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Abstract 

Membrane distillation (MD) has received much attention in recent years as an alternative technology for the 
removal of volatile compounds from industrial waters. The microporous hydrophobic membrane utilised in MD 
allows only vapour passing through and the process selectivity is essentially determined by the liquid-vapour 
equilibrium conditions existing at the liquid-membrane interface. In this study, a series of asymmetrically 
structured polyvinylidene fluoride (PVDF) hollow fibre membranes were fabricated and tested for the removal 
of ammonia from simulated industrial wastewater. The asymmetric membranes contain very thin skin layer with 
macrovoids supported underneath. Hollow fibre MD modules with membrane area of 0.06 m2 have been 
assembled and tested for dilute aqueous solutions containing ammonia at concentrations <1000 mg/L. The 
membranes were characterised in terms of porosity, thickness, hydrophobicity, water permeability, surface 
roughness and zeta potential. Sweep gas MD configuration was employed for all experiments and >90% 
ammonia removal could be achieved. The results from the MD experiments were compared and the effect of 
membranes characteristics was discussed.  
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1. Introduction 

Membrane distillation (MD) is a thermal process driven by the vapor pressure difference of volatile components 
between the two surfaces of a non-wetted hydrophobic membrane. The hydrophobic nature of the membrane 
prevents penetration of the aqueous solution into the pores, resulting in a vapour-liquid interface at the pore 
entrance (Bougeecha, et al., 2002). Among various MD configurations, sweep gas MD combines a relatively low 
conductive heat loss of direct contact MD with a reduced mass transfer resistance of air gap MD. The principal 
advantage of sweep gas MD against other MD configurations arises from the fact that vapour molecules are 
carried away by the inert sweep gas and the condensation takes place outside the membrane module 
(El-Bourawi, et al., 2006). MD module, especially hollow fiber compared to flat sheet, is becoming more 
favourable as it has larger interfacial area per unit volume but more compact in size, thus requires a much 
smaller plant foot print. 

In recent years, sweep gas MD has received increasing attentions in removing volatile compounds from aqueous 
streams (Qin et al., 1996; Semmens, et al., 1990; Tan, et al., 2006; Zhu et al., 2005). This is especially beneficial 
for recycling industrial wastewater containing low level of volatiles. However, there are no commercial 
membranes available for MD application to date and symmetric microfiltration hydrophobic membranes were 
used in most recent studies. Some common polymers which could be used as the MD membrane materials 
include polypropylene (PP), polytetrafluoro ethylene (PTFE), and polyvinylidene fluoride (PVDF) (Mulder, M., 
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1996). PVDF is known to have advantages of good thermal and chemical resistance properties. In addition, 
unlike PP and PTFE which are limited by its symmetrical structures, PVDF has the extra advantage of forming 
asymmetric membranes (Tan, et al., 2006). Asymmetric membrane structure is known to have lower mass 
transfer resistances (Kong et al., 2000; Li et al., 2000). 

In our previous work (Xie, et al., 2009), we have demonstrated potential application of sweep gas MD for 
removing ammonia from industrial wastewater by using commercial PTFE membrane. The objective of this 
study is to fabricate asymmetric hollow fibre PVDF membranes under various synthetic conditions and test their 
performance for removing ammonia from simulated industrial wastewater by sweep gas MD. Fabricated hollow 
fibre membrane were characterised via a range of techniques including optical microscope, AFM, contact angle 
and zeta potential with the aim to gain better understanding the relationship between membrane properties and 
MD performances.  
2. Experimental 

2.1 Membrane synthesis and characterisation  

Polyvinyledenefluoride (PVDF) (SOLEF 1015/1001) from Solvay Advanced Polymers (USA), 
polyvinylpyrrolidone (PVP) (MW 40KDa) and ethylene glycol (EG) from National chemicals (India), 
polyethylene oxide (PEO) (MW 100KDa) from Aldrich (Germany), N,N-dimethylformamide (DMF) and 
N-methylpyrollidone (NMP) from Qualigen Fine chemicals (India) were used as received.  

