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Abstract

The objective of the present study was to analyze and model concentration polarization in spiral wound seawater membrane elements. In particular, the influence of feed temperature, salinity and flow rate on permeate flow and salinity was evaluated. Membrane life time and permeate fluxes are primarily affected by the phenomena of concentration polarization (accumulation of solute) and fouling (i.e. microbial adhesion, gel layer formation and solute adhesion) at the membrane surface. Results show that the polymer membrane is very sensitive to changes in the feed temperature. There was up to a 60 % increase in the permeate flux when the feed temperature was increased from 20 to 40oC. This occurred both in the presence and absence of solute. There was up to a 100 % difference in the permeate flux between feed temperatures of 30 and 40oC.  The differences were statistically significant (p<0.05).  A doubling of the feed flow rate increased the permeate flux by up to 10 %, but only at a high solute concentration. Membrane parameters were estimated using an analytical osmotic pressure model for high salinity applications. A combined Spiegler-Kedem/film theory model described the experimental results. The modeling studies showed that the membrane transport parameters were influenced by the feed salt concentration and temperature.
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1. Introduction

Membrane life time and permeate fluxes are primarily affected by the phenomena of concentration polarization (i.e. solute build-up) and fouling (e.g. microbial adhesion, gel layer formation and solute adhesion) at the membrane surface (Khulbe et al., 2000; Sablani et al., 2001; Goosen et al., 2004). The latter quite often is irreversible with respect to solute adsorption. Koltuniewicz and Noworyta (1994), in an excellent paper, summarized the phenomena responsible for limiting the permeate flux during cyclic operation (i.e. permeation followed by cleaning). During the initial period of operation within a cycle, concentration polarization is one of the primary reasons for flux decline. Large-scale membrane systems operate in a cyclic mode, where clean-in-place operation alternates with the normal run. The flux decline within a cycle is due to concentration polarization. The average flux under steady state decreases from cycle to cycle, due to irreversible solute adsorption or fouling. Accumulation of the solute retained on a membrane surface leads to increasing permeate flow resistance at the membrane wall region. 

Concentration polarization is considered to be reversible and can be controlled in a membrane module by means of velocity adjustment, pulsation, ultrasound, or an electric field. Cherkasov et al. (1995) presented an analysis of membrane selectivity from the standpoint of concentration polarization and adsorption phenomena. The results of their study showed that hydrophobic membranes attracted a thicker irreversible adsorption layer than hydrophilic membranes. The layer thickness was determined by the intensity of concentration polarization.  The effect of temperature on membrane selectivity was not studied.

The osmotic-pressure model regards the limiting flux as a consequence of the increased osmotic counter-pressure produced by the high concentration of the rejected solute near the membrane surface (Denisov, 1994). One of the osmotic pressure models is the Spiegler-Kedem model/solution-diffusion model (Murthy and Gupta, 1997; Kedem and Katchalsky, 1958). Combining this model with the film theory (i.e. gel layer) model results in the following equation: 
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where Ro is the rejection coefficient, σ is the reflection coefficient, which represents the rejection capability of a membrane ( i.e., σ =0 means no rejection and σ =1 mean 100% rejection), PM is the overall permeability of the membrane. Using a nonlinear parameter estimation method and the data of observed rejection (Ro) and the solvent flux (Jv) taken at given pressure, feed rate and concentration, the membrane parameters σ and PM, and k can be estimated, simultaneously.

The objective of the present study was to analyze and model concentration polarization in spiral wound seawater membrane elements. In particular we evaluated the influence of feed temperature, and feed salinity and flow rate on permeate flow and its salinity. Membrane parameters were estimated using an analytical osmotic pressure model for high salinity applications. 

2. Materials and Methods

Experiments were carried out in a pilot scale UF/RO unit (Armfield, UK). A 1m long pressure vessel module (Model 25M 100AL, Hydranautics Inc., USA) containing a spiral wound membrane was used. Experiments were carried at several feed flow rates and feed temperatures in order to determine their effect on permeate flux and its salinity. Feed pressure was varied from 10.9 to 55 bar and feed flow rate varied from 9.0 and 18.0 L/min. The experiments were repeated with NaCl-water solution of 0,1, 2, 3, 4 and 5% w/v. The temperature of the feed water was varied from 20oC to 40oC.

Membrane parameters were estimated using an analytical osmotic pressure model for high salinity applications. A combined Spiegler-Kedem/film theory model was used to describe the experimental results.

3. Results and Discussion

Results show that the polymer membrane is very sensitive to changes in the feed temperature. There was up to a 60 % increase in the permeate flux when the feed temperature was increased from 20 to 40oC (Figure 1a and 1b, Table 1). This occurred both in the presence and absence of solute. There was up to a 100 % difference in the permeate flux between feed temperatures of 30 and 40oC. For example, at 0 % NaCl and 9.5 bar trans-membrane pressure, the permeate flux increased from 12.4 to 24.1 L/m2h when the feed temperature was increased from 30 to 40oC. The fact that this trend was also found with pure feed water (i.e. 0 % NaCl), suggests that the flux increase may be due to changes in the physical properties of the polymeric membrane such as the pore size or possibly the diffusivity of solvent (i.e. water) in the membrane. The differences between the curves were statistically significant (p<0.05). The implication of this study is that membrane manufactures need to provide flux data for their membrane modules over a wide temperature range.  The air temperature in the Arabian Gulf, for example, routinely goes over 40oC. Therefore, it is possible to have a feed water temperature of 40oC.

