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Abstract: Problem statement: Reverse osmosis is increasingly used as a separggchnique in
chemical and environmental engineering for the neahof organics and organic pollutants present in
waste water. The removal of an organic compoundhehaphenol, using a polyamide membrane was
investigated in this study. Waste water contairphgnol present a serious environmental problem and
increasing attention is being given for its remowsing RO membranes. Objective of this study is to
(i) generate experimental data related to the reo¥ phenol using a spiral wound polyamide
membrane (ii) analyze the performance of the menm@rssing solution-diffusion model and validate
the model with the experimental dafgoproach: Experiments were conducted on a laboratory scale
spiral wound polyamide RO module. The permeate eotnations and rejection coefficient values
were measured for various feed inlet pressuresfaeaed concentrations. The total feed flow rate,
3.33x10“ m® sec’ (20 LPM) was not varied. The transport of solvemd solute through the
membranes were analyzed using solution-diffusionrdehaaking concentration polarization into
account.Results: By varying inlet pressures from 4-14kgn®) and feed concentrations of phenol
from 200-1100 ppm, the rejection coefficients & thembrane were measured and found to vary from
64-91%. The solvent and solute transport parametere determined by a graphical procedure using
the experimental data and its values were<B0¥ (m atmi') and 6.5410 (m sec') respectively.
Conclusion: The model and the estimated parameter values wadicated with the experimental data.
The model was able to predict the rejection withB®6 error. In view of the fact that not much
information is available on the usage of spiral mpolyamide RO membrane modules for the
removal of phenolic compounds, it may be conclutted the experimental results reported in this
study is very significant in the scale up and desi§ RO system for treatment of industrial effluent
containing phenolic compounds.
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INTRODUCTION demonstrated by Chiast al. (1975). A number of
studies (Kimura et al., 2003; Xu et al., 2005;
Reverse Osmosis (RO) processes have been wideBellona et al., 2004; Yoon and Lueptow, 2006) have
used for separation and concentration (recovery) obeen reported on the application of RO for the neaho
solutes in many fields. The use of RO in the treatin of organics such as endocrine disrupting chemicals,
of various effluents of chemical (Bodalo-Santayal., plastic additives, pesticides, pharmaceuticallyivact
2003; 2004 petrochemical, electrochemical compounds (PhaC’s), benzene and toluene. Typical RO
(Koopset al., 2001), food, paper and tanning industriesmembranes like cellulose acetate and polyamide show
as well as in the treatment of municipal waste vgate very high rejection of above 0.98 for inorganidsédike
have been reported in the literature (Schutte, P003NaCl, NaSO,. However, for organics, the rejection is
Also, the removal of individual contaminants by RO reported to be lower and varies widely in the ranfje
has been studied by very few researchers (Murtldly an0.3-0.96 (Pozderiviet al., 2006; Senthilmurugan and
Gupta, 1999; Moresit al., 2002; Arsuagat al., 2006).  Gupta, 2006). Phenol and its derivatives are ingmort
These individual contaminants, though present at lo compounds used extensively in the synthesis of many
level can cause problems. The potential of these R@rganic compounds (Senadt al., 2006). Phenolic
processes to remove organic contaminants was firgstompounds are found in industrial wastes from coal
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gas, gas coking, petroleum and pharmaceutical Permeate recycle
industries as well as in a wide variety of indwtri 1

wastes from process involving the use of phenol Feed tank

derivatives resembling those of phenol. In the @mes B0 menibiasne

investigation, phenol is separated from synthetic
agueous binary solutions using a reverse osmosis th
film composite polyamide membrane and the separatio
data are analyzed to estimate membrane parameters. ﬂRmamﬂﬂ' g
Models that adequately describe the perfoomani ) ﬁﬁ;m
RO membranes play a very significant role in the il g L2
design of RO processes. Many mechanistic and Retentate recycle
mathematical models have been proposed to describ: P: P Prpressure gauge
RO membranes. Two of the widely used models that . . . ,
describe the transport through the RO membranthare F19- 1: Flow diagram of the pilot plant membranét un
solution diffusion model proposed by Lonsda&teal.
(1965) and the irreversible thermodynamics modell "€ Permeate and the concentrate flow rates were
proposed by Kedem and Spiegler (1966). These modefgéasured by means of two glass rotameters congainin
could be used to predict the solute and solvensprart metal floats. Smc_e the feed gets heated by tha hig
characteristics of the membranes with reasonabl@"€SSUré pump, it was necessary to cool the feed
success. In this research, the solution diffusiardeh  €S€rvor by circulating cooling water through g
will be used. The membrane parameters estimated usi C°il in the feed tank to keep the temperature a236.
the experimental data generated will be utilizedhiis Solutions were prepared by dissolving definite

membrane transport model developed for the theadeti quantities (ﬁn ppm) of pure phenol .(>99'5% pgri'ﬂry)
estimation of the rejection capabilities of the raw water in the feed tank of 80 liters capacitheT
membrane. flow rate of the feed solution was set constant at

