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ABSTRACT 

Hollow fiber nanofiltration (NF) membranes exhibit a decline in permeate flux during the fdtration 
* 

of surface waters containing natural organic matter (NOM). NOM solutions were obtained from 

the Tar River in Tarboro, NC and studied in bench-scale fdtration tests. NOM feed 

concentration, cross-flow velocity within the hollow fiber mernbreane, and addition of turbulent- 

promoting particles were found to influence the nanofdtration process. Greater permeate flux 

declines were observed with feed waters that contained high NOM concentration and with 

operation at low cross-flow velocity. The addition of particles to the feed stream was found to 

provide a small degree of flux enhancement, apparently due to an increase in  effective shear at the 

membrane surface. Some NOM fractions that associate with the surface were removed by high- 

velocity rinsing but most of the fouling material required use of chemical cleaner; moreover, some 

residual NOM remained which is responsible for irreversible fouling. These results suggest that 

NOM solute association with the membrane surface was physicochemical in nature. The NOM 

fraction recovered with cleaning was generally in the greater-than- 30,000-rn olecuIar-weigh t 

range. 

NOM was subdivided into hydrophilic and hydrophobic fractions in order to investigate in more 

detail the compositional influence on fouling and rejection. The hydrophobic fraction of NOM 

was rejected by nanofiltration to a much greater extent than the h ydrophilic fraction but the 

hydrophobic fraction was nearly totally responsible for fouling. Pretreatment of the NOM with a 

fixed dosage of powdered activated carbon (PAC) but variable contact time gave less flux decline 

with longer contact time after all solutions were adjusted to the same NOM feed concentration. 

Longer contact time caused a shift in composition of the NOM to favor the higher molecular 

weight fractions which produced more fouling. 

'The above results indicate that NOM composition is important when estimating the performance 

of nanofdtration. High rejection of hydrophobic NOM fractions can be expected, but this will be 





accompanied by flux decline. The practical issue is the type and frequency of chemical cleaning 

required to restore flux. Hydrophiljc NOM fractions were not rejected as well as hydrophobic 
e 

fractions. For the Tar River sample, the total trihalomethanes (TIRM) would exceed the current 

maximum contaminant level (MCL) unless these hydrophilic fractions could be removed either by 

using a tighter nanofiter (i-e., lower molecular weight cut-off) or by pretreatment 

Although a high alum dosage together with the elimination of prechlorination makes it possible 

for Tarboro to meet the current MCLs for 'lTHMs, it is anticipated that such communities will 

come under increasing pressure to improve water treatment in general and possibly to reduce 

Noh1 and 'ITHMs further. Membrane technology may offer such communities a cost effective 

alternative to conventional water treatment, but cost effectiveness (based on cleaning frequency 

and useful life) will require further study. 
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SUMMARY AND CONCLUSIONS 

m 

Treatment of Tar River water by hollow-fiber nanofiltration indicated that significant permeate 

flux decline occurred over a three-day test period. A greater permeate flux decline was observed 

with low cross-flow velocity than with high cross-flow velocity. The increased fouling at lower 

cross-flow velocities may be the result of reduced shear at the membrane wall which allowed 

formation of a thicker boundary layer on the membrane surface. Fouling was also increased when 

the Tar River source water was concentrated approximately threefold. 

The increases in TOC and THMFP permeate concentrations that were observed over time may be 

indicative of diffusive transport of foulant species through the membrane. Such an increase in 

foulant transport across the membrane may be the result of a higher concentration of NOM at the 

membrane surface and therefore a greater diffusion gradient between the concentration boundary 

layer at the membrane surface and the permeate side of the membrane. 

Permeate flux response to cleaning procedures indicated that loosely bound solute material is 

removable from the membrane surface by high velocity rinse, but it constitutes only a small 

fraction of the hydrodynamic resistance of the fouling layer. The predominant component of 

resistance to fdtration was associated with solute material that required chemical cleaning for 

removal. Solute species that are removed by chemical cleaning are likely to be either 

physicochemically or electrostatically attached to the membrane surface. The NOM fraction 

recovered with cleaning was generally in the greater than 30,030 molecular weight range. 

Substantial permeate flux recovery and solute removal appear contingent upon the incorporation 

of a chemical wash in the membrane cleaning procedure. 

The introduction of relatively large (5-75 urn), negativelycharged particles (zeta potential of -30 

mV) into the feed water was shown to provide some permeate flux enhancement although the 





effect was not large enough to make a significant improvement on membrane perfomance. Ihe 

observed permeate flux enhancement may have been due to turbulence promotion, providing 
8 

increases in shear-induced diffusion and back transport velocity. More research is needed on the 

role of particles to determine if larger-size particles, higher concentrations or different types of 

particles can produce greater permeate flux enhancement 

The hydrophobic NOM fraction (i.e., hurnic fraction) was more highly rejected than the 

hydrophilic NOM fraction, a logical result given that the latter fraction has a greater opportunity 

to pass through with the water. As a corollary, the hydrophobic NOM was responsible for most 

of the permeate flux decline and fouling. However, the mass of this fraction that was recovered 

from the membrane surface by chemical cleaning was much less than that of the hydrophilic 

fraction. This counter-intuitive result suggests that fouling may be the result of chemical 

associations of specific components of the NOM structure in the hydrophobic fraction with the 

membrane surface andlor that strong binding to the membrane prevented recovery by chemical 

cleaning. Another important observation was that the unfractionated NOM caused more 

extensive flux decline than either of the two NOM fractions. This observation suggests an 

interaction between the fractions that cannot be evaluatd by the experimental protocol to 

separate these fractions using the XAD-8 resin procedure. 

The pretreatment experiments with powdered activated carbon (PAC) showed that NOM that 

was not adsorbed by PAC caused a greater flux decline than the original mixture of NOM (i.e., 

without pretreatment). Conditions that produced greater flux decline also corresponded to 

greater mass of NOM that was recovered by chemical cleaning. Moreover, molecular weights 

>30,000 were most responsible for fouling. The effect of PAC contact on flux decline can 

probably be explained by the fact that the higher molecular weight fractions of NOM remain after 

adsorption and these are more responsible for fouling. The practical impact of the PAC contact 

studies must be carefully considered. In the test protocol, all NOM solutions after PAC contact 





were adjusted to the same NOM concentration so as to evaluate only the effect of changes in 

AMWD. In actual operations, PAC contact would simultaneously shift the apparent molecular 
e 

weight distribution (AMWD) to emphasize the higher molecular weight fractions and lower the 

NOM concentration. Less flux decline would be expected in a given time of operation due simply 

to less mass of foulant being introduced. However, if higher molecular weight fractions remain 

(as suggested here), then the beneficial effect of lowering the NOM concentration may be offset 

by the detrimental effect of these higher molecular weight fractions. 

