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Abstract

Selective desalination through nanofiltration (NF) is of great interest for many industrial
applications including reuse of power plant scrubber wastewater and treatment of water containing
high concentrations of TDS (total dissolved solids). This work seeks to understand the effect ion
interactions at the membrane interface have on rejection and flux performance of charged NF
membranes. NF membranes were also effective for low energy desalination of scrubber
wastewater from Georgia Power Plant Bowen, composed primarily of Ca?*, Mg2*, CI-, and
S042~. As NF membranes have the capability for selective separations, 80% water recovery was
achieved experimentally while maintaining an overall rejection of over 60% for Ca2* and CI~. The
occurrence of CaSQy precipitation at high water recovery was observed. The effect of precipitation
on osmotic pressure and the effect of CI™ counterions on increasing gypsum solubility were
explored for water recovery operation. This work expands on a previous work on the topics of
desalination of multi-ionic solutions by incorporating the use of large scale membrane modules
(0.59 m2) with several synthetic solutions as well as actual scrubber water containing precipitating
elements, Ca%* and SO42~. It was observed that the spiral wound membrane modules maintained a
stable water permeability over the 144 day course of tests.
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INTRODUCTION

Membrane processes have found extensive use in wastewater treatment and desalination in
various industries such as textiles,! dairy,2 and pharmaceuticals.3 Treatment of wastewater
containing high concentrations of dissolved solids (TDS) requires selective separations due
to osmotic pressure issues. Charged nanofiltration (NF) membranes have found extensive
use in the desalination of produced water in the oil and gas industry due to the capability for
selective separations and lower energy costs than reverse osmosis (RO) membranes.*

A thin film composite (TFC) NF membrane is formed by the interfacial polymerization of an
amine compound with an acyl chloride, resulting in a surface of 100-200 nm.® The presence
of amine and carboxyl groups in TFC membranes result in a charge distribution throughout
the membrane pores, which allows NF membranes to effectively reject ions which would not
be rejected through size exclusion alone, thus maintaining a higher flux than denser reverse
osmaosis (RO) membranes.

Charged groups on the membrane surface repulse ions of like charge. Counterions to the
repulsed ions are also rejected as charge must be conserved. This exclusion of ions, known
as Donnan exclusion, results from the impact of charge on equilibrium partioning. Through
Donnan exclusion, rejection of multivalent ions with like charge to the membrane is greater
than that of monovalent ions or multivalent counterions (ions with opposite charge to the
membrane).8 Thus, by the effect of Donnan exclusion, NF membranes have the potential to
selectively separate ions depending on membrane charge and the valence states of the ions.”
Therefore, NF membranes have relatively high ion rejection while maintaining greater water
permeability than that of RO membranes. The confined nature of water in the membrane
pore leads to dielectric exclusion. Repulsion from dielectric exclusion also contributes to ion
rejection in a manner that is significantly more substantial for salts with divalent ions (1:2,
2:1, or 2:2) than for 1:1 monovalent salts.8 In summary Donnan exclusion occurs due to
charge repulsion between the membrane surface and ions, while dielectric exclusion is
dependent on the magnitude of charge only.

NF membranes have been proven to be effective at removing divalent ions from solution.®
New polyamide-based composite hollow fiber NF membranes have been developed for low
pressure water softening.1? Work has been done to model the rejection behavior of NF
membranes for mixed salt solutions.1! The concentration polarization phenomenon in the
rejection of mixed salt solutions has also been studied.12 High water recovery (~85%) has
been investigated for single salt solutions of NaCl and MgS0O,2~ and pretreated lake water.13

The goal of this work is to study ion rejection behavior of mixed salt solutions through NF
membranes, with a focus on selective separations of mixed salt solutions through spiral-
wound NF membrane modules. Larger scale spiral-wound membrane modules (0.59 m?
surface area) were used in testing to more accurately simulate industrial operating conditions
and ensure consistency throughout testing. This work aims to test the effectiveness of
desalination of scrubber wastewater at water recover exceeding 75%. Challenges of osmotic
pressure increase during water recovery through NF desalination. This work also studies the
onset of gypsum (CaS04-2H,0) precipitation during water recovery, including the effect of
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counterions such as CI~ on gypsum solubility. This research expands on a previous work in
the area of desalination of multicomponent feeds by incorporating the large scale membrane
modules in experiments with a variety of synthetic feed solutions and water recovery of
actual scrubber water with limitedly soluble ions in solution.

