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Abstract: A scheme is proposed for the treatment of the leather plant effluent using
membrane based separation processes. The effluent coming out from the various
upstream units of the leather plant (except chrome tanning) are combined and a two
step pressure driven membrane processes involving nanofiltration (NF) and reverse
osmosis (RO) are adopted after a pretreatment consisting of gravity settling, coagu-
lation, and cloth filtration. The entire membrane separation scheme is validated by con-
ducting experiments under a continuous cross flow mode. A detailed parametric study
for cross flow experiments is investigated to observe the effects of the operating con-
ditions, i.e., the transmembrane pressure drop and the cross flow velocity on the
permeate flux and quality for both NF and RO. Using a combination of osmotic
pressure and solution diffusion model for both NF and RO, the effective osmotic
pressure coefficient, solute diffusivity, and the solute permeability through the
membrane are obtained by optimizing the experimental permeate flux and concen-
tration (in terms of total dissolved solids) values for this complex industrial effluent.
The BOD and COD values of the finally treated effluent are well within the permissible
limits (in India).
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INTRODUCTION

Increasing industrial density, human population, and use of the old and
polluting technologies lead to increasing environmental pollution. Since the
environmental protection has now become a global issue, a cleaner and
greener technology is warranted for the abatement of the industrial
pollution. The leather industry is one such highly polluting industry.
Leather is a natural product like wool and is obtained from a variety of
animals, like, cows, sheep, goats, etc. The transformation of the raw hide
into leather requires various mechanical treatments and also a series of
chemical treatments. Chemical processing is generally carried out using
different chemicals; e.g., acids, alkalis, salts of sodium and chromium,
dyes, etc. (1).

In India, the annual amount of hides and skins processed is about 70,000
tonnes resulting in 75,000 m® of the liquid effluent per day (2). Sodium
chloride, sodium sulfide, lime, chromium, protein, fats, etc. are the major
constituents (3). The effluent has a high biological oxygen demand (BOD)
and chemical oxygen demand (COD). Small scale tanneries release the
effluents from the “beam house” through a common header directly to the
sewage /river stream.

Membrane based processes offer a cleaner technology in the treatment
of various industrial processes for separation, purification, concentration,
and fractionation of the solutes (4-7). Cassano et al. (8) presented a
detailed conceptual possibility of various applications of the membrane
based processes, e.g., microfiltration (MF), ultrafiltration (UF), nanofiltration
(NF), and reverse osmosis (RO) on different effluent streams of the beam
house. Application of NF to the effluent from the liming (9) and UF from
the degreasing (10, 11) unit have been reported. The use of UF and RO to
treat the soaking, deliming/bating, and pickling effluents are conceptualized
(8). The treatment of the chromium rich tanning effluents using UF and NF
is mostly studied (12—17) for the recovery and reuse of tanning chemicals.
However, application of the membrane based processes to treat each of the
“beam house” effluent becomes cost intensive.

Hence, it is envisaged that the combined effluents coming from all the
“beam house” processes, namely, soaking, liming, fleshing, deliming,
bating, pickling, and skin degreasing (just before the tanning step), may be
treated by a two—step membrane based process (NF followed by RO) after
proper pre-treatment (using gravity settling, coagulation, and coarse fil-
tration). The performance criteria of these membrane processes are
evaluated in terms of COD, BOD, conductivity, total dissolved solids, and
the permeate flux of the treated effluent. The validity of the above scheme
is tested in a continuous cross flow cell. It is envisaged that the retentate of
both the membrane processes can be recycled to the gravity settling chamber
for further processing and the final permeate of RO can be recycled back to
the “beam house” for make up water and chemicals. The schematic of the
treatment of the effluent is shown in Fig. 1. A detailed parametric study is
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Figure 1. Proposed scheme for the treatment of effluent 1.
carried out in a continuous cross flow system by varying the cross flow rates and
the operating pressures. An osmotic pressure model is used in combination of a
solution diffusion model to determine the various process parameters, namely,

effective osmotic pressure, solute diffusivity, and solute permeability through
the membrane for this complex effluent, in case of NF as well as RO.

