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ABSTRACT

Ultrafiltration is being used increasingly for concentration and purification of
macromolecules like proteins and monoclonal antibodies. High flux membranes with
accurate selectivity are desirable in such applications. At higher pressure, the flux becomes
independent of the applied pressure and this state is called limiting flux. The general notion is
that no permeation of solute occurs after the onset of limiting flux, and is considered as a
bottleneck for the process. During ultrafiltration of mixture of macro-solutes, in which one
was partially retained, and another one was completely retained, transmission in the limiting
flux regime was observed. This research opened a new window to study the phenomena of

limiting flux with a different perspective.

In the present work, ultrafiltration experiments were performed on two different
modules; dead-end stirred cell modules (low-pressure range till 1 bar) and cross-flow module
(for higher pressure ranges up to 10 bar). Commercially available high flux polymeric
membranes, of various molecular weight cut-offs (MWCO) ranging between 5 kDa to 100
kDa were used during the ultrafiltration of proteins namely y-Globulin, Lysozyme, Bovine
Serum Albumin (BSA), Myoglobin and binary mixtures of y-Globulin with Lysozyme and
BSA with Myoglobin. Polyethylene Glycols (PEG35, PEG3) and their binary mixtures were
also used. The flux attained limiting values at very low transmembrane pressures in stirred
cell module while in crossflow, the pressure-independent regime was attained at higher
pressures. Also, the lower molecular weight macro-solutes, proteins or PEG, did not attain
limiting flux in the pressure range ultrafiltration was carried out. Complete retention of y-
Globulin, BSA, PEG35 was found while lysozyme, myoglobin, PEG3 still permeated out
even after the onset of limiting flux during the ultrafiltration of binary mixtures. Permeation
of low molecular weight macro-solutes in the pressure-independent regime has been observed
and reported for the first time. Various concentrations of y-Globulin+Lysozyme in their
mixture were used to explore the extent of protein transmission after the attainment of
limiting flux. Limiting flux was predominantly controlled by the concentration of y-Globulin.
However, comparison of transmission obtained for pure lysozyme and its mixture with -
Globulin showed dramatic results where lysozyme transmission in the mixture at the onset of
limiting flux was observed to be higher than that of the one when pure lysozyme was filtered.
v-Globulin also facilitated the lysozyme transmission in the mixture till it attained limiting
flux. BSA of concentration range up to 100 g/l was also used for evaluating the behaviour of

limiting regime in higher concentration region. BSA+Myoglobin binary mixture was also
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used to study the effect on transmission because of attainment of limiting flux. Since the
solubility limits of PEGs are high as compared to proteins, use of PEGs was considered on
the basis that their high concentrations solutions (near to the calculated gel concentrations)
could be prepared with ease. PEG35 and PEG3 (concentration up to 300 g/l) and their binary
mixture were also used in cross-flow ultrafiltration. Unlike proteins, PEGs are neutral
molecules, and because of this, transmission of PEG 3 in the mixture was found to be less as

compared to the protein transmission.

This work provides insights into the occurrence of limiting flux during ultrafiltration
of proteins. The onset of limiting flux has been attributed to the increased concentration of
the rejected proteins at the membrane surface resulting in the formation of so-called ‘gel-like
layer’ onto the membrane. Here, the gel has been considered as a matrix whose concentration
varied along the thickness. The change in concentration enabled the existence of pores, large
enough for the permeation of smaller solutes (proteins or PEG) in the binary mixture of
higher molecular weight solutes (proteins or solutes). Since higher molecular weight proteins
(HMWP) are completely retained, they get polarized at the membrane surface while lower
molecular weight proteins (LMWP) were partially retained, and this layer of the large
HMWP-LMWP-buffer-water matrix has been envisaged as supra-structure of multilayer
membrane-like structure contributing to increasing osmotic pressure. Transmission of the low
molecular weight macro-solutes even in the limiting regime, controlled by the higher
molecular weight solute, has been the most revealing part. The findings are contrary to the
general perception that onset of limiting flux changes the permeation characteristics of the
membrane considerably. The methodology used here could be adapted to analyze the
formation of concentration polarized layer more intensely by analysing the surface
characteristics of this so-called gel-like matrix. This information could also be vital for
protein separation even in the pressure-independent regime which was generally not

considered as a possible alternative.
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L3108

WA 3R AR sl S HeiHieged b Figar 3R Yfgaor & AT
el hen[ BT Fgdrad # 39dm fdar ST 8T 81 URYe IGT B el 3= Jarg feiedt
OF 3PV H giedid §1 3 qa1a W fEieei! J Hber arell yaTg Sgugerd ad d s
&1 ST €1 YaTg I $H 32T Pl HifHd—ydrg bel SIdl €1 AR URON I8 ¢ fb e &
AT B € PIE IRTRIAT T8 8l & 3R a9 Ufchar & AR FaTg BT HfAd 81 T amem
& B H HAET SITAT 81 9¥gd Bl H Hebl-HIegZH b [HIUT BT T 59 YR foar mar fob
Tep 3TRIPG BY A T W@ AR g1 [ e I feieedl gR1 @Rt & S| fAeyor &
NIheeee & AR HIfAd-varg AT # HeR0T b7 @ISl Ugelt IR HF T 81 379 9
oY A U 37T URYET & H1Y YdTg & HIHA B bl TAT bl 3707 B b foiv U 75
g feEmt B

