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*Corresponding author (Email: D.B.Das@Ilboro.ac.uk)

Abstract

Application of ultrafiltration membranes for removal of humic acids is investigated below.
Membrane filtration processes were compared using two different set-ups: circular flow and
stirred dead end flow. The transmembrane pressure, temperature, feed concentration, pH, ionic
strength and shear stresses applied on the membrane surfaces were kept constant whilst the
permeate flux and solute rejection were measured during the experiments with both set-ups. It
was shown that the rejection (both the observed and the true rejection) in the case of circular
flow was higher than in the case of dead end flow. The mass transfer coefficients were
determined for both set-ups. In the case of stirred dead end, it ranged in from (2.14-4.72) x 10°®
m/s; however, for circular cross flow system, the mass transfer coefficients were found in the
range (2.24-3.22) x 10®° m/s. Comparison of the mass transfer coefficients obtained for both
systems showed that it was significantly higher for circular flow systems as compared with
stirred dead end system at similar operating conditions. Energy consumed per volume of
purified water by circular flow system (0.345 kW) was found to be much lower when by stirred
dead end system (0.955 kW). This proved that the performance of circular flow system was

more efficient in terms of rejection, mass transfer coefficient and energy consumption.

Key words: Membrane filtration — ultrafiltration - circular cross flow — stirred dead end flow —

mass transfer coefficient - humic acid
Nomenclature
Cr humic acid concentration in the feed (kg/m?)

Cy humic acid concentration at the membrane surface (kg/m?)

Cp humic acid concentration in the permeate (kg/m?)
D diffusion coefficient (m? / s)
D; stirred dead end cell diameter (mm)

De Dean number (-)
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d; hydraulic diameter (m)

d. equivalent centreline diameter of curved channel (m)
h height of the impeller blade (m)

Jv volumetric flux (m / s)

k mass transfer coefficient (m / s)

L membrane channel length (um)

Re Reynolds number (-)
T Operating temperature (K)
u Cross flow velocity (m/s)

Greek letters

6 momentum boundary layer (—)
T shear stress (Pa)
U dynamic viscosity (Pa.s)

p fluid density (kg / m3)

) angular velocity (rad/s)

1. Introduction
Clean and safe drinking water is one of the basic needs for the survival of human beings
especially under extreme conditions. Regular sources of drinking water in the events of natural
disasters are often polluted by harmful/hazardous components which can cause considerable
losses of life. Urgent purification of polluted water under such extraordinary conditions for
immediate consumption is a major priority (Chandrappa and Das, 2014). Membrane processes
such as microfiltration (MF) and ultrafiltration (UF) have been widely used for water treatment in
recent years (Metsdmuuronen et al., 2014; Shamsuddin et al., 2014). They have been used as
alternative technologies to conventional methods such as coagulation, sedimentation, ozonation,
granular activated carbon (Fan et al., 2014), flocculation/chlorination (Bergamasco, 2014) and
slow sand filtration (Kaiser et al., 2014) etc. The reason is that membrane processes are not
only cost effective but also offer simple operation conditions, high output production with lower
energy consumption and chemicals. However, one of the critical issues of membrane

technology in water treatment is membrane fouling. Fouling results a considerable decline in
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productivity over time and is caused by specific interactions between the membrane and the
components in feed water (Shi et al., 2014; Xiao et al.,, 2013). Fouling results in an
accumulation of colloidal matter, organic and inorganic compounds, microorganisms on
membrane surfaces and within membrane pores (Lee et al., 2014; Xia et al., 2013). This is often
referred to as irreversible loss of permeate flux through the membrane (Miller et al., 2014;

Yamamura et al., 2014).