THEORY

Using the osmotic pressure model, the permeate flux is expressed as,
J=L,(AP — Am) (1
The osmotic pressure difference across the membrane is given as,
Amr=m, —m, (2

where, m,, is the osmotic pressure at the membrane surface and ), is that in the
permeate stream. Being a colligative property, the osmotic pressure is related
to the solute concentration through vant Hoff’s relationship,

T = dac (3)

where, the osmotic coefficient a is given as a = RT/M. Using Egs. (1) to (3),
the permeate flux is described as,

J = L,[AP — a(c,, — ¢))] 4)

According to the stagnant film theory, the permeate flux is expressed in terms
of mass transfer coefficient as,

J= kln(ﬂ> (5)

Co—Cp
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Combining Eqgs. (4) to (5), the following expression is obtained,

B[t~ a(en— )] = kln(cm — CP) 6)

co—Cp

where, « = a/AP andJ?VZLpAP.

According to solution diffusion model, the solute flux through the
membrane is proportional to the concentration difference across the
membrane surface. Therefore, the following equation is obtained,

Je, = B(cm — cp) (7
Combining Egs. (1) and (7), and after algebraic simplification, the term (c,,-c;,)
can be expressed in terms of ¢, only as,

p
cp =
ac, + B

Cm —

®)

Substituting Eq. (8) in Eq. (6), the following nonlinear algebraic equation of ¢,
is obtained,

Bve Cp
—w kI =0 9
acp, + B n|:(acp + B) (Co — c,,):| ©)

where, B8 = B/J?V
The mass transfer coefficient under laminar flow conditions is given by
Leveque’s equation,

I
kd, d)\3
Sh="5= 1.86(ReScZ)3 (10)

where, d, is the hydraulic diameter of the flow channel. For a thin channel, the
value of d, is 4h, where, h is the half height of the channel. The term ReScd, /L
becomes uod>/DL after simplification. With a knowledge of the parameter
values, i.e., D, a and B, Eq. (9) can be solved iteratively to obtain the value
of ¢, at a fixed set of operating conditions, i.e., AP.uy and ¢, and in turn,
¢, from Eq. (8) and permeate flux from Eq. (7).

Numerical Solution

Since pretreated leather plant effluent consists of various salts at different
concentration levels as well as some smaller sized organic materials, the
three parameters, namely, diffusivity (D), osmotic coefficient (a), and solute
permeability through membrane (B) are difficult to obtain. Hence, an optimiz-
ation method is employed with an initial guess of these three parameters and
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minimizing the following error function to obtain the values of these

parameters,
N X cale 2 N exp __ .calc 2
JP —J ¢ c
s=Y (S ) + Z<7” = ) (an
i=1

14

The above optimization process is applied both for NF and RO and the
model parameters are evaluated for both the systems. BCPOL subroutine of
IMSL library using unconstrained direct search algorithm is used for optimiz-
ation and Newton-Raphson algorithm is employed for solution of Eq. (9).

EXPERIMENTAL

Effluent

Effluent is collected from the main drain of M/s Alison Tannery, Kolkata,
India, which contains all the effluent from the “wet blue” process except the
chrome tanning. The characterization of the effluent has been carried out
and is presented in Table 1.

Chemicals Used

Potassium alum is used for the coagulation and is procured from the local
market. All the chemicals, required for the determination of COD and
BOD, are procured from Loba Chemie India. All chemicals are of analytical
grade and are used without further treatment.

Nanofiltration of the Effluent

Membranes

Organic polyamide membranes of molecular weight cut off of 400 is used for
nanofiltration. The NF membrane is selected to remove the organic materials
first, so that the solid load on RO becomes less. A thin film composite
polyamide membrane is used for reverse osmosis. All the membranes are
procured from M/s, Genesis Membrane Sepratech Pvt. Ltd., Mumbai, India.

Table 1. Characterization of leather plant effluent

Total
COD BOD Conductivity TDS TS Turbidity sulphides
(mg/l) (mg/h) pH  (mS)  (kg/m’) (kg/m’) (NTU)  (mg/])

4335 1800  3.39 138 92 116 157 5100
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The permeabilities of the membrane are determined using distilled water and
are estimated to be 3.25 x 10~'" m/Pa-s for NF and 7.52 x 10~ m/Pa - s
for the reverse osmosis membrane. The range of the operating pressure
is 414 to 966 kPa for NF membrane and that for RO is 828 to 1380 kPa in
order to determine their permeabilities. The nanofiltration membrane is
charged and its isoelectric point is 2.9.

