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EFFECT OF PROCESS FACTORS ON THE PERFORMANCES
OF REVERSE OSMOSIS PROCESS IN AN AQUEOUS
RADIOACTIVE WASTE TREATMENT PLANT

Laura Ruxandra ZICMAN?, Elena NEACSU?, Laurentiu DONE?,
Felicia Nicoleta DRAGOLICI*, Tanase DOBRE®

This paper has aimed at studying the effect of process factors on the
performances of the reverse osmosis (RO) process in an aqueous low and
intermediate level radioactive waste treatment plant. The experiments were
performed using actual aqueous radioactive waste (ARW) containing various
radionuclides and nonradioactive chemical species. Feed ARW pressure (2-4 MPa),
pH (4.8-8.2) and temperature (25-45°C) were considered as process factors.
Performances of polyamide Hydranautics SWC1-4040 membrane were evaluated in
terms of its productivity and efficiency. Membrane productivity was expressed as
permeate flux (20-140 L/(m?-h)) and its efficiency as permeate conductivity (150-270
uS/em) and salt rejection (79-87%), as well as permeate cobalt concentration (0.1-
0.9 mg/L) and cobalt rejection (43-95%).

Keywords: reverse osmosis, aqueous radioactive waste, permeate flux, salt
rejection

1. Introduction

Due to a high efficiency, easy operation, compact equipment, simplicity in
the process control, low capital and operating expenses, membrane technology is
being used extensively for various separation and purification processes [1-10].
Reverse osmosis (RO) as a feasible separation process is a relatively young
technology. Osmosis is a natural phenomenon in which a solvent (usually water)
passes through a semipermeable barrier from the side with lower solute
concentration to the one with higher solute concentration (Fig. 1a). Water
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continues to flow until the chemical potential equilibrium of the solvent is
established (Fig. 1b). Osmotic pressure is the pressure required to stop water flow
and reach the equilibrium.
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Fig. 1. Schematic of normal osmosis (), equilibrium (b) and reverse osmosis (c) phenomena

If a pressure difference greater than the osmotic pressure difference is
applied, the flow of water (solvent) is reversed, as it can be seen in Fig. 1c; as a
result, separation of water from the solution occurs as pure water flowing from the
high concentration side to the low concentration side. This phenomenon is termed
reverse 0Smosis.

A RO membrane acts as a semipermeable barrier allowing a selective
passage of a particular species (solvent) while partially or completely retaining
other species (solutes). Chemical potential gradients across the membrane provide
the driving forces for solute and solvent transport across the membrane. The
solute chemical potential gradient is usually expressed in terms of concentration,
whereas the water (solvent) chemical potential gradient is generally expressed as
pressure difference across the membrane [11].

Three streams (and associated variables) of the RO membrane process are
involved: the feed water enters the RO membrane under pressure (enough
pressure to overcome osmotic pressure), the water molecules pass through the
semi-permeable membrane resulting in the permeate (or product) stream while
the salts and other contaminants are not allowed to pass and are discharged
through the concentrate (or reject) stream, which goes to drain or can be fed back
into the feed water supply to be recycled through the RO system. A few important
parameters of RO proccess are further highlighted.

The water flux through the membrane, Jw, is defined by Eq. (1), where Gw
is the volumetric or mass flow rate of water and Am the membrane surface area.
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The solute mass flux, Jms, is given by Eq. (2), where Gns is the mass flow
rate of solute.

Iy = e )

ms
A,
The solute rejection, R, is expressed by Eqg. (3), where Cp is the permeate
solute concentration and Cr the feed solute concentration.

R=1-2¢ 3)

E

The quantity of water that passes through the membrane (the permeate) is
evaluated in terms of water recovery, r, defined by Egs. (4) and (5) for a batch and
a continuous RO system, respectively, where Ve is the feed volume, Vp the
permeate volume, Fr the feed flow rate, Fp the permeate flow rate and At the
operating time.

J At
r= ZW—A’" = V_P (4)
vV, V,
r=Juh _Fe 5)
F. F

The concentration factor, CF, is defined by Eqg. (6) as the ratio between the
solute concentration in the concentrate stream (Cc) and its concentration in the
feed stream (Cr).