2. EXPERIMENTAL SECTION

2.1. Membranes and Solutions.

The PNF2A membrane studied was a charged polyamide thin film composite membrane
developed in cooperation with Nanostone Membranes, Oceanside, CA. The PNF2A
membrane is positively charged over a wider pH range than typical NF membranes. For
comparison the negatively charged Nanostone NF3A membrane and recently developed NF4
membranes were used. All NF membranes were formed through the well-known interfacial
polymerization process of anamine with an acyl chloride, but the exact composition cannot
be disclosed. The membranes were tested in the spiral wound module configuration (0.59
m?2). The use of membrane modules allowed for a more stable comparison than flat sheet
membranes, as the same module was used for various tests. The larger surface area mitigates
the impact of any membrane defects and the enclosed module protects the membrane from
damage. The commercial NF3A and NF4 membranes were brought in for a comparison.

Feed solutions composed of pure salts and various salt mixtures were prepared for this study
from ACS certified salts purchased from Fisher. Actual scrubber water (composition given in
Table 1) received from Georgia Power Plant Bowen was also tested. The water contains high
concentrations of Ca2*, Mg?*, CI~, and SO42~ mostly divalent cations, and a mixture of
divalent and monovalent anions, along with some additional metals. The presence of Ca2*
ions from the limestone slurry and SO42~ ions from the removal of SO, from power plant
flue gas is notable due to the potential of precipitation of CaSOy4 solid. The received water
was slightly below saturation concentrations as no particulates were observed suspended in
the water.

2.2. Experimental Apparatus and Methods.

The experimental apparatus comprises two parallel PVC pressure vessels. The schematic for
this unit can be seen in Figure 1. Feed solution was stored in a polypropylene tank and was
delivered by a Procon stainless-steel pump (200 psi max pressure). In the tests, pressure was
varied between 2 and 14 bar. A cooling coil was used to stabilize tank temperature which
remained between 25 and 28 °C unless increased for the high-temperature study in which
temperatures were increased to 40 °C. Concentrate flow rate was held between around 11.4
L/m. During normal operation, both concentrate and permeate were recycled back into the
feed tank. The system was allowed 30 min to reach steady state before data collection after a
change in operation pressure. The system was cleaned between test runs, with DI water
being permeated through the membrane at a pressure of approximately 3.5 bar for 30 min.
After cleaning, the water was discarded to prevent contamination. After recovery runs, the
membrane was cleaned with DI water in a similar fashion to avoid scaling caused by the
stagnation of water in the membrane. During water recovery testing, the system is operated
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in feed and bleed mode, meaning permeate was collected in a separate container, while the
concentrate was recycled back into the feed tank.

2.3. Analysis.

All conductivity analyses for feed solutions and permeates were measured using a Fisher
Scientific conductivity probe with an instrument error of 1%. Ca, Na, Mg, and Se
concentrations were measured through analysis with inductively coupled plasma optical
emission spectrometry (ICP-OES Varian VISTA-PRO). Following conventional ICP
protocol, yttrium chloride (1 mg/L) was used as a standard to account for the variation in
sample volumes. Samples were diluted with 1% nitric acid to aid in the digestion of ions in
solution. The wavelengths used for cation analysis were 318.127 nm (Ca), 285.213 nm
(Mg), and 568.821 nm (Na). Calculated error for ICP-OES was determined to be 1% for
Ca?*, 7% for Mg2*, and 18% for Na*. Concentrations of Se exceeding 50 1g/L were
analyzed at a wavelength of 196.026 nm. For samples containing less than 50 pg/L Se,
graphite furnace atomic absorption spectrometer (GFAAS, Varian 880Z) was used. Samples
were digested at 110 °C for 2 h. Selenium standards for analysis of selenium were prepared
with similar concentrations of dissolved solids (accounting for dilution) in order to best
match the matrix to the scrubber water samples. Concentrations of CI~ and SO42~ were
analyzed by DIONEX IC25 ion chromatograph (column: lonPac AS18 4 x 250 mm) with
Na,CO3/NaHCO3 buffer solution as mobile phase (1 mL/min, 2000 psi). CI~ and SO42~
errors were determined to be 3.9% and 6.8%, respectively.