AU of the results obtained in these tests are specific to the membrane selected for study and in 

particular its polymeric composition, charge and molecular weight cut-off (MWCO). Better 

rejection of NOhl could have been obtained by using a lower hWCO nanofilter. The extent of 

NOM association that requires chemical cleaning also depends on the membrane composition as 

well as hydrodynamic conditions. 





The implications bf NOM fouling for enginering design are threefold: ( I )  pretreatment to lessen 

fouling may be n d e d  if it is deemed too expensive to operate the membrane system otherwise; 

(2) more effective cleaning agents and cleaning protocol may need to be explored; and (3) new 

membrane materials should be dzveloped that are more resistant to fouling. The bench-scale 

membrane experiments in this research were limited to measurement of flux decline, rejection of 

NOM and accumulation of foulant in a series of three-day experiments. In practide, membranes 

would be operated for much longer periods of time between cleaning, and they would be 

repeatedly cleaned and put back into service. Flux decline should therefore be observed over 

periods longer than three days and the same membranes should be used for many more cycles of 

operation than used here in order to evaluate if membrane filtration properties change. 

The research showed only a marginal benefit from addition of particles as turbulence promoters to 

reduce fouling. However, higher concentrations and larger sizes of particles may give further 

improve men^ hence further such studies should be conducted. The study was additionally limited 

to non-adsorbent particles whereas use of adsorbent particles such as powdered activated carbon 

(PAC) is another practical possibility. In this regard, the importance of both adsorption of NOM 

and turbulence promotion in reduction of fouling needs to be determined. Further work is 

warranted to examine the relationship between contact time with PAC and NO?$ removal because 

equilibrium adsorption is unlikely in PAC-membrane treatment systems. In particular, the 

effectiveness of PAC in removing hydrophobic and hydrophilic fractions and different molecular 

weight fractions is worth further examination since both descriptive parameters are linked to 

fouling tendencies. 

Experiments are needed to measure the fouling tendencies of hydrophobic and hydrophilic 

fractions of NOM at low ionic strength conditions more typical of usual operations. In this 

research, a high ionic strength was used because of the procedures being employed to separate the 





two fractions. It has been shown that high ionic strength can reduce flux due to electrostatic 

interactions with the membrane surface. Experimental techniques need to be devised to measure 
I 

the sorption of NOM components onto membrane surfaces in order to better understand the type 

of cleaning agents needed to give the best results. 





INTRODUCTION 

The Safe ~rinking Water Act (SDWA) of 1974 and the regulations that followed it redefine 

"safe" drinking water for the 2 1 st century. They have forced the water industry to reexamine the 

practice of conventional water treatment that has been in use for more than 50 years. In 

particular, new technology is needed to comply with the mandate to control disinfection 

byproducts @BPS) and synthetic organic chemicals (SOCs). DBPs are suspect carcinogens that 

could pose a long-term health risk to consumers. They originate from the reaction of chlorine 

with natural organic matter (NOM). The current options for DBP control are: (1) reduce or 

eliminate use of chlorine disinfection and (2) remove the precursor material (NOM) before it can 

react with chlorine. The first option is not always acceptable because alternative disinfectants may 

be less effective than chlorine. Recent reports of water-borne disease in the U.S. have fueled this 

concern. The second option has been resisted because it requires utilities to consider more 

substantial changes in treatment technoloey. However, serious consideration is being given by 

EPA to force utilities to consider enhanced removal of NOM as a prudent measure to avoid 

formation of a wide range of DBPs, many of which have not yet been regulated. In addition, 

EPA plans to lower the maximum contaminant levels (MCLs) for currently regulated DBPs and to 

add other DBPs to the regulated list 

Membrane separation technology, and nanofiltration in particular, offers a bold new approach to 

water treatment that promises not only to remove NOM but also SOCs (e.g., atrazine) and even 

some inorganic chemicals (e.g., arsenic) of health concern. The extent to which membrane 

technology will be adopted, however, is not yet clear owing to uncertainties in cost and scale of 

application. Cost comparisons with conventional treatment are difficult to make because 

membrane separations are capable of producing a superior water quality. Notwithstanding this 

caveat, a recent comparison suggests that commercially available, membrane modules are already 

competitive with conventional treatment for small plants (< 1 MGD) (Pickering and Wiesner, 



1992). One of the key factors influencing costs is the frequency with which membranes must be 

rinsed andfor cleaned to remove foulant materials. 
e 

The practical consequence of membrane fouling is a decline in the permeate flux with time, i.e., 

the volume of water produced per unit area of membrane surface. The major foulant that has 

been identSed for swface water applications of membranes is NOM. Some NOM fractions that 

associate with the surface may be removed by high velocity rinsing. More strongly bound NOM 

fractions may require the addition of a chemical cleaner (reversible fouling) while still other NOM 

fractions cannot be removed even with this treatment (irreversible fouling); the latter foulants may 

eventually q u i r e  membranes to be replaced. 

Researchers in the water treatment field generally agree that much =mains to be understood 

about the causes of fouling before membrane technology is accepted as "conventional treatment." 

Unfortunately, most studies of membrane treatment have not k n  designed to obtain fundamental 

information that can improve the technology. 

