluent brine stream that for
some plants contains mercury (which is toxic and strictly regulated). This brine purge
is the largest component of total effluent from a typical chloralkali plan and results in
a significant discharge to the environment. In addition, the brine purge stream results
in lost economic value to the plan operators since costs are incurred for the supply and

purification of the salt that is lost.

The barium method of sulfate removal involves the reaction of sulfate in the brine
with added barium chloride to form an insoluble barium sulfate precipitate that is
filtered out and disposed to landfill. Problems with this method include the cost and

handling of toxic barium chloride and the production of solid waste for disposal.

The nanofiltration (NF) membrane can separate the sulfate ions from the salt ions in a
brine solution at a molecular level and has recently gained high interest and
acceptance by the chloralkali industry. Sulfate removal for chloralkali brine is
expected to increase worldwide. This technology will serve to expand in reducing

waste stream volume and contributing to sustainability around world.

In real industrial application, the membrane assembly unit consists of a stand
supporting the pressure vessels, interconnecting piping, and feed, permeate and

concentrate manifolds. spiral-wound membrane elements are installed in the pressure

-4 -



vessels. Figure 1-3 éhows a spiral element with spacer and membrane leafs in their
unwound state. The concentrate spacer keeps the two membrane sides of the high
pressure envelope at a distance of 0.5 to 1.0 mm. The concentrate (also called
retentate) follows nearly straight macroscopic streamlines parallel to the axis of the
module. The permeate. spirals inwardly through the permeate envelope to the central
collection pipe. The flow modes of concentrate and permeate correspond to cross-

flow.

Figure 1-3 Structural elements of a spiral-wound membrane element (in its partly

unwound state)

The pressure vessel has permeate ports on each end, located in center of the end plate,
and feed and concentrate ports, located on the opposite ends of the vessel. Each
pressure vessel may contain from one to seven membrane elements connected in

series.



As shown in F igufe 1-4, the permeate tube of the first and the last element is
connected to the end plates of the pressure vessel. Permeate tubes of elements in the
pressure vessel are connected to each other using interconnectors. On one side of each
membrane element there is a brine seal, which closes the passage between outside rim
of the element and inéide wall of the pressure vessel. This seal prevents feed water
from bypassing the membrane module, and forces it to flow through the feed channels

of the element [2].

As feed water flows through each subsequent membrane element, part of the feed
volume is removed as permeate. The salt concentration of the remaining feed water
increases along the pressure vessel. Permeate tubes conduct the permeate from all
connected elements. The collected permeate has the lowest salinity at the feed end of

the pressure vessel, and increases gradually in the direction of the concentrate flow.

. Interconnector
Permeate Brine seal End plate
" \ \
- Concen-
\ Memb trate port
Membrane b Membrane embrane ;
' I I element element | 0 clement :l: /
i

/ | £ / e ;)
Feed port

Pressure vessel

Pressure vessel with three membrane elements

Figure 1-4 Membrane element configuration



A system is divided into groups of pressure vessels, called concentrate stages. In each

stage pressure vessels are connected in parallel, with respect to the direction of the

feed/concentrate flow. The number of préssure vessels in each subsequent stage

decreases in the direction of the feed flow, usually in the ratio of 2:1, as shown in

Figure 1-5 [2].

1 Pressure vessel
| 15t'stage

Pressuve vessel
st stage

Pressure vessel
15t stage

L 2

Permeate T
L " Pressure ves;el
r‘ 2nd stage

Pressure vesse:

v

st stage

Pressure vessel.

Figure 1-5 Flow diagram of a two stage system

P ondstage

- y_)‘

Concéntrate

D>

Thus, one can visualize that the flow of feed water through the pressure vessels of a

system resembles a pyramid structure: a high volume of feed water flows in at the

base of pyramid, and a relatively small volume of concentrate leaves at the top. The

decreasing number of parallel pressure vessels from stage to stage compensates for
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the decreasing volume of feed flow, which is continuously being partially converted
to permeate. The permeate of all pressure vessels in each stage, is combined together
into a common permeate manifold. So the volume of final retention will be

significantly reduced and the rejected solute (sodium sulfate) will be concentrated.

1.2 Purpose of the study

The objective of this project is to investigate the influence of operating conditions on
the commercial nanofiltration membrane elements. This study focused on the
selection of membranes and operating conditions to obtain a maximum rejection rate
of sulfate and passage rate of chloride as well as high permeate flux. The results will
provide useful guidelines for industrial design of sulfate removal for chloralkali

industry.

1.3 Perspectives of NF membrane process

In a membrane separation process, the feed is a mixture of phases. The membrane is
preferentially selective to one or more of the species in the feed mixture. The result
will be two new phases, one is enriched with the selected species and the other is
depleted. The enriched phase is called retentate or concentrate stream and the depleted
phase is called the permeate stream (Figure 1-4), which implies that either the
concentrate or the permeate stream is the product. If the aim is concentration, the
retentate will usually be the product stream. However, in the case of purification, both

the retentate or permeate can yield the desired product.



retentate -

Feed
ce Membrane Permeate

Figure 1-6 Schematic representation of a membrane process

Beginning in the late 60s, gradually membrane processes have found their way into
industrial application and serve as alternatives for many traditional processes such as
distillation, evaporation and extraction. Based on the main driving force of membrane

separation process, the membrane processes can be categorized as given in Table 1-1.

Table 1-1 Driving forces and their related membrane separation processes

Driving force Membrane process

e Pressure difference Microfiltration, ultrafiltration,
nanofiltration, reverse osmosis

o Chemical potiential difference Pervaporation, pertraction, dialysis, gas
separation, vapor permeation, liquid
membranes

e Electrical potiential difference Electrodialysis, membrane
electrophoresis, membrane electrolysis

o Temperature difference Membrane distillation




Nanofiltration (NF) inembrane is a pressure driven membrane process and represents
a specific domain of membrane technology that is a relatively new. It has properties in
between ultrafiltration (UF) membranes and reverse-osmosis (RO) membranes. NF
membranes, with average pore radius in the nanometer range, have separation
properties in between those of RO and UF membranes. They also have a special
feature, the high retention of charged particles (ions), due to the fact that NF
membranes carry charges in an aqueous environment. Figure 1-7 illustrates the

filtration spectrum of membrane.

Figure 1-7  Filtration spectrum of membrane

Generally, NF membrane has two distinct properties [3]:

o The pore size of the membrane corresponds to a molecular weight cut off

value of approximately 150-1500 £ Therefore, the separation of

mo
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components With these molecular weights from higher molecular weight
components can be accomplished.

o NF membranes have a slightly charged surface. Because the dimensions of the
pores are less than one order of magnitude larger than the size of ions, charge
interaction plays a dominant role. This effect can be used to separate ions with

different valences.

Rejection of charged solutes by NF membranes is a rather complicated phenomenon
and has yet to be completely understood. Various mechanisms are involved in the
process such as electrostatic interactions between the membrane and the charged
species, sieving or size effect, differences in diffusivity and solubility, dielectric

repulsions, etc.

NF membranes also show selectivity based on charge density of the iqn. For ion-
selective membranes with solutions containing different free ions, an unequal
distribution of ions results across the membrane, and forms a high concentration thin
boundary layer on membrane surface of feed side. This is known as the Donnan effect.
Based on the literature review [3, 4], when Na,SOy is added to a solution of constant
NaCl concentration, CI” ions are forced to permeate preferentially compared to SO4*
ions together with Na* ions in order to maintain electroneutrality at both sides of the
membrane: the CI” rejection decreases with increasing of Na,SO4 concentration and

even negative rejection coefficients can be observed.

Since most NF membranes contain negatively charged hydrophilic groups attached to

a hydrophobic UF support membrane, they have higher water fluxes than do RO
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membranes. This is &ue to the faflorable orientation of water dipoles. They also have
improved fouling resistance against hydrophobic colloid. This makes NF competitive
with RO in high-fouling applications such as dye concentration and power-waste
treatment. However, for solutes with a charge opposite to the membrane charges may
increase fouling. NF mémbranes are best in applications that reject uncharged
molecules due to size exclusion and charged components due to electrostatic

interaction.

1.4 Industrial applications of NF membranes

The advantage of NF membrane process is low operating pressures compared with
RO, and high rejection of organics compared with UF. NF is generally used to

separate multivalent ions and organic components with relatively low molecular

weight (150-1500 —i) from water.
mol

Presently NF membrane has already gained its wide application in various industries
areas, such as food, textile, clothing and leather, paper and graphical, chemical, water
production etc. An overview of the possible applications of NF membrane is given in
Table 1-2, which shows the diversity of opportunities for NF membrane. It can be
expected that many are to follow or already exist. All applications are in the treatment

of aqueous systems.
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Table 1-2 Industrial applications of NF membrane

Industry

Application

Food

Textile

Clothing and leather
Paper and graphical

Chemical

Metal plating and
product/electronic
and optical

Water production

Landfills
Agriculture

Demineralization of whey [5-7]

Demineralization of sugar solutions [8]

Recycle of nutrients in fermentation processes [9]
Separation of sunflower oil from solvent [10]

‘Recovery of Cleaning-In-Place solutions [11]

Recovery of regeneration liquid from decolouring resins in
sugar industry [12-15]

Effluent treatment [16]

Purification of organic acids [17-19]

Separation of amino acids [20]

Removal of dyes from waste water [21]

Recovery of water and salts from waste water [22-24]
Recovery and reuse of chromium(IIl) and chromium(II) [25,
26]

Recovery of water from waste water or waste water treatment
effluent [27-29]

Recovery of bleaching solution [30, 31]

Sulfate removal preceding chlorine and NaOH production
[ 32-34]

CO; - removal from process gasses [35]

Preparation of bromide [36]

Recovery of caustic solutions in cellulose and viscose
production [37]

CaSO; precipitation [38]

Separation of heavy metals from acid solutions [39, 40]
Removal of metal sulfates from waste water [41]

Cleaning of machine rinsing solutions [42]

Removal of Nickel [43]

Recovery of Cu-ions from ore extraction liquids [44-46]
AP* removal from canning industry waste water [47]
Recovery of LiOH during treatment of battery waste [48]
Removal of degreasing agents from water [49-52]
Removal of precursors of disinfection byproducts [53]
Hardness removal [54, 55]

Removal of natural organic matter (a.o. colour) [56-59]
Removal of pesticides [60-62] '

Removal of heavy metals (As, Pb), Fe, Cu, Zn and silica [63,
64]

Removal of phosphate, sulfate, nitrate and fluoride [65-67]
Removal of algal toxins [68, 69]

Purification of landfill leachate [70-76]

Removal of selenium from drainage water [77]
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2 Theoreticalv background

2.1 Mass transfer in nanofiltration membrane

A representation of the mass transfer process taking place in NF membrane can be

given in Figure 2-1

Boundary
Rulk Layer Membrane FPermeate
I o2
C3
Cl
—_—
AP

Figure 2-1 Mass transfer in NF membrane

When an external pressure AP is imposed on a liquid which is adjacent to a semi-
permeable membrane, solvent will flow through the membrane. The general terms
that are used in the description of membrane separation processes are the permeate

flux (J) and the rejection (R). The permeate flux is given by [78, 80]:

g __AP-7 @-1)

4 u(R,+R,)
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where Op is the volumetric flowrate of permeate and A the active membrane area. AP
is the pressure drop and 7 is the osmotic pressure across the membrane (N/m?), p is
the permeate viscosity (Pa.s), R is the initial membrane resistance and Ry is the

resistance of a fouling layer (m™), 7 represents osmotic pressure.