A mixture of PVDF (12%, w/w) and EG (8%, w/w) was dissolved in NMP under constant stirring at a 
temperature of 80C to prepare a transparent spinning dope. The spinning dope was extruded under nitrogen 
environment through a double orifice spinneret. The water flowed through the inner nozzle of the spinneret acts 
as bore former by causing the phase inversion in the inner part of the PVDF hollow fibre. The polymer extrusion 
rate and winding speed were maintained in the ranges of and 50-100 g/min and 25-50 m/min respectively and the 
outer surface of the extruded hollow fibre was also gelled in water bath. The spinning was also carried out from 
the spinning dope solution of PVDF (15%, w/w), PVP (2%, w/w) and DMF (83%, w/w). The fibres were rinsed 
in flowing water at room temperature for 72 hours.  

Membrane morphologies were observed using optical microscopy (Olympus) and atomic force microscopy 
(NT-MDT). Zeta potentials of the membrane surfaces were measured by ZETA-CAD instrument using 10 mMol 
aqueous KCl solution. Contact angle (water) of the membrane surface was measured according to sessile drop 
method using Krüss DSA 100E model. The overall porosity () of the PVDF hollow fiber was calculated by 
using following: 

%100x)/1( PVDFfiber                             (1) 

where fiber and PVDF are the densities of the fiber and the PVDF powder, respectively.  

The polymer solute rejection (R, %) was calculated using the following expression:  

R = (1 - CP/CF) ×100                                   (2) 
where CF and CP are concentrations of solute in the feed and permeate, respectively. The solute concentrations 
were estimated using GPC (Analytical® Technologies Limited).  

From flow permeability test, an equivalent pore size of membranes could be estimated. Assuming laminar flow, 
Hagen Poiseuille relationship can be derived into (Porter M.C., 1996): 

P
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                                     (3) 

where d  is the average pore diameter (m), J is the volumetric liquid flow rate per unit area of membrane 
(m3.m-2), l  represents the length of pore (m),   is the membrane porosity (dimensionless) and P  is the 
differential pressure across the membrane (Pa), l  is assumed to be the direct thickness of membrane with 
negligible tortuosity factor. 

2.2 Hollow fibre cartridges assembly and MD experiments 

Hollow fibre membrane cartridges with membrane area of 0.06 m2 were assembled for this study. To improve 
mass transfer in MD, specially designed baffles were inserted between fibres to improve the mass transfer and 
epoxy resin was used as the potting sealant for cartridge assembly. The module design modified by 
spacers/baffles/turbulence promoters has been found to increase both heat and mass-transfer coefficients via the 
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generation of turbulence flow, changes in system characteristics that enhance boundary-layer heat and mass 
transfer, resulting in increased flux transfer (Teoh, et al., 2008).  

Sweep gas MD experiments were carried out as shown schematically in Figure 1. The aqueous ammonia feed 
solution was pumped into the module from a feed tank by a Masterflex® peristaltic pump at a constant flow rate 
through the lumen side of the membrane. The inlet was heated to a desired temperature using a water bath before 
entering the module. The liquid outlet stream from the module was then recycled back to the feed tank. 
Compressed air at ambient temperature was introduced counter currently into the shell side of the membrane and 
the flow was controlled by using a mass flow controller. Permeate was collected via a condenser.  

Figure 1. Experimental setup for hollow fibre membrane distillation. 

Temperatures at streams (liquid and air) inlet and outlet were monitored using K-type thermocouples. The 
weight changes from both feed and permeate tanks were measured by digital balances and recorded in a 
computer attached to the system. 

Ammonia removal calculations and ammonia analysis were described in detail elsewhere (Xie, et al., 2009).  

The ammonia flux was calculated as follows:  

  
tA

MCMC
F eeii

NH *

)**(
3


                            (4) 

Where Ci and Ce are concentrations (mg/L) of ammonia in the initial and final solution, respectively. Mi and Me 
are amounts of liquid before and after the experiment, respectively. A is the active membrane area (m2) and t is 
the running time (hr). 