CF=—¢ (6)

RO is used industrially for the production of drinking water from saline or
brackish waters and is increasingly being used for the treatment of wastewaters.
RO membranes have been recently applied to process the liquid radioactive waste
from commercial nuclear power plants [12-14]. Because nearly all contaminants
from a solution (dissolved gases and tritium being two exceptions) are rejected by
RO, the high purity product water is usually of such low activity (sometimes after
ion exchange polishing) that it is suitable for discharge into the environment. A
RO system in the nuclear industry is usually a part of an integrated liquid waste
treatment system and is used to replace or improve the existing evaporation and/or
ion exchange technology.

Experiments were conducted at Horia Hulubei National Institute for R&D
in Physics and Nuclear Engineering (IFIN-HH) in a low and intermediate level
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radioactive waste (LILRW) treatment plant. Aqueous radioactive waste (ARW)
was treated in order to determine the influence of different parameters, i.e., feed
pressure, pH and temperature, on membrane productivity and efficiency.
Membrane productivity was evaluated by permeate volumetric flux and its
efficiency was assesed by measuring permeate conductivity and Co (radioactive
species) concentration in permeate (representing a measure of rejection of all salts
and Co, respectively).

2. Materials and method

RO membrane element (Hydranautics SWC1-4040, Italy) used in this
experiment is presented in Fig. 2 and its main characteristics are summarized in
Table 1. The membrane consists of a compact base of 30-60 nm polyamide
(PA), whose microstructure is shown in Fig. 3. Initial pH of ARW was adjusted
using concentrated nitric acid and 30% sodium hydroxide solution.

Table 1

Membrane characteristics
Membrane type Spiral wound
Membrane material Composite polyamide
Membrane surface area 6.5 m?
Permeate flowrate 4.5 m¥day
Salt rejection capacity Min. 99.5%
Working pressure Max. 6.9 MPa
Permeate chlorine concentration Max. 0.1 ppm
Operating temperature Max. 45 °C
pH range 3-10
Feed water turbidity 1.0NTU
Concentrate:permeate flow rate ratio | Min. 5:1

(@)
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Fig. 2. Hydranautics SWC1-4040 RO membrane element (a), membrane structure (b) and
geometric imensions (c) [15].
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Fig. 3. Electron micrographs of the polyamide (PA) layer:
(A) structure of the PA surface [16]; (B) TEM cross section of an isolated PA layer [17];

(C) SEM cross section of a PA layer [18].

Feed, permeate and concentrate flow rates were measured with
flowmeters. Conductivity was measured with Schott Lab 960 conductivity meter
equipped with two conductivity cells, LF413T and LF313T, for high and low
values, respectively. Co concentration was measured using Co® as tracer. Co®°
activity was determined by gamma spectrometry using a high resolution gamma-
ray spectrometer, Canberra type, GENIE 2000 version 3.2 software and
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Laboratory SOurceless Calibration Software (LabSOCS). RO process studied in
this paper is included in the technological scheme shown in Fig. 4.
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Fig. 4. Technological scheme for treating the ARW.

The permeate obtained after ultrafiltration module represented the RO
module feed. It was characterized and its parameters are shown in Tables 2 and 3.

Table 2

. Radioactivity concentration of RO module feed

Radionuclide Activity, Bg/L
Co-60 10.68
Cs-137 1.62
Am-241 1.90
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Table 3

Physico-chemical parameters of RO module feed

No. | Parameter Value No. | Parameter Value
1 |pH 7.1 17 | AR <0.01 mg/ dm?
2 | Conductivity | 1240 pS/em | 18 | g <0.1 mg/ dm3
3 | TDS 720mg/dm® | 19 | s0,” <1 mg/ dm?
4 | NH, <0.01 mg/dm® | 20 | As’ <0.01 mg/ dm?
5 | NO, 356 mg/dmé | 21 | pp** <0.01 mg/ dm?
6 | NO, <0.01 mg/dm?® | 22 | cg™ 0.09 mg/ dm?
7 |so” 137.1mg/dm® | 23 | o+ o | 0.02 mg/ dm?
8 | CI 100 mg/ dm® | 24 | Fe*+ Ee** | 0.48 mg/ dm?
9 | Br <0.01 mg/dm® | 25 | c* 0.46 mg/ dm?
10 | F 0.39 mg/dm® | 26 | Ni** 0.34 mg/ dm?
11 | Po,” 343 mg/dm? | 27 | zn® 0.16 mg/ dm3
12 | ca* 76.13mg/dm? | 28 | Hg™" <0.01 mg/ dm?
13 | Mg* 35.61 mg/dm® | 29 | Ag" <0.01 mg/ dm?
14 | Na* 238.86 mg/ dm® | 30 | Mo” <0.01 mg/ dm?
15 | K* 14.64 mg/dm?® | 31 | Mn 0.21 mg/ dm?®
16 | Li* 0.03 mg/dm® | 32 | co® 1.59 mg/ dm?