Osmotic pressure appears to have first been described in 1748 by the Abbe Nollet [81].
The studies of van’t Hoff in 1885 established a relationship between osmotic pressure,

w, and concentration for dilute solutions,

m=cRT (2-2)
where c is the concentration in mol/l. However, for high concentration solution such
as our case, the above equation is not applicable. From thermodynamic considerations
[81, 82], the osmotic pressure x for high concentration solution can be calculated by
[82, 83]:

7 =—k,Tin(1- f) (2-3)

L-am
K -mol

where k, = -§—= 4.555 (aTt(nl ), R is gas constant = 0.082 05 ( ), V the molar

volume of water, which is 0.018015 (L), and 7 is expressed in atmospheres.
In equation (2-3), f'is the mole fraction of solute particles or sum of ions. When there

are more than one solutes, this term should be express as X f. The relevant quantity in

this relation is (1- Z f), which represents the mole fraction of water.
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m=-k,Tln(1->_f) (2-4)

A neutral solute dissolved in the solvent at a concentration level C; will also flow
towards the membrane. If the membrane exhibits rejection for the solute, partial
permeation will occur and non-permeated solute accumulates in the boundary layer,
and hence a concentration profile develops. This phenomenon is called concentration
polarization [84, 85]. The solute distributes at the membrane/solution interface and
will be transported through the membrane by convection and diffusion. At the
permeate side, a second distribution process will occur and a final concentration of
solute in the permeate, C;, will be reached. For the characterization of solute behavior,

the rejection (R), passage (P) and selective (S) are used, given by (see Figure 2-1):

Rzl__g_l (2-5)

3

p:% 2-6)
3

S= -1-% 2-7)

At steady state, the rate of solute arriving at the membrane is balanced by the sum of

the solute leakage and the rate of back diffusion [78]:
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2.2 Transport Model for nanofiltration Membranes

A transport model is needed in order to evaluate the value of the effective charge
density as described previously and also to analyze the contribution of each of the
transport mechanisms. Numerous papers have been published devoted to models that
are likely to provide a description of the separation properties of NF membranes.
Many theories treating the separation of multicomponent electrolytic system are based
on extended Nernst-Planck equation, which is the basis for description of solute
transport through nanofiltration membranes. In the extended Nernst-Planck equation,

the ionic flux of component i is defined as follows

¢, D, .
j =S A g oy (2-8)
RT dx "

where ; is the electrochemical potential defined as follows:

M, =RTIna, +V,P+z,Fy +constant (2-9)

where a; is the activity of ion i, mol m>; V; partial molar volume of ion i, m> mol™"; F
Faraday constant, C mol™'; P pressure, N m%; z; valence of ion #; w potential within the

pore, V
The standard approach used to relate ion activity to its concentration is through an

activity coefficient (a; = yic;). Differentiation of equation (2-9) and substitution into

equation (2-8) and manipulation yield the following transport equation:
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1 ¢D, zeD,
j=-eD, diny]_62w, & _ 5 de, 260 pdVn g oy
Podx RT dx P dx RT dx ’

(2-10)

The first two terms in this expression are in addition to the three transport terms
included in the most commonly used NF models. It should also be noted that, in the
present case, ion flux is defined on a pore area basis. It will be assumed that the
gradient of In y; can be neglected, which implies that either the concentrations within
the pore are small or their variations are small. So the extended Nernst-Planck
equation can be developed to DSPM (Donnan-Steric partitioning Pore Model) (Eq. 2-

11) [85, 86, 87].

DSPM model has been applied to analyze retention properties of a variety of
nanofiltration membranes. Within the scope of this model, the solute transfer is
described as being the result of the folléwing steps: first, a distribution of charged
species at the membrane—solution interface resulting from both size effects and
Donnan exclusion and second, a transfer by a combination of convection, diffusion

and electromigration through the membrane.

. c.D,
j=-p o _Z6Tw p W g oy @-11)
*d RT  d "

Where D, , =K, ;D

i,

Jji is the flux of ion i and the terms on the right hand side represent transport due to

diffusion, electric field gradient and convection respectively (see List of symbols for
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definition of symbols). The hindered nature of diffusion and convection of the ions

inside the membrane are accounted for by the terms K, s and K.

The hindrance factors, K ;and K., which are functions of the ratio of solute to pore
radius (4), are related tb the hydrodynamic coefficients K™, the enhanced drag, and G,
the lag coefficient, of a spherical solute moving inside a cylindrical pore of infinite
length. Bowen [85] reviewed the various equations that were used to calculate K™/ and
G by finite-element technique and centre-line approach for A ranging from 0 to 0.8,

and gave his equations to calculate K™’ and G as flowing:
K7 (4,0)=1.0-2.301+1.1542% +0.244 1 (2-12)
G(1,0)=1.0+0.0541 - 0.9884% +0.4414° (2-13)

For NF membranes the pore radii are very small and thus, the solute velocity might
not be fully developed. If one were to assume a homogenous velocity for transport

across the membrane, K and K; are related to the hydrodynamics coefficients as

[86],
K., =K"(1,0)
K, =G(4,0) (2-14)

If, however, the solute velocity is fully developed inside the pore and has the

parabolic profile of the Hagen-Poiseuille type, the hindrance factors become [86],
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K., =K (40)

K. =(2-D)4,0) (2-15)
where
®=(1-4)* (2-16)

The steric term, ®, accounting for the finite size of the solute, is referred as the

homogenous membrane type and the latter as the porous membrane type.

For charged solutes, Eq. (2-11) is the basic equation for the transport of ions inside
the membrane. The variation of equation (2-11) is due to the velocity distribution, as
has been mentioned above, which leads to different definitions of the hindrance
factors. For porous membranes, the fluxes, concentrations, potentials, and velocity
were all defined in term of radial averaged quantities (DSPM). For homogenous
membranes, the quantities do not have any radial distribution and are constant at any

plane in the x-direction.

The conditions of electroneutrality in the bulk solution and inside the membranes are

expressed respectively as:

32,00 =0
i=1

D ze =X, 2-17)
i=l
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where Ci0 is the bulk concentration of ion i. ¢; the concentration of ion i inside the

membrane. and X; the effective volumetric membrane charge density. X assumed to
be constant at all points in the active part of the membrane. The zero current condition

inside the membrane can be expressed as:
I,= F(z,j)=0 (2-18)
i=1

Since the electric potential gradient is common for every ion inside the membrane, the
electric potential and concentration gradients can be derived from equation (2-11). By

rearranging equation (2-11), the concentration gradients is written as,

de, J, z,e, dy
— K . -C ) —2LF— 2-19
d‘x D ( I,{.cl I,p) RT dx ( )

Lp

where the flux of ion; is expressed as,

Ji=J,C (2-20)

i,p

Use the same way, by rearranging equation (2-11), the potential gradient term can be

written as,
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n dc,

K ¢ -D ——j
dl//_;( icvi i,p ]1)
dx FD,, &

- Zz,.c,.
RT 5

Zn: dz,c,

d_l//__ ;l(Ki,cciszi _jVCi,p)—Di,p lzl—"dx—

dx FDip c 2
[ ziC.
FraD

n z ;
Z_IJ”V_(Ki,cci —Ci,p)

dy 5D, @-21)
dx F &,

—_— ZiC‘,-

RT 5

By using the following boundary conditions together with the equation for

electroneutrality (13):
X=0 Ci = Ctm
X=Ax C,"-: C,',p

where C;,, and C;;, are concentration of ion i at the membrane interfaces of feed side
and permeate side respectively. The concentration at the interface can be determined
using the following equilibrium conditions which will be taken as a combination of

the Donnan and steric effects:

C; z,F
1o = Dexp(~ - AF,) (2-22)

Vi€
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where v; is activity coefficient of ion i with membrane; yoi bulk activity coefficient of
ion i; wp Donnan potential, N m™. The term @ is the steric partitioning term to

account for the steric effects on the entrance to the membrane and is given by Eq. (2-

11)
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3 Experiment methodology

3.1 Preparation of synthetic sodium chloride brine

Synthetic sodium chloride brines were made up from crystalline sodium chloride
(Certified ACS), powder sodium sulfate anhydrous (USP/FCC) and distilled water.
By dissolving appropriate amounts of sodium chloride and sodium sulfate into
distilled water, the concentrations of sodium chloride and sodium sulfate are 200 g/L
and 10.0 g/L, respectively. This formed the basis for the makeup of standard synthetic
sodium chloride brine used as feed solutions in all constant feed concentration tests.
Sodium chloride and sodium sulfate were purchased from Fisher Scientific Canada

with category number of $271-50 and S429-12 respectively.

3.2 NF membranes

Based on the information, which showed high rejection to sulfate and passage to
chloride, collected from manufactures, three types of NF membrane elements were
employed for test. These were: NF270-2540 from FilmTec (DOW), DL2540F from

GE Osmonics Inc., and XN45-2540 from TriSep Co.

All the membranes are made of polyamide material, DL2540F and NF270-2540
membranes have molecular weight cutoffs between 150 to 300 Dalton., the XN45-
2540 membrane has molecular weight cutoff range of 500-1000 Dalton The technical

specifications provided by manufacturers are summarized in Table 3-1.
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Table 3-1 Characteristics of the NF membrane elements used in tests

Manufacturer

GE Osmonics

FilmTec (DOW) TriSep

Membrane element

Membrane Type

Cut-Off Range
Maximum Operating
Temp.

Maximum Operating
Pressure

pH Range, cont.
Operation

pH Range, short-term
Cleaning (30 min)
Maximum Feed SDI
Free Chlorine Tolerance
Stabilized CaCl, rejection
Stabilized MgSO4
rejection

Active Area

DL2540F
Proprietary
Thin-Film
Composite
150-300 Da
122°F (50 °C)

500 PSIG

2-11

1-11.5

NS

"1000 ppm-hour

NS
96%!

3.2m?

NF270-2540
Polyamide
Thin-Film
Composite
200-300
113°F (45 °C)

600 PSIG
(41bar)
3-10

1-12
5

<0.1 ppm
40-60%%

>97%4

3.2 m?

XN45-2540
XN45TM

Polyamide-Urea NF

membrane
500-1000
113°F (45 °C)
600 PSIG
3-11

Ns[ll

5

<1.0 ppm

NS

>929,3!

3.2 m?