When the feed flow rate was decreased from 18 to 9 L/min, at constant temperature, the permeate flux decreased, the permeate flux decreased, but only at the higher feed pressures and higher salt concentrations (Figure 2). This suggests increasing resistance to flux due to enhanced solute build-up at the membrane surface.  The flux-pressure relationship was linear for all our results, indicating that only concentration polarization was occurring (i.e. absence of gel layer formation). The work also showed that the permeate flux increased linearly with increasing trans-membrane  pressure.   For example, for pure water at  30oC  and at  a  feed  flow rate of  18 L/min, the permeate flux increased from 11 to 63 L/m2h with an increase in trans-membrane pressure from 9 to 48 bar (Figure 2). The permeate flux decreased significantly with increase in feed salinity. At 5% NaCl feed solution the permeate flux reduced to 16 L/m2h presumably due to concentration polarization of solute at the membrane surface.

The experimental results were fitted using a combined Spiegler-Kedem/film theory model (Equation 1). Using a nonlinear parameter estimation method and experimental data on observed rejection and the solvent flux at a given feed rate and salt concentration, the membrane parameters reflection coefficient (σ), membrane permeability (PM) and mass transfer coefficient (k) were estimated simultaneously. The modeling studies showed that the mass transfer coefficient was very sensitive to the feed salt concentration as well as the feed temperature. The mass transfer coefficient, k, and the membrane permeability, PM, decreased with an increase in feed salt concentration, and a decrease in feed temperature (Table 2). This supports experimental results that suggest that increased resistance to the solvent flux (i.e. pure water) across the membrane is due to increased concentration polarization at the membrane surface, even at relatively low salt concentrations of 2% w/v.  The highest k and PM values were found at 40oC. The model could not clearly differentiate between 20 and 30oC.  There was also no clear trend with regards to the effects of feed concentration and temperature on the reflection coefficient, σ.

In closing, the experimental results suggest that the spiral wound polymer membrane is very sensitive to the feed temperature and to a lesser extent the feed flow rate. A combined Spiegler-Kedem/film theory model best described the experimental data. The implication of our study is that membrane manufactures need to provide flux data for their membrane modules over a wide temperature range.  The air temperature in the Arabian Gulf, for example, routinely goes over 40oC. Therefore, it is possible to have a feed water temperature in this same range. Operators of reverse osmosis plants therefore need to be reminded that feed temperature is another factor that should be taken into account when assessing the efficiency of their systems. 
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Figure 1

. Effect of temperature on permeate flux at different feed pressures and salinity (A) 

0% NaCl-water solution and (B) 4% NaCl-water solution

Figure 2

. Effect of feed flow rate on permeate flux at different feed pressure and salinity values 

A

B

  Table 1. Effect of feed temperature on permeate flux (feed flow rate of 9 L/min.)

	NaCl Feed concen-tration 

(%)
	Feed Temperature (oC)

	
	20
	30
	40

	
	Transmem-brane Pressure

(bar)
	Permeate flux

(L/m2h)
	Transmem-brane Pressure

(bar)
	Permeate flux

(L/m2h)
	Transmem-brane Pressure

(bar)
	Permeate flux

(L/m2h)

	0
	9.0
	15.4
	9.5
	12.40 
	9.5
	24.1

	0
	19.0
	30.8
	19.5
	25.35 
	19
	48.1

	0
	29.0
	44.4
	29.3
	37.99 
	29
	71.9

	0
	38.5
	58.2
	39.0
	50.10 
	38.8
	93.7

	0
	48.5
	71.7
	48.8
	62.53 
	48.5
	114.7

	1
	9.1
	15.6
	9.6
	14.18 
	9.1
	25.3

	1
	19.0
	28.7
	19.1
	26.00 
	18.8
	44.6

	1
	28.8
	41.8
	28.1
	38.33 
	28.8
	64.3

	1
	38.5
	53.4
	38.6
	49.74 
	38.6
	79.9

	2
	9.0
	15.8
	9.1
	15.48 
	8.9
	26.5

	2
	19.0
	28.9
	19.1
	25.51 
	18.6
	42.3

	2
	28.6
	39.9
	29.1
	35.84 
	28.6
	57.3

	3
	8.9
	17.9
	9.0
	16.52 
	9.0
	25.3

	3
	18.5
	28.7
	19.0
	25.44 
	18.7
	39.1

	4
	8.7
	19.1
	9.0
	18.09 
	8.7
	24.9

	4
	18.5
	28.6
	18.7
	27.29 
	18.5
	36.3

	5
	8.5
	20.5
	8.5
	16.10
	8.5
	23.7


Table 2. Parameters estimated from the combined film theory/Spiegler-Kedem model by a nonlinear parameter estimation program for the NaCl-water system for three temperatures and two feed flow rates

	Feed temperature

(oC)
	Feed flow rate 

(L/min)
	Feed concentration

(%NaCl)
	Parameters of combined film theory/Spiegler-Kedem model

	
	
	
	PM  x 105
cm/s
	(
	k x 104
cm/s

	30
	9
	0
	1.96
	0.9989
	41.0

	30
	9
	1
	0.70
	0.9994
	12.0

	30
	9
	2
	0.77
	0.9991
	12.0

	30
	18
	0
	1.61
	0.9984
	19.0

	30
	18
	1
	-
	-
	-

	30
	18
	2
	0.60
	0.9960
	10.0

	20
	9
	0
	4.20
	0.9995
	100

	20
	9
	1
	0.45
	0.9999
	18.0

	20
	9
	2
	0.53
	0.9993
	26.0

	40
	9
	0
	-
	-
	-

	40
	9
	1
	4.60
	0.9938
	549

	40
	9
	2
	6.30
	0.9994
	25
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