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ABSTRACT 

Experimental investigations were conducted to evaluate the performance 01 n"nofillration fOr tertiary level phosphate 
removal from wastewater. A flat sheet type Oesal-5 thin 5lul nanofi)tration membrane in a plate and frame module, was 
IJsed. The inIIuc.nce of pressure. initial feed roncentntion, competing compounds, on nanoflllration performance were 
determined. TIlecxperimelltal study range of pressure and concentration were 400·1000 kPa and 2-10 mg I-I P rcsp~vely 
and ammonium sulphate was used as' the competing compoWld. Results showed that phosphorus removal effidency for 
nanofi)tntiOI\ is high (>95%) and it can produce an effluent. containing less lhan OJ mg I' P as a tertiary level treatment. 
Hig.her pressure "nd concentration showed posltive rl'SpOI\SC, while presence of competing rompoWld showed negative 
response on phosphol'U.5 rejection. A n"merical equation relating osmotic pressure and permeate flux has also been 
developed based on the e~-perimental results. 

Keywords: nanofiltralion, penueate flux, Donnan effect, osmotic effect. phosphorus. 

INTRODUCTION� limiting nutrient in their life cycle. Phosphorus can also 
interfere with coagulation and with lime soda softening. 

Phosphorus occurs in natural water and wastewater Because of these harmful effects, effluent discharge 

mainly as inorganic phosphate6 such as orthophosphates and standards of phosphorus to natural bodies are continuously 

polyphosphates. Both domestic and industrial activities are upgraded. The removal of phosphorus is therefore necessary 

the major sources of phosphorus discharge into wilstewater, not only to prevent eutrophication but also to maintain the 

About 30-50% of the phosphorus in domestic wastewater required effluent quaUty. 

comes from human wastes sudl as faeces. urine and waste There are two conventional methods (or phosphate 

food disposal. The remaining 50-70% comes li:om synthetic removal froUl wastewater. One is the chemical precipitation 

detergents, as these contain phosphate builders that are used method and the other is biological process. Both processes 

for cloth-washing. The industrial sources of phosphorus have certain disadvantages. In chemica I precipitation, higher 

generally originate from potato processing, fertili7.er chemical, operation and maintenance cost and problems 

manufacturing, certain metal finishing, flour processing, associated with handling and disposal of the large amount of 

dairy, corrunerciallaundry and slaughterhouse wastes. slUdge produced are the main disadvantages. While biological 

The presenlX of excess phosphorous in the effluent process requires highly efficient secondary darifier and 

discharged to natural bodies has long been known to be maintenance of BOD : TP ratio (at least 20:1). The common 

responsible for algal bloom and eutrophication of lakes. ponds and important limitation of these two processes is that neither 

etc. Although the presence of nitrogen is also important, of them can produce an effluent containing less than 

phosphorus is considered to be the limiting nutrient. Because 0.5 mg 1-1 P [II. 

the average molar ratio of nitrogen, phosphorus and carbon in At present. membrane processes are becoming more 

algal protoplasm is approximately 15:1:105, jf any of this popular than conventional processes because membrane 

component is less than this ratio, it will limit the algal growt:h. separates impurities from water without destructing either of 

So (TOm the ratio it can be s~n that very SIllllll amount of the components. Moreover, smaJ1land area requirement, easy 

phosphorus can cause algal growth and its removal is more up-grading of existing facilities. continuous separation, better 

essential compared to nitrogen to prevent eutrophication. effluent quality, little or no sludge production and avoidance 

Further, some blue-green algae have the capability of fixing of any chemical addition are the major advantages. 

nitrogen from atmosphere so that phosphorus becomes the Nanofiltration (NF) is a recent development in membrane 
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technology, which is a pressure driven process in between 

Reverse Osmosis (RO) and UIlnIfi.ltration (UF) [21. RO 

produces lower flux: at higher operating pressure and reject 

both salls and sugars, while UF has higher flux at lower 

operating pressure but allows both 'Salts and sugars to pass, NF 

can provide higher flux at lower pressure than RO, retains 

sugars and multivalent salts but allows to pass monovalent 

salts. Ions containing higher charge density are effectively 

rejected. by NF. More than 95% rejection of divalent ions like 

SO/" Ba", Cll", Mg"+ by nanofiltration has been reported 

[2,3). However, no extensive research has been done 

particularly on phosphate removal potential by nanor.Itration. 