The objective of this resemh was to investigate the fouling of a hollow-fiber nanofdbation 

membrane by NOM in wellcontrolled, bench-scale studies. The experimental program permitted 

a systematic investigation of the effect of NOM concentration (as well as its composition) and 

cross-flow velocity across the membrane surface on fouling. Strategies to control fouling 

included study of membrane rinsing and chemical cleaning and addition of particles as turbulence 

promoters near the membrane surface. NOM containing water was obtained from the Tar River 

at the intake for the City of Tarboro, NC . This source was selected because it is typical of high 

NOM concentrations that are encountered in many surface water supplies of eastern North 

Carolina Moreover, the City of Tarboro is typical of many small communities in this region. A 

very high alum dosage is needed to reduce color in Tar River water to acceptable levels. This 

alum dosage together with the elimination of prechlorination has made it possible for Tarboro to 



meet the current MCL for THMs of 100 p&. OLher nearby communities that use the same 

water supply have found it more difficult to meet the current MCL. As a result, one of these 
m 

Wocky Mount) is using preozonation. It is anticipated that many such communities will come 

under increasing pressure to improve water treatment in general and possibly to reduce TOC and 

' I T H M s  further. Membrane technology may offer such communities a cost effective alternative to 

conventional water treatment. 



BACKGROUND 

Three major classifications of low-pressure, membrane treatment are available for water treatment 
I 

applications (microfiltration, ultrafiltration and nanofdtration). 'Ihese membrane types can 

achieve a wide range of treatment objectives with varying degrees of pretreatment and associated 

costs. For instance, microfiltration and ~ l ~ l t r a t i o n  are capable of removing turbidity, bacteria 

and cysts with very little pretreatment Ultrafdtration may also be used to separate powdered 

activated carbon (PAC) after adsorption of NOM and synthetic organic chemicals; PAC removal 

through membrane separation is much simpler to accomplish than in the conventional treatment 

Yet another possibility is direct separation of NOM by nanofiltration. Nanofdtration may be 

particularly attractive for small utilities which face the dilemma of meeting even more strict 

regulations on DBPs while still providing effective disinfection. Although membrane treatment 

for water utilities will not obviate the need for chemical disinfection, it promises to reduce the 

dosage needed to maintain a fmal disinfection bamier. 

With the anticipated promulgation of a Disinfection By-product (DBP) rule scheduled for 1995, 

more effective removal of DBP precursors is a pressing n d  in current water treatment research. 

Effective removal of DBP precursors has been achieved in studies using membrane separation 

technology with both nanofiltration and ~ l t ~ l t r a t i o n  membranes (e.g. Adham et al., 1991, Laine 

et al., 1989 and Laine et al. 1990, Laine et al. 1993). 

Nanofdtration (NF) membranes represent a relatively new treatment technology that can provide 

high rejection of NOM at low applied pressures (operating in the range of 50 to 150 psi). The 

term nanofiltration is derived from a target membrane pore size on the order of 10-9 m. This 

membrane pore size is equivalent to a nominal molecular weight cut-off (MWCO) of 

approximately 500 to 1,000 daltons, providing separation capabilities intermediate between the 

capabilities of ultrafiltration (UF) and reverse osmosis (RO) membranes. In addition to NOM, 

particulate matter, microbiological contaminants, and hardness ions may be rejected by NF 



membranes. Nanofil tration may offer greater membrane rejection capabilities than ul trafdtration, 

by providing a membrane e surface with lower nominal molecular weight cut-off (on the order of 

1,000 daltons). For ultrafiltration processes similar removals can be achieved only through 

pretreatment with chemical coagulation or addition of powdered activated carbon. The 

effectiveness of DBP precursor removal will depend upon the chemical characteristics and 

m-olecular weight distribution of the natural organic matter in the source water and upon the 

chemical characteristics of the membrane surface. 

A significant problem to be overcome in the nanofiltration separation process is fouling of the 

membrane due to degeneration of the membrane surface or pore clogging. Reversible fouling is 

that portion of the decline in permeate flux that is recoverable by either physical or chemical 

cleaning methods. The French word "colmatage" has been advocated by Wiesner and Chellam 

(1992) to describe this permeate flux loss. Irreversible fouling gznerally refers to long-term 

decline in permeate flux resulting from permeate flux losses that are not recoverable by either 

physical or chemical cleaning methods. The term "fouling" is used by Wiesner and Chellarn only 

to describe the irreversible loss of permeate flux and is thus distinguished from colmatage. It is 

important to recognize that the definitions of reversible and irreversible fouling are strictly 

operational because they depend on the efficiency of membrane cleaning. However, from a 

practical standpoint, the irreversible loss of permeate flux limits the life of the membrane and has 

important implications for cost of membrane treament Better understanding of fouling will lead 

to ways to minimize the frequency of hydrodynamic cleaning and chemical cleaning of the 

membranes, making the process more economical and practical. 

Although few studies have been specifically targeted to the investigation of NOM fouhg  in water 

treatment, much insight can be gained from research on the similar problem of fouling by protein 

macromolecules in various industrial separations. This research suggests that fouling should 

depend upon the characteristics and constituents of the source water, e.g., ionic strength, total 



organic carbon (TOC), turbidity, pH, and upon the parameters that control the operating system, 

e.g., membrane material, fluid flow configuration, and flow regime. 

Interactions between naturally occuning organic material and membranes that result in fouling 

and permeate flux decline are generally attributed either to the sorption of NOM to the membrane 

surface or the formation of a gel or cake layer of NOM adjacent to the membrane. Sorption to 

the membrane, considered either physicochemical or electrostatic in nature, is believed to be a 

rapid and largely irreversible process. Surface adsorption is often considered responsible for the 

high rate of permeate flux decline observed during the initial period of mern brane operation. The 

gradual accumulation of a cake layer next to the membrane is a much slower process resulting 

from the net transport of NOM to the membrane and contributes largely to the long-term, time- 

dependent decline in permeate flux. Fouling material held in the gel layer is more loosely bound 

to the membrane than the adsorbed material and its accumulation is dependent on the applied 

pressure and cross flow velocity. 

Increases in fluid shear are predicted to reduce the presence of foulant material at the membrane 

surface by enhancing the back transport of rejected species away from the membrane surface. 

Greater fluid shear may be achieved by the increase of cross flow velocity or with the introduction 

of suspended particles into the fluid stream. The presence of particles in the feed channel of a 

hollow fiber membrane is predicted to disrupt the layer of solute accumulated on the membrane 

surface through increased particle-induced shear and "turbulence promotion" near the membrane 

surface momas ,  et al. 1971). 