Membrane Filtration Cell

The clarified effluent is pumped by a high pressure reciprocating pump from
the stainless steel feed tank to the cross flow cell with a rectangular channel.
The effective length of the membrane is 37.3 x 107% m and the width is
5.2 x 10~% m. The channel height is determined by the thickness of the rec-
tangular teflon gasket and this height is 3.44 x 107> m. The retentate
stream is recycled back to the feed tank. Because of recycling maximum
increase in the feed concentration (in terms of total solids) is about 1% in
the feed and hence, it is assumed that recycling does not influence the
process. The pressure and the cross flow rate inside the membrane channel
are independently set by operating the valves in the bypass line and that at
the outlet of the membrane cell. Permeate samples are collected from the
bottom of the cell and are analyzed for COD, BOD, TS (total solids), TDS
(total dissolved solids), conductivity and pH. The schematic of the experimen-
tal set up is available elsewhere (18).

Operating Conditions

The operating pressures for NF are 414, 552, and 828 kPa and those for RO are
828, 1104, and 1242 kPa. The cross flow rates are 30 (Re = 320), 75
(Re = 800), and 1201/h (Re = 1280). These cross flow rates correspond to
the cross flow velocities, as, 0.05, 0.12, and 0.19 m/s, respectively. For RO
runs, feed is generated by collecting the permeating solution through a NF
membrane at 828 kPa and Re = 1280.

Procedure

Pretreatment

The effluent is kept in five 500 ml capacity beakers. The optimum
coagulant is determined by adding 0.2 to 3 g/l alum to the effluent and
measuring turbidity, BOD, COD, TS, and TDS after 30 minutes. Once the
optimum coagulation dose is obtained, the supernatant of the gravity settled
liquor is treated with the optimum alum dose. The gravity settlement is
carried out in a 10 liter container. After coagulation, the sludge settles at
the bottom and the supernatant is siphoned out. A fine nylon filter cloth is
then used for further clarification of the collected supernatant. The clarified
liquor is then treated by the membrane separation processes.
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Nanofiltration and Reverse Osmosis

In the membrane-based experiments, each membrane is first compacted
with distilled water using a higher pressure of the maximum operating
pressure. The membrane permeability is estimated from the permeate flux
versus pressure data, using distilled water. After that, the cell is charged
with the pretreated effluent. The duration of the cross flow experiments are
of one hour. The permeating solution is collected on a digital balance on a
cumulative volume basis. From the slope of the cumulative volume versus
time curve, the permeate flux is calculated. The permeate samples are
collected at regular intervals for analysis.

Analysis

The conductivity, total dissolved solids (TDS), turbidity and pH of all samples
(feed, permeate and retentate streams) are measured at room temperature
using a deluxe water and soil analysis kit, model no 191E, manufactured by
Toshniwal Instruments Ltd, India. Total solids (TS) of all the samples are
measured by taking a known volume of sample in a petri dish and keeping
in an oven maintained at 105+2°C till complete drying of the sample.
COD and BOD are determined using standard techniques (19).

RESULTS AND DISCUSSION
Pretreatment of the Effluent

The supernatant of the pretreated effluent is taken out and various properties, e.g.,
pH, conductivity, TDS, TS, turbidity, BOD, and COD are measured. These prop-
erties of the alum treated effluent with the alum dose are tabulated in Table 2. Itis
clear from Table 2 that COD, BOD, turbidity, and TS decrease sharply with the
increase in alum dose upto 1.0 g/1; but, the decrease is less for higher dosages of
alum. Therefore, 1.0 g/1is considered as the optimum alum dose. Further, the pH
at this level of alum concentration is almost neutral.

Table 2. Characterization of the clarified effluent after different alum doses

Alum dose COD BOD Turbidity TS TDS
(kg/m”) (mg/h)  (mg/D (NTU)  (kg/m’)  pH  (kg/m’)
0.2 2970 1350 72.5 16.0 6.8 14.3
0.5 2880 1200 65.0 14.0 6.9 13.0
1.0 2280 850 43.8 14.0 7.7 12.8
2.0 2282 854 40.1 13.5 8.3 12.1

3.0 2284 856 382 13.5 8.6 11.9
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After establishing the optimum alum dose, the effect of gravity settling is
investigated. It is observed that the gravity settlement of 2 days results in a
decrease in the COD from 4335 to 3768 mg/l. Therefore, the optimum
alum dose is applied to the “gravity settled” solution and it results in a
COD and BOD of 864 and 388 mg/I, respectively. The TS and the TDS are
14 and 13.7 g/1, respectively, after the sludge separation. The amount of
sludge generated is 102 g/1 after drying, which can be used as a fertilizer.
The other properties are found to be in the same range of those with
optimally alum treated solution without the gravity settling. Therefore, the
effluent is first subjected to the gravity settling, followed by the alum
treatment. The supernatant is then treated with the subsequent membrane
filtration after a coarse filtration by a fine cloth.