Since phosphate is a trivalent ion, its effective and economic 

removal by nanofiltration can be expected. Thus the objective 

of this paper is to investigate potential of NF system for 

phosphate removal. 

Theory ofNF 

NF membranes are usually multiple layered thin-film 

composites of polymers, with pore size in the order of 1 nm 

and the Ulolecular weight cutoff ranges from 100-200 Dalton. 

TIlCSC membranes are usually negatively charged and 

electrostatic interaction between ions and membranes play 

significant role in salt rejection. For solution containing 

different ions, an unequal distribution of ions results across 
the membrane based on the charge density of the ions and 

transport rate changes as the ion concentration changes, 

whi<:h is known as "Donnan Effect". Rejection of neutral 

spedes by NF follows sieving medlMlism. 

Different mechanism/models have been proposed to 

descnbe the mass ~nsport through NF membrane. 

Homogeneous solution-diffusion model is often used to 

explain the mass transport through NF membrane [4,5). TIlis 

model assumes that both the solute and solvent dissolve in 

the nonporous and homogeneous surface layer of the 

membrane and then each diffuses across it due to the 

chemical potential gradient which is the result of both 

concentration and pressure difference across the membrane 

[6J. The equations associated with this model are as follows. 

(il 

where 

F.... '" solvent flux 
Ie,. = solvent mass transfer coefficient 

LIp'" pressure difference across the membrane 

6n '" osmotic pressure difference across the 

membrane 

'" nRT '" 6CRT� 
V� 

Here 1'1 '" no of moles of solute 

v '" molar volume of solvent 

R '" Universal gas constant = 8.32 Jmol-loKI 

T <=. absolute temperature OK 

C =molar concentration of solute 

Again, 

OJ) 

where 

F. =solute Aux 

K, '" solute mass transfer coefficient 

Cm = solute concentration at the membrane surface 

Cp '" solute concentration In permeate 

[71 have reported that both osmotic and hydrostatic forces 

contribute to tlle mass transport thro~gh the NF membrane 

and flux results from the combination of convection and 

diffusion flux. Thus, the following equations describe the NF 

nuxes : 

(iii) 

and, 

(jv) 

Here' cr' is the reflection coefficient which is related. to the 

fraction of molecules reflected back and responsible fOr the 

development of osmotic force. The value of cr varies from 0 

to 1. At high pressure, 0" is dose to 1, then the flux i; 

diffusive and correspond to RO Olembrane, while at low 

pressure, cr is close to 0, then the flux is convective and 

correspond to UP membrane. For NF Ulembrane, 0" is in 

between 0 and 1, indicating that flux is neither only diffusive 

nor convective. 

MATERIALS AND METHODS 

Description of experimental set-up 

The research was carried out with a laboratory scale NF 

unit. The schematic diagram of the unit is shown in Figure 1. 

The main components are: feed tank, pipe network, 

membrane module, pressurized cylinder and permeate 

collection unit. Here 3L cylindrical stainless steel tank was 

used as feed tank. It was equipped with a stainless sleel coil of 

10 mID diameter for the purpose of cooling the feed solution 

because the temperature of the solution was expected to 

increase due to high recirculation maintained in the system. 

The inlet of the coil was connected with tap water line and 

outlet to the drain. Using this cooling system temperature of 

the feed solulion was maintained in the range of 27-30 0c. A 

plate and frame type membrane (1.452 "10 ·3 012) module 

made of stainless steel was used for this study. 