From a process engineering standpoint, it is important to know the extent to which NOM foulants 

are irreversibly adsorbed or reversibly associated in a gel layer, as a function of both NOM 

character and membrane material. Irreversible fouling determines the initial loss in permeate flux 

when a membrane is put into service. The AWWA Research Committm on Membrane 



Technology noted that it occurs in the fust 12 hours of membrane operation (AWWA Cornmi- 

Report 1992). Additional long-term loss in permeate flux may occur due to this fouling 
I 

mechanism and often requires that cleaning agents be used occasionally along with bacldlushing. 

The operational definition of irreversible fouling is the difference between permeate flux of a new 

membrane and a membrane after cleaning, since such macromolecular fouling does not respond to 

ckaning of the membrane (Laine et al. 1989). 

Little is known regarding the chemical nature and molecular sizes of the macromolecular species 

most responsible for fouling during water treatment applications. Wiesner et al. (1989) examined 

the fouling tendency of macromolecules and particles by calculation of their backtransport 

velocities. 'Ihe mechanisms included were Brownian diffusion, inertial lift and diffusion-induced 

shear. For the typical membrane flux in ultrafiltration, these investigators predicted that particles 

Iarger than about 3 pm would not accumulate in the gel layer; however, those between 0.1 and 1 

pm may exhibit the greatest tendency to be deposited. Somewhat larger particles would be 

predicted to deposit on nanofiltration membranes due to the lower cross-flow velocities. The 

large, heterogeneous, chain-like character of macromolecules that comprise NOM would suggest 

low diffusivity (see Comel, Summers and Roberts, 1 986), a low back-transport velocity and thus 

a high fouling tendency. Based on the back-transport velocity model, a coagulation pretreatment 

process should reduce fouling if the size of floc particles exceeds about 10 pm.. However, 

chemical and electrochemical factors must be considered as well as size. For example, fouling 

may result from interactions of the chemical coagulant with the membrane. 

Wiesner and Chellam (1992) developed a detailed, mass transpon model to explain the trajectory 

of particles near a membrane surface. Experimental permeate flux data collected by Lahoussine- 

Turcaud, et al. (1990) for different sources of NOM, as well as dispersions of clays and 

coagulated flocs, were used to assess qualitatively the prediction of the size of particles that 

would accumulate on the membrane surface. The data and the model both indicated that particles 



larger than about 10 pm were not likely to accumulate. For smder  particles, the extent of 

accumulation will depend on the balance between transport processes to and away from the 
t 

membrane. A minimum in diffusive back transport is predicted for a particle diameter of 0.1 pm 

and, therefore, this size particle has the greatest potential to form a gel layer. It should be noted 

that the particle trajectory model has not k n  tested widely nor does it include van der Wad 

forces, diffuse layer repulsion, hydrophobic interactions and steric hindrance, the effects of which 

may al l  be important in NOM transport 

In addition to NOM structure and size, fouling may depend on the molecular weight cutoff of the 

membrane. The lower the MWCO of the membrane, the greater the rejection of Noh4 (AWWA 

Committee Report 1992) and possibly the greater the potential for fouling. In fact, very little 

TOC removal has been found in UF systems having a MWCO of 10,000 to 100,000. On the 

other hand, NF systems with MWCO of 400 to 600 have achieved up to 90 percent TOC removal 

(Laine, et al. 1993). 

Membrane filtration may be described mathematically in a form similar to Darcy's Law, wherein 

resistance to filtration may be represented as a sum of individual resistances in series (Jonsson and 

Tragardh, 1990): 

where Jw is the permeate flux; AP, the applied pressure; p, the solution viscosity; Rm, the 

inherent membrane resistance; Ra, the resistance due to adsorbed solute species, and Rg, the 

resistance due to solute gel layer formation. 



Of the resistances given in Equation 1, the adsorbed component of resistance, R,, is attributed to 

the chernically-driven or electrostatic attachment of fouling species at the membrane surface. 
e 

Resistance due to adsorption may be responsible for the high rate of flux decline observed during 

the initial period of membrane operation (Cohen and Probstein, 1986). A fraction of solute 

molecules adsorbed at the membrane surface may also penetrate pore openings and cause internal 

pore plugging (Fane, Fell and Suki, 1983). 

The gel layer component of resistance, Rg, develops with the convectiondriven accumulation of 

solute at the membrane surface (Jonsson and Tragardh, 1990). Formation of the solute gel layer 

is influenced by the balance between solute convection to the membrane and solute back transport 

away from the membrane surface. Increases in fluid shear are predicted to reduce solute 

concentrations at the membrane surface by enhancing the back transport of rejected species (Blatt, 

et al. 1970). 7'he addition of particles to a fluid stream increases fluid shear and can mechanically 

enhance mass transfer on the membrane surface even in flows with Reynolds numbers of 500 and 

below (Thomas, et al. 1971). Fluidized particles have been shown to act as inert, detached 

"turbulence" promoters in cross flow hydrodynamic configuration (van der Wad, et al. 1977). 



MATERIALS AND METHODS 

B 

SOURCE WATER 

The source of the raw water used in this research was the Tar River in North Carolina. Collection 

was made from the intake to the Water Treatment Plant in Tarboro, NC. Raw water 

characteristics for this source are presented in Table 1. The Tar River water is relative1 y high in 

total organic carbon VOC) and color, and low in alkalinity and hardness, making it a good source 

with which to study the influence of NOM on membrane performance. Water collection and 

preparation was made on the following four occasions: August 1991; August 1992; January 

1993; and October 1993. 

The NOM in the raw water was concentrated at the site of collection with a reverse osmosis (RO) 

unit (Hydro Service and Supplies Inc., Research Triangle Park, NC). Concentration was used to 

obtain a high enough NOM concentration, after pretreatment or NOM fractionation, to cause 

fouling of the NF membranes in a reasonable time period. 

The raw water was first prefiltered through a 20 pm cartridge filter to remove debris and large 

panjcles. An RO unit (Hyrdroservice and Supplies, Inc., RTP, NC) was arranged to waste 

permeate water and recycle retentate water to the feed lank. A similar procedure for 

concentration of NOM has been reported by Serkiz and Perdue (1990). Their purpose was to 

increase analytical sensitivity in determination of NOM composition. Recycle of the retentate was 

continued until the TOC concentration was four times the initid concentration. The water 

produced by the RO unit is referred to as the "RO concentrated water" and had a final TOC 

concentration between 27 and 33 m a .  The RO process also concentrated the other components 

of the Tar River water. For instance, the ionic strength of the RO concentrated waters was 6.4 x 

10-3 M (January 1993) and 1.9 x loe2 M (October 1993). The RO concentrated water was 

stored in cubitainers and refrigerated upon return to Chapel Hill. 