3. Results and Discussion  

3.1 Membrane characterisation 

Three types of hollow fibre PVDF membranes were fabricated. Membranes 851 and 853 were fabricated from 
the same dope solution (PVDF 12%, EG 8% and NMP 80%, w/w) by varying extrusion and winding rate while 
the membrane 861 were fabricated from a different dope solution (PVDF 15 %, PVP 2% and DMF 83%, w/w). 
The characteristics of these membranes are presented in Table 1. 

The membrane diameters and thicknesses varied from 1.16 to 1.35 mm and 0.28 to 0.40 mm respectively 
depending upon the spinning operational parameters such as polymer extrusion and fibre winding rate. Overall 
porosity varied from 81 to 88%. The water permeabilities were in the range of 469 -770 L.m-2.h-1.bar-1 with 
about 91-96% PEO 100 kDa rejection efficiency. The membranes obtained from the polymer dope solution of 
PVDF-EG-NMP (851 and 853) had water contact angle of ~100; 7 higher than that obtained from the 
PVDF-PVP-DMF dope (861), indicating relatively more hydrophobic surface. Membrane 853 had the biggest 
equivalent pore size (0.17 m), membranes 861 and 851 had pore sizes of 0.13 m and 0.11 m respectively.  

Table 1. Membrane properties of PVDF hollow fibre membranes. 

These membranes also differed in their cross-sectional microstructure morphology as shown in the optical 
microscope images (Figure 2). Compared to membranes obtained from PVDF-PVP-DMF dope solution (861), 
membranes from PVDF-EG-NMP dope (851 and 853) had larger voids and the cross-sectional microstructure 
remained unaltered upon changing the fibre dimensions through the extrusion/spinning rate. The different doping 
solutions also altered the zeta potential of membranes, as shown in Figure 3. The PVDF membrane from 
PVDF-EG-NMP dope (851) had negative zeta-potential values of -2.4 to -11.3 at the 3-9 pH range while the 
membrane from PVDF-PVP-DMF dope (861) had slightly higher negative zeta potential. This implied that the 
membrane surface from PVDF-PVP-DMF dope had relatively higher charge which agrees well with the lower 
contact angle value (Table 1).  

Figure 2. Cross-sectional optical microscope images of membranes 851, 853 and 861.  

Figure 4 shows the two- and three-dimensional AFM images of the two PVDF fiber types (sample 851 and 861) 
taken at two different magnifications of [20 µm x 20 µm] and [5 µm x 5 µm] frame sizes. The sample 851 
surface had larger peaks of micrometer-scale heights (0.5 -1.5 µm) while the sample 861 surface had smaller 
domains of nanometer-scale peaks (150 –300 nm) indicating that the sample 861 surface was relatively 
smoother. 

Figure 3. Zeta-potential values of the two PVDF fiber types measured at the pH 3 -9. 
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Figure 4. Two- and three-dimensional AFM images of 851 and 861 fiber surfaces at two different 
magnifications. 

3.2 Membrane performance  

Results for ammonia removal rate by PVDF membranes are shown in Figure 5; membrane 853 displayed the 
highest ammonia removal efficiency with up to 90% of ammonia being removed in the first 100 minutes. 
Membrane 861 had the lowest ammonia removal efficiency, at only 64%. The higher ammonia removal rates 
obtained for membranes 851 and 853 could be attributed to the larger macrovoid structure obtained by using the 
doping solution PVDF-EG-NMP (Figure 2). The thin skin layer acted as the selective layer and the larger 
macrovoid aided the mass transfer of ammonia due to reduced mass transfer resistance. In addition, membrane 
851 and 853 are more hydrophobic compared with membrane 861, as depicted by the water contact angle 
differences (Table 1).  

Figure 5. Ammonia removal rate of membranes.      

It is well known that the membrane properties had significant effect on the performance of the MD process. The 
relationship between the transmembrane flux and the different membrane characteristic parameters is given as 
follows (Lawson, & Lloyd, 1997): 




m

ar
N                                       (5) 

where N is the molar flux, r is the mean pore size of the membrane pores, a is the factor whose value equal to 1 
or 2 for Knudsen diffusion and viscous fluxes, respectively, m  is the membrane thickness,   is the 
membrane porosity and  is the membrane tortuosity.  