Various approaches for minimising membrane fouling and concentration polarization had been
proposed. These include chemical methods such as modification of membrane surface to
minimise interactions between the membrane and the deposits (Kochkodan et al., 2014),
physical method such as mechanical scouring (Zhou et al., 2014), and hydrodynamic methods
such as improved module design and fluid flow arrangements in order to reduce solute
deposition on the membrane (Saxena et al, 2009). A useful method in overcoming
concentration polarization is a creation of flow instabilities (Kaur and Agarwal, 2002). The use of
eddies, Taylor vortices during pulsation rotating membrane filter (Charcosset, 2006) and
secondary flow (Dean vortex flow) (Jaffrin, 2012) are among these options. However, the
drawback of such rotating module systems is that more energy is required for scaling up and,
thus they have limited large-scale development for commercial purposes. Chung et al. (1993a)
and Chung et al. (1993b) studied an alternative method to create centrifugal vortices which
result from the onset of unstable flow in spiral wound membrane ducts. At sufficiently low flow
rates (that is at Reynolds numbers below some critical value) the velocity in the curved channel
flow is approximately stream wise parabolic. However, at higher Reynolds number (or Dean
number) above a critical value, centrifugal instabilities cause secondary flow containing stream
wise oriented Dean vortices similar to Taylor vortices. The presence of these vortices enhance
back migration through convective flow away from the membrane surface, depolarising the
solute build up near the membrane surface, thus resulting in an increase of membrane
permeation rate (Culfaz et al., 2011; Moll et al., 2007; Moulin et al., 1999). Al-Bastaki and Abbas
(2001) reviewed methods of improving membrane performances and reducing fouling by the
presence of fluid instabilities. These techniques had proven to be successful in other
applications such as gas-liquid contactors for blood oxygenation (Tanishita et al., 1975). The
presence of vortices results in an improved oxygen transfer by a factor from 2 to 4 (Moulin et al.,
1996). Ghogomu et al. (2001) studied the performance of several curved membrane channels
designs and found that the mass transfer was improved compared to classical models. At the
same time the curved channels were showed to be more energy effiecient. This was caused by
the formation of Dean vortices, which proved to be effective in reducing both the concentration

polarization and fouling.

It is well known that membrane module configurations can have a noticeable impact on filtration
processes (Nassehi et al., 2010). However, the extent to which one system performs
5
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better/worse under similar conditions cannot be easily quantified. Therefore, it is essential to
develop conditions for comparison of the performance of different membrane systems with
respect to hydrodynamics (Reynolds number, membrane surface shear, etc.) and operating
conditions such as feed concentration, pH, transmembrane pressure (TMP) etc, while
comparison of these different membrane systems is still possible. In order to compare two
different membrane systems informative comparison has to be made with adequate
experimental details provided, which were missing in some of the earlier papers, e.g., see
discussions by Becht et al. (2008).

Below ultrafiltration of humic acid was studied using a stirred dead end cell (model XFUF07601;
Merck Millipore, Darmstadt, Germany) and a circular flow device (Amicon, Massachusetts, USA).
The transmembrane pressure, temperature, feed concentration, pH, ionic strength and shear
stresses on membrane surfaces were kept constant whilst the permeate flux and percentages
of solute rejection were measured during the experiments with both systems. Humic acid
concentration was fixed at 30 mg/l at pH between 7 and 8 and salt concentration at 0.01M NaCl.
The ultrafiltration data are compared in terms of permeate fluxes and solution rejections as well
as the effects of convective mass transfer in the stirred dead end and circular flow devices. The
obtained results showed noticeable differences under controlled experimental conditions. The
objective is to demonstrate a significant improvement in the mass transfer coefficient and
energy consumption in the case of circular flow as a result of the presence of secondary flows
(Dean vortices). The TMP was kept reasonably small (less than 2 bar) in our experiments to
imitate emergency situations (e.g., natural disasters) when the high pressure filtration
equipment is not available and portable water filtration kits are used for drinking water purposes
(Shamsuddin et al., 2014).

2. Experimental

2.1 Materials
Experiments were performed with Microdyn-Nadir (Wiesbaden, Germany) regenerated cellulose
membrane (UC100: RC100) with molecular cut off (MWCO) of 100kDa and porosity of 54%.
The porosity was determined using pychometric method (Palacio et al., 1999). The membrane
samples were first soaked with deionized water for one hour, water was changed every 20
minutes interval to remove any wetting agents. Membrane pore size distribution shown in Figure

1 was measured using bubble point test (Nassehi et al., 2010).