Table 1 Tar River Water Quality Characteristics 

I August August January October 

1991 1992 1993 1993 

Ionic strength1 (xl03 M) NM NM 1.6 4.6 

NM = not measured 

1 ionic strength (M) = 1.6~10-5 x specific conductance (see Snoeyink and Jenkins, 1980) 

Water was stored for up to 7 months before use in experiments. The TOC concentration of the 

water changed only slightly during storage. Aggregation and settling of particles (apparently 

some NOM) were observed during storage, suggesting that the adsorptive characteristics of the 

NOM may have changed from those of the NOM in the original water. 

'Ihe purpose of RO concentration in this resemh was to obtain a feed solution for the NF 

membrane studies that was fairly high in TOC and thus likely to foul the membrane in a 

reasonable shon time (e.g., over several days). It also provided a convenient stock solution that 

could be diluted to obtain feed TOC concentrations intermediate between that of the Tar River 

and the RO concentrated solution. However, the RO concentration step also increased the 

concentration of inorganic ions and particles in the Tar River water by the same factor as TOC 

thus producing what may be more aptly termed a "synthetic feed water." Although the Tar River 



is fairly low in these constituents and TOC was presumed as the major foulant, the contribution of 

such constituents to membrane fouling cannot be discarded out of hand. 
e 

APPARENT MOLECULAR WEIGHT DISTRIBUTION OF NOM 

f i e  NOM in the Tar River water was characterized by its apparent molecular weight distribution 

(AMWD). The AMWD was determined using a batch, slirred filtration cell (200 mL ) and a 

series of ultrafilters (Amicon Corporation, Beverly, MA) of decreasing molecular weight cut-off; 

these cells were pressurized to 35 psi. The molecular weight distribution of the NOM was 

obtained by filtering Tar River water through the various sized filters and measuring the mass of 

organic material that permeated through each filter. The YM series ultrafidters used for 

fractionation were made of ceUu1ose acetate and described by the manufacturer as hydrophilic. 

Before use, new membranes were soaked in 10 percent NaCl solution for at least a half hour and 

rinsed thoroughly with double-deionized water @DI) to remove preservatives. After use, 

membranes were "restored" by soaking in 0.1 N NaOH for at least a half hour, followed by 

rinsing with DDX water. Used membranes were stored in 10% ethanol and kept in the laboratory 

refrigerator. Each membrane was clearly identified by a number indicating how many times it had 

been used. 

Five discrete molecular size fractions were obtained. The NOM in each size fraction was 

measured as TOC. Calculation of the AMWD was determined following procedures described by 

Reinhard (1 984): 



where zi, is the concentration of TOC in the Tar River having a molecular weight between the 

MWCOs of the ifi and jth fdters. The concentration of TOC in each size fraction was equal to 
D 

the difference between the filtrate concentrations of subsequent fdters. The fractional distribution 

of TOC was calculated by dividing Ci, of each size fraction by the total TOC concentration in 

the bulk sample. 

COAL PARTICLES 

The role of particles in enhancement of back transport of solute species was of interest in this 

research. Addition of particles to the feed solution was anticipated to cause disruption of the gel 

layer at the membrane surface through increased particle-induced shear and "turbulence 

promotion". Anthracite coal particles were selected. These particles had a fairly high negative 

surface charge as indicated by a zeta potential of -30 mV (measurements made at the Williams 

Water Treatment Plant in Durham, NC) when they were suspended in a sample of the highest 

TOC concentration ( achieved in the RO unit). A negative charge indicated repulsion by the 

negatively charged membrane surface used in this research. Selection of particle size was a 

critical factor in the experimental design. A particle transport model (Weisner and Chellarn, 1992) 

was consulted to aid in the selection of a particle size range most likely to promote scouring of 

the membrane surface in the NF system. It was essential that particles be large enough to avoid 

deposition on the membrane but small enough to be transported close to the boundary layer. 

BENCH-SCALE NANOFILTRATION (h'F) MEMBRANE SYSTEM 

The flow diagram of the bench-scale NF experimental apparatus is shown in Figure 1. This 

apparatus used a rotary vane-type positive displacement pump (Procon Model C 10 1509, 

Murfreesboro, TN) to deliver water to the membrane module; the pump system was designed to 



Figure 1. Schematic of bench-scale nanofiltration membrane system 
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maintain a constant f& flow rate and a constant pressure. Feed flow was controlled using a 

needle valve and measurements of feed flow were made using an in-line rotometer. System 
* 

pressures were read from pressure gauges located at the inlet and outlet of the membrane module. 

The transmernbrane pressure was calculated by averaging the inlet and outlet pressures and . 

subtracting the permeate line pressure, which was estimated to be 5 psi. Pressure regulating and 

relief valves enabled the system to operate at a constant applied transmembrane pressure 

whenever adjustments were made to the f d  flow. Feed water temperature was maintained at 

21°C using a thermostat controlled circulator which pumped cooling water through a stainless 

steel coil submerged in the feed reservoir. 

The N F  unit was operated in recycle mode with both the retentate and permeate flow streams 

returned to the feed water reservoir in order to provide feed water with a nearly constant TOC 

concentration over the duration of a fouling study. In addition to providing a nearly constant 

TOC, the recycle arrangement allowed experiments to be conducted with a small batch of water ( 

3 L). Because the system was operated at a constant applied pressure, fouling was manifested as 

a decrease in permeate flow rate over time. Permeate flow rates were calculated from timing the 

collection of permeate in a 50 mL volumetric flask. The manual measurement of permeate flow 

was accurate to 0.1 mWmh and provided an average flow measurement over several minutes. 

Permeate flux was obtained by dividing the permeate flow rate by the membraqe surface area. 