Samples for scrubber water treated by NF and iron nanoparticle functionalized membrane
were analyzed by Applied Speciation and Consulting, WA. Selenium speciation analysis was
performed by ion chromatography inductively coupled plasma collision reaction cell mass
spectrometry (IC-ICP-CRC-MS). Total elemental analyses for Se, As, Ni, Cd, Mn, and Zn
were performed via inductively coupled plasma dynamic reaction cell mass spectrometry
(ICP-DRC-MS).

2.4. Membrane Parameters.

For the various feed solutions the membranes were characterized by volumetric flux and the
rejection of various species. Rejection, for a given species / is given by

Cip and G correspond to the ion concentration of a species /in the bulk feed and the
rejection, respectively. Volumetric water flux, given by Jy, is related to the water
permeability of the membrane by

J,=A(AP— AT) (2
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where A, a constant, is defined as the water permeability of a membrane, presented in this
work in units of LMH/bar. AP is the transmembrane pressure.

Solute flux J; through the membrane is related to the water flux and permeate concentration
through a material balance on ion, /.

The Van’t Hoff relation is used to determine osmotic pressure (AIl) at ideal conditions, as
seenineq4.

n
AT =RTYCR (4
1

where Ry is the gas constant and 7 is temperature. This equation has been modified with the
inclusion of the rejection term A, to account for the partial ion rejection on the osmotic
pressure. At higher concentrations of ions osmotic pressure deviates from the Van’t Hoff
relationship. Of course, one can use the well-known equation by relating osmotic pressure
with water activity.

where Vis the molar volume of water and &, is the water activity. However, for the purpose
of this work, the Van’t Hoff relation is determined to be sufficient to determine osmotic
pressure in the concentration range between 10 000 and 30 000 mg/L TDS. At the beginning
of recovery of scrubber water, the osmotic pressure calculated by the Van’t Hoff relationship
only varied by 6% compared to the observed value.

3. RESULTS AND DISCUSSION

lon rejection phenomenon were studied for several synthetic single salt and mixed salt feed
solutions, in addition to scrubber wastewater from Plant Bowen, GA. Selective rejection
preferential to divalent ions was observed in PNF2A operation for both synthetic mixed
solutions and scrubber water. The addition of similar concentrations of monovalent salt had
minimal effects on the rejection of divalent ions, while the rejection of the ions making up
the monovalent salt was reduced, becoming negligible at higher concentrations. The flux and
rejection of ions were studied for up to 80% water recovery of the scrubber wastewater, at
which point over 60% TDS rejection was observed in the overall permeate. Gypsum
formation was also studied during recovery.
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3.1. Characterization of PNF2A Membrane Surface.

It is important to characterize the PNF2A membrane in relation to commercial membranes
in order to analyze the rejection results in the appropriate context. The surface composition
of a flat sheet of PNF2A was characterized using X-ray photoelectric spectroscopy (Thermo
Scientific K-Alpha) with Al/K (/v = 2000 eV) anode mono-X-ray source. The results of a
surface scan on PNF2A alongside NF3A, a commercial negatively charged polyamide NF
membrane also produced by Nano-stone, in addition to PS35, a polysulfone ultrafiltration
membrane used as a support in NF casting, are shown in Figure 2. The C 1s, N 1s, O 15,
peaks were present at 285, 532, 399 eV, respectively. It can clearly be seen that the intensity
of the nitrogen peak in both of the NF membrane is much greater than the surface of the
polysulfone backing (PS35). It can also be seen that the S 2s and S 2p3 peaks are not visible
in the NF3A or PNF2A samples, thus the backing is not being expressed through the NF
surface. The elemental ratios were determined by peak area and compared to literature
results for NF 270, a commercial membrane produced by DOW FILMTEC, in Table 2.14 As
indicated by the C/O/N ratio, PNF2A has a greater percentage of N than the NF-270 which
results from the mixed amines added to the piperazine solution in the casting of the
membrane.