Humic acid was purchased from Sigma-Aldrich (Dorset, UK). The concentration of humic acid in
the aqueous feed solution was fixed and the concentration in the permeate was evaluated. The
effect of fouling was investigated at concentration of 30 mg/l of humic acid. The artificial

contaminated water was prepared i.e. 30 mg of humic acid and in 1000 ml of deionized water.
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The solution was mixed in an ultrasonic bath for 20 minutes to achieve a uniform distribution of
humic acid in the feed. The pH was adjusted between 7 and 8. Concentrations of humic acid
were evaluated spectrophotometrically using a UV spectrophotometer (model: Mini 1240 UV-
VIS, Shimadzu, Milton Keynes, UK) with the absorbance measured at 254 nm. The overall
humic acid concentration was determined by comparison of the absorbance data with an
appropriate calibration curve. The particle size distribution of particles of humic acid was
evaluated using a laser light scattering instrument for particle size determination (Malvern

Instruments, Malvern, UK) and the result is presented in Figure 2 at pH between 7 and 8.
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Figure 1 Pore size distribution of regenerated cellulose (RC) membrane used in this study.
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2.2 Membrane filtration set-ups
Two membrane configurations used are shown in Figure 3: circular cross flow systems (Figure
3 (a)) and the stirred dead end (Figure 3 (b)).

A 600 ml circular cross flow filtration cell (Amicon, Massachusetts, USA) (Figure 3 (a)) was
used which provides 40 cm? filtration surface area. The feed suspension circulated using a
peristaltic pump (Watson-Marlow Ltd, Cornwall, UK) in the range 83-250 ml/min. The retentate
was recovered and recycled back into the feed reservoir at room temperature. The suspension
was pumped in a circular channel over the membrane. The channel consists of three spirals of
varying radii from 1 cm to 4.1 cm (Figure 3 (a)) with the channel spacing approximately 1 cm.
The spiral channel has a width of 9.5 mm, height of 0.38 mm and length of 760 mm. The

pressure inside the vessel was adjusted to a predetermined inlet pressure.

A stirred dead end filtration Figure 3 (b) cell (Merck Milipore, Darmstadt, Germany) with a
diameter of 76 mm and an effective membrane area of 40 cm? was used. The flat blade paddle
impeller has a height of 9 mm and a diameter of 65 mm. The feed suspension was added into
the feed reservoir prior to the filtration process with maximum feed volume of 300 ml. The stirrer
speed was measured using a digital tachometer (Shenzhen Ever Good Electronic Co Ltd,
Shenzhen, China). Air from a compressor was supplied to a glass apparatus containing the UF
membrane at the bottom of the cell. The pressure in the filtration cell was monitored by a
pressure gauge and controlled using a pressure regulator (model 8286; Porter Instrument Co.,
Hatfield, USA). The pressure gauges for the stirred dead end and circular flow modules were
calibrated. Calibration was made by cross-checking the gauges with an accurate gauge of

varying pressures.

All experiments were conducted at a temperature of 22°C (x2°C). Each experiment was carried
out with new, clean membrane samples, which were pre-treated as described above. Filtration
experiments were conducted for 1 hour and 20 min for each module. Samples of permeate

were collected at regular intervals of 1 minute.
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2.3 Membrane thickness measurement
The purpose of measuring the thickness of the membranes is to evaluate if there is any effect of

membrane compaction throughout the filtration processes. The measurements were carried out
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by using a surface/height profiling technique. A non-contact scanning surface topography
instrument, Talysurf CLI 2000 (Taylor Hobson, Leicester, UK), was used to create a profile of
the membranes thickness. The membrane samples were mounted on a glass surface as a
reference point. Data were collected one point at a time with each point having a discrete X, Y
and Z location. A non-contact chromatic length aberration (CLA) gauge with range of 3 mm and
resolution of 100 nm, and speed of 30 mm/sec was selected. For this purpose light was directed
by a beam splitter through a spectral aberration lens onto the surface (that included the
membrane sample). The lens then splits the light into different wavelengths and at any point on
the surface only a certain wavelength was in focus. Light was reflected from the surface to a pin
hole which allowed only the wavelength in focus to pass through. A spectrometer deflected the
light onto a sensor to interpolate spatial position of the data point. The thickness of membrane

was evaluated before and after filtration experiment for compaction.