TRgd B W, A 37T-37AT Hisgdd W 3Tegiftheese @ TN 6y Y € nfeky 3afsra
ol A (M G019 & el Q: ¢ IR <d1d deb) 37K hIY-Fl Higgd (3= 319 P [ Q: Qo IR
ga19 dd) | & kDa I 200 kDa & die fafi=T ATfciageiR—de—de—31T% (TH. 3, I.31T) & 3=
JATg dTcit dgeieh glecil, ST aTfUifoics U H 3UTe] 8, 37T SEIHTA WIS &b eI e &
SRM far a1 & oMW y-aIg e, AgIeien, giarsd IR Yogfid (d1.99.1), Arirarfad
3R 3P FTSARY fHsIOT (312Td ¢TI o P T ATSASIgH 3R d1.00.T & 1 Aralie)
qiferd &1 Ard gl TS died (PEG 34, PEG 3) 31R 37 S18-R {2071 &1 Wt 3uanT fasar
T g1 MRy 3dfeld Al Alegel § dgd PH giAARH &aTdl W Ydig d 3799 HifAd bl
P U BT STafds BIAwRAl Aisgd W YAl 7 3709 A 3l Bl 30 I W UIed
farIsad e, 7  3uTfde R Hepl-Aieged, WIS a1 PEG 7 3 heeied & aRM
MY TucEg  HET W Hiffdyare B g qEl fan! yTdeg o, $eEg
Td PEG 34 &1 9HqUf fdUROT 9T TR 2T, STelfcs ATSHISIgH, Adieled, PEG 3 18RI
ATl & 3TeIfUheeee@ & aRT, YdTe HIHd 8 & d1a Hi aTex [Hdd I8 d| qara-qaa feafd
9 370Tfees MR Hepl-HIeg2M b1 TRITRIAT Ugeil IR <&l 7€ 8 3R §H TR Feb1<r STell 7T 8
370 fASOT # yTelTegfei Ud @rgHIseH & fafi=T HigdT @1 3uanT garg &1 A &3 6
It & dTe YIH FEROT bl HHT 6T IdT @ b 6y fbar mar g1 Hifdd-vyarg ol &g B4
A TG e Y Higd gRT (A a1 7T 81 8Teifes, STd g wTSHIegH ftheex fdsar i
YT Y ASHISIMSH P T UId HeROT &bl ot AR yTolleGfeiT b i gdep fAYor
3TTRId fAspy febel STei waTe & Hifvd 8id FHa g He(or o @TgHISTgH giifier @ 39
THY T T H 37feies U1 TAT| y-Telegfeid 7 THSI0T § ATgHISITgH HRUT Pl YITH ST STe
d Ig TAY0T 3197 37eetheeie[ & AR HHd-TdTg B! UTed T81 & oidT| 3= HigdT &3
GIfHd aTg & HagR b1 HedichT B &b el 2o UTH Ufd wiieX deb Higdl bl o1.UH.T &1 Hi
SHATE fbar AT g1 SLUE.Y UG ARTElfET gl fHYor 61 i 3w fhar mr g
Td HRATATE SRITHRM TR HHT-YdTE & JHTd T 37erd | fbam Taim 21 <fds UIe &l et
H PEG & gerefierdr T 31fde il €, SHfeiv PEG T Mt 39T 3= FigdT dep febar marm &1




BT 3R A HAET 7T T fh 3 3 TigdT fHIUT B Sidt TigdT & Aol ddb TR 3
dIR fY ST Gkdr &1 PEG 34 3R PEG 3 & 300 UTH Ufd ¢iiex ddb bl HigdT 3R 37d S1gt
TRSI0T &7 9T ShIF-Urel 3ogTftheeM W MY fosar 7T 81 WIS & fauiid, PEG de¥ef 3707 81d
&, 31R g9P PBRUT, fHYUT H PEG 3 T HIRUT IS HRUT bl Joi T H A UTT 77 T

g B WIEH P 3Tcnl(theed? & SR HIHI-JaTg Pl gedT H 3iddfee JaM Bedl
&1 JATE P HHHd 81 & BT U & fSicet! Fag W GRS UIEH Pl FigdT ded! STdl & fordds
TRUTTHRG®Y feieei! TR dATHhed ' STd STl URd' T TS 8IdT g1 &1, ST Bl U Higd &b BU
H HMET AT & fSRIeT TFcd Higdl & A1 T4~ grar Sirar €1 Higdl § YRad & BROT fogl BT
37T HHG 31T, 51T 3= Qd 4+ 3uTfdes YR UIEH &1 aigRl f/eor § 81 fded (WA
T PEG) & YRR & oIQ Il 8T 9Tl TRT| Tfds 3= 3AT0Tfdeh YR WIeH (Te.UH. 8, UT)
fEieett Tde W g &RE I TR §Y, STV I fSieelt BT Tdg W YBIT UTtd HRd T STaifcs
A= 3nTfaes o MEH (Ta.uH.geeg, ) 31Tfeie BU 3 feleet! Adg R WRST §Y, 399 T 93
Tl U Secf, U1 Tel. UH. Sec], I-ah-UTHT bl HgeRT @l Ueb TR ! 37fd3ea FReHAT & BU H
3@ AT ¢ IgIATATHT fEieeil-Sit HReAT & 0T & g8 WRRRUi <ard Hl gig gs1 3=
3TUTfde MR faelTd gRT HafEa Hifid cgawem # B 3M1uTfde aoiT Hepl-HIeg 2 ol FaR0T U
TETT UIE B 3 20T T e ATHT URUTT & fauid €1 YaTe & HHd e & a1& feieat!
DI YRR fIATARS BIhT Tect STd! &1 3 dATBIRId SidT SI4T HigeRT @l Tdg b faradrsi
BT TGQeTUT Shch T IUANT DI ST ATt Ugld DT Hig-HeTehI0T IR b TS bl 3716 diedl
faeaiyor B & U 70T ST BT €1 g STHBRI Wi Jaavl & fy gdra-gad
i o 1 Hewqut € foRT 3mH dR W IvTfad faeed & %9 # 781 |17 ST 2T
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