[1]1 NS - not specified

[2] Based on a 500 mg/L CaCl, solution, 70 PSI, 25°C, and 15% recovery

[3] Based on a 2,000 mg/L MgSQjy solution at 100 PSI net pressure, 25°C, 10%

recovery, after 24 hours

4] Based on a 2,000 mg/L MgSQj solution at 70 PSI net pressure, 25°C, 10%
p

recovery, after 24 hours
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3.3 Experimenial set-up

All tests were performed using the pilot scale experimental set-up shown in Figure 3-
1 and 3-2. In this system, a 250 liter feed tank provided feed solution to a 5
horsepower (HP) 16-stage centrifugal pump (ITT-G&L Pumps, SSV series, USA). A
cooling coil was placed inside the feed tank in order to control the temperature of the
solution. A stainless steel membrane housing, which a 40.5 inches long and 2.5 inches
diameter nanofiltration membrane element was placed inside, was operated in
crossflow. Permeate was circulated back to the feed tank. When performing volume
reduction test, permeate was collected to a separately tank. Retentate and bypass
stream were also returned back to the feed tank. This system was operated in a batch

mode with maximum feed volume of 200 L and minimum volume of 30 L.
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HPressure gauge

ultistage Centritugal Pump

Figure 3-2  Photo of experimental setup
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Pressure gauges weré placed at the beginning and the end of the membrane housing.
The inlet pressure of membrane elements was controlled by manipulating the two
valves (valve 1, 2, see Figure 3-1) located on the bypass, feed stream lines. The
flowrate of retention stream was measured using a liquid flowmeter and that of the
permeate stream was measured manually using a graduated cylinder and a stopwatch.
Feed flowrate was calculated as the sum of the flowrates of retention and permeate
streams. Cooling coil was submerged under the feed solution in the feed tank to

maintain the pre-set temperature using tap water.

The experimental system was constructed from stainless and polyvinyl chloride
plastic (PVC) pipe. During the early tests, rust was found in the feed solution. In order
to prevent this phenomena and fouling on membranes, all piping in the system was

replaced with high grade stainless tubing.

The experimental system was installed in the Department of Chemical Engineering at

the University of Ottawa.

3.4 Experimental procedure

For each run, feed solution containing appropriate concentrations of sodium chloride
and sodium sulfate was pumped from the feed tank to the membrane housing which
NF membrane element was assembled inside. After the steady state for set operating
condition of temperature, pressure and flowrate was reached, measurements and

samplings were conducted.
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3.4.1 Constant feed concentration tests

In the experimental setup shown in Figure 3-1. Since the permeate, retentate and
bypass stream were returned back to feed tank, the total volume of the solution
remains unchanged, the feed concentration can be considered as a constant. The
purposes of constant feed concentration tests is to study the infuence of membrane
type and operating conditions such as pressure, temperature, and feed flowrate on the
performance of the separation processes. Feed solution was the synthetic brine
containing 200g/L sodium chloride (NaCl) and 10 g/L sodium sulfate (Na,SO,).
Other conditions will be indicated in the relevant texts in the Results and Discussion

section.

3.4.2 Volume reduction tests

The purpose of volume reduction tests was to simulate the industrial desulphurization
craft condition by using NF membrane element. In an industrial scale sulfate removal
membrane system, membrane elements are placed one after another inside the
housing, with the feed flowing through the membrane elements and the sulfate
concentration increasing from entrance to the end of the membrane housing.
Therefore we should determine the effects of feed concentration on membrane
performance, such as on rejection and permeate flux to provide the guidelines for

industrial design.
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The volume reductidn tests were performed with experimental set-up shown in Figure
3-3. The difference between this setup from that shown in Figure 3-1 was that the
permeate stream was collected with separated tank, not returned back to the feed tank.
With the taking off permeate, the volume of feed solution was decreased and the

concentration of solution increased gradually.

Two kinds of membrane elements (NF270-2540 model by FilmTec (DOW) and
DL2540F model by GE Osmonics) were investigated in the volume reduction test.
The following steps were carried on: in each run, the system was first set to the
required temperature, pressure, feed flowrate with appropriate feed brine and
stabilized for 30 minutes by recycling both permeate and retention stream back to the
feed tank. Performance parameters such as pressure drop and flux were then measured
and recorded accordingly. Samples were taken for later measurement of sodium
sulfate concentration and sodium chloride concentration in permeate ‘and retention
streams. Then, a volume of permeate equivalent to 15% of the original feed volume
was collected separately. The remaining retention was used as the feed brine for the

next run. All the volume reduction experiments were conducted at temperature of 45

°C.
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4. Analytical methods

4.1 Analytical method of sulfate

Sulfate concentration was measured using a turbidimetric method. The principle of
this method is whenradding barium ion into the sulfate solution, sulfate ion is
converted to a barium sulfate suspension under controlled conditions. The resulting
turbidity was determined by a spectrophotometer and compared with a curve prepared

from standard sulfate solution.

‘The procedure for turbidimetric measurement were: first, samples diluted to an
appropriate concentrations were mixed with 10 ml distilled water and 5 ml
conditioning reagent in a 100 ml beaker, mixed well by gentle stirring with a
magnetic stir; then, about 0.1-0.2 g of BaCl, was added to the beaker; after gentle
stirring for exactly one minute, 1 ml of the suspension was transferred to a corvette;
the turbidity of the suspension was measured exactly five minutes after the transfer
using a DU Series 600 spectrophotometer (Bechman Instruments Canada Inc.). The
conditioning agent was prepared by mixing 50 ml glycerol with a solution containing
30 ml concentrated HCI solution. The concentrated NaCl solution was prepared by

dissolving 100 ml isopropyl alcohol and 75 g NaCl in 300 ml distilled water.

4.2 Ahalytical method of chloride

The operation of a chloride electrode is based on the potential which develops across

a silver chloride membrane. This potential is proportional to the activity of chloride
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ions in contact with membrane. The relationship between potential and chloride ion

activity is expressed by the Nernst Equation:
E=E°-S-log4 4-1)

where

E = measured electrode potential

E’ = constant, the sum of several system potentials
S =electrode slope

A = Chloride ion activity

At 25 °C, the ideal Nernstian slope is -59.2mV per decade increase in chloride ion

activity
The chloride ion activity is related to chloride concentration as follows:
a=y,-c 4-2)

where
a = activity
v = activity coefficient

¢ = concentration

The activity coefficient y is dependent on and can be estimated from the total quantity

of ions in solution, i.e., ionic strength. Ionic strength is an essential concern when
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using ion selective electrodes. In very dilute solutions, the activity coefficient

approaches a value of one, and activity and concentration are the same.
In this experiment, the concentration of sodium chloride was measured using a

chloride Ton Combination Glass Electrode (Fisher Scientific) coupled with a dual

channel PH/Ion/Conductivity Meter, Model AR 50 (Fisher Scientific).
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5. Results and discussion

This section describes effects of operating parameters such as pressure, temperature
and feed flowrate on membrane performance in terms of permeate flux, sulfate

rejection and chloride passage based on experimental data.

5.1 Constant feed concentration tests

Based on the information from manufacture, three membrane elements, i.e. NF 270~
2540 membrane element of FilmTec Corporation, DL 2540F membrane element of
GE Osmosis and XN 45-2540 membrane element of TriSep Corporation - were
selected for performance testing. A series of tests were conducted to study the effects
of operating parameters on sulfate rejection, chloride passage, and permeate flux of
different membrane at constant feed concentration. Experimental data are listed in

appendices tables.

5.1.1 Effects of operating temperature

This section discusses the effects of operating temperature on the selective sulfate
removal of different membrane elements at different temperature under of constant

pressure and feed flowrate.

5.1.1.1 Effect of temperature on sulfate rejection
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The experiments wefe carried out with the temperature in the range from 25 °C to 40
°C using the three types of membrane elements with feed brines containing 200 g/L
sodium chloride and 10 g/L sodium sulfate. A constant condition of 50 psig pressure
and 2 GPM feed flowrate was maintained during the run. Experimental results of

sulfate rejection vs temperature was plotted in Figure 5-1.

100
S
[0} -
£ 9
©x
5 (m25°C]
% 80 - '-30 °C
4 040°C
; [o40°C
8 70-
=
w
£
5 60 -
o]
w

50 - |

NF270-2540 DL2540F XN45 -2540

Figure 5-1 Plot of sulfate rejection vs temperature for different membrane

elements (pressure 50 psig)

As shown in Figure 5-1, the NF 270-2540 membrane element of FilmTec showed a
slight increase in sulfate rejection from 95.5% to 96.9% as temperature increased
from 25 to 40°C. The sulfate rejection for DL 2540F membrane element of GE
Osmonics remained almost unchanged at a high level of 97% to 99% in the same
temperature range. On the other hand, XN 45-2540 membrane element of TriSep

showed substantial decrease of sulfate rejection decreased from 82.6% to 75.0% when
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operating temperature increased from 25 to 40 °C. Furthermore, the sulfate rejection
of XN45 was significantly lower than that of the other two membranes in the tested

temperature range.

The differences of sulfate rejection of the three membranes may be due to the
differences of molecular weight cut off of three membranes. As shown in Table 1, the
molecular weight cut off range of DL2540F, NF270-2540 and XN45-2540
membranes are 150-300, 200-300 and 500-1000 Da, respectively. showing that the
molecular cutoff ranges of DL2540F and NF270-2540 membranes are closer to

hydrated sulfate size than XN45-2540 membrane.

From the sulfate rejection point of view, it can be summarized that DL 2540F and NF
270-2540 membrane elements are more suitable than XN45-2540 membrane element

for sulfate removal of chloralkali brine because they have higher sulfate rejection.

5.1.1.2 Effects of temperature on chloride passage

Experimental condition was set as pressure 50 psig, feed flowrate = 2 GPM, feed
brines containing 200 g/L sodium chloride and 10 g/L sodium sulfate. Experiment
were carried out and samples were collected with the temperature increased from 25
°C to 40 °C during the runs, the experimental data of chloride passage vs temperature

was plotted in Figure 5-2

DL25450F and NF 270-2540 membrane elements showed high passage of sodium

chloride as the temperature increased from 25 °C to 40 °C, chloride passages of
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NF270-2540 membrane were over 92%, and chloride passage range of DL2540F
membrane element was from 86.6% to 93.6%. The data inconsistencies were probably
due to experimental errors but still in the industrially acceptable range, XN45-2540

membrane element showed consistently low chloride passage.

From the chloride passage point of view, it is also clear that NF 270-2540 and DL
2540F membranes are more suitable than XN45-2540 membrane for the application
in sulfate removal from chloralkali brine because their significantly higher chloride

passage would allow a more efficient recovery of sodium chloride (Figure 5-2).
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Figure 5-2  Plot of chloride passage vs temperature for different membranes

5.1.1.3 Effects of temperature on permeate flux
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The effects of temperature on membrane permeate flux was also studied
experimentally because permeate flux determines the throughput of an industrial
process. It also has a direct influence on the solute rejection of an NF membrane

process as indicated by Arrhenius equation, which will be discussed later.

A temperature close to 80 °C would be most favorable for a sulfate removal
membrane process for chloralkali facilities because the brine temperature from a
chloralkali facility that is subject to the sulfate removal process is approximately 80
°C. A processing temperature close to that would reduce the capital cost and energy
consumption associated with the heat exchange of the brines. However, based on the
specification of membrane products, the maximum operating temperatures for the

three membranes are in the range of 45- 50 °C.

Experiments were conducted in the temperature range between 20 and 45 °C.
Experiments were carried out at 100 psig pressure and 2 GMP feed flowrate with feed
brines containing 200 g/L sodium chloride and 10 g/L. sodium sulfate. Experimental
results are shown in Figure 5-3. It can be observed from Figure 5-3 that the permeate
flux increases with temperature, and the influence of temperature on permeate flux
was due to the dependency of the viscosity of salt solution and follows the Arrhenius

model as follows [88]:

E
J, =J, -exp| —R—; (5-1)
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where J, is volumetric permeate flux; Jy pre-exponential factor; E, the apparent

activation energy for permeation; R the gas constant and 7 the absolute temperature.