All parts of the piping network were of 6 llUJl diameter 

stainless sleel. The unit was driven by two different pumps in 

order to meet the pressure requirements in the system. The 
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Figurel. Schematic Diagram of Experimental Setup. 

lWAKI centrifugal pump with maximum capacity, 11-12 

Lmin" was used for operating the system up to 500 kPa and a 

high pressure MOYNO pump with speed controller was used 

to operate up to 1000 kPa. A pressure gauge of 0-1500 kPa 

range was installed at Ole top of the feed tank for measuring 

the pressure of the lank as well as the inlet pressure of the 

membrane and another was installed for measuriQg the outlet 

pressure of the membrane. 

Commercially available 99.5% pure N 1 cylinder 

l?quipped with a pressure regulator was used to maintain 

high pressure in the system. 

Flat sheet type Desal-5 (DesaUnation Systeros, Asia) thin 

film nanofiltralion membrane, named DK was used in the 

experiments. ft is characterized by an approximate molecular 

weight cut-off of 150-300 Daltons. According to the 

manufacturer's speci(jcation, DK is a tight membrane, close to 

RO. 

Membrane cleaning is usuaUy essential in order to 

recover the nux reduced by fouling and reuse the same 

membrane for different experimental runs. Here membrane 

fouling was not a major problem mainly due to two reasons. 

One is that synthetic wastewater containing only distilled 

water and sodium phosphate was used and the other reason 

is that phosphate itself acts as a cleansing agent. Initial flux 

W<lS measured using distilled wa~r, and a very small decrease 

in water flux was observed afwr each experimental run. 

TIlis flux drop was recovered by cleaning I·he 

membrane only with distilled water. After every run the feed 

tank was filled with distilled water and the membrane was 

cleaned by flushing at higher flow rate (5 Lotin- I ). This 

flushing was done two times after each run. After cleaning, 

fresh distilled water was allowed to pass through the 

membrane in order to compare with initial distilled water 

nux. Table 1 shows the representative result for the 

Qwmbrane cleaning procedure. 

Wastewater was synthetically prepared by dissolving 

sodium phosphate (Na3PO,.12H,O) in distiUed water. The 

phosphate is a colorless crystalline solid with molecular weight 

380 Dalton. Since phosphate solution could nOl be stored for a 

long time, solution of 100 mg 1-1 P was prepared and diluted to 

reqUired concentrations for each experimental run. 

Membrane perfonnance was basically measured in 

Table 1� Filtration Rux at different Membrane Cleaning 

Stages (at 500 kPal. 

Stage Distilled Water Flux, Lm-2 h'\ 

Initial 6.00 
After one run 5.37 

After firsl cleaning 5.65 

After second cleaning 5.90 

tenns of permeate flux and percentage rejection of 

phosphorus. These two parameters can be defined as 

Flux =(amount ofpermeateJ/ (lime)' (area ofmembrane) 

Rejection = (feed concenlraJion - permeate ,concelltratio)/ (fred 
roncrolral ionJ 

RESULTS AND DISCUSSION 

All experiments were conducted for four hours to 

obmin the steady state flux. The results obtained with various 

operating variables like transmeu\brane pressure, feed 

concentration and competing compound are discussed as 
follows. 

Ef(eel of Transmcmbrane Prcssu re 

(5j have ObsClVOO that flux for NF70 membrane 

increases with pressure according to solution-diffusion model 

equation. But [7J have reported. that nanofiltration can not be 

described by classical solution diffusion model. Rather it 

follows a mixed convection!diffusion mass transport 

mechanism. Rejection by NF membranes increases with 

pressure, because at high pressure, solvent peJ1l1.e<lbjlity 

increases compared to solute [21. 