2.4 Operating conditions of circular cross flow system
The formation of Dean vortices, which generate secondary flow perpendicular, appear in the
curved channel because of the centrifugal force. If Reynolds number of the system is higher
than the critical Reynolds number, when Dean vortices start to form according to Brewster et al.
(1959). The critical Reynolds number can be found experimentally. Reynolds number in the

circular flow system (Re;r) can be defined similar to the fluid flow in a pipe as follows:

d;
Rercr = puT , 1)

where p is the density of the solution, u is the cross flow velocity of the fluid, d; is the equivalent

hydraulic diameter and p is the dynamic viscosity of the fluid.

Dimensions of the spiral channel provided by the manufacturer are: 9.5 mm (width), 0.38 mm
(height) and 760 mm (length). The peristaltic pump has a flow rate of 1.67 ml per revolution.
Therefore, the rate of flow in the spiral channel can be calculated by dividing the pump flow rate
with the volume of the spiral channel. Then, multiply it with the length of the spiral channel gives
the cross flow velocity. The pump rotation speed of the experiments in circular cross-flow
system ranged from 83-250 ml/min. Hence, the cross flow velocity was calculated in the range
between 0.383 m/s to 1.156 m/s. The hydraulic diameter of the spiral channel can be calculated
according to Kaur and Agarwal (2002):

d; = 4—2r¢ )

Perimeter

The hydraulic diameter equals to 0.0745 cm so the Reynolds number of the system fall in the
range between 287 and 861 which lies in the laminar flow region. Dean number (De) is

determined as a product of Reynolds number and the square root of the diameter ratio and

10



211
212

213

214

215
216
217
218
219
220

221
222

223

224

225
226
227
228
229
230
231
232
233

234
235
236

237

238
239

240

gives the ratio of the viscous force to the centrifugal force which shows the fluid motion in a

curved pipe or channel:

di
De = ReTCF\/diC y (3)

where d,. is the diameter of curvature of the path of the channel (equivalent centerline diameter).

The ratio of radii of the channel does not remain constant and varies in the range between 0.50
and 0.70. The equivalent centerline diameter is determined as the average radius of the
channel. Therefore d, of the circular flow system is 4.51 cm. The critical Reynolds number of our
system ranges from 33 to 45 according to the data obtained in Brewster et al. (1959). The
Reynolds number of our circular cross flow system is much higher than the critical Reynolds

number. Therefore, Dean vortices occurred under the operating conditions implemented.

2.5 Operating conditions of the stirred dead end system

The Reynolds number of stirred dead end system is calculated as:

2
Respgp = pwﬂr - ) 4)

where w is the angular velocity, and r; is the radius of the stirred dead end system.

Reynolds number of the stirred dead end system is in the turbulent flow region that is Re ~
77,427. In order to compare the circular cross-flow system with the stirred dead end system, all
the operating conditions has to be similar. All other parameters solution concentration, pH,
pressure, ionic strength and temperature of both systems were kept identical. However, the
liquid mixing and the flow profile differed because there is a difference between the circular
cross flow Reynolds number (laminar flow) and the rotational Reynolds number (turbulent flow).
So, it has been decide to maintain similar shear stresses on the surface of the membrane in
both circular cross flow system and stirred dead end system instead of keeping the identical

Reynolds numbers. This allowed a direct comparison between the two systems.

The determination of the shear stress for the circular cross flow system (trcr) is relatively
easier by solving the force balance across the membrane in the circular flow system according
to Becht et al. (2008):

APd;
Trer = —— ()
4L

where A P is the pressure drop across the membrane (transmembrane pressure) and L is the
membrane channel length:

__ Pi+p,
2

AP -p, (6)
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where P; is the inlet pressure, F, is the outlet pressure and B, is the permeate pressure. The

shear stress across the circular cross flow membrane under operating pressure of 1 bar is

approximately 12 Pa.

In order to obtain the shear stress across the membrane for the stirred dead end system, the
cell was divided into two regions which were the inner and outer ones, respectively. The shear
stress reaches the peak at the critical radius of the impeller and begins to decrease in the outer
region. The shear stress across the membrane is the average value of that in the inner and the
outer region. The critical radius of the impeller is calculated by the correlation found by

Kosvintev et al. (2005) as follows:

. , 0.036
re=2123(0.57+0352) x () mOMe_—_td_— )
2 Dy D¢ 1000+1.43Rey

where D, is the diameter of the stirred cell, D; is the impeller diameter n;, is the number of stirred

blades.