The membranes were hollow fiber, polysulfone nanofilters (Zenon Environmental, Inc., of 

Burlington, Ontario) of inside-out flow configuration. Feed water flows axially along the length 

of the hollow fiber while permeate flow passes radially through the membrane walls. The cross- 

flow configuration permits investigation of the effects of shearing on the formation of a solute gel 

layer at the membrane surface. Due to the pressure gradient, a fraction of the water permeated 

radially through the membrane wall t the space between the fibers and polyethylene tubing, 

where it exited the module through a permeate port. Rejected material was transported away 



from the membrane surface by the bulk fluid flow and exited the far end of the fibers in a 

concentrated stream. 
e 

Ihe  membranes were operated in cross-flow mode as would be the case in large-scale 

applications. Cross-flow operation reduces the deposition of fouling material on membrane 

slufaces, thereby increasing permeate flux and lengthening filtration runs between cleanings. 

Many of laboratory studies reported in the literature have used "dead-end filtration" instead of 

cross-flow fdtration for convenience. In dead-end filtration, the feed solution is directed 

perpendicular instead of tangential to the membrane surface. Consequently, the extent of fouling 

would be expected to be greater and not representative of membrane treatment facilities. 

General chemical features of membranes of the type used in this research are given in Figure 2. 

Figure 2. Polysulfone monomer showing possible site for attachment of a charged functional 

group. 

CH3 \ 
(possible site for 

charged functional group) 

These membranes consist of a 3-4 micron thick polysulfone material that is supported by a fibrous 

structure of high porosity. The pore structure is asymmetric in contrast to symmetric, ie., all 

pores of arranged in parallel. Polysulfone membranes are typically hydrophobic and susceptible to 

high levels of adsorption by organic materials (Laine, et al. 1989, Matthiasson 1983). Zenon 



describes their membranes, however, as having a negatively charged, modified polysullone surface 

that is hydrophilic which should lessen fouling. The nominal MWCO of the membrane is 1,000 
I 

daltons which corresponds to a pore diameter of approximately 1 nm. The determination of the 

membrane MWCO was based on 50 percent rejection of a polyethylene glycol solution containing 

molecular weights in the range of 500 to 2,200 daltons. Selection of membrane MWCO for this 

research was based on the intent of removing NOM from the Tar River water. According to 

research by Taylor et al. (1987), membranes with a MWCO of 1,000 can be expected to remove 

at least 70% of NOM as measured by TOC or THMFP. 

A summary of membrane module characteristics is presented in Table 2. Each module consisted 

of 10 hollow fibers encased in 112-inch polyethylene tubing that was epoxy sealed at both ends. 

The epoxy held the fibers in place and isolated the permeate water from the feed. Feed water 

entered the membrane module through the fiber ends which protruded from the epoxy seals. 

Table 2. Description of Nanofiltration Mem brane 

Manufacturer 

Membrane configuration 

Membrane material 

Nominal MWCO 

Fiber diameter 

Fiber length 

Number of fibers 

Total Surface Area of fibers 

Zenon Environmental Inc. Burlington, Ontario 

hollow fiber; inside I out 

polysulfone with hydrophilic surface. 

1,000 dal tons 

0.089 cm 

24 cm 

20 (two modules of 10 each in parallel) 

134.2 cm2 



MEMBRANE EXPERIMENTS WITH DISTILLED DIONIZED WATER 

Determination of Baseline Permeate Flux 
8 

Permeation tests were conducted for each new membrane or membrane pair using distilled- 

dionized (DDI) water. This penneation test is referred to throughout as the pure waierpenneate 

(PWP) test to distinguish it from others in which Tar River water was used (either at the ambient 

concentration of TOC or with the higher TOC achieved by passage through a reverse osmosis 

unit). The purpose of these tests was to measure the PWP flux of new and used membranes and 

to establish a baseline flux for determining flux loss due to fouling. The operating conditions 

were: applied inlet pressure of 100 psi; outlet module pressure of 98 psi; mean cross flow 

velocity of 85 c d s ;  and temperature of 21°C. The standard permeate flux of DDI (pH 5.5) for an 

2 unfouled new membrane was 68 Urn -hr ( 41 gallsq ft-d) afizr approximately 10 hours of 

operational equilibration, for both the low and high cross flow velocity conditions. 

The PWP baseline flux was chosen as the most reliable indicator of membrane permeability in this 

research. This value was used as a reference value with which to normalize the permeate flux 

data. The PWP flux, however, does not indicate changes in the susceptibility of the membrane to 

fouling or solute permeation. These changes to the membranes remain a problem of repeated 

membrane use in research. 

The procedure of the PWP tests was as follows: 

1. With the membranes off-line, the hT unit was flushed with DDI water for several minutes by 

fding the feed water reservoir with DDI water and operating the unit at low pressure and 

high feed flow. 

2. The new or cleaned membranes were then installed in the NF unit and flushed briefly with 

approximately 6 liters of DDI to waste, again at low pressure and high feed flow. DDI was 

added to the feed reservoir as the water level dropped due to wastage. 

3. The NF unit was turned off momentarily to allow the temperature in  the feed water reservoir 

to adjust to between 20 - 2 1 OC. 



4. Once the desired temperature was reached, the hF unit was started and both system pressure 

and feed flow were quickly adjusted to the desired settings. 
I 

5. Once the permeate line had been purged of air, permeate flow rate was measured at 

exponentially increasing time inte~als.  

System parameters, including pressure, f ed  flow rate, and temperature were monitored routinely 

throughout the PWP tests. Samples of both feed and permeate waters were collected for TOC 

analysis to verify the absence of organic contaminants in the DDI water. 

Effect of Applied Pressure and Temperature on Permeate Flux 

Pure water permeability tests were conducted with new membranes to investigate the influence of 

pressure and temperature changes on permeate flux. The procedures of these tests were identical 

to those outlined above for PWP tests with the following exceptions. The dependence of 

permeate flux on pressure was evaluated over a range of applied transrnembrane pressures. The 

test was begun at AP = 95 psi. Following an initial measurement of permeate flw, the 

transmembrane pressure was lowered in increments of 20 psi. At each step, the system was 

allowed to adjust to the new pressure for approximately 5 minutes before the permeate flow was 

measured. This procedure was repeated for increasing pressure steps to a maximum 

transmembrane pressure of 105 psi. The effect of temperature on pure permeate flux was 

evaluated at 95 psi transmembrane pressure and a f e d  flow of 0.63 Umin (10 gph). Before 

starting, the temperature of the feed water reservoir was lowered to 18OC using the thermostat 

controlled circulator. Permeate flux was recorded over a three hour period as the temperature 

increased gradually to 28OC. 