Rearranging Eq. (5-1) gives following linear relationship:
InJ, =InJ, £, (5-2)
nJ =InJ,——— -
v 0 RT

Plot In(J,) vs 1/T, we can get Figure (5-3) below. It can be seen that there is a linear
relationship between In(J,) and 1/T, confirm that Arrhenius model is applicable for

this case.
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Figure 5-3 Permeate flux as a function of temperature (operating pressure at 100

psig, feed flowrate at 2 GPM)
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The experimental résults of permeate flux as a function of temperature is shown in
Figure 5-3 above. The experimental results confirm that for the three membrane
elements tested, Arrhenius model can describe and fit the experimental data of the
DL2540F, NF270-2540 and XN45-2540 membranes properly with slope of -2.3559, -
3.1642 and -3.1205 réspectively. The R-squared values for the three membranes are
all over 0.99. From Figure 5-3, the pre-exponential factor J; and the apparent
activation energy E, for three membranes can be obtained. The values of these

parameters are listed in Table 5.1.

Table 5-1 Pre-exponential factor and the apparent activation energy for three

membranes

the apparent activation
Membrane type Pre-exponential factor Jp
energy E,
DL2540F 3.18x10° 2.36x10°
NF270-2540 2.59x10° 3.16x10°
XN45-2540 1.95x10° 3.12x10°

As shown in Table 5-1, DL2540F membrane element showed the lowest apparent
activation energy and the highest value of the pre-exponential factor, which
corresponds to the largest fluxes of this membrane among the three NF membrane
elements in the tested temperature range. On the other hand, the permeate flux of

NF270-2540 is slightly higher than that of XN45-2540 membrane elements.
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5.1.2 Effects of operating pressure

This section discusses the effects of operating pressure on membrane performance

under constant temperature and feed flowrate.

5.1.2.1 Effects of operating pressure on sulfate rejection

Experiments were carried out to study the effects of operating pressure on sulfate
rejection. The operating pressure was varied from 50 to 150 psig, while all other
conditions were kept constant. Figure 5-4 shows the dependency of sulfate rejection
of the three membranes on operating temperature at temperature of 45 °C and feed
flowrate of 4 GPM. The feed solution contained 200 g/L. NaCl and 10 g/L. Na,SQy.
Test results of relation between sulfate rejection and operating pressure was plotted in
Figure 5-4. The results indicate that under the specified pressure range of 50 to 150
psig, pressure did not have significant influence on sulfate rejection for all the three
membranes. DL2540 and NF270-2540 membrane elements had high sulfate rejections
from 97% to 99%. Still, XN45-2540 showed low sulfate rejection at the exberimental
condition as compared to DL2540 and NF270-2540 membranes. Variation of the
operating pressure would affect the permeate flow rate. An increase in operating
pressure results in increase of driving force for the solvent, but only marginally affects

the driving force for the solute.
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Figure 5-4  Plot of Sulfate rejection vs operating pressure (Temperature at 45 °C,

Feed flowrate at 4 GPM)

5.1.2.2 Effects of operating pressure on chloride passage

Tests were carried out to study the effects of operating pressure on chloride passage at
the same condition as that of the tests of sulfate rejection, which was operating at
temperature of 45 °C and feed flowrate of 4 GPM. The feed solution contained 200

g/L NaCl and 10 g/L Na,SOs,.

Effects of operating pressure on chloride passage for the three NF membrane elements
were conducted experimentally. Results are shown in Figure 5-5 according the
measurement of chloride concentration in permeate and feed samples. The
concentration of feed solution contained 200 g/L NaCl and 10 g/L Na;SOy4. The

results indicate that under the tested temperature and feed flowrate conditions, with
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the pressure changing from 50 to 150 psig, operating pressure did not have significant
influence on chloride passage for all the three membranes. As can be seen from
Figure 5-5, under the tested conditions, the chloride passage of both DL.2540F and
NF270-2540 membrane elements was more than 90%, the chloride passage of
D1L.2540F membrane véried from 92.7% to 95.2%, that of NF270-2540 increased
slightly from 90% to 96.7%. XN45-2540 membrane showed low chloride passages

from 63.1% to 65.6%.
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Figure 5-5  Plot of chloride passage vs operating pressure (Temperature: 45 °C,

Feed flowrate: 4 GPM)

The above experimental results suggest that DL.2540F and NF270-2540 membrane

elements are superior to NX45-2540 in terms of sulfate selectivity
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5.1.2.3 Effects of pressure on permeate flux

An increase in permeate volumetric flux wés observed as the pressure was increased.
The effects of operating pressure on permeate fluxes of DL2540F, NF270-2540 and
XN45-254 membranes at 40 °C and 4 GPM feed flowrate are presented in Figure 5-6.
The feed brine contained 200 g/L sodium chloride and 10 g/L sodium sulfate. As can
be seen from Figure 5-6, in the tested pressure range from 50 psig to 150 psig,
DL2540F membrane has highest permeate flux compare with other two membranes.
The permeability of NF270-2540 is slightly high than that of XN45-2540 membranes.
The permeate flux increased linearly with the operating pressure increasing for both
membrane elements. This linearity between the permeate flux and the operating
pressure would imply that the change of osmotic pressure across the membrane due to
the change of operating pressure was not significant. This is reasonable because the
change of sodium sulfate concentration at membrane interface due to sulfate

polarization at the tested pressure range was not significant.
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Figure 5-7  Permeate flux of three membrane elements at 40 °C
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Volumetric permeate flux (Jy) can be calculated by the following equation:

J, =2 (5-3)

where Qp is the volumetric flowrate of permeate and A the active membrane area.

According to Equation (5-3), the slope of the linear flux vs pressure curves are the
‘membrane permeability of different membranes at the tested conditions, which were
0.5383 and 0.1825 I/h-m* - PSI for DL2540F membrane and NF270-2540
membrane respectively. Considering the fact that DL2540F membrane and NF270-
2540 membrane have very similar selectivity, this result recommendea that DL2540F
membrane is more suitable than NF270-2540 membrane element for sulfate removal
from chloralkali brine because under the same pressure and temperature, DL2540F

membrane element offers higher permeate flux.

5.1.2.4 Relationship between the pressure drop along membrane
element and feed flowrate

Tests were performed to study the relationship between pressure difference (pressure

drop) on the two ends of a membrane element and feed flowrate at 150 psig pressure
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and 45 °C temperature using NF270-2540 and DL2540F membrane elements. The
concentration of feed solution contained 200 g/L. NaCl and 10 g/L. Na,SO,.
Experimental results are shown in Figure 5-8 below. It can be observed that pressure

drop increased with the increase of feed flowrate.
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Figure 5-8  Relationship between pressure drop and feed flowrate

By hydrodynamic theory, the pressure drop over the membrane element module is
due to the frictional resistance, and the frictional resistance can be obtained based on
the flow regime and the geometry of the channel in membrane element. In this case,
because the flow regime inside the membrane module was running in the turbulent
flow regime, so the pressure drop over the membrane module can be obtained from
the Fanﬁing model which indicates that that pressure drop increased with the increase

of feed flowrate.
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5.2 Volume Reduction Test

The first objective of volume reduction tests was to investigate the effects of feed
concentration on membrane performance. The second objective was to simulate

chloralkali industrial sulfate removal conditions by using a single membrane element.

In the volume reduction experiments, for each run, 15% volume of permeate of the
initial feed volume was collected in a separate fank. The remaining retention was used
as the feed of the next run. The initial volume of the feed of the next run was thus
85% of the previous run, and the sodium sulfate concentration would be 10 — 15%

higher, depending on the sulfate rejection rate in the previous run.

These tests were performed using the experimental setup shown in Figure 3-2 to study
the effects of feed concentration on membrane performance using NF270-2540 and
DL2540F membrane elements at 150 psig pressure, 45 °C temperature and 4 GPM

feed flowrate.

5.2.1 NF270-2540 membrane element tests

Volume reduction tests were carried out with initial feed concentration of 10 g/l
sodium sulfate and 200 g/l sodium chloride. In experiment, with the increasing of feed

concentration, permeate flux became smaller and smaller, tests finished at feed sulfate
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concentration of 56 g/l which permeate flux was really low and not applicable for
industrial purpose. For all runs, the temperature was controlled at 45 °C, the feed

flowrate at 4 GMP and pressure 150 Psig.

5.2.1.1 Selective sulfate removal: chloride passage and sulfate
rejection

The volume reduction test of DL2540F membrane element was performed to study
sulfate rejection and chloride passage. Sodium sulfate concentration in feed increased
with the number of runs due to decreasing of feed volume by taking off permeate. The
effect of feed concentration on permeate concentration (sodium sulfate) can be seen in
Figure 5-9, permeate concentration increased significantly. While the feed
concentration increased from 10 g/l to 58 g/l, accordingly feed concentration showed
significant effect on sulfate rejection, which decreased from near 100% in the first run

to 55% in the last run (Figure 5-10) under tested condition.
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Figure 5-11  Plot of sodium chloride concentration in permeate vs number of run
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Figure 5-12  Plot of sodium chloride concentration in feed vs number of run

However, from Figure 5-11 and 5-12, it can be found that the sodium chloride

concentration in feed, permeate, and retention were all high, indicating high chloride

passage rate. Figure 5-13 below shows that chloride passage remained high with the

increase of sodium sulfate concentration in feed. For all tests, the chloride passages

meet the industrial requirement.
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Figure 5-13  Plot of sodium chloride passage vs number of run

It can be concluded that NF270-2540 membrane element possesses excellent
performance of selective sulfate removal (high rejection to sulfate and high passage to
chloride) in low feed concentration range. However, the membrane performance
deteriorated significantly with the increase of sulfate concentration in feed, but still

can meet industrial requirement under the tested condition.

5.2.1.2 Effect of sodium sulfate concentration in feed on permeate
flux

According to the results of the volume reduction experiments described above, a
relationships of permeate flux and solute rejection with varying sodium sulfate

concentration in feed concentration were established. Figure 5-14 shows the permeate
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flux under different concentration of Na,SO; in feed at constant pressure (100 Psig),

temperature (45 °C), and feed flowrate (4 GPM). With the increasing of feed

concentration, permeate flux became smaller and smaller. At 100 psig operating

pressure, tests finished at feed sulfate concentration of 40 g/l because permeate flux

was really low and not applicable for industrial purpose. Permeate flux declined with

increase in concentration in feed at constant pressure (100 psig), temperature (45 °C)

and feed flowrate (4 GPM). The results demonstrate that permeate flux declined

significantly with increasing of sodium sulfate concentration in feed.
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Figure 5-14  Plot of permeate flux vs sodium sulfate concentration in feed

5.2.1.3 Pressure drop along membrane element

Pressure drop along membrane element is also an important parameter for industrial

membrane application because it will cause energy loss. As discussed previously, the
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most important parameter that affects the pressure drop is the flow rate through

membrane module. Figure 5-15 shows the dependency of pressure drop on feed

flowrate at the sodium sulfate concentrations in feed of 9.35, 20.56, 33.13, 41.40, and

51.70 g/l, respectively. It can be seen that the pressure drop increased with the

increasing of feed flowrate. Figure also shows that at the same feed flowrate, the

pressure drop along the membrane element was larger with the later runs. This was

because the sodium sulfate concentration in feed increased after each run, which

resulted in the increase of bulk solution viscosity.
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Figure 5-15  Plot of pressure drop vs feed flowrate for NF270-2540 membrane

5.2.2 DL2540F membrane element
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5.2.2.1 Selective sulfate removal: chloride passage and sulfate
rejection

Tests for DL2540F membrane element weré carried out in the same experimental set-
up (Figure 3-2) as NF270-2540. For all tests, the temperature was controlled at 45 °C,
feed flowrate at 4 GMP and pressure at 100 Psig. Experiments were performed with
initial feed concentration of 10 g/l sodium sulfate and 200 g/l sodium chloride,
finished at feed concentration of 40 g/l sodium sulfate. Sodium sulfate concentration

in feed vs sodium sulfate concentration in permeate was plotted in Figure 5-16.
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Figure 5-16  Plot of sodium sulfate concentration in feed vs sodium sulfate

concentration in permeate

-58 -



Sodium sulfate conbentration in feed increased with the number of runs due to
decreasing of feed volume by taking off permeate. As seen in Figure 5-16, sodium
sulfate concentration in permeate increased significantly with the increase of sodium
sulfate concentration in feed. Similarly, sodium sulfate concentration in feed also had
significant affects on sbdium sulfate rejection, which decreased significantly with the
increase of sodium sulfate concentration in feed (Figure 5-17). Compare with NF270-
2540 membrane (Figure 5-10), it can be found that DL2540F membrane has almost
the same sulfate rejection rate at same operating condition. Form the sulfate rejection
point of view, DL2540F and NF270-2540 membrane elements can be considered as

favorable choices for the sulfate removal treatment of chloralkali brine.