3.33%10* m® sec¢! (20 LPM. Operation was in a
MATERIALSAND METHODS recycle mode, i.e., the feed-reject solution asl wsl
permeate were recycled to the feed tank (closep)loo

The Perma-TFC polyamide RO membrane in Spiraﬁamples_ of feed, permeate and retentate Were_mken
wound configuration (supplied by Permionics, Vadaga egular intervals during the run and the unit was
India) was used in this study. The membrane has apPerated for sufficient time to ensure steady state
effective area of 0.75 frand the module length is 21” conditions. The concentrations of fegd, permeat® an
and diameter is 2.5 inches. The membrane is capdble '€teéntate samples were analyzed using HPLC (Make:
withstanding pH values in the range of 2-12, Pnessu Perkin Elmer, USA) equped with an UV detector_and
up to 20 atm and temperatures up to 50°C. The flov¥-18 column. The r_nob|Ie phase used was Acetonitrile
diagram of the pilot plant unit is shown in Fig. 1. water (50:_53%) delivered at a constant  flow raite

The experimental RO system consisted of al.5 mI__ min-. The samples were analyzed soon after
Polyamide membrane kept inside a stainless stedollection. A set of three samples were collectech a
cylindrical housing capable of withstanding high time and checked for consistency. The experiments
pressures. A feed tank of 80 L capacity made ofvere carried out using binary mixtures - containing
stainless steel is provided for storage and supptpe ~ Phenol compound in water of varying solute
feed to the system as well as for the collectiothef concentration in  the range of 2.%26°
recycled Permeate and Retentate. A high Pressud.6<10° Kmol m™ (200-1100 ppm) and the feed inlet
Pump capable of developing a pressure up to 300 Ppressure in the range of 4-15;kgi%. The membrane
(20 atm) was installed for transporting the feeglii ~ system was first run with raw water to determine th
through the membrane system at a fixed flow cdte solvent (water) transport parameter. Experiments ar
20 LPM. A micron filter installed in the upstrearndes repeated for different feed concentrations of phefo
of the membrane unit prevented entry of suspendetbtal of 29 sets of readings obtained from these
solid particles which otherwise would damage theexperiments are given in Table 1.
membrane. A manual needle valve was provided at the
outlet of the retentate line to pressurize the figuid ~ Theory: The solution diffusion model with
to a desired pressure indicated by pressure gaug€§ncentration polarization is used for usel
installed in both the feed and emtate lines. and solvent transport through the memb.
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Table 1: Experimental data obtained for rejectibphenol for feed flow rate;E 3.3%10“m*sec’

Sr. Gx10° P P, T Cx10° Cx10° F,x10° Fox10*

No.  (kmol m®) (atm) (atm) (°C) (Kmol rr?) (Kmol m®) (m*sec?) (m*sec?) R

1 2.125 4.93 2.99 32.5 0.831 2.35 3.53 3.30 0.6462
2 2.125 6.90 4.96 33.1 0.647 2.37 5.20 3.30 0.7270
3 2.125 8.90 6.90 33.0 0.580 2.41 7.20 3.20 0.7593
4 2.125 10.90 8.90 33.2 0.524 2.45 9.60 3.16 0.7861
5 2.125 14.80 12.90 34.0 0.349 2.78 12.20 3.06 48.87

6 4.250 4.93 2.99 32.2 1.240 5.30 3.30 3.33 0.7660
7 4.250 6.90 4.96 32.8 1.050 5.62 5.00 3.30 0.8132
8 4.250 8.90 6.90 33.5 0.600 5.60 7.00 3.25 0.8929
9 4.250 10.90 8.90 33.9 0.720 5.70 8.50 3.16 0.8737
10 4.250 12.80 10.90 34.5 0.685 5.74 10.25 3.00 800.8