The working pressure in the RO module ranged from 2 to 4 MPa, the
temperature from 25 to 45°C and the pH values from 4 to 9. The permeate was
collected in a tank and its flux was continuously monitored.

After each purification experiment, permeate samples have been taken and
the conductivity and radioactivity of Co® were measured.

3. Results and discussion

Effect of feed waste pressure

The most important operational parameter in a RO system is the feed
pressure. The effect of pressure on the membrane performance was studied
keeping all other parametres constant (pH=6.2, t=25 °C). Plots of permeate flux
depending on operating time and pressure are illustrated in Fig. 5. The influence
of feed pressure on conductivity and Co concentration of permeate, as well as on
salt and Co rejection is shown in Figs. 6 and 7, respectively.
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Fig. 5. Permeate flux depending on operating time and feed pressure.
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Fig. 6. Effect of feed waste pressure on permeate conductivity/salt rejection.
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Fig. 7. Effect of feed waste pressure on Co concentration in permeate/Co rejection.

As depicted in these Figures, the permeate flux increases as the work
pressure increases, but at higher pressure a more rapid decline in the flux occurs
because the higher permeate rates at higher pressures led to enhanced transport of
foulants to the membrane, greater compaction of the fouling layer and increased
hydrodynamic resistance. Regarding the conductivity and Co concentration of
permeate as a measure of salt rejection, their values decreased with an increase in
the pressure. Pressure increases the driving force for the solvent and decreases
osmotic pressure hence more amount of water can pass through the membrane
resulting in an increase in salt rejection [19].
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From these graphs it can be seen that maximum flux and salt rejection
were obtained at 4 MPa, but the permeate flux decreases rapidly at this pressure
value. No considerable effect can be observed if pressure varied in 2.5-3 MPa
range. RO is a pressure-driven process and the main energy consumers in any
membrane desalination plant are the high pressure pumps. An operating pressure

of 2.5 MPa was selected in order to reduce the energy required for processing the
feed waste.

Effect of feed waste pH

Experiments were conducted at p=2.5 MPa and t=25 °C under different
pH levels of feed waste. The pH was ajusted with concentrated nitric acid and
30% sodium hydroxide solution and the feed waste was recirculated 2 h for
homogenization. The variations of permeate flux depending on time and initial pH
are shown in Fig. 8.

The effect of pH on conductivity and Co concentration of permeate, as
well as on salt and Co rejection is shown in Figs. 9 and 10, respectively.
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Fig. 8. Permeate flux depending on time and pH.

The results obtained have shown a decrease in time of the RO module
treatment capacity in the case of feed waste with neutral or high pH. For a low pH
(acidic conditions), the permeate flux remained almost constant. This finding
could be explained by the fact that the low pH conditions prevent the precipitation
of Ca?*, SO4% and CO3?" ions.
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Fig. 9. Effect of feed waste pH on permeate conductivity/salt rejection
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Fig. 10. Effect of feed waste pH on Co concentration in permeate/Co rejection.

It was observed that as feed pH increased, permeate conductivity and Co
rejection also increased, while permeate Co concentration decreased.