Considering the sodium chloride passage, as shown in Figures 5-18 to 5-20, it can be
seen that the sodium chloride concentration in feed and permeate were high in the
range from 180 to 200 g/, indicating high chloride passage rate. Figure 5-18 shows
that sodium chloride concentration in permeate remained almost constant in all runs,
indicating close to complete chloride passage under the investigated conditions. This
is advantageous for industrial applications because the close to complete chloride

passage would allow total recovery of sodium sulfate and low operating pressure.
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Following the similar trend of NF270-2540 membrane element, the DL2540
membrane element showed a decrease in sodium sulfate rejection from 98% in the
first run to 74% in the last run as the sodium sulfate in feed increased from 10 g/l in
the first runt to 32 g/l iﬁ the last run. However, the chloride passage of NF270-2540
membrane possesses almost same high level as NF270-2540 membrane under same
feed concentration. Experimental results (Figure 5-20) also showed the passages of
sodium chloride for DL2540F membrane were all over 90% for all runs, indicating
that the DL2540F membrane element also has good selective ability for sulfate

removal of chloralkali brine.

5.2.2.2 Effect of sodium sulfate concentration in feed on permeate
flux

Experiments were carried out to study the dependency of permeate flux and sodium
sulfate rejection under different sodium sulfate concentration in feed. Figure 5-21
shows the permeate flux under different concentration of Na,SOy at constant pressure
(100 psig), temperature (45 °C) and feed flowrate (4 GPM). Permeate flux declined
with the increase of sodium sulfate concentration in feed. The results demonstrate that

permeate flux declined much faster with increase of sulfate concentration in feed.
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Figure 5-21  Plot of permeate flux vs sodium sulfate concentration in feed

5.2.2.3 Pressure drop of membrane element

Pressure drop along the membrane element was also tested for DL2540F membrane
element. As discussed previously, based on hydraulics, the most important parameter
affecting the pressure drop is the flow rate of the liquid passing through the membrane
module. Similar to NF270-2540 membrane test, the pressure drop increased with the
increasing of feed flowrate. Pressure drop vs flow rate were plotted in Figure 5-22
below, the sodium sulfate concentration in feed for these tests were 9.97, 14.99, 22.24,
26.17, 31.93, 36.22 and 39.86 g/ respectively. Similar to the pattern observed with
NF270-2540 membrane, the pressure drop increased with the increasing of feed

flowrate.
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Figure 5-22  Plot of pressure drop vs feed flowrate (1-7 run)

5.2.3 Modeling of nanofiltration membrane processing

5.2.3.1 Theory of concentration polarization

From Equation (2-1), a phenomenological equation has been proposed to characterize
the volumetric permeate flux for solution containing one salt species:

J, =Ly (AP~ Ax) (5-4)

where J, is the volumetric permeate flux, L, is the membrane permeability.
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Worth mentioning i§ that in the situation investigated in this study, permeates brine
contained around 200 g/L sodium chloride (NaCl) and varied concentration of sodium
sulfate (Na,SO,). Therefore, the value of Lp not only depends on the membrane
properties but also on the brine properties such as viscosity and its ion composition.
Interactions between Na+, CI', and SO4™ passing through the membrane pores and the
charges in individual pores may increase the resistance and lower membrane

permeability.

Extension of Equation (5-4) to the chloralkali brine containing primarily NaCl and

Na,SO;4 gives:

J, = L[(AP = (Ao + Ay .)] (5-5)

In the case of sulfate removal from high concentration sodium chloride brines,
however, the passage of sodium chloride is high and it is reasonable to assume that

A7nvacr = 0. Therefore, Equation (5-5) is reduced to:

‘]v = Ll’ (AP - A”NazSO,, ) (5'6)
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The relationship between the osmotic pressure across the membrane (A7, ,, ) and

Na2504

the sodium sulfate concentration at the membrane interface (Cys ) and in the
permeate (C**59%%) is given as follows:
AT yas0, = RT (C)Zazso'1 - Cllnvazsol) (5-7)

where R is the universal gas constant, which has a value of 1.20591 PSI L/mol-K,

and T the temperature in Kelvin.

Consider concentration polarization of sodium sulfate on the membrane surface in
tangential flow filtration with the assumption of complete NaCl passage, the mass

balance on Na,SQ, at the membrane interface at steady state gives:

(5-8)

NaySO, _ (vNaySO,
J, =—k ln[CM € jl

CI]YaZSO4 _ C;\lazSO,,

where C}*%% is sodium sulfate concentrations in the feed and k the mass transfer

coefficient, which is given by the following equation:

(3-9)

Sl
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where D is the molecular diffusion coefficient of sodium sulfate and o the thickness
of gel layer at the membrane interface caused by concentration polarization of sodium

sulfate.

Rearrangement of Equation (5-8) gives:

J

CgazSO,, - C}]’V"ZSOA + (CFNa2S04 _ C}]JVaZSO,. )exp( kv

) (5-10)

By using Equation (5-10), the sulfate concentration on membrane surface can be

calculated.

5.2.3.2 Modeling of concentration polarization

Sodium sulfate concentration at membrane interface and mass transfer coefficient at
different feed sulfate concentrations can be calculated by solving Equation (5-7) and
(5-10), and fitting Equation (5-6) to experimental data. Calculation results for sulfate
concentration on membrane surface (C,,) for DL2540F and NF270-2540 membrane

elements are shown in Figure 5-23 and 5-24 as following.
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DL2540F membrane element
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Figure 5-23  Result of calculation of concentration on membrane surface: Effect of

feed concentration for DL2540F membrane element at 100 psig, 45 °C
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NF270-2540 membrane element
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Figure 5-24  Result of calculation of concentration on membrane surface: Effect of

feed concentration for NF270-2540 membrane element at 150 psig, 45 °C

As seen in Figures 5-23 and 5-24, for both DL2540F membrane element at 100 PSI
and NF270-2540 membrane element at 150 PSI, chloride concentration at membrane
interface increased with the increasing of sulfate concentration in feed. These results
are reasonable since higher sulfate concentration in feed naturally leads to higher

concentration at membrane interface.

The comparison of model calculated permeate flux and experimental permeate flux

was plotted in Figure 5-25. This output summary indicates that the model explains the
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data quite well. The R Squared value suggests that it explains 93.5% of the variation

in the experiments.

DL2540F membrane

¢ Experiment

-—— Calculation

Permeate Flux (L/h-m2)

10.00 -

0.00 ‘ . .
0.00 10.00 20.00 30.00 40.00

Na2S04 in Feed (g/L)

Figure 5-25  Plot of calculation permeate flux vs experimental permeate flux

5.2.3.3 Donnan-Steric partitioning Pore Model (DSPM)

The bulk components consist of Na*, CI' and SO,* ions. For ions/solutes to permeate
across the membrane, each ion/solute will move from the bulk solution through the
film layer, membrane interface and inside the membrane. The proposed model —-

DSPM model takes into account the transport across all the mentioned mediums.
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Concentration polarization close to the membrane surface is assumed to occur within
a boundary film layer of thickness, 8, which is dependent on the mass transfer
characteristics of the system. For a system containing charged ions, Donnan-Steric
partitioning Pore Model (DSPM), which is Equation (2-11), will be applied for a mass
balance for film layer yield. The equation can be solved by using the boundary

conditions atx=-0,c=Cp,and atx =0, ¢ = Cy;.

In DSPM model, the overall solution of models based on the extended Nernst-Planck
equation Eq. (2-11). The expression for potential gradient can be obtained by using
Eq. (2-21). In this case, the ions in solution were Na*, CI', and SO4, so the potential

gradient term can be expressed:

F 4 : zoV
- (KNa,cha - CNa,p) + Bg_ (KC],CCC] - CCI,p) +

dW DNa,p Cl,p DSO4,p

ZsoaV

(K 504,cCs04 ~ Cso4, p)

_E_( 2 P
ZNaCra + 2¢1Ccr + Z504C504)

RT
(5-11)

The concentration of ion Na*, CI', and SO, can be eliminated from Eq. (5-11) using
the electroneutrality conditions within the pore and the permeate solution. By

definition

ZnaCrna T Z201Ccr F Z504Cs0s + X p =0 (5-12)
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zNaCNa,p +26Ce1p +2504Cs04, =0 ‘ (5-13)

In this model, it is assumed that the membrane only has the ability to reject sulfate ion,
chloride and sodium can pass through the membrane boundary film layer freely. In
other words, the chloride concentration in membrane is the same as that in bulk
solution. Accordingly, only sulfate ion had concentration polarization phenomena, the
concentrations of chloride and sodium on both sides of membrane are same. This
assumption is reasonable because it has been showed experimentally that DL2540F
and NF270-2540 membranes have high passage to chloride énd high rejection rate to

sulfate. Based on the feed concentration (200 g/l NaCl + 10 g/l Na,SO,), we can get:

¢y, =C,, =3489.2mol | m’ (5-14)

¢, =C, =3418.8mol/m’ (5-14)

The concentration of ion SO4> can be determined using Eq. (2-22), here assume that

the activity coefficient in membrane and bulk are same. So Eq. (2-22) becomes

Cso4 Zg4!
S0 - @exp(——=2— AV 5-15
o p( RT ») (5-15)

-72-



The concentration gradient has been approximated with a one-step central difference

method. Thus,

dcgy, = Ss04 (x=Ax)—cg5, (x=0) (5-16)
dx Ax

where x = 0 and x = Ax indicates the membrane surface of permeate and feed sides

The sodium sulfate concentration on membrane feed side had been calculated in
. selection 5.2.3.2. And the sodium sulfate concentration in permeate had been

determined experimentally. The average concentration in membrane is defined as,

Cops (X =Ax)+Cgp, (x=0
cs04,avg _ SO4( )2 SO4( ) (5_17)

Using the above equations, the contribution of each transport mechanism can be

calculated.