TI\e present experiment was conducted by varying 

pressure from 400 to 1000 \cPa. The observed flux range was 

1.79-12.9 Lm·1h·1 'and phosphorus rejection was 96-99'7Q. The 

phosphorus concentration in the pelTI1eate was in the range 

of 0.04-0.4 mg )", For the feed. concentration of 2 and 8 O1g I" 

as the representative result, the relationship of flux with 

pressure is presented in Figure 2. It shows Olal the NF 

membrane provides linear flu.x increase with pressure. A 

correlation between solvent Rux and pressure has been 

developed using the average QlaSS tTansfer co-efficient 

calculaled from the experimental results and can be 
represented as follows: 

where, 

The flux calculated from the above equation and that 

observed experimentally for various experimental runs can be 

compared as shown in Figure 3. 

553 



,'I 

• 
'2 

°-woL---IlQO-L---'----7'OO-L..---'--0--90-'-O--1OOO 
600 00 

Pre..".. , kPo 

Figure 2. Effect of Pressure on Rux. 
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Figure 3. Measured versus Calcula.ted Flux. 

nus figure shows a deviation from the theoretical line 

which indicates that NF flux can not be described only by 
solution-diffusion phenomena, indicating other parameters 

like membrane charge, Donnan potential may also affect NF 

nux. 
Figure 4 presents the effect of pressure on phosphorus 

rejection. Here, it can be seen that the phosphorus rejection 

increases with pressure, which could be explained by the fact 

that the solvent permeability increased with pressure. These 

results clearly demonslTate that in NF, higher pressure 

provides higher flux as well as excellent phosphorus removal 

~ffjciency and the high quality effluent «0.1 mg 1- 1 Pl. 

Effect of Feed Concentration 

As reported by [8), flux increases with increasing feed 

concentration. This is because at higher concentrations, 

higher "Donnan Potential" may create and allow more solvent 

to pass through the membrane. The present experiments 

were carried out with the concentration range of 2-10 mg l·t 
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Figure 4. Effect of Pressure on Phosphorous Rejection. 

P. The maximum flux 02.9 L mol h" l was observed at the 

lower feed concentration (2 mg 1.1 PI and the minimum flux 

(1.79 Lm-2 h-' l was observed at tJw higher feed concentration 

00 mg 1-' Pl. The range of phosphorous rejection was 98-99"70 

and effluent concentration was 0.04 - 0.09 mg I·' P. For 

applied pressures of 800 and 1000 kPa, the effect of feed 

concentration on flux has been presented in Figure 5. 
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FigureS. Effect of Feed Concentration on Flux. 

Here flux decreases with the increase of feed 

concentration. The possible reason for this is that at higher 

concentrations, osmotic pressure increases and that may 
reduce the flux. Nevertheless, it can be seen that at lower 

concentration, flux decrease rate is higher than at higher 

concentrations. The possible reason is that at lower 

concentration osmotic pressure effect is more predominant 

while at higher concentration, the Donnan effect provides 

some more flux (Figure 6.1 

Figure 7 presents the effect of feed concentration on 

phosphorus rejection for the representative applied pressure 

of 800 and 1000 kPa. 
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Figure 7.� Effect of Feed ConCl!ntr.ltion on Phosphorous 
Rejection. 

Here phosphate rejection was found to increase with 
feed concentration, because at higher concentrations, 
diffusion of phosphate ion (rom bulk solution to membrane 
phase will be strongly prevented by Increased Donnan 
potential. Another interesting pomt which can be noticed i> 

that at higher pressure and concentration, the membrane 
gives attractive phosphorus rejection efficiency. The possible 
explanation is that higher pressure provides higher solvent 
pemlcobility and higher concentration provide better 
rejection by Donnan potential. So the combined effect gives 
tl1C best phosphorus removal. These results dearly indicate 
tl13t NF has a great potential {or the treatment of wastewater 
containing higher phosphorus concentration. 