Zeta potential analysis was performed with the Anton-Paar Surpass Electrokinetic Analyzer
to characterize membrane surface charge of the Nanostone PNF2A. These data are
compared to literature data for the Dow NF-270 membrane published by Tannien et al.1®
The resulting data can be seen in Figure 3. Two pKj shifts, one at pH 4 and one at pH 8 in
the PNF2A membrane indicate the presence of both acidic and basic groups which in this
case are both carboxyl and amine groups. The PNF2A membrane is shown to maintain a
higher surface charge than the DOW NF-270 membrane over the pH range, due to the
presence of primary amine groups. It must be stated that above pH 5 the PNF2A membrane
is negatively charged. As a result, ion transport behavior in regards to counterion and co-ion
properties should be comparable between membranes.

3.2. lon Rejection in Synthetic Single Salt Solutions.

The water permeability and rejection characteristics of single salt solutions (Nay;SQO4, CaCly,
MgSO,, NaCl) are presented for NF2A. Table 3 lists these values with data from literature
for commercial membranes.1516 Experimental results for NF3A and NF4, commercial
negatively charged membranes also produced by Nanostone, have also been included for
reference. Water permeability and single salt rejection of PNF2A are comparable to that of
the commercial NF membranes. Concentrations were chosen to maintain charge equivalency
of differing ions in later mixed salt experiments. At the concentrations chosen for synthetic
salt solutions, the meg/L values are nearly equal to each other, 34.2 mequiv/L Na* compared
to 36 mequiv/L Ca2* and 34.2 mequiv/L CI~ compared to 28.2 mequiv/L SO42~ (a 20%
difference). PNF2A ion rejection for single salts was found to increase in the manner of
NaCl < Na,SO4 < CaCl, < MgpSO4. This corresponds to the combined influence of Donnan
and dielectric forces in the rejection of ions. Higher rejection of divalent cations over
divalent anions is explained by the larger hydrated ionic radius of Ca2* (0.42 nm) and

Mg?2* (0.44 nm) to SO,27 %17,
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3.3. lon Rejection in Synthetic Mixed-Salt Solutions.

A goal in this work was to study the rejection characteristic of mixed-salt solutions
containing either multiple cations or multiple anions. Two synthetic mixed-salt solutions
were created, 18 mM CaCl,/34.2 mM NaCl (Figure 4) and 14.1 mM NayS0,4/34.2 mM
NaCl. (Figure 5). In tests of both solutions it was evident that the rejection of the divalent
ion was not significantly reduced in the presence of added monovalent salt. Monovalent salt
rejection was reduced roughly 10%. These results suggest that at similar concentrations
charge shielding does not inhibit rejection of divalent ions due to combined Donnan and
dielectric exclusion forces. This is consistent with current literature. In experimental data
published by Deon et al., a 1:2 ratio of MgCl, to NaCl the Mg?* rejection did not decrease
from that of a similar concentration of solution of MgCl,.12 The synthetic salt solution
experiments were limited to similar concentrations of salt. Excess concentrations of
monovalent salt are predicted to reduce the rejection of the divalent ion, as it is well
established that significantly increasing ionic strength reduces effective surface charge
through shielding.18 The higher charge of Ca?* interacts more closely with the membrane
surface than Na*. This interaction helps to shield the CI~ from the charge of the membrane
surface, reducing Donnan exclusion. Na* has a smaller hydrated radius than Ca2* and thus
will transport through the pores more easily when charge is shielded.

Similar results are also seen in Garcia-Aleman et al. in regards to the effect increasing Mg2*
concentration has on Na* transport.19 The paper goes on to show behavior for CI~ transport
in the presence of SO42~.

3.4. lon Rejection During Increasing lonic Strength.