The pH affects the separation performance by influencing the hydration
and absorption capacity of solution on membrane. When a charged membrane is
placed in a salt solution, a dynamic equilibrium is established [20-22]. The
counter-ion of the solution, opposite in charge to the fixed membrane charge, is
present in the membrane at a higher concentration than that of the co-ion (same
charge as the fixed membrane charge) because of electrostatic attraction and
repulsion effects. This creates a Donnan potential which prevents the diffusive
exchange of the counter-ion and co-ion between the solution and membrane
phase. When a pressure driving force is applied to force water through the charged
membrane, the effect of the Donnan potential is to repel the co-ion from the
membrane; since electroneutrality must be maintained in the solution phase, the
counter-ion is also rejected and salt rejection occurs. As the fixed charge in
polyamide membranes has the isoelectric point of the charged groups at a range of
pH 3-4 [23], the membranes are negatively charged at pH>4 and the rejections of
positive charged ions (see Table 2) decrease.

The rejection of Co ions at pH=4 significantly falls compared with pH>8.
Co is present in feed waste as dissolved cobalt (Co?") and gives Co(OH), at pH
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>8. Co(OH). stays in colloidal phase and is easily rejected by membrane.
Therefore Co rejection increases at higher pH.

Effect of feed waste temperature

The effect of varying temperature on performance of RO membrane while
keeping other parameters constant (p=2.5 MPa, pH=6.2) is shown in graphs from
Figs. 11-13.
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Fig. 11. Effect of feed waste temperature on permeate flux.
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Fig. 12. Effect of feed waste temperature on permeate conductivity/salt rejection.
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It can be observed from Figs. 11-13 that as feed waste temperature
increased, the flux, conductivity and Co concentration in permeate increased (salt
rejection decreased). As temperature increases, viscosity decreases and water
permeation rate through the membrane increases, but, also, the solubility of solute
increases and higher diffusion rate of solute through the membrane is possible.

4. Conclusions

Practical experience in the development and operation of pilot and full-
scale facilities utilizing RO process for treatment of liquid radioactive waste is
considered to be of particular importance and interest. This research, but also the
development and application of different new materials for treatment of liquid
radioactive waste, aimed at improving the treatment efficiency.

Hydranautics SWC1-4040 RO membrane was tested for ARW treatment.
The membrane was found to be sensitive to various operating parameters such as
feed ARW pressure, pH and temperature. RO membranes have shown to be
effective in rejecting dissolved species while maintaining higher flux, but the feed
ARW requires pretreatment like ultrafiltration and pH adjustment.

Based on membrane performance, during these experiments has been
gathered the key technical information and have been determined the acceptable
limits for parameters variability for which treatment process meets a good
performance. Long-term experiments should be conducted to study the fouling
effects on the performance and economy of the process.

REFERENCES

[1]. A.AA. Al Janabi, O.C. Parvulescu, T. Dobre, V.A. lon, Pervaporation of agueous ethanol
solutions through pure and composite cellulose membranes, in Rev. Chim. (Bucharest), vol.
67, no. 1, 2016, pp. 150-156.

[2]. AAA. Al Janabi, O.C. Parvulescu, B. Trica, T. Dobre, Effect of process factors on
pervaporation dehydration of isopropanol, in Rev. Chim. (Bucharest), vol. 68, no. 6, 2017,
pp. 1302-1305.

[3]. R.D. Ambashta, M.E.T. Sillanpa&, Membrane purification in radioactive waste management: a
short review, in J. Environ. Radioact., vol. 105, 2012, pp. 76-84.

[4]. T. Dobre, O.C. Parvulescu, J. Sanchez-Marcano, A. Stoica, M. Stroescu, G. lavorschi,
Characterization of gas permeation through stretched polyisoprene membranes, in Sep. Purif.
Technol., vol. 82, 2011, pp. 202-209.

[5]. Z. Dong, G. Liu, S. Liu, Z. Liu, W. Jin, High performance ceramic hollow fiber supported
PDMS composite pervaporation membrane for bio-butanol recovery, in Membr. Sci., vol.
450, 2014, pp. 38-47.



Effect of process factors on the performances of reverse osmaosis process in an aqueous (...) 155

[6]. R.O.A. Rahman, H.A. Ibrahium, Y.-T. Hung, Liquid radioactive wastes treatment: A review, in
Water, vol. 3, no. 2, 2011, pp. 551-565.

[7]. P. Salehian, W.F. Yong, T.-S. Chung, Development of high performance carboxylated PIM-
1/P84 blend membranes for pervaporation dehydration of isopropanol and CO2/CH4
separation, in J. Membrane Sci., vol. 518, 2016, pp. 110-119.