By providing the operating conditions of the system (concentration, pressure,
temperature), the model will be able to calculate the permeate concentration and
rejection of each ion. The permeate flux will also be calculated based on the osmotic
pressure at the membrane wall. Once the input data are provided, the osmotic pressure,

Am, can be calculated based on the bulk concentration. Then the Trans membrane
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pressure (TMP) can"be determined and the permeate flux, J,, can be calculated based
on pressure driving force with guessed permeability L, using Equation (5-1) — (5-7).
This will be done iteratively until the calculated permeate flux fit the experimental
data with least square deviation. Once this optimization was reach, permeability L,
cab be determined (L, = 0.3995 L/h-m*-PSI), and the concentration at membrane wall

will be calculated (Figure 5-23, Figure 5-24).

Knowing permeate flux J,, and osmotic pressure Ar, equation (2-11) can be solved to
obtain the wall concentrations for each solute C,;. Equation ((2-12) — (2-17) will then
be solved for the transport inside the membrane to obtain the permeate concentration
Cpi for each solute. Again iterative calculations are required until the calculation Cp;
fit the experimental data with least square deviation to determine C,;. Once Cp; is
determined, then the rejection R can be calculated. By this way, the membrane
characteristics can also be determined. The transport of Na*, CI and SO,* will take

place in both the film layer as well as inside the membrane.

5.2.3.4 Modeling results and discussion

As described in above Section 2, the contribution of each transport mechanism in the
membrane can be calculated and represented in terms of percentage of the total
contribution. The analysis has been carried out for Na,SO4 and the solute flux (j;) for
SO ion has been calculated in total and in its components. The analysis has been

carried out by using the method of minimizing the square deviation between

-74 -



calculated results and experimental data. Also, parameters and membrane characters
can be calculated by this way. Parameters used in the modeling are listed in the Table

5-2, and simulation results are illustrated in Figure 5-26.

Table 5-2 Parameter used in modeling

Parameter Symbol value Unit
Permeability Lp 0.3995 Uh.m’ psig
Steric partition term o 0.00029112  dimensionless
Hindered diffusivity D, 1.8027x107"° m’s”
Donnan potential difference AVp 3x10™M vV
Hindrance factor for convection K. 0.9995 dimensionless
Faraday constant F 96500 C mol’
Effective membrane charge Xp 200 mV
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Figure 5-26  Result of the analysis of transport mechanisms: Effect of variation of

feed concentration for DL2540F membrane

Figure 5-26 shows the analysis of contribution of three transport mechanisms
(diffusion, electromigration and convection) in percentage for DL2540F membrane. It
can be seen that all three mechanisms play significant role in mass transport through
membrane. The contribution of diffusion decreased from 60.66% - 42.84% with the
increase of feed concentration at tested sulfate concentration range from 10 to 30 g/l.
The contribution of electromigration increased with the increase of feed concentration
from 13.9% at feed concentration of 10 g/l to 38.58% at feed concentration of 30 g/l
(Na,SO,). Finally, the contribution of convection increased from 23% to 32% with the
feed concentration increased from 10 g/l to 14 g/l, then decreased from 32% to 18.5%

with the feed concentration increased from 14% to 30%.
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The analysis of the transport model for the range of feed concentration tested shows
that chloralkali brine which initially containis 200g/1 sodium chloride and 10g/1
sodium sulfate, all the three transport mechanisms (diffusion, electromigration and
convection) play a significant role in the tested range of sulfate concentration. At low
sulfate concentration around 10g/1 sulfate, convection play major role in mass
transport. When feed concentration increase, permeate flux decreased, the
contribution of convection decreased. At high feed concentration, the role of
electromigration and diffusion contribution for transport mechanisms is high than that

in low feed concentration in the determining the rejection of sulfate.

Overall, the model described in the present article is a powerful tool for the
characterization of NF membranes and subsequent prediction of separation
performance due to the removal of tﬁe need for complex nonlinear numerical methods
through the reduction of the governing equations to a system of algebraic expressions.
In addition, linearization reduces the calculation time required to generate prgdictions

for the rejection of multicomponent solutions.
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6. Conclusions

This study investigated the effects of temperature, pressure and sodium sulfate
concentration in feed using three commercial membrane elements. Experiments were
carried out with a pilot 2.5 inch diameter membrane element system. The results
provided valuable guidelines for the design and operation of industrial sulfate removal

system for chloralkali industry.

6.1 Performance of different commercial membranes

Experimental results indicate that two commercial nanofiltration membranes,
DL2540F by GE Osmonics and NF270-2540 by FilmTec (DOW), are applicable for
sulfate removal from concentrated sodium chloride brines similar to that typically
encountered in chloralkali industry. DL2540F membrane has better performance in
term of sulfate selectivity and water permeability. XN45-2540 membrane element is

not suitable for this application.

6.2 Effect of temperature

Temperature was found to no have significant effect on sulfate rejection and chloride

passage under the tested condition. However, It was found to have significant
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influence on permeate flux. The effects of temperature on flux followed the Arrhenius
model. At the same operating condition, DL2540F has the highest permeate flux

among these three membrane elements.

6.3 Effect of operating pressure

Tests were carried out using DL2540F, NF270-2540 and XN45-2540 membrane
elements. Operating pressure was also found to have no significant effect to sulfate
rejection and chloride passage. On the other hand, it was found that the permeate flux
increased linearly with the operating pressure when the feed contained 200 g/L. and 10
g/L, which was compatible with the fact that transmembrane pressure is the driving

force for a NF process.

6.4 Effect of feed concentration

Sodium concentration in feed had significant effects on permeate flux, sulfate
rejection, and sulfate concentration at membrane interface and in permeate. Sulfate
rejection and permeate flux reduced sharply with the increase of sulfate concentration

in feed.

6.5 Simulation of transport mechanism
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Theoretical simulatidn results coﬁﬁrmed the similar pattern as experimental data. And
the analysis of the transport model in the range of feed concentration tested shows that
generally the contribution of each transport mechanism in the (diffusion,
electromigration and convection) play different role for this particular project under
different feed concentrétion, and the variation of these three transport mechanism can
be predicted by DSPM model. With the increase of feed concentration, the
contribution of diffusion, the contribution of electromigration increase, and the

contribution of convection decrease.
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7. Recommendation

Based on the results of the research, a recommendation can be provided for sulfate

removal from concentrated sodium chloride brines of chloralkali industry:

DL serials commercial nanofiltration membrane elements manufactured by GE

Osmonics, are most suitable for the treatment of chloralkali brine.
Further work should include the study of membrane performance under higher

operating pressure and higher feed concentration. The performance of industrial scale

membrane application also needs to be investigated and documented.
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Appendices

Appendix A — FilmTec NF270-2540 Nanofiltration Membrane
Test |
Date: April 1,2004 Thursday

Membrane Type: FilmTec NF270-2540 Nanofiltration Membrane Element
Pressure: 100 Psig Feed Flowrate: 2 GPM

Temperature: 25 °C

Table A-1 Sulfate Rejection Test of NF270-2540

Sample # . Sulfate Pressure (psig) Feed flowrate =~ Temperature

rejection (%) (GMP) °C)
: 94.60 50 1 25
2 95.29 50 1 30
3 96.18 50 1 39
4 96.71 50 4 40
> 97.70 50 4 40
6 97.30 100 1 40
7 97.53 100 4 40
8 97.99 100 4 40
? 98.22 150 4 30
10 97.40 150 4 35
n 97.89 150 4 40
12 98.32 150 4 45
13

98.26 150 1 45




Table A-2 Chloride Passage Test of NF 270-2540 membrane element

Chloride Feed flowrate =~ Temperature

Sample # Pressure (psig)

Passage (%) (GMP) (°C)
I 92.71 50 1 25
2 92.46 50 1 30
3 93.73 50 1 40
4 92.63 50 4 40
> 96.75 50 4 40
6 88.08 100 1 40
7 98.34 100 4 40
8 97.16 100 4 40
o 98.00 150 4 30
10 96.79 150 4 35
1 98.23 150 4 40
12 99.69 150 4 45
3

91.19 150 1 45

I



Table A-3 Permeate Flux Test of NF260-2540 Membrane Element

Volume Time Permeate Average Pressure Feed Temperature
(ml) ) (ml/s) Permeate (PSI) Flowrate ©
(ml/s) (GPM)
44.00 12.47 3.53
40.80 11.00 3.71 3.57 50 1 25

38.70 10.60 - 3.65

45.90 13.60 3.38

32.00 13.16 243

38.50 15.60 2.47 2.47 50 1 30
43.80 17.37 2.52

39.80 13.25 3.00

41.00 12.13 3.38 322 50 1 40
42.50 12.94 3.28

41.00 12.78 3.21

43.50 13.25 3.28 3.26 50 4 40
47.00 14.31 3.28

40.50 12.62 3.21

42.70 13.43 3.18

39.00 3.68 10.60

47.30 4.60 10.28 10.25 100 1 40
47.50 4.81 9.88

47.10 4.56 10.33 :

45.50 4.34 10.48 10.38 100 4 40
47.50 4.60 10.33

47.70 4.69 10.17

47.80 4.75 10.06 10.09 100 4 40
49.30 4.91 10.04

44.80 3.60 12.44

48.00 3.65 13.15 12.85 150 4 30
47.00 3.63 12.95

45.00 2.72 16.54

46.50 3.06 15.20 15.33 150 4 35
49.00 3.44 14.24

48.50 2.72 17.83

46.70 2.72 17.17

46.00 2.95 15.59 16.95 150 4 40
42.00 2.62 16.03

49.90 2.75 18.15

44.60 2.15 20.74

44.20 2.16 20.46 20.65 150 1 45
41.50 2.00 20.75

3.19 50 4 40

1



Date: April 12, 2004
Membrane Type: FilmTec NF270-2540 Nanofiltration Membrane Element
Pressure: 100 Psig - Feed Flowrate: 2 GPM

Sodium sulfate concentration in feed (g/1): 8.98

Table A-4 Sulfate Rejection Test of NF 270-2540 membrane element

Sulfate Feed flowrate =~ Temperature
Sample # o Pressure (psig)
Rejection (%) (GMP) °C)
1 92.16 100 2 25
2 92.20 100 2 30
3 91.15 100 2 35
4 91.48 100 2 40
5 90.08 100 2 45

Table A-5 Chloride Passage Test of NF 270-2540 membrane element

Chloride Feed flowrate =~ Temperature
Sample # Pressure (psig)
Passage (%) (GMP) °C)
1 97.60 100 2 25
2 91.04 100 2 30
3 89.42 100 2 35
4 82.15 100 2 40
5 85.40 100 2 45

IV



Table A-6 Permeate Flux Test of NF270-2540 Membrane Element

Average Permeate
Volume Permeate
Sample # Time (s) Permeate Flux
(ml) (ml/s)
(ml/s) (/h.m?)