The effects of ionic strength on ion rejection are very significant in understanding transport
and interactions for mixed salt solutions. This is particularly relevant as several industrial
applications for NF membranes involve concentrations exceeding 10 000 mg/L TDS. To
gain a better understanding of the effect of ionic strength and interaction of multiple salts,
PNF2A rejection of Ca2* and Na* was studied as NaCl was progressively added to an 18
mM CaCl,, solution. Figure 6 shows the Ca2* and Na* rejection normalized over the pure
CaCl, and NaCl rejection shown in Table 1. Figure 6 clearly shows that the presence of
CaCl, corresponds to a reduced Na* rejection when compared to the pure NaCl rejection at
the same concentration. The initial added concentration of 34.2 mM NaCl however results in
only 3% loss in Ca?* rejection compared to the single salt rejection. It can be reasoned that
in the case of similar equivalencies, the screening effects of the divalent ion have significant
implication for Donnan exclusion of the monovalent ion, while the monovalent ion has
negligible influence with how the divalent ion interacts with the membrane. Further increase
in ionic strength led to the substantial rejection loss for Na* compared to Ca2*. Charge
shielding as ionic strength increases inhibits Donnan exclusion. Thus, the effect of charge
repulsion due to charge shielding appears less severe with divalent ions than monovalent
ions. The trend in rejection loss seems to level off beyond 200 mM NaCl. This concentration
corresponds to the concentration beyond which membrane charge becomes constant,
according to studies on membrane surface charge at high ionic strengths.20 Increased
rejection of divalent ions at high ionic strength results from their larger hydrated ionic radius
over monovalent ions as well as a larger potential for dielectric exclusion due to the
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magnitude of their charge. High selectivity becomes possible as charge repulsion remains
significant enough to reject divalent ions, but monovalent ions are allowed to transport
through the membrane.

3.5. Partial Desalination of High TDS Scrubber Wastewater.

Unlike the high-TDS synthetic water feed solution, the scrubber water received from Plant
Bowen, GA, had a relatively low concentration of Na* (4.3 mM), while containing high
concentrations of Ca2* (~80 mM), Mg2* (27.2 mM), CI~ (~186.2 mM), and SO42~ (~12.1
mM). The overall TDS of the scrubber wastewater is 12 000 mg/L. As this water is largely
composed of divalent ions, reduction of TDS through nanofiltration is hypothesized to be
successful. Rejection of major ion components can be seen in Figure 7. It can be seen that
the membrane rejected over 90% of all major ion species in the scrubber water with the
exception of monovalent sodium. A flux 32.2 LMH was maintained during operation.

In addition to the rejection of major ions contributing to TDS in the process water,
significant rejection of trace metals was achieved, among them selenium being a primary
concern. Results for the rejection of trace metals in PNF2A can be seen in Figure 8.
Speciation of PNF2A permeate revealed the presence of both Se (1) and Se (V). The pKa2
for HySeQy is determined to be 2, therefore all selenate is present in the solutions as Se042~,
a divalent anion. Rejection of SeO42~ can be predicted to bear similarity to the rejection of
S042~ ions. H,SeO3 has a pKal of 2.46 and pKa2 of 7.31 and is present in solution
predominantly as HS,eO3™ in the slightly acidic scrubber wastewater.2! Theoretically
Se0,42~ would be rejected to a greater extent than HSeO3~ due to the greater negative
charge. Experimentally the rejection is influenced more by the ratio of divalent cations to
monovalent cations than the composition of Se.

3.6. High Water Recovery of Scrubber Wastewater.

A single pass of scrubber wastewater through the NF membranes results in roughly 5%
water recovery when concentrate flow rate is maintained at 3 GPM. Scrubber water feed was
recirculated through the membrane while permeate was collected in a container to obtain
high water recovery in a feed and bleed mode. Concentration polarization and surface
scaling during feed and bleed operation is significantly reduced compared to operating at a
high recovery during a single pass. Figure 9 shows the volumetric flux of the PNF2A,
NF3A, and NF4 membranes. The decrease in volumetric flux corresponding to increasing
water recovery is related to the increase in osmotic pressure of the feed solution with
recovery. A higher water recovery could easily be obtained by operating at a higher pressure.