According to the definition given by Kosvintev et al. (2005) the shear stresses in the inner and

outer region are determined by Eq. (8) and (9), respectively:

T = 0.825;1(»7‘% r<r, , (8)

0.6

S 9)

7, = 0.825uwr; (rr—c) 5

where & is the momentum boundary layer (6 = \/pzw).

The critical radius of the stirred dead end system in our case equals to 2.37 cm. Hence, the
stirrer speed is determined as 750 rpm which corresponds to the shear stress across the
membrane in stirred dead end system of approximately 12 Pa. The obtained value is
comparable to the value of shear stress of circular cross-flow system. Therefore, all the
operating conditions are similar for both systems which give a possibility of direct and

reasonable comparison between two systems.

2.6 Mass transfer coefficients for the two systems
Mass transfer coefficient quantifies the resistance to the diffusion transfer in a boundary layer at
the liquid/membrane interface (Cussler, 2009), and it is an important parameter for comparing
circular cross-flow system and stirred dead end system. A high value of mass transfer
coefficient value means high mass transfer which is the desirable outcome. The diffusion
coefficient (D) humic acid particles in the deionized water are the ratio of molar flux and the

driving force for diffusion and it was determined by the Stokes-Einstein (Einstein, 1905):
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where 15 is the average radius of humic acid particles, T is the operating temperature and kg is
Boltzmann constant (1.38 x 10723 m? kg s~2 K~1). Based on the Stokes-Einstein equation, the

diffusion coefficient is determined to be 1.255 x 10712 m?/s.

According to the stagnant film model for concentration polarization in a membrane system
(Jonsson and Boesen, 1977; Van der Berg et al., 1989; Zydney 1997) the volumetric water flux,
Jv , can be written as:

Jy = kin(2=2), (12)

Cg—Cp

where k = D/6 is the ratio of the diffusion coefficient Dand the thickness of the concentration
polarization layer, §; C); , Cg and C,are the solute concentration at the membrane surface, the
solute concentration in the bulk phase and the solute concentration in the permeate,
correspondingly. Concentration C,, is always higher than Cyz due to the concentration
polarization. Eqg. (11) can be rearranged as follows:

in () n (52) 0 (5). @2

obs

where R =1 — g—” is the true rejection and R, =1 — g—” is the observed rejection. The velocity
M B

variation method (Jonsson and Boesen, 1977; Van der Berg et al., 1989; Zydney 1997) is used
to calculate the mass transfer coefficient for circular cross flow module. By plotting a linear
relationship between In(1 — R,ps)/ Rops VS. J,/u®, the true rejection R can be calculated by
extrapolation to an ordinate axis, and also the value of b can be determined graphically i.e. the
slope of each flux (Jonsson and Boesen, 1977; Van der Berg et al., 1989; Zydney 1997). Once
R and b were found, the mass transfer coefficient, both k,and k,, can be determined from Eqgs.
(11-12). The value a = 0.33 (Van der Berg et al., 1989) is used as the flow condition in the
circular channel path was laminar; and a = 0.567 (Mehta and Zydney, 2006) is used for

turbulent conditions in the stirred dead end flow system.

To convert the angular velocity (w) for stirred dead end flow, to a linear velocity (u) in order to

suit the velocity variation method, the following equation is used:
u=rxuw, (13)

where r is the critical radius of the impeller i.e. 0.0237m, u is the linear velocity in m/s, and w is
the angular velocity in rad/s. The linear velocities were calculated to range between 0.390 m/s
to 1.581 m/s.

13
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3. Results and discussion

3.1 Filtration results
As stated earlier, all experiments were conducted with a humic acid at concentration 30 mg/l.
The rotational Reynolds number in the stirred dead end system calculated using Eq. (4) at a
stirrer speed of 750 rpm was 77,427 that the flow was turbulent. In the circular flow system the
cross flow stream through the channel was laminar and the cross flow velocities were varied
from 0.385 to 1.156 m/s. The Reynolds numbers (determined using Eq. (1)) for the circular flow
system were in the range of 287 to 861. The shear stress at the membrane surface in both
systems was approximately equal to 12 Pa according to Eq. (5-9). The maximum filtration time
was 1 hour and 20 min for both systems. Since the duration of the filtration experiment was
relatively short, the variation of concentration in these circumstances would not be considerable
(less than 5%) over that period of time. Hence, it was possible in the first approximation to

neglect this variation to simplify the calculations.