MEMBRANE EXPERIMENTS WITH TAR RIVER WATER 

a 

Following a PWP test, the DDI water was drained from the hT membrane system and replaced 

with one of the folIowing feed solutions: Tar River water, concentrated Tar River water (i.e., 

water that had fust been passed through an RO unit to increase the TOC concentration); or 

concentrated Tar River water that had been diluted to give feed TOC concentrations intermediate 

between the ambient value and that of the RO concentrate. 

The tests were begun once the water temperature reached 21°C. Initial permeate, concentrate, 

and bypass waters were wasled to flush out any water remaining in the system from the previous 

test Filtration tests typically lasted approximately 72 hours. Feed water and permeate samples 

for TOC analysis were coUected twice daily. Feed water temperature and pH were monitored 

routinely during each test 

Three, cross-flow velocities were selected to represent membrane operation in dBerent shear 

environments. Cross flow velocities of 0.8 ds and 1.6 mls were in the range of laminar flow 

(Reynolds numbers of 760 and 1490, respectively), while a cross flow velocity of 2.5 mls 

(Reynolds number of 2290) approached turbulent flow. The fmd water recovery at these cross 

flow velocities is extremely low. Because feed water recovery is dependent on. both membrane 

surface area and feed water flow rate, the small surface area of the hollow fiber modules 

prevented the operation of the system at typical recoveries and cross flow velocities 

simultaneously. 



MEMBRANE STORAGE 

I 

The membranes were not dowed to dry once they had been wetted. Between experiments 

membranes were cleaned according to the procedure outlined above and placed in zip-lock freezer 

bags containing 50-100 mL of 0.1 % sodium azide solution to inhibit microbial activity and 

prevent desiccation. The membranes were stored in laboratory refrigerators. 

MEMBRANE CLEANING 

The membrane modules were cleaned between fouling tests in a two-staged wash process which 

included high-velocity rinsing (physical dislocation) and caustic cleaning (chemical removal). The 

high-velocity rinse (HVR) was performed with membranes in place, after draining the raw water 

and introducing DDI into the NF feed reservoir. During the HVR, DDI was circulated at a 

reduced applied pressure of 30 psi inlet pressure, 7 psi outlet pressure, and a high cross flow 

velocity of 3 ds (Reynolds number, NRe = 2700). After one hour of rinsing, the pressure and 

cross flow velocity were returned to standard PWP conditions for measurement of permeate flux 

response. 

In the standard chemical cleaning cycle, membranes were removed from the NF apparatus and 

cleaned with a Zenon cleaning solution (MC-3) that consisted of caustic and detergent 

compounds. The cleaning step lasted for one hour using a low pressure pump arranged in recycle 

configuration. This step was followed by two, 15-minute rinses with DDI. A11 membrane 

cleanings were followed by a standard PWP test. 

The effectiveness of chemical cleaning by a NaOH solution (pH 10) and the MC-3 cleaning 

solution were compared. The NaOH solution (at pH 10) was predicted to remove organic species 



from the membrane by raising pH and promoting conformational change of solute NOM due to 

intramolecular charge effects. The MC-3 cleaning solution (at pH 10) was predicted to remove 
e 

solute species through alteration of solute conformation (similar to NaOH) and through alteration 

of membrane properties including: surface tension, surfam charge , and surface hydrophilicity 

(Jonsson, Blomgren and Petersson, 1988). The detergent in the MC-3 cleaning solution may 

serve as a wetling agent by attaching to hydrophobic constituents on the membrane surface and 

directing the charged,hydrophilic groups of the surfactant molecule towards the bulk solution 

(Jonsson and Tragardh, 1990). 

Chemical cleaning served another very important function in examination of the fouling the 

process. Following the cleaning step, the TOC of the recovered solution was measured. 

Knowing the TOC concentration and the volume of the flushing solution, the mass of TOC 

recovered from the membrane was calculated. This procedure made it possible to measure NOM 

that had associated with the membrane and that was subsequently able to be removed by the 

cleaning agent 

PREPARATION OF XAD-8 FRACTIONATED NOM SOLUTIONS 

Fractionation of the organics in the RO concentrated water with XAD-8 =in (?'human and 

Malcolm, 1981) was used to obtain operationally defied hydrophilic and hydrophobic NOM. 

Nanofdtration experiments were conducted with solutions of the fractionated and unfractionated 

NOM in order to study the effect of NOM hydrophobicity on membrane performance. The 

fractionation procedure is shown schematically in Figure 3. The sample of Tar River water for 

these fractionations was collected in October 1993 and stored until January 1994. This batch 

was then used over a two-month period for the fractionation of NOM and for the subsequent NF 

experiments with the fractionated and unfractionated NOM solu tions. No aggregation or settling 

of material was observed during storage of this water. 



Figure 3. Procedure to obtain hydrophobic and hydrophilic fractions of NOM 
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Amberlite XAD-8 resin @ohm and Haas, Philadelphia, PA) is a non-polar material wed to extract 

hydrophobic org;plics based on adsorption phenomena. The XAD-8 resin beads were first 

cleaned using 0.1 N NaOH and 0.1 N HCI, followed by a 24-hour Soxhlet extraction with acetone 

and then hexane. The resin was then stored in a water and methanol solution. Just prior to 

fractionation, the resin was rinsed in a beaker with double-deionized @DI) water and packed in a 

g h s  column (28 cm in length and 3 cm in diameter) with glass wool at the top and bottom. The 

column was then rinsed with DDI until the effluent was free of methanol, as determined by TOC 

measurements. In the final step of preparation, six bed volumes each of 0.1 N NaOH. DDI water, 

and 0.1 N HCI were passed, in order, through the column. 

The RO concentrated water used for the fractionation (24 L) was fxst filtered through a 0.45 pm 

nylon disk filter (Whatman Labsales). Immediately prior to application to the column, the 

prefdtered water was acidified to pH 2 using concentrated HCI. The acidified water was then 

passed through the column at a rate of 15 bed volumes per hour. The effluent was collected in 

batches and analyzed for TOC. The batches reaching a near constant TOC concentration were 

corn bined and retained for use in the hydrophilic NOM soh tion. 