Despite of the differences in thickness of the membranes (Table 1), membrane 853 which had an estimated pore 
size of 0.17 m performed better than membrane 851 with estimated pore size of 0.11 m.  

Membrane performance was also compared at different feed concentrations ranging from 100-1000 ppm, and the 
results for ammonia flux are shown in Figure 6. The trend in ammonia flux is quite similar for all three types of 
membranes. The ammonia flux increased with increasing feed concentration. Of three membranes, membrane 
853 outperformed the other two under all feed concentration studied. An ammonia flux of 11.0 g.m-2.h-1 was 
achieved for membrane 853 at the initial ammonia concentration of 1000 ppm. It is worth noting that the 
differences in magnitude of ammonia flux variation among these membranes became bigger when the ammonia 
feed concentration was increased. This is due to the fact that ammonia flux was proportional to the initial feed 
concentrations. When the amount of liberated ammonia in the gas phase increased; partial vapour pressure is 
increased and the driving force for ammonia to diffuse through the membrane pores also became stronger, hence 
ammonia flux is increased.  

Figure 6. Ammonia flux of three compared membranes at various initial feed concentrations. 

Figure 7 shows the effect of feed concentration on the water flux. For all three types of membranes, the feed 
concentration had little or negligible effect on the water flux. This result was understandable as the major 
component in the solutions used in the study was water (>99.9%). Little change in the ammonia concentrations 
had no affect in the mass transport of the water. Therefore, the water flux remained relatively constant. 
Comparing membranes fabricated under different conditions, membrane 853 had the highest water flux averaged 
at 2.4 kg.m-2.h-1, followed by sample 861 and 851 with 2.2 and 2.0 kg.m-2.h-1, respectively. This agrees well with 
the water permeability data as shown in Table 1. The membrane 853 has highest water permeability which could 
be due to its relative large pore size (Table 1).  

Figure 7. Water flux of three compared membranes at various initial feed concentrations. 

4. Conclusions  

Asymmetric PVDF hollow fibre membranes were synthesised and characterised in terms of porosity, thickness, 
hydrophobicity, water permeability, zeta potential and equivalent pore size. Doping solution was found to 
significantly affect the membrane microstructure and membrane properties, which consequently leads to 
different membrane performance. The membranes were assembled into MD cartridges with improved features 
for removing ammonia (<1000 ppm) from aqueous solutions. Sweep gas MD configuration was applied and 
membrane fabricated using doping solution PVDF-EG_NMP had higher ammonia removal efficiency, with the 
ability to remove up to 90% of ammonia. Ammonia removal rates and water fluxes were independent of the 
ammonia feed concentrations.  
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Table 1. Membrane properties of PVDF hollow fibre membranes 

Sample code 851 853 861 

Water contact angle (°) 99 100 93 

Outer diameter (mm) 1.16 1.35 1.29 

Inner diameter (mm) 0.88 0.95 0.91 

Fibre wall (mm) 0.28 0.40 0.38 

Porosity (%) 88 81 81 

Water permeability (L.m-2.h-1.bar-1) 469 770 476 

Rejection (%) (PEO100 kDa)  96 91 91 

Estimated pore size )( m  0.11 0.17 0.13 
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Figure 1. Experimental setup for hollow fibre membrane distillation 

 

 

Figure 2. Cross-sectional optical microscope images of membranes 851, 853 and 861 
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Figure 3. Zeta-potential values of the two PVDF fiber types measured at the pH 3 -9 

 

Figure 4. Two- and three-dimensional AFM images of 851 and 861 fiber surfaces at two different magnifications 
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Figure 5. Ammonia removal rate of membranes 

 

Figure 6. Ammonia flux of three compared membranes at various initial feed concentrations 

 

Figure 7. Water flux of three compared membranes at various initial feed concentrations 
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