[8]. N. Uzal, A. Jaworska, A. Miskiewicz, G. Zakrzewska-Trznadel, C. Cojocaru, Optimization of
Co?* ions removal from water solutions via polymer enhanced ultrafiltration with application
of PVA and sulfonated PVA as complexing agents, in J. Colloid Interface Sci., vol. 362,
2011, pp. 615-624.

[9]. Y.M. Xu, N.L. Le, J. Zuo, T.-S. Chung, Aromatic polyimide and crosslinked thermally
rearranged poly (benzoxazole-co-imide) membranes for isopropanol dehydration via
pervaporation, in J. Membrane Sci., vol. 499, 2016, pp. 317-325.

[10]. G Zakrzewska-Trznadel, Advances in membrane technologies for the treatment of liquid
radioactive waste, in Desalination, vol. 321, 2013, pp. 119-130.

[11]. D. Bhattacharyya, M. Williams, Introduction and Definitions - Reverse Osmosis, in
Membrane Handbook (Eds.: W. Ho and K. Sirkar), Van Nostrand Reinhold, New York,
1992, pp. 265-268.

[12]. J. Torbitt, Nine mile point - unit 1 experience with membrane processing of radwaste, EPRI
International LLRW Conference, TR-111657, Providence, July 1997.

[13]. J. Freeman, Wolf Creek's liquid waste processing success where we were and where we are,
in EPRI International LLRW Conference, TR-113702, East Brunswick, July 1999.

[14]. S.K. Sen Gupta, J.A. Slue, W.S. Tulk, Liquid Radwaste Processing with Cross-flow
Microfiltration and Spiral Wound Reverse Osmosis, in AECL-1170, AECL, Chalk River
(ON), 1995.

[15]. http://www.membranes.com/pdf/HYDRABrochure.pdf

[16]. F.A. Pacheco, I. Pinnau, M. Reinhard, J.O. Leckie, Characterization of isolated polyamide
thin films of RO and UF membranes using novel TEM techniques, in J. Membrane Sci., vol.
358, 2010, pp. 51-59.

[17]. A.K. Ghosh, B.-H. Jeong, X. Huang, E.M.V. Hoek, Impacts of reaction and curing conditions
on polyamide composite reverse osmosis membrane properties, in J. Membrane Sci., vol.
311, 2008, pp. 34-45.

[18]. K. Gerstandt, K.V. Peinemann, S.E. Skilhagen, T. Thorsen, T. Holt, Membrane processes in
energy supply for an osmotic power plant, in Desalination, vol. 224, 2008, pp. 64-70.

[19]. M. Arora, R.C. Maheshwari, S.K. Jain, A. Gupta, Use of membrane technology for
potablewater production, in Desalination, vol. 170, 2004, pp. 105-112.

[20]. D. Berge, H. Gad, I. Khaled, M.A. Rayan, An experimental and analytical study of RO
desalination plant, in Mansoura Engineering Journal, vol. 34, 2009, pp. 71-92.

[21]. D. Bhattacharyya, C. Cheng, Separation of Metal Chelates by Charged Composite
Membranes, in Recent Developments in Separation Science (Ed.: N.N. Li), CRC Press, Boca
Raton, FL, vol. 9, 1986, p. 707.


http://www.sciencedirect.com/science/journal/00119164
http://www.sciencedirect.com/science/journal/00119164/321/supp/C
http://www.membranes.com/pdf/HYDRABrochure.pdf
http://www.sciencedirect.com/science/article/pii/S001191640480002X
http://www.sciencedirect.com/science/article/pii/S001191640480002X

156 Laura Zicman, Elena Neacsu, Laurentiu Done, Felicia Dragolici, Tanase Dobre

[22]. D. Bhattacharyya, M. Williams, Theory - Reverse Osmosis, in Membrane Handbook (Eds.:
W. Ho and K. Sirkar), Van Nostrand Reinhold, New York, 1992, pp. 269-280.

[23]. N. Hilal, A[F. Ismail, T. Matsuura; D. Oatley-Radcliffe, Membrane Characterization,
Elsevier, 2017, p. 405.


https://cronfa.swan.ac.uk/Record/cronfa29500