Nanofiltration in the Cross Flow Mode

A detailed parametric study is conducted to observe the effects of the
operating conditions on the permeate flux and the permeate quality.

Nanofiltration using 400 MWCO Membrane

A typical variation of the permeate flux profile with the operating time at
Re = 320 for various operating pressures is shown in Fig. 2. It is clear from
the figure that the permeate flux remains almost constant throughout the fil-
tration run. Since, there is no indication of flux decline with time, unlike the
unstirred batch cell experiments (under severe polarization conditions) (20),
pore blocking and cake filtration are not the major flux decline mechanism.
Therefore, the flux decline from pure water flux under cross flow conditions
may be the osmotic pressure controlled. For all the operating conditions in
NF, the same trend, i.e., constancy of permeate flux is observed almost
from the beginning of the experiments. The variation of the steady state
permeate flux with the transmembrane pressure is shown in Fig. 3. From
the figure, it may be observed that the permeate flux increases almost
linearly within the pressure range. For example, with increase in pressure
from 414 to 828 kPa, the steady state flux increases from about 0.8 x 1077
to 1.5 x 1075 m® / m’-s (almost 100% increase). The effect of the flowrate
on the permeate flux is also shown in Fig. 3, which shows that the flux is
almost independent of the cross flow velocity within the experimental range
considered herein. The variation of total dissolved solids in the permeate
under various operating conditions are presented in Table 3. It is observed
from Table 3 that the TDS values in the permeate decrease with the
Reynolds number and the operating pressure. With an increase in the
Reynolds number, the membrane surface concentration becomes less due to
the forced convection, resulting in a lower permeation of solutes (TDS in
this case) through the membrane. According to the solution-diffusion model,
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Figure 2. Profile of permeate flux decline during NF.

an increase in pressure results in the solvent to permeate more through the
membrane, resulting in a lower solute concentration on the permeate side (21).

As discussed in the theory section, a combination of osmotic pressure and
the solution diffusion model is used to estimate the effective osmotic pressure
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Table 3. Variation of the steady state TDS with the operating conditions during NF

Operating
pressure (kPa) 414 552 828
Re 320 800 1280 320 800 1280 320 800 1280

TDS (kg/m3) 34 2.1 23 3.1 25 24 3.0 25 2.1

coefficient (a), solute diffusivity (D) and the solute permeability (B) through
the membrane of this complex industrial effluent by optimizing the experi-
mental flux and permeate the TDS concentration values. The optimized
parameter values for NF are: a = 7219 Pa—m3/kg, D=182x10"° mz/s,
B=217 x 1077 m/s. It may be observed that the effective osmotic
pressure coefficient is one order of magnitude less than that of sodium
chloride (about 80,000). This may be explained by the fact that in the feed
of NF, apart from NaCl, other higher molecular weight salts, e.g., Na,S,
Na,SOq,, etc. and some low molecular weight organic compounds are also
present. Since, a is inversely proportional to the molecular weight of the
solute, the value of the optimized a is one order of magnitude less than that
of NaCl. The effective solute diffusivity is almost the same order of
magnitude as that of NaCl (1.5 x 10~° m?/s). The slightly higher value
indicates the presence of various salts at higher concentration (salt diffusivity
increases slowly with concentration). At these optimized parameter combi-
nations, the comparison between the experimental and calculated permeate
flux and permeate concentration is presented in Figs. 4a and 4b, respectively.
The figures show that the calculated values lie within + 15% of the experi-
mental data. The extent of the polarization on the membrane surface is
quantified in the form of the polarization modulus that is defined as ¢, — ¢, /
co — C¢p. A variation of the polarization modulus with the operating pressure
is presented in Fig. 5 for NF experiments. It is observed from the figure that
the polarization modulus increases with pressure and decreases with the
Reynolds number. Therefore, an optimum selection of the operating pressure
and Reynolds number is required for the design of a membrane module.