Effect o( Competing Compounds 

The percentage rejection could significantly decrease 
with the increase of competing compound concentration 
because more ions wilt pass through the membrane in order to 
maintain electroneutrality on both sides of the membrane 
(Donnan effect). 

In this study, ammoniwn sulphate «NH,)zSO.) was 
used as a competing compound, because at tertiary level of 
wastewater treatment, ammonium compounds are often 

present. The concentration of competing compound was 
varied from 2-10 mg 1'\ as SO•. Phosphate concentration was 
kept constant at 10 mg L" P and ilie operating pressure was 
1000 kPa. Here flux was observed to decrease with the 
increase of ammonium sulphate concentration. The possible 
reason is that osmotic pressure increases with the increase of 
ammoniwn sulphate concentration and so flux decreases. 
Phosphorus rejection also decreases with the increase of 
competing compound concentration. The possible 
explanation is that more positive ions are available to shield 
the charge of the membrane and so repulsion of phosphate 
ion by membrane will decrease. Another reason may be the 
electroneutrallty requirements on both sides of the membrane. 
Because positive monovalent sodium and ammonium ion can 
easily pass through the membrane and 50 negative phosphate 
ions are then forced to pass through the membrane to 
maintain electroneutrality. TIle third reason may be the 
decrease in solvent penneobility with the increase in osmotic 
pressure affect the percentage phosphorus rejection. 

Figure 8 presents the effect of competing compound 
on flux and % phosphorus rejection. Here flux reduces (rom 
12.9 to 8 L!m·2 h'\ and rejection reduces from 99 to 95"10. TItis 
result indicates that presence of competing compound is onc 
of the limiting factor for NF application. 
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FiguTe 8.� Effect of Competing Compound on Flux (Feed 
Cone. = 10 mg 1-1 P, Competing Compound = 
(NH,),SO, Pressure:; 1000 kPa). 

CONClUSIONS 

The preliminary laboratory scale investigations were 
conducted to remove phosphate from synthetic wastewater 
using NF. Since a smaU plate and frame membrane module 
was used in this study, NF has been evaluated here only in 

terms of phosphorous removal potential, not in terms of water 
recovery. Once the phosphorous removal potential is 

established, other membrane module with higher effective 
area can be used to obtain higher flux and higher water 
recovery. 

This� investigation lead to the following conclusions, 
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nl\Jl\ely : NF has excellent phosphate removal efficiency; it replicate Ule complex range of phosphate speclahon, nor 

can produce a very high quality effluent, with only 0.04-0.09 presence of the competing compounds and the colloidal 

mg I" P that can limit eutrophication; flux for NF membrane composition of natural wastewater. Thus, this limitation 

linearly increases with pressure, but it does not depend only should be taken into consideration while using NF in rcal 

on solution diffusion mass transport mechanism; paromcters scale application. 

like charge density, Donnan potential also influence NF !lux; Finally it can be conduded tJlat nanofiltration has great 

rejection of phosphorus also increases with pressure due to potential for tertiary phosphorus removal from wastewater. If 

increasing solvent penneabiHty compared to solute. Flux the phosphorus content in the se.:ondary trealed wastewater 

decreases slightly with feed concentration due to osmotic exceeds the required limit, nanofiltration may be the possible 

pressure effect, but NF with higher charge capacity can solution to meet the effluent standards and thus it will help 

reduce osmotic presslU'e eUect by crea.ting Donnan Fotential; to prevent the eu trophication of lakes and river. 

at higher concentration Donnan effect contributes in 

increasing phosphorus rejection; presence of competing ACKNOWLEDGEMENT 

compound reduces both flux and rejection. One of the 

limitation of this experimental study is tha.t, while the nlis investigation was kindly sponsored by Swedish 

synthetic wastewater used replicates levels of phosphate in lntemational Developmenl Authority (SJDA) and French 

Nltu ra I secondary treated wastewa ter effluent, it neither Agency for Energy and Environment (ADEME). 
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