Table 4 shows the concentration of ions in the feed, PNF2A overall permeate, and retentate,
after 80% water recovery was achieved in feed and bleed operation. The selectivity of the
membranes for ion removal were quantified by the overall rejection of ions, determined by
comparing the concentration of the fofal/ permeate to the initial feed. This method of
quantifying rejection is most practical to the intended application of recovering water
suitable for reuse in process, while reducing the volume of wastewater. Charge shielding
from the increasing ion concentration at the boundary layer will reduce single pass rejection
during the duration of water recovery. Even if this were not the case and rejection was to
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remain constant, overall rejection would still decrease over the course of water recovery. At
90% water recovery, 90% rejection of a particular ion would result in permeate that is close
to the quality of the initial feed. Overall rejection of Ca2* and Mg?* was just over 60% and
76%, respectively. Overall CI™ rejection was observed to correlate with Ca2* rejection as
expected because Ca?* and CI~ form the major cation/anion pair in solution. SO42~ rejection
after 80% water recovery was observed to remain at over 93% due to the formation of
gypsum at higher water recovery preventing the increase of SO42~ concentration during
water recovery.

NF membranes have the capability of achieving higher water recovery at lower operating
pressures than RO membranes because of their selective rejection properties. As water
recovery increases, rejection in an NF membrane decreases. RO membranes show relatively
constant rejection vs water recovery, as size exclusion is the primary factor in rejection. At
80% water recovery the retentate concentration can be as high as 5 times that of the feed
concentration, leading the osmotic pressure to increase nearly 5 times in RO membranes.
However, in the case of an NF membrane, the rejection is far below 99%, so only a fraction
of the osmotic pressure difference of RO operation is encountered. These can be observed in
Figure 9. PNF2A rejection decreases more substantially during water recovery than either
NF3A and NF4 allowing for greater water flux at high recovery.

3.7. Gypsum Formation.

The scrubber wastewater contains high concentrations of Ca?* and SO,2-, thus at high water
recovery the precipitation of gypsum occurs as the solution reaches saturation. Gypsum
fouling on the membrane surface and between feed spacers is well-known to be a cause of
reduced volumetric flux. It is desirable to know the point in water recovery that gypsum
precipitation will begin in addition, and the amount of particles formed after recovery is
complete. Gypsum that precipitates does not contribute to osmotic pressure differences
across the membrane. Thus, the true effect of precipitation of gypsum on flux during water
recovery is a combination of reduced osmotic pressure and fouling aspects. Gypsum
precipitation, if controlled by seed crystals or other methods, may also be utilized to reduce
the retentate concentration and lower the osmotic pressure effect during high water recovery
operation.22

Calcium sulfate dihydrate has been shown to only be soluble up to 0.015 molal at the
temperature range between 20 and 40 °C.23 The Handbook of Chemistry and Physics value
for K of calcium sulfate dihydrate is 3.14 x 107> at 25 °C.24 However, the presence of
Mg?Z* and Na*, both present in significant concentration in scrubber water, is expected to
increase the solubility of the solution as soluble complexes compete with gypsum.2® Similar
solubility increases are hypothesized with the significant concentration of CI™ anions in
solution. Concentrations of Ca2* and SO42~ were 0.158 M (6300 mg/L) and 0.017 M (1600
mg/L) in the final retentate, respectively. The ionic strength of the scrubber water is expected
to increase the solubility of calcium sulfate dihydrate somewhat as would the slight increase
of temperature during operation. The experimental ionic strength at 50% water recovery, /,
was calculated to be 0.12 M. Therefore, significant interaction between Ca2* and CI~ ions as
well as Mg2* and SO42~ ions must be occurring.
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Experimental data for 80% water recovery for PNF2A operation suggests that the total
suspended solid concentration was around 1400 mg/L in the retentate. This TSS
concentration is a little over 5% of the concentration of the retentate TDS. Magnesium, a
nonprecipitating divalent cation, tripled in concentration between feed and retentate after
80% of the water was recovered during the PNF2A tests. Comparatively the concentration
species involved in the precipitation of gypsum, Ca2* and SO42~, increased by 2.2 and 1.3
times respectively during the same test. The maximum amount of gypsum that could
theoretically be present before water recovery is 1800 mg/L. Therefore, at 80% water
recovery one would expect the maximum possible TSS value to be 9000 mg/L, far greater
than the actual measured value. It is possible some CaSOy4 could be present as a scale layer
on the membrane surface, but flux behavior during recovery does not indicate scale
formation is significant. Thus, the presence of CI~ and Mg2* are believed to result in the
reduced occurrence of dissolved solids unless there is significant presence of small particles
that bypassed filtering during TSS collection.