The variation of steady state BOD and COD of permeate with pressure is
shown in Fig. 6. From Fig. 6, it may be observed that the COD increases
slowly with pressure due to increase in driving force. For example, at
Re = 320, COD increases from 128 to 142 mg/1 as pressure increases from
414 to 828 kPa. The effects of the Reynolds number are also evident in this
case. At 828 kPa pressure, COD decreases from about 142 to 92 mg/1 as
the Reynolds number increases from 320 to 1280. It may be noted here that
the permeate COD for all the operating conditions is well within the permiss-
ible limit, i.e., below 250 mg/1. The trends of BOD with pressure and flow rate
are the same as that of the COD. A close examination of Fig. 6 reveals that
apart from the operating conditions (414 kPa and Re = 1280) all BOD
values are above 30 mg/L. In fact, the lowest BOD is at 30 mg/1, which is
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Figure 4. (a) Comparison between the experimental and calculated flux during NFb.
(b) Comparison between the experimental and calculated permeate TDS concentration
during NF.

the permissible limit. Therefore, although the permeate COD values of NF are
within the permissible limit but it is desirable to bring down the BOD below
the permissible limit. Therefore, one more filtration step using RO of the
permeating solution generated from NF is required.
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Nanofiltration Followed by Reverse Osmosis

Variation of the permeate flux with the time of filtration at a typical Reynolds
number (Re = 320) and different operating pressure is shown in Fig. 7. The
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Figure 6. Variation of COD and BOD with operating conditions during NF.
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Figure 7. Permeate flux decline profile in RO.

figure shows that the permeate flux is almost time independent from the
beginning of the experiments. This indicates that osmotic pressure is respon-
sible for flux decline (from water flux) in a cross flow set up compared to pore
blocking and cake filtration which are the dominant mechanism in batch cell
experiments (20).

The variation of the steady state permeate flux with the operating pressure
is shown in Fig. 8 for various Reynolds numbers. The effect of pressure is sig-
nificant and the steady state flux increases from 4.2 to 6 x 10~ °m®/m? s as
the pressure increases from 828 to 1242 kPa. The effect of the cross flow
rate (in terms of Reynolds number) is also shown in Fig. 8 and this effect is
marginal within the range of Reynolds numbers in this study.

Since most of the organics are retained and almost all of the salts
permeate in the NF stage, the feed for reverse osmosis mainly constitutes of
inorganic salts. Keeping this in mind, the effective solute diffusivity is
assumed to be that of NaCl and the other two parameters, i.e., effective
osmotic pressure coefficient (a) and solute permeability through the
membrane (B) are optimized as discussed in section 2. The optimized
values of the parameters for RO are: a= 1.0 x 10° Pa-m’/kg and
B=773x10"" m/s. It may be observed that the optimized value of the
osmotic coefficient is really very close to that of pure sodium chloride, i.e.,
about 80,000. With these values of the parameters, the comparison between
the calculated and the experimental permeate flux and permeate concentration
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Figure 8. Variation of steady state permeate flux with operating conditions during RO.

values are plotted in Figs. 9a and 9b, respectively. From the figures, it is seen
that the calculated values are well within + 15% of the experimental data. The
polarization modulus is also plotted for RO, in Fig.10. It is observed that the
polarization modulus increases with the operating pressure and decreases with
the Reynolds number, as expected. The variation of TDS with pressure for
different Reynolds numbers is presented in Table 4.

Variations of COD and BOD with pressure for various Reynolds numbers
are shown in Fig. 11. From Fig. 11, it may be observed that although the COD
increases slightly with pressure, but all the values are well within the permiss-
ible limit. All the BOD values are less than the permissible values except that
at the Re = 320. The COD and BOD values decrease with the Reynolds
number significantly. For example, at 1242 kPa pressure, COD decreases
from about 90 to 38 mg/l; whereas, BOD decreases from 40 to 20 mg/1,
when the Reynolds number increases from 320 to 1280. Therefore,
1242 kPa pressure and Re = 1280 give the highest permeate flux and lowest
BOD and COD values (well under the specified limits).