Substantial differences between the two systems were found (see Figure 5). According to Eq.
(5), shear stress in the circular cross flow increases with increase in transmembrane pressures
and cross flow velocities. Figure 5 (a) shows that within the range of Re number, where the flow
conditions remain laminar (<1500), the observed permeation fluxes were much greater as
compared to the stirred dead end system. This is due to the effects of Dean vortices, which
destroy (at least partially) the concentration polarization on the membrane surface to increase,
and reduces the thickness in the membrane boundary layer, improves solute mass transfer

away from the membrane surface into the bulk phase.

In this work, the observed rejection (R,,s) was experimentally measured. However due to the
concentration polarization this value is not accurate. The true concentration of solute at the
membrane surface is higher than in the bulk phase, thus the real rejection was calculated using
Eq. (12) using the velocity variation method (Jonsson and Boesen, 1977; Van der Berg et al.,
1989; Zydney, 1997). According to the data presented in Figure 5 (b) the observed rejections
(Rops) for stirred dead end and the real rejections (R) were found to be low (Figure 5 (c)).
Accumulation of solute on the membrane surface as a result of concentration polarization effect
is likely to take place as the mass transfer coefficients calculated for the stirred dead end were

significantly lower than the circular cross flow.

In the case of circular cross flow, higher R,,, means more solute was rejected by the membrane
caused by a concentration increase in the concentration polarization layer due to higher solvent
permeation and solute retention. This can be seen from Figure 5 (c) where the true rejection
values in circular cross flow are higher than stirred dead end. The presence of circular channel

path induces the formation of Dean vortices to disrupt rapid solute build-up on the membrane
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from the membrane into the bulk phase were found to be higher.
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Figure 5 (a) Flux v/s TMP for both systems (i) circular cross flow, and (ii) stirred dead end, (b)

effect of TMP on humic acid observed rejections (R,ys), (c) effect of TMP on humic acid true

rejections (R) for circular cross flow system and for stirred dead end flow system.
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3.2 Mass transfer coefficient
Both stirred dead end flow and circular cross flow systems, the mass transfer coefficients were
determined using Egs. (11-12). The mass transfer coefficients calculated for stirred dead end
(k,) are between (2.14-4.72) x 10® m/s. For circular cross flow system, the mass transfer
coefficients (k,,) for humic acid solution calculated from our experiments fall in the range (2.24-
3.22) x 10° m/s. These values are determined from data presented in Figure 6 (a-b) in which
velocity variation method was used. A linear relationship was observed and all straight lines
which fitted the data points showed almost identical gradient. An extrapolation to an ordinate
axis will determine the value of the true rejection (R) at various pressures. According to our data
the calculated values of R increased with the transmembrane pressures increase as seen in

Figure 5(c).

Comparison of the mass transfer coefficients for both the systems proves that the mass transfer
coefficients for circular flow systems were significantly higher as compared with stirred dead end

system at similar operating conditions.

In the case of vortex flow ultrafiltration with Taylor vortices, the mass transfer coefficients were
in the range of (0.4-4.0) x 10° m/s according to Agarwal (1997), whereas for cross flow filtration
the mass transfer coefficients were around (1.0-5.0) x 10° m/s (Muller et al., 2003; Kaur and
Agarwal, 2002). The method used by Kaur and Agarwal (2002) to assess the mass transfer
coefficient is debatable as the true rejections (R) could not be extrapolated from just one
crossflow velocity. This was the difference in our approach used: the velocity variation method
as shown in Figure 6 (a-b) at different crossflow velocities was used, the values of mass
transfer coefficients (k,,) and (k,)and the true rejections (R) were graphically calculated.
Meanwhile Figure 6 (c) shows the relationship between mass transfer coefficients (k) and
TMPs for both systems. A linear relationship was expected as mass transfer would increase as
TMPs increases. The values of k,, are always higher when compared with k, at similar
operating conditions, hence we conclude that circular cross flow system is better than stirred

dead end.
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Figure 6 Velocity variation plot for (a) circular cross flow system, and (b) stirred dead end flow
system, In [(1-Ros)/ Reps] @s a function of J/u®*® and J,/u®*®" respectively, at various
transmembrane pressures, (c) mass transfer coefficient, k,, and k, against TMPs.
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3.3 Membrane thickness measurements
Table 1 shows the membrane thicknesses and permeate qualities for both systems before and
after filtration experiments. An increase in the membrane thickness less than 0.2% could be due
the deposition of humic acid particles on the membrane surface but it is not significant enough
to cause noticeable membrane fouling. No significant fouling was observed on the surface of
the membranes in both systems due to low feed concentration (~30mg/l), but traces of humic
acid can be seen in permeate when experiments were conducted with the stirred dead end

module.