As suggested by Mi and Elimilech, Ca?* attraction to the surface of a negatively charged NF
membrane may yield a higher concentration of Ca2* at the surface, initiating the formation
of gypsum prenucleation clusters.2® Thus, it may be possible to reduce fouling by inhibiting
the formation of prenucleation clusters on the membrane surface by implementing a
membrane with positive charge. If this were to be the case, fouling could still result to
gypsum particles to agglomerate and stick to the membrane surface after formation. At the
current degree of gypsum formation during water recovery, no significant fouling was
observed. The particulates did not appear to adhere to the membrane surface, instead being
carried by the convective cross-flow. Further experiments must be done to determine if
indeed gypsum particle formation can be inhibited at the membrane surface and the
magnitude fouling is reduced when particles are formed in bulk solution compared to the
membrane surface.

3.8. Retentate and Overall Permeate Concentration during Water Recovery.

The concentration of retentate and permeate during water recovery is shown in Figure 10
and Figure 11, respectively. Na* has been omitted due to low concentration. It was also
assumed that precipitation would initially occur at the same product of [Ca?*] and [SO427]
in the retentate. This was done to account for the effect that the presence of CI~ and Mg?*
had on the solubility of gypsum. The formation of gypsum reduces the rate of increase of
Ca?" in the retentate. As MgSOQy is soluble, Mg2* does not precipitate and continues to
become concentrated in the permeate. The concentration of CI~ was determined by charge
balance. The concentration of TSS has been plotted in Figure 10 to compare the
concentration of gypsum crystals to Ca2* and SO42~ concentrations during water recovery.

3.9. Long-Term Module Stability.

The spiral wound membrane module was tested over the course of 144 days. Figure 12
shows the water permeability of the membrane during the course of testing. A wide range of
feed concentrations and temperatures was tested, including feed solutions containing over 10
000 mg/L TDS. Water permeability is dependent on the viscosity of water. Viscosity
normalized permeability was calculated by the following equation.
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Jw
= (6)

A”_(AP— AH)(}J@%)

Viscosity of water at a given temperature was interpolated from data from Kestin et al.2’ As
can be seen water permeability of the membrane remained stable over the course of testing,
decreasing at most 20% after a time period of 144 days of on and off testing. The flux
stability of the spiral wound membrane elements over a long span gives confidence for
comparing membrane behavior over the course of testing. The packaging of the membrane
inside the spiral wound element and pressure cell prevented damage from factors outside of
the testing, such as the physical damage that can result from mounting or removing the flat
sheet membranes from testing cells.

4. CONCLUSIONS

The rejection phenomenon for complex mixed salt solutions has been studied at multiple
concentrations and mixtures using charged thin film composite nanofiltration membranes.
For single salt solutions, the rejection of divalent ions was greater than the rejection of
monovalent ions, consistent with the literature. For mixed salt solutions present in equal
concentrations by mass, the presence of monovalent ions did not affect the rejection of
divalent ions. It was also shown that the effects of charge shielding causes the loss of
rejection for monovalent ions to be significantly less than for divalent ions. The selective
rejections observed are consistent with literature. Effective desalination of scrubber
wastewater containing various ions exceeding 10 000 mg/L TDS was performed using the
PNF2A membrane, resulting in high rejections of divalent ions and trace metals. During
water recovery operation, 80% of the original feed was recovered as permeate with over
60% reduction in all major ion species. Gypsum formation was found to occur beyond the
predicted saturation point due to the presence of Mg2* and CI~ as counterions. The gypsum
precipitation helped maintain high SO42™ rejection even at high water recovery. Over the
course of several different tests over a 144 day span the spiral wound membrane module
appeared to remain flux-stable.

NF membranes showed that NF desalination remained successful for recovering the scrubber
water, as the water was not too highly pure to be reused in the process. Gypsum precipitation
was shown to aid rejection and decrease the rate of osmotic pressure increase with recovery
after the onset of precipitation. No fouling was observed at the concentrations of gypsum
present during water recovery, but further tests incorporating higher gypsum concentrations
are necessary to more conclusively test fouling
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NOMENCLATURE

A membrane water permeability

aw activity of water

Cib bulk concentration of component 7
Cip permeate concentration of component /
Jw volumetric flux

Ry gas constant

Ri rejection of component 7

SA surface area of membrane

T temperature

TDS total dissolved solids

TSS total suspended solids

Vv molar volume of water

AP applied pressure

II osmotic pressure
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Figure 1.
Membrane unit for the experimental testing of 2514 scale NF membrane modules.
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Figure 2.
XPS survey scan of PS35, NF3A, and PNF2A membranes.
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Figure 3.