Comparison of the Performance of Exclusive NF and NF Followed
by RO

The comparative performance data of NF and NF followed by RO is shown in
Table 5. The operating pressures are 828 kPa and 1242 kPa for NF and RO,
respectively and Re = 1280. It may be observed from Table 5 that COD in
both the processes are within the permissible limit. BOD after the NF
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process is beyond the permissible limit. On the other hand, the permeating
solution of RO has a BOD well within the permissible limit. In order to meet
the permissible limit of the treated effluent, one has to sacrifice the permeate
flux. From Table 5, it is clear that the permeate flux is 1.53 x 107°m? / m2-s
after the NF and the flux is about 0.65 x 10> m’/m? - s after RO. Therefore,
the clarified leather effluent may be safely treated using NF followed by RO
so that the COD and BOD of the permeate remain within the permissible
limit and the treated stream can be discharged or reused.

CONCLUSION

All the effluent coming out from various process streams of a leather plant,
except chrome tanning, are treated with a series of pretreatment processes,

Table 4. Variation of the steady state TDS with the operating conditions during RO
using the permeate from NF as feed

Operating
pressure (kPa) 828 1104 1242
Re 320 800 1280 320 800 1280 320 800 1280

TDS (kg/m*) 020 0.8 0.16 0.18 0.17 016 0.16 013 0.12




09: 35 25 January 2011

Downl oaded At:

Leather Plant Effluent Treatment 3345

100 T T T T T T T

o1

;T_D | Re COD BOD i
= 320 —-— ——

o 60 800 —@— —O— .
8 1280 —&— —A— .

z L ]
‘Q" 40 b 0 .
®)

@)

O®

20 F : 5 -
s e
A T , | \

800 900 1000 1100 1200 1300

Pressure (kPa)

Figure 11. Variation of COD and BOD with operating conditions during RO.

namely gravity settling, coagulation, and cloth filtration. The optimum alum
dose for coagulation is found to be 1.0 g/l. The supernatant is then
subjected to NF followed by RO. A systematic parametric study is
conducted to observe the effects of the operating variables on the permeate
flux and quality; both for NF and RO under cross flow mode of operation.
The suitable operating pressure for NF is 828 kPa and that for RO is
1242 kPa. Re = 1280 is found suitable for both the cases. The permeate
BOD and COD of the treated effluent is found to be well within the permiss-
ible limit (applicable in India). A combination of the osmotic pressure and the
solution diffusion model is used to quantify the flux decline. A method is
outlined to estimate the effective osmotic pressure coefficient, the solute
diffusivity, and the solute permeability through the membrane. For NF, the

Table 5. Comparison of performance between NF and NF followed by RO; operating
conditions are 828 kP for NF and 1242 kPa for NF followed by RO at Re = 1280

BOD of the effluent treated by NF (mg/1) 41
COD of the effluent treated by NF (mg/1) 93
BOD of effluent treated by NF followed by RO (mg/1) 21
COD of effluent treated by NF followed by RO (mg/1) 36
Permissible BOD of effluent in India (mg/1) 30
Permissible COD of effluent in India (mg/1) 250
Permeate flux after NF (m3/rn2 -8) 1.53 x 1073

Permeate flux after NF followed by RO (m> / m?-s) 0.65 x 1073
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value of the osmotic pressure coefficient and effective diffusivity reveal that
the feed of NF contains mostly inorganic salts with some organic materials
as well. These values for RO show that the feed of RO is mainly inorganic
salts. The calculated permeate flux and permeate TDS concentration values
are within + 15% of the experimental data.

NOMENCLATURE

a osmotic pressure coefficient (Pa - m’ /kg)

B solute permeability through the membrane (m/s)
c concentration (kg/m?)

Cm membrane surface concentration (kg/ m’)

¢ permeate concentration (kg/ m3)

o experimental permeate concentration (kg/m>)

calc

calculated permeate concentration (kg/ m’)

c
cg feed concentration (kg/ m’ )

d, hydraulic diameter (m)

D effective solute diffusivity (m? /s)

h channel half height (m)

k mass transfer coefficient (m/s)

L channel length (m)

L, membrane permeability (m/Pa - s)

Re Reynolds number (p ug d,/ 1)

Sh Sherwood number (kd./D)

Sc Schmidt number (u/pD)

u, average velocity (m/s)

J permeate flux (m’/m” - s)

S pure water flux (m* /m2 - 8)

JXP experimental permeate flux (m*/m? - )
Jeale calculated permeate flux (m®/m? - s)

Greek Symbols

AP transmembrane pressure drop (Pa)

A, osmotic pressure difference (Pa)

T osmotic pressure at the membrane surface (Pa)
™, osmotic pressure at the permeate side (Pa)
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