11 4.250 14.80 10.90 34.5 0.718 5.82 12.25 3.08 766.8

12 6.375 4.93 2.99 325 1.400 6.94 3.20 3.33 0.7983
13 6.375 6.90 4.96 33.0 1.240 6.95 4.33 3.25 0.8216
14 6.375 8.90 6.90 33.2 1.176 7.11 5.93 3.20 0.8346
15 6.375 10.90 8.90 335 0.940 7.12 7.00 3.16 0.868
16 6.375 12.80 10.90 33.8 0.870 7.24 8.70 3.08 98.87
17 6.375 14.80 12.90 34.0 0.630 7.33 11.10 3.00 140.9

18 8.500 4.93 2.99 32.0 2.610 8.88 3.13 3.20 0.7061
19 8.500 6.90 4.96 325 2.220 8.88 4.53 3.16 0.7500
20 8.500 8.90 6.90 32.8 1.930 8.91 6.20 3.13 0.7834
21 8.500 10.90 8.90 33.0 1.600 9.20 8.20 3.08 1.826
22 8.500 12.80 10.90 33.2 1.470 9.20 9.30 3.03 02.84
23 8.500 14.80 12.90 33.5 1.400 9.30 11.50 3.00 49%.8

24 10.600 4.93 2.99 315 3.090 10.70 2.66 3.25 1271
25 10.600 6.90 4.96 32.2 2.520 10.71 4.13 3.16 40.76
26 10.600 8.90 6.90 32.6 2.020 11.00 5.86 3.13 63.81
27 10.600 10.90 8.90 32.8 1.830 11.10 7.50 3.08 350.8

28 10.600 12.80 10.90 32.8 1.690 10.99 9.00 3.00 8462.

29 10.600 14.80 12.90 33.0 1.400 11.10 10.50 2.91 8739

Completely mixed flow pattern is assumed on both th Al = The osmotic pressure difference across the
retentate and permeate sides. The pressure on the membrane
retentate side of the membrane is taken as theageer

of feed inlet and outlet pressure. Atmospheric gues The Osmotic pressure may be linearly related to
is assumed on the permeate side: Concentration (C) by the equation:
AP = [(H+P0)/2]'Pp (1) n (C) =RTC (5)
The working equations of solution diffusion model

(Mason and Lonsdale, 1990; Gupta, 1985) are: If:

C. = The concentration at the membrane feed side
J=(B)(C,-Cp) (2)  C,=The concentration at the permeate side, then
3, = A, (aP-4n) @  an=n(c,)-n(c,) (6)
J=3G (4) Intrinsic rejection coefficient:
Where: ) RO=1- (CP] (1)
J; = The solute flux (Kmol fifsec) C.

J, = Solvent flux (Msec*m?) = m sec'
A, =The solvent transport parameter (m Sa¢m) Rejection coefficient:
Bs = The solute transport parameter in m Sec

AP =The pressure difference across the membrang —;_ G
(transmembrane pressure) Co

(8)
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F theoretical model described earlier and the valles
Recovenp = F (9) Rejection coefficient R, Permeate concentratigrai@
' flow rates were determined theoretically.

and RESULTSAND DISCUSSION

) o A The experimental separation data’s obtained for
Separation coefficient o :(BW] (10)  Phenol-water are presented in Fig. 2 and 3, wheee t
s observed Rejection coefficient (R) and the permeate
concentration are plotted against the inlet pressBi
M = C,/C, (11)  for different feed concentrations. The rejection
capabilities of the membrane for phenol are shomn i
Accumulation of the impermeable solutes on thethe Fig. 2, where the measured rejection coefftoies
membrane surface leads to the development of plotted against the applied pressure across the
concentration polarization layer which may bemembranes. It was found that the value of R in@®as
determined by the concentration polarization modelyith the increasing applied pressure. The maximum

given by: rejection obtained is around 90% for phenol. FigBre
shows the variation of permeate concentration with
[%) Cy-C, 12 inlet pressure for various feed concentratiophanol.
e =
e c (12) _
0.9500
H 0.9000
ere; v .
C, = The concentration of solute in the bulk solution = 02800
k =The mass transfer coefficient which is estimate 3 08000
using the correlation as reported by Wankat (1990): ~ 07500
0.7000
1/3 -
~ Usz 0.6300
0.00 5.00 10.00 15.00 20.00
Where: Intel pressure P; {(atm)
D = The diffusivity of the solute —+—2215 -—@-4.25 —4k—6375

U, = The bulk velocity of the solution

h = The spacing between the plates Fig. 2: Rejection Vs Inlet pressure for feed

concentrations, €10%(kmol m®) of phenol

Substitution of Eq. 6, 7 and 10 in Eq. 11 gives th 3.500
following relationship:

£. 3.000
2 = 2.500
% :Bs[—R } (14) : £ 2.000
Iy 1-R 2 5 1.500
ok £ <& 1000
= 0.500
Using the experimental values gfahd R, a plot 0000
3 R 000 500 10.00 15.00 20.00
of Jb Vs R is made to estimate the solute Intel pressure P; (atm)
3 _
ek ——2.125=—1.25 —4—6.375

transport parameter B for both phenol-water and ——S55 —m—10.6

chlorophenol-water solutions. The other membrane

parameter, i_e_’ the solvent transport parametw) (A Flg 3: Permeate concentration Vs Inlet pressure at
can be found out from a plot of ¥s (AP-AM ). The various feed concentrationsx@0’ (kmol n®)
values of A, Bs and k were substituted in the of phenol
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B : ¥ y ‘ ‘ increasing feed concentration and this reduces the
g ol | driving force for the mass transfer, thus leading t
£ N ik . lower permeate flux. Also, since the driving forfoe
;T: . o ¥ et e 1 the mass transfer increases for higher feed pressur
=, i *** * Be=65367e-:007 | the permeate flux is seen to increase with incnepsi
2 S applied pressures.

o . : * . - % Experimental data obtained from the pilot plant RO

RA-R spiral wound module for various operating condiion

were used to obtain parameters of these systemg usi
our parameter estimation program. The value of mass
transfer coefficient ‘k’ using the correlation given
equation 13 is 12.2300° m sec’. The solvent
transport coefficient (&) was determined by using the
pure water permeability data and were also verified
: . . ; with a plot shown in Fig. 4 and its value is foundbe
constant for all cases i.e., 33 (m atm"). The value
of solute transport ( parameter is found to be
Fig. 4. Graphical plots for the estimation of paedens  6.54x10™" (m sec') for phenol as obtained from Fig. 4.
Ay and B These estimated parameters were used for the
prediction of separation data as shown in Tablan@
compared with the experimental values obtainedezarl
(Table 1). The model is able to predict the regacti

o o o
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r T T
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Table 2: Experimental and theoretical data showirgjection
characteristics for phenol separation

Cix10° P L

Sr.No.  (kmol ) (atm) R (exp) R (theory) Error (%) Within error of 10%.
1 2.125 6.93 0.646 0.642 0.59
2 2.125 8.90 0.727 0.698 4.00 CONCLUSION
3 2.125 10.90 0.759 0.733 3.45
4 2.125 12.90 0.786 0.758 3.62 The research reported in this study dealt with
g i%ég 1g'gg 8'%3 8'228 ﬁ;g product recovery and concentration reduction of
7 4.250 8.90 0.813 0.737 9.38 pollutants in industrial wastewater using a RO apir
g 2-%28 ig-gg 8-232 8-;;2 13-23 wound membrane. The pollutant investigated was
10 4,950 14.80 0.881 0813 767 phenol. The membrane was operated in a continuous
11 4.250 14.80 0.877 0.813 7.25 steady state mode and the experimental data were
12 6.375 6.93 0798 0.696  12.83 obtained for the removal of phenol for a wide range
13 6.375 8.90 0.822 0.754 8.21 | . d feed inl h
12 6.375 10.90 0.835 0.790 539 solute concentration and feed inlet pressures. The
15 6.375 12.90 0.868 0.814 6.27 solution  diffusion model with  concentration
16 6.375 14.80  0.880 0830 563 polarization was used for solute and solvent trartsp
17 6.375 16.80 0.914 0.844 7.68 :
18 8.500 6.93 0.706 0.704 0.30 through the membrane. Completely mixed flow pattern
19 8.500 8.90 0.750 0.764  -1.83 was assumed on both the retentate and permeate side
20 8.500 1090 0783 0800  -2.08  The model was tested for its consistency and viitia
21 8.500 12.90 0.826 0.824 0.28 ) ) )
22 8,500 14.80 0.840 0.840 -0.03 with the experiment data obtained for phenol. Atbe,
23 8.500 16.80 0.849 0.854  -0.52 solute and solvent transport parameters of the
gg ig'ggg g'gg 8';613% 8';% _8"&% membrane for phenol were estimated and used to
26 10.600 10.90 0.816 0.806 1.26 predict the separation data. These predicted date w
% ig-ggg ii-gg g-gzg 8-22(7) 8-5& then compared with the experimental values and the
29 10.600 1680 0874 0861 152  Percentage error was calculated.
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