Zeta potential of the Nanostone PNF2A and DOW NF-270 membranes?® vs pH. Zeta
potential measured with the Anton-Paar SurPass Electrokinetic Analyzer using a 0.01 M
KClI electrolyte solution.
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PNF2A water flux and rejection data for 18 mM CaCl2/34.2 mM NaCl mixed salt solution.
Operating temperature was 27 °C. Feed pH = 6. Retentate flow rate was maintained at 10.1

L/min.
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PNF2A water flux and rejection data for 14.1 mM NaySO4/34.2 mM NaCl mixed salt
solution. Operating temperature was 27 °C. Feed pH = 6. Retentate flow rate was maintained

at 10.1 L/min.
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Figure 6.

Rejection of Ca2+ and Na+ normalized using the single salt rejection in Table 1 vs NaCl
concentration as NaCl was progressively added into the mixed salt feed. Initial feed
concentration is equal to 18 mM CaCl,. Temperature = 28-30 °C. Retentate flow rate = 10.1

L/min. Feed pH = 6.
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Figure 7.
PNF2A ion rejection for Plant Bowen scrubber wastewater. Experiment performed at 25 °C.

Operating pressure was held at 13.45 bar. Water flux was observed to be 32.2 LM. Feed pH
=4.5.
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Se As Ni Cd Mn 2Zn

PNF2A rejection of various trace metals in FGD process water from Plant Bowen. Water
flux for PNF2A was 32.2 LMH. Temperature and operating pressure was maintained at
25 °C and 13.45, respectively. Feed pH = 4.5.
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Figure 9.

Water flux throughout high recovery operation of the PNF2A, NF3A, and NF4 membranes.
Operating pressure maintained at 13.8 bar. Retentate flow rate maintained at 11.4 L/min.
Tank temperature varied from 20 to 27 °C. Feed pH = 4.5.
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Retentate concentration during feed and bleed recovery of Plant Bowen scrubber water. TSS
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designates the concentration of suspended solids as water is recovered assuming
precipitation began as water recovery occurred. Assume AP = 13.8 bar and cross-flow is
maintained at 11.4 L/min. Feed pH = 4.5.
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Overall permeate concentration during feed and bleed recovery of Plant Bowen scrubber
water. Assume AP = 13.8 bar and cross-flow is maintained at 11.4 L/min. Feed pH = 4.5.
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PNF2A stability over the course of testing. Temperature varied throughout testing. Outlying
values of high permeability were observed during high temperature runs (~44 °C). Viscosity
and osmotic pressure were used to correct experimental data for comparison.

Ind Eng Chem Res. Author manuscript; available in PMC 2019 May 23.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Colburn et al. Page 27

Table 1.

Concentration of Various lons and Trace Metals in Scrubber Wastewater Received from Plant Bowen, GA?

ion/element  concentration (mg/L)

ca?* 3184

Mg2* 660

Na* 100

cr 6656

S0,2 1169
Se 0.61
As 0.005
Ni 0.39
cd 0.06
Mn 5.79
zn 1.92

aWater pH = 4.5. Trace metal concentrations determined by inductively coupled plasma dynamic reaction cell mass spectrometry (ICP-DRC-MS)
by Applied Speciation and Consulting LLC.
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Table 2.

XPS Surface Characterization for O, N, and C Performed for PNF2A Membrane Compared to Literature
Values for DOW NF-270 Membrane

PNF2A, Experimental Data DOW NF-27019

peak peak BE (eV) atomic % peak atomic %

O1s 532.21 24.36 O1ls 22.3

N 1s 400.16 10.27 N 1s 7.5
C1s 286.03 65.37 C1ls 64.4
C/OIN ratio 6.4:2.4:1 C/O/N ratio  8.6:3:1
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