Table 1 Comparison of membrane thickness and permeate qualities between circular flow and
stirred dead end systems.

Membrane Membrane Membrane % Thickness Permeate Average
system thickness  thickness increase/decrease turbidity humic acid
(before) (after) for imposed (NTU) concentration
conditions in permeate
(mg/l)
circular
LN atla 273.70 £0.19% Increase ~ 0.09+0.01 1.354:0.05

+0.05 um +0.05 um

Stirred
deadend 57435 274.91 +0.20% Increase  0.17+0.05 13.780+0.05
flow +0.05 um +0.05 um

Under similar operating conditions with constant TMPs of 0.5 bars for both modules, the overall
permeate qualities were determined. The results shows that permeate turbidity and
concentration of HA were much lower when circular flow was used. Both turbidity and humic
acid concentration in permeate were less than 0.10 NTU and 2 mg/l respectively which meets
the drinking water standard from WHO. In stirred dead end system however, solute penetration
through the membrane causes higher turbidity and humic acid concentration in the resulting
permeates. It was found that 19% calculated from transmission data represents the amount of
humic acid observed in the permeate as seen from Table 1. Figures 2 and 3 give indications
that smaller solute size might contribute to the transmission of HA through the pores and into

the permeate.

The energy consumption for both systems were calculated and compared at similar operating
conditions used. For stirred dead end system, in order to produce 12 Pa of shear stress the

system required stirrer speed of 750 rpm which results a Reynolds number of 77,427. Since
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Reynolds number is higher than 10%i.e. turbulent regimes, the power number Ny is independent
of the Reynolds number, and viscosity is no longer a factor to be taken into account; the
following equation was used to calculate the amount of power consumption (McCabe et al.,
2001):

P = N;w®D%p , (14)
where w is angular velocity, and D; is the diameter of the impeller.

The total energy consumption calculated was 0.955 kW per volume of purified water. Meanwhile
the total energy consumption for the circular cross flow system calculated was found 0.345 kW
per volume of purified water. It was assumed for calculation of energy consumption that it is
proportional to pressure drop across the membrane multiplied by the flow rate of feed for ‘a thin
channel flow’ designs according to Bird et al. (1960). This calculation proved that energy
consumed by circular cross flow system was much less than by stirred dead end system. This
conclusion on energy consumption by modules with Dean vortices is in line with other authors
Moulin et al. (1999) and Manno et al. (1998). These authors concluded that the presence of
Dean secondary flow, even at fixed amount energy dissipated would result in more permeation

fluxes compared to other conventional modules.

4. Conclusions
Ultrafiltration of humic acid solutions using two different configurations (circular flow and stirred
dead end set-ups) were studied and compared. Flow arrangement in both systems is
considerably different and the method of comparison has been suggested, which allows
comparison under similar conditions. Both systems were compared in terms of convective mass
transfer in the filtration experiments, permeate fluxes, rejections and energy consumed per
volume of purified water. The presence of Dean vortices in circular flow system due to the
curved geometry of the channel creates flow patterns which resulted in reducing of the effects of
concentration polarization and, hence, fouling in the filtration processes and higher rejection.
The mass transfer coefficients for stirred dead end system, (k,,) were determined to range from
(2.14-4.72) x 10°® m/s; however, for circular cross flow system, the mass transfer coefficients
(k,,) were in the range (2.24-3.22) x 10°m/s. Energy consumed per volume of purified water by
circular flow system (0.345 kW) was calculated to be much lower as compared to the stirred
dead end system (0.955 kW). This proved that not only the performance of circular flow system

was better in terms of mass transfer coefficient, and rejections but also more energy efficient.
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