47.5 7.34 6.47 6.4

1 46.0 7.04 6.53 6.50 6.5
47.0 7.16 6.56 6.5
45.8 6.13 7.47 7.4

2 449 6.00 7.48 7.51 7.5
48.0 6.28 7.64 7.6
448 4.78 9.37 93

3 45.9 4.85 9.46 9.46 9.4
47.5 4.93 9.63 9.6
48.5 4.50 10.78 10.7

4 48.0 4.60 10.43 10.61 104
473 4.41 10.73 | 10.7
47.5 3.87 12.27 12.2

5 48.0 3.81 12.60 12.56 12.6
453 3.50 12.94 12.9




Appendix B — GE DL2540F Nanofiltration Membrane Test

Date: April 21, 2004 Wednesday
Membrane Type: GE DL2540F Nanofiltration Membrane Element
Pressure: 50 Psig Feed Flowrate: 2 GPM

Sodium sulfate concentration in feed (g/1): 8.98 g/

Table B-1 Sulfate Rejection Test of DL2540F membrane element

Sulfate Feed flowrate =~ Temperature
Sample # Pressure (psig)
rejection (%) (GMP) C)
! 98.32 50 2 25
2 99.54 50 2 30
3 99.03 50 2 35
4 99.37 50 2 40
> 99.96 50 2 45
6 98.95 100 2 25
7 98.99 100 2 30
8 99.96 100 2 35
? 99.79 100 2 40
10 99.66 100 2 45

VI



Table B-2 Chloride Passage Test of DL 2540F membrane element

Chloride Feed flowrate =~ Temperature
Sample # Pressure (psig)

Passage (%) (GMP) °0C)
I 92.51 50 2 25
2 87.60 50 2 30
3 90.93 50 2 35
4 90.66 50 2 40
> 87.10 50 2 45
6 99.81 100 2 25
7 98.30 100 2 30
8 93.85 100 2 35
9 91.23 100 2 40
10 99.66 100 2 45

VI



Table B-3 Permeate Flux Test of DL 2540F membrane element

Permeate Average

Time Permeate Temperature Pressure Flowrate
Volume Permeate oC . GPM)
(ml) (s) (ml/s) (ls) : (psig)
46.80 12.09 - 3.87
46.00 12.00 3.83 3.84 25 50 2
46.00 12.03 3.82
47.50 11.09 4.28
46.30 10.56 4.38 4.35 30 50 2
46.30 10.56 4.38
46.00 9.28 4.96
45.80 9.13 5.02 5.02 35 50 2
47.30 9.31 5.08
45.20 8.06 5.61
46.20 8.09 5.71 5.69 40 50 2
46.50 8.10 5.74
47.50 7.37 6.45
47.10 7.35 6.41 6.43 45 50 2
47.10 7.32 6.43
48.50 4.46 10.87
48.20 4.40 10.95 10.88 25 100 2
48.70 4.50 10.82
48.70 4.00 12.18
48.90 3.84 12.73 12.56 30 100 2
48.70 3.81 12.78
49.00 3.47 14.12
49.50 345 14.35 14.15 35 100 2
49.50 3.54 13.98
48.20 3.07 15.70
48.00 3.00 16.00 16.04 0 100 5
50.00 3.10 16.13
49.50 3.03 16.34
49.50 2.78 17.81
50.00 2.81 17.79 17.78 45 100 2
50.00 2.82 17.73

VIII



Date: April 26, 2004. Monday

Membrane Type: GE DL2540F Nanofiltration Membrane Element

Temperature: 30 and 45 °C Feed Flowrate: 2 GPM
Sodium sulfate concentration in feed: 8.56 g/l

Sodium chloride concentration in feed: 168.87 g/l

Table B-4 Sulfate Rejection Test of DL 2540F membrane element

Sample Rejection rate
Pressure (PSI) Flowrate GPM  Temperature ( °C)

# (%)

1 98.32 50 2 25.7
2 99.54 50 2 30
3 99.03 50 2 35
4 99.37 50 2 40
5 99.96 50 2 45
6 98.95 100 2 25
7 98.99 100 2 30
8 99.96 100 2 35
9 99.79 100 2 40
10 99.66 100 2 45

IX



Table B-5 Chloride passage Test of DL 2540F membrane element

Rejection rate ' Temperature
Sample # Pressure (PSI)  Flowrate GPM

(%) (°C)
! 92.51 50 2 25.7
2 86.60 50 2 30
3 98.93 50 2 35
4 98.66 50 2 40
> 87.10 50 2 45
6 99.81 100 2 25
7 98.30 100 2 30
8 93.85 100 2 35
? 91.23 100 2 40
10

92.90 100 2 g 45




Table B-6 Permeate Flux Test of DL 2540F membrane element

It::::f Time Permeate Per?rr:afe Temperature  Pressure Flowrate
(ml) (s) (ml/s) (ml/s) (°C) (psig) (GPM)
47.7 10.82 - 441
48.0 10.84 4.43 4.41 30 50 2

45.7 10.37 4.41

46.7 5.28 8.84
48.7 5.50 8.85 8.86 30 75 2
/48.0 5.40 8.89

47.7 3.59 13.29
47.0 3.50 13.43 13.37 30 100 2
48.9 3.65 13.40

47.8 2.75 17.38
48.5 2.78 17.45 17.48 30 125 2
49.0 2.78 17.63

49.8 2.19 22.74
48.0 2.12 22.64 22.60 30 150 2
49.1 2.19 22.42

48.0 7.25 6.62
47.5 7.09 6.70 6.67 45 50 2
47.0 7.03 6.69

44.5 3.47 12.82
47.0 3.69 12.74 12.77 45 75 2
47.0 3.69 12.74

47.5 2.47 19.23
48.2 2.50 19.28 19.27 45 100 2
48.8 2.53 19.29

44.0 1.69 26.04
46.2 1.84 25.11 25.47 45 125 2
48.0 1.90 25.26

42.5 1.32 32.20
48.8 1.60 30.50 31.11 45 150 2
49.0 1.60 30.63

XI



Appendix C - TriSep XN45-2540 Nanofiltration Membrane Test

Date: April 27, 2004

Membrane Type: TriSep XN45-2540 Nanofiltration Membrane Element
Pressure: 50 psig | Feed Flowrate: 2 GPM
Sodium sulfate concentration in feed: 7.78 g/l

Sodium chloride concentration in feed: 178.04 g/l

Table C-1 Sulfate Rejection Test of XN45-2540 membrane element

Sulfate Feed flowrate =~ Temperature
Sample # Pressure (psig)

Rejection (%) (GMP) °C)
I 85.23 50 2 20
2 82.60 50 2 25
3 79.72 50 2 30
4 77.24 50 2 35
> 75.01 50 2 40
6 72.75 50 2 45
7 95.05 100 2 20
8 94.57 100 2 25
? 93.75 100 2 30
10 92.45 100 2 35
1 91.16 100 2 40
12 89.53 100 2 45

XII



Table C-2 Chloride Passage Test of XN 45-2540 membrane element

Chloride ‘ Feed flowrate = Temperature
Sample # Pressure (psig)

Passage (%) (GMP) °C)
I 70.75 50 2 20
2 70.43 50 2 25
3 66.79 50 2 30
4 61.09 50 2 35
> 58.87 50 2 40
6 58.66 50 2 45
7 58.98 100 2 20
8 63.41 100 2 25
9 66.95 100 2 30
10 63.67 100 2 35
1 62.57 100 2 40
12 63.31 100 2 45

XHI



Table C-3 Permeate Flux Test of XN 45-2540 membrane element

Permeate '
Sample Time Permeate Temperature Pressure  Flowrate

Volume

# (s) (ml/s) (°C) (psig) (GPM)

(ml)

1 49.60 24.94 1.99 20 50 2

2 47.50 20.20 2.35 25 50 2

3 47.20 17.00 2.78 30 50 2

4 46.80 14.50 3.23 35 50 2

5 48.20 12.87 3.75 40 50 2

6 48.80 11.29 4.32 45 50 2

7 46.50 9.75 4.77 20 100 2

8 48.70 8.60 5.66 25 100 2

9 48.50 7.25 6.69 30 100 2

10 46.80 5.97 7.84 35 100 2

11 47.20 5.09 9.27 40 100 2

12 48.00 4.34 11.06 45 100 2

X1V



Appendix D — FilmTec NF270-2540 Nanofiltration Membrane
Volume Reduction Test

Date: May 27, 2004
Membrane Type: FilmTec (DOW) NF270-2540 Nanofiltration Membrane Element

Pressure: 150 psig Temperature: 45°C Feed Flowrate: 5 GPM

First Batch
Initial sodium sulfate concentration in feed: 9.35 g/l

Initial sodium chloride concentration in feed: 197.35 g/l

Table D-1 Sulfate Rejection Test of NF270-2540 membrane element

Sulfate concentration in ~ Sulfate concentration ~ Sulfate Rejection

# of run
permeate (g/1) in feed (g/1) (%)
I 0.02 9.72 99.81
2 0.01 9.96 99.86
3 0.09 11.59 99.23
4 0.11 14.41 99.26
> 0.10 16.19 99.38
6 0.05 18.12 99.71
7 0.17 20.56 99.18
8 0.39 23.46 98.33
? 0.52 25.73 97.99

XV



Table D-2 Chloride Passage Test of NF270-2540 membrane element

Chloride concentration

Chloride concentration Chloride Passage

# of run
in permeate (g/1) in feed (g/1) (%)
I 197.35 189.81 98.52
2 194.43 199.50 89.36
3 176.36 183.97 91.44
4 180.45 176.63 82.43
> 162.68 198.14 92.70
6 182.94 186.99 93.08
7 183.69 190.22 82.14
8 162.11 195.98 86.33
9 170.38 193.68 85.93

XVI



Table D-3 Permeate Flux Test o£ NF270-2540 membrane element

#of Feed Flowrate P1-P2 Permeate Time (s) Permeate Flux
run (GPM)~ (PSD) volume (ml) (ml/) (GPM)

1.27 1.0 44,90 2.62 17.14  ~ 0.27

2.30 2.5 50.00 2.63 19.01 0.30

1 3.30 4.0 50.00 2.63 19.01 0.30
4.28 5.5 44.80 2.50 17.92 0.28

5.27 7.0 45.00 2.63 17.11 0.27

1.26 1.0 47.5 2.81 16.90 0.26

2.28 2.0 48.5 2.68 18.10 0.28

2 328 3.5 48.7 2.72 17.90 0.28
4.29 5.0 49.5 2.66 18.61 0.29

5.27 7.0 44 .8 2.63 17.03 0.27

1.24 0.5 48.8 3.12 15.64 0.24

2.26 2.0 46.8 2.81 16.65 0.26

3 3.27 3.0 47 2.75 17.09 0.27
4.26 5.0 47 2.87 16.38 0.26

5.25 7.0 47.5 3 15.83 0.25

1.24 1.0 47.5 3.13 15.18 0.24

2.25 2.5 48.7 3.09 15.76 0.25

4 3.25 4.0 47.8 3.03 15.78 0.25
4.25 5.0 49 3.03 16.17 0.25

5.25 7.0 47 2.97 15.82 0.25

1.21 1.0 48.5 3.57 13.59 0.21

2.23 2.0 475 3.28 14.48 0.23

5 3.23 3.0 49 3.32 14.76 0.23
4.24 4.0 49.6 3.28 15.12 0.24

5.23 7.0 48.8 3.28 14.88 0.23

1.20 1.0 49.5 3.87 12.79 0.20

2.21 2.0 48.5 3.53 13.74 0.21

6 3.21 3.0 48 3.5 13.71 0.21
4.21 4.5 49 3.65 13.42 0.21

5.22 7.0 49 3.54 13.84 0.22

1.18 1.0 48 4.25 11.29 0.18

2.19 2.0 46.8 3.87 12.09 0.19

7 3.19 4.0 46 3.78 12.17 0.19
4.19 5.0 47.6 3.91 12.17 0.19

5.19 7.0 46 3.75 12.27 0.19

1.16 1.0 47.6 478 9.96 0.16

2.17 2.0 47.8 4.47 10.69 0.17

8 3.17 4.0 48.3 4.5 10.73 0.17
4.17 5.0 48 441 10.88 0.17

5.16 7.0 46.8 447 10.47 0.16

1.13 0.5 47 5.5 8.55 0.13

2.14 2.0 46.5 5.19 8.96 0.14

9 3.15 3.0 48.5 5.21 9.31 0.15
4.15 5.0 49 5.13 9.55 0.15

5.15 7.0 47.5 5.03 9.44 0.15

1.11 1.0 45.6 6.5 7.02 0.11

2.12 2.0 48 6.5 7.38 0.12

10 3.12 3.0 46.7 6.16 7.58 0.12
4.12 5.0 47.8 6.25 7.65 0.12

5.12 7.0 47.9 6.31 7.59 0.12
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Date: June 15, 2004

Membrane Type: FilmTec (DOW) NF270-2540 Nanofiltration Membrane Element

Pressure: 150 psig

Second Batch

Temperature: 45°C

Initial sodium sulfate concentration in feed: 25.31 g/

Initial sodium chloride concentration in feed: 189.81 g/l

Table D-4 Sulfate Rejection Test of NF270-2540 membrane element

Feed Flowrate: 5 GPM

#of run  Sulfate concentration in  Sulfate concentration  Sulfate Rejection

# permeate (g/1) in feed (g/1) %)

! 3.06 29.60 89.65
2 4.06 33.13 87.75
3 6.81 37.69 81.93
4 8.87 41.40 78.57
> 14.18 46.77 69.68
6 14.64 51.70 71.68
7 16.05 54.08 70.33
8 24.11 56.51 57.33

XVII



Table D-5 Permeate Flux Test of NF270-2540 membrane element

4 of Feed Pressure drop Permeate
otrun  Flowrate Volume . Flux
(GPM) P1-P2 (PSI) (ml) Time (s) ml/l (GPM)
1.13 1.0 48.9 5.75 8.50 0.13
2.14 3.0 48.5 5.38 9.01 0.14
1 3.14 5.0 49.3 5.41 9.11 0.14
4.15 9.0 49.7 5.25 947 0.15
5.15 11.0 49.5 5.32 9.30 0.15
1.11 1.0 47.6 6.72 7.08 0.11
2.12 3.0 47 6.37 7.38 0.12
2 3.12 4.0 49.2 6.59 7.47 0.12
4.12 6.0 48.7 6.38 7.63 0.12
5.12 11.0 48.6 6.5 7.48 0.12
1.09 1.0 48.1 8.41 5.72 0.09
2.09 3.0 48.5 8.13 5.97 0.09
3 3.10 4.0 49.5 8.07 6.13 0.10
4.10 6.0 46.4 7.56 6.14 0.10
5.10 11.0 49.5 7.97 6.21 0.10
1.07 1.0 48.5 11.31 4.29 0.07
2.07 3.0 48.6 10.91 4.45 0.07
4 3.07 4.0 49.5 10.87 4.55 0.07
4.07 5.0 48.5 10.53 4.61 0.07
5.07 11.0 49.5 11 4.50 0.07
1.05 1.0 48.5 15.66 3.10 0.05
2.05 2.0 49.3 15.15 3.25 0.05
5 3.05 4.0 49.7 15.44 3.22 0.05
4.05 5.0 48.2 14.84 3.25 0.05
5.05 11.0 49.5 15.25 3.25 0.05
1.03 1.0 48.1 23.44 2.05 0.03
2.03 2.0 48.5 23.34 2.08 0.03
6 3.03 3.0 48.9 23.59 2.07 0.03 -
4.03 5.0 49 24.44 2.00 0.03
5.03 7.0 49.2 23.97 2.05 0.03
1.02 0.5 48.5 36.66 1.32 0.02
2.02 2.0 49 37.72 1.30 0.02
7 3.02 3.0 48.8 37.28 1.31 0.02
4.02 5.0 48.1 38.37 1.25 0.02
5.02 11.0 49 41.22 1.19 0.02
1.01 1.0 48.2 53.87 0.89 0.01
2.01 2.0 48 53.53 0.90 0.01
8 3.01 3.0 49.3 54.72 0.90 0.01
4.01 5.0 49.2 57.35 0.86 0.01
5.01 11.0 48.5 59.5 0.82 0.01

XIX



Appendix E - GE DL2540F Nanofiltration Membrane Volume
Reduction Test

Date: June 1, 2004
Membrane Type: GE DL2540F Nanofiltration Membrane Element

Pressure: 150 psig Temperature: 45°C Feed Flowrate: 5 GPM

First Batch
Initial sodium sulfate concentration in feed: 9.55 g/l

Initial sodium chloride concentration in feed: 204.92 g/

Table E-1 Sulfate Rejection Test of DL2540F membrane element

Sulfate concentration in ~ Sulfate concentration ~ Sulfate Rejection

# of run
permeate (g/1) in feed (g/) (%)
! 0.39 9.97 96.06
2 0.34 11.54 97.05
3 0.78 13.20 94.09
4 0.88 14.99 94.15
> 1.08 17.82 93.93
6 1.31 2224 94.11
7 1.73 23.12 92.50
8 2.19 26.17 91.63
9 2.42 20.14 91.70
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Table E-2 Chloride Passage Test of DL2540F membrane element

Chloride
Chloride concentration Chloride Passage
# of run concentration in feed
in permeate (g/l) (%)
€4)
1 183.58 188.94 97.16
2 191.76 186.78 99.00
3 199.19 175.40 99.00
4 175.40 189.22 92.70
3 191.20 171.93 99.00
6 194.86 190.35 99.00
7 193.73 187.44 99.50
8 197.59 188.38 99,50
9 187.81 184.99 99.00
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Table E-3 Permeate Flux Test of DL2540F membrane element

Pressure drop Permeate
Feed Flowrate
# of run Volume Flux
(GPM) P1-P2 (PSI) Time (s) ml/s
(ml) (GPM)

1.41 2 199 7.66 25.98 0.41

2.43 3 226 8.13 27.80 0.43

1 3.43 5 215 7.72 27.85 0.43
443 8 209 7.47 27.98 0.43

5.43 1 219 7.94 27.58 0.43

1.38 2 221 9.1 24.29 0.38

2.40 3 201 7.75 25.94 0.40

2 3.41 4 198 7.47 26.51 0.41
441 8 215 8.19 26.25 0.41

5.40 11 205 7.91 25.92 0.40

1.32 1.5 224 10.9 20.55 0.32

2.37 3 208 8.72 23.85 0.37

3 3.38 4 210 8.62 24.36 0.38
4,38 8 222 9 24.67 0.38

5.39 11 202 8.03 25.16 0.39

1.18 1.5 47.1 4.06 11.60 0.18

2.19 3 45 3.72 12.10 0.19

4 3.19 4 44.8 3.66 12.24 0.19
4.19 8 47 3.81 12.34 0.19

5.19 11 48.5 4 12.13 0.19

1.16 2 45.1 4.53 9.96 0.16

2.17 3 46 4.32 10.65 0.17

5 3.17 5 48.2 431 11.18 0.17
417 8 46.5 4.22 11.02 0.17

5.17 11 47 4.44 10.59 0.17

1.13 2 46 5.34 8.61 0.13

2.15 3 47.2 497 9.50 0.15

6 3.15 5 48.3 5.13 9.42 0.15
4.15 7 46.8 5 9.36 0.15

5.14 11 48.5 5.37 9.03 0.14

1.11 2 44.6 6.13 7.28 0.11

2.12 3 47 6.03 7.79 0.12

7 3.12 5 46.2 5.91 7.82 0.12
4.13 7 48 5.93 8.09 0.13

5.12 11 48.5 6.41 7.57 0.12

1.09 1 46.8 8.13 5.76 0.09

2.10 3 48.8 7.53 6.48 0.10

8 3.10 5 484 7.28 6.65 0.10
4.10 7 47.5 7.41 6.41 0.10

5.10 11 48.5 7.66 .33 0.10

1.07 1 46 9.69 4.75 0.07

2.08 3 44.7 8.69 5.14 0.08

9 3.08 5 457 9.09 5.03 0.08
4.08 7 46.8 9.03 5.18 0.08

5.08 11 48 9.88 4.86 0.08
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Date: June 7, 2004 _
Membrane Type: GE DL2540F Nanofiltration Membrane Element
Pressure: 150 psig Temperature: 45°C Feed Flowrate: 5 GPM

Second Batch
Initial sodium sulfate concentration in feed: 24.18 g/

Initial sodium chloride concentration in feed: 217.14 g/l

Table E-4 Sulfate Rejection Test of DL2540F membrane element

Sulfate concentration in ~ Sulfate concentration  Sulfate Rejection

# of run
permeate (g/1) in feed (g/1) (%)
1 3.12 24.18 87.11
2 3.78 25.90 85.41
3 5.31 28.86 81.60
4 6.14 31.93 80.78
5 3.67 36.22 89.88
6 6.03 39.86 84.88

Table E-5 Chloride Passage Test of DL2540F membrane element

Chloride
Chloride concentration Chloride Passage
# of run concentration in feed
in permeate (g/1) (%)
€:4))
1 191.10 217.14 88.01
2 174.46 207.74 83.98
3 179.73 221.28 81.22
4 179.45 215.17 83.40
5 197.40 210.09 93.96
6 173.71 197.40 88.00
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Table E-6 Permeate Flux Test of DL2540F membrane element

Pressure -
Permeate
# of Feed Flowrate drop v
run (GPM) P1-P2 Volume  Time y Flux
s
(PSI) (ml) (s) " (GPM)

1.07 2 49 10.88 4.50 0.07

2.08 3 48.5 9.69 5.01 0.08

1 3.08 4 47.8 9.4 5.09 0.08
4.08 7 49.6 10.15 4.89 0.08

5.08 10 47.5 9.69 4.90 0.08

1.05 2 48.5 15.5 3.13 0.05

2.05 3 48 14.03 3.42 0.05

2 3.06 4 48 13.21 3.63 0.06
4.05 7 494 14.5 341 0.05

5.05 10 48 14.88 3.23 0.05

1.04 2 47.7 19.69 2.42 0.04

2.04 3 47.9 19.81 2.42 0.04

3 3.04 4 48 20.81 2.31 0.04
4.04 7 48.5 20.34 2.38 0.04

5.03 10 48.8 22.22 2.20 0.03

1.03 1 47.7 25.68 1.86 0.03

2.03 3 48.5 25.6 -1.89 0.03

4 3.03 5 48.7 25.87 1.88 0.03
4.03 7 48.5 26.15 1.85 0.03

5.03 11 48.5 28.56 1.70 0.03

1.03 1 47.7 25.68 1.86 0.03

2.03 3 48.5 25.6 1.89 0.03

5 3.03 5 48.7 25.87 1.88 0.03
4.03 7 48.5 26.15 1.85 0.03

5.03 11 48.5 28.56 1.70 0.03

1.07 i 47.9 10.07 4.76 0.07

2.08 3 47.2 8.85 5.33 0.08

6 3.09 5 49 8.91 5.50 0.09
4.09 7 48.9 8.68 5.63 0.09

5.08 10 48.2 8.87 543 0.08
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