After application of the acidified water, the column was rinsed with 3 bed volumes of DDI water 

to remove the chloride ion. Elution of the organics from the resin beads was achieved by passing 

0.1 N NaOH in the reverse direction at a rate of 5 bed volumes per hour. Batches of 

concentrated NOM eluate were collected and then combined for use as the hydrophobic NOM 

solution. ' Ihe hydrophobic NOM extract had a TOC concentration of 550 mgL. 

The fractionation procedure resulted in an even distribution of NOM, i.e., 50 percent hydrophobic 

and 50 percent hydrophilic. Ninety-five percent of the TOC was recovered in the process. The 

hydrophobic NOM fraction was the operationally defined group of organics called humic 



substances, comprised of fulvic and humic acids. The hydrophilic NOM fraction contained what 

are called hydrophilic acids and a mixture of identifiable organic compounds (Thuxman, 1985). 

The hydrophilic NOM water was obtained with a TOC near 12 m@ and a pH of 2. For use in 

the nanofdtration experiments, this water was buffered with 10-3 M hTa2HPOq and adjusted to 

pH 7.0 with NaOH. The resulting solution had a conductivity of 3200 prnhodcm, corresponding 

to an approximate ionic strength of 5 x 10-2 M (see Table 1 for correlation of ionic strength with 

conductivity). This solution is referred to as the hydrophilic NOM solution. 

Solutions of the hydrophobic and unfractionated NOM were made using the concentrated 

hydrophobic extract and the RO concentrated water, respectively, based on the same values of 

TOC concentration, pH, and conductivity for the hydrophilic NOM water. The concentrated 

hydrophobic NOM extract and RO concentrated water were diluted with DDI water, followed by 

the addition of 10-3 M Na$3POq and pH adjustment The conductivity of each water was raised 

by the addition of NaCl. 

Because of the use of strong acid and base to prepare the NOM fractions and subsequent 

equalization of ionic strength with NaCl, the inorganic compositions were not the same as that of 

the unfractionatd NOM. Most of the inorganics that were originally present in the Tar River 

sample remained in the hydrophilic fraction, thus producing a higher concentration than originally 

present in the unfractionated NOM solution. Further contributing to different inorganic 

composition was the fact that different amounts of NaC1 were needed to bring the fractionated 

and unfractionated NOM solutions to the same ionic strength. These differences should be 

recognixd as a possible source of some differences in flux behavior for the unfractionated and 

fractionated NOM samples. Inorganics can bind with the membrane, shield membrane charges, 

precipitate on the membrane, complex with NOM, and shield charges on the NOM. 



PREPARATION OF PAC PRETREATED NOM SOLUTIONS 

* 

Powdered activated carbon pretreatment of the RO concentrated water was used as a method of 

altering the composition of NOM solution. The PAC pretreated solutions and a non-pretreated 

solution were then used as feed waters in NF experiments in order to investigate the influence of 

NOM composition on membrane performance. Three PAC contact times and a constant PAC 

dose were used to remove NOM from solution. The more rapidly adsorbed NOM should have 

been removed in the shortest contact time. The more slowly and perhaps more strongly adsorbed 

NOM may have been removed in the longer contact time. 

The procedure for PAC contact is shown schematically in Figure 4. RO concentrated water 

collected in January of 1993 was fmt prefiltered through a 1.2 pm pore size, 295 mm diameter 

disk fdter (RA type filter, Millipore Corp., Bedford, MA) to remove particulate organic matter. 

The fdters were supported in a stainless steel holder to which the water was pumped. This system 

allowed the rapid removal of PAC required in a following step. The prefdtered NOM solution 

had a TOC concentration of 29 mgL. Three 5.5-L volumes of this solution were dosed with 500 

mgL of PAC (type WHP, Calgon Corp.) and mixed with a large magnetic stir bar, using contact 

times of 4,30, and 120 minutes. The PAC was then removed by a second 1 .2 Vrn fdtration. With 

the large fdter area, the filtration was completed in 4 minutes. For the shortest contact time, the 

PAC dosed solution was mixed for 2 minutes and then filtered, resulting in an approximate 

contact time of 4 minutes. The TOC concentration of each of the filtrates was measured. The 

filtrates from the 4 and 30 contact times were then diluted to the TOC concentration of the 120 

minute contact time filtrate. A non-pretreated water was produced by prefltering (1.2 pm) and 

diluting RO concentrated water. 

Based on the ionic strength of the RO concentrated water and the dilution factors used, the ionic 

strength of the feed solutions ranged from about 3.2 x 1 0 - 3 ~  in the non-pretreated 



Figure 4. Procedure to fractionate NOM according to adsorbability on PAC 

"RO Concetrated Water" 

0 Filtration (1.2 urn1 

0 

+ dilution 

Non-pretreated 
(0 minute 

contact time) 

NOM 

I So'ution 

+ dilution d 

PAC 

(500 m9m 

PAC 

(500 rngn) 

0 

+ dilution 

0 Filtration (1 -2 urn) 

1 no dilution 

4 minute 30 minute 120 miriute 
contact time contact time contact time 

NOM NOM NOM 

Solution Solution Solution 

Nanofiltration Experiments AM WD Characterization 



solution, to 7.0 x 1 0 - 3 ~  in the solution which received 120 minutes of PAC contact time. 

According to recent research by Braghetta and DiGiano (1994), these differences in ionic strength 

would not be expected to have had a significant impact on permeate flux and NOM rejection nith 

the NF rnembmes. 

A~SORPTION OF HYDROPHOBIC, HYDROPHILIC, AND UNFRACnONATED NOM 

ONTO PAC 

Adsorption of hydrophilic,. hydrophobic, and unfractionated NOM on to PAC was investigated in 

order to obtain information on the chemical characteristics of the NOM remaining in the PAC 

pretreated and non-pretreated solutions. This allowed a comparison of the results from the NF 

experiments with the PAC pretreated solutions and the NF experiments with the fractionated and 

unfractionated NOM solutions. 

Adsorption was tested with two sets of experimental conditions as described in Table 3 . The 

RO concentrated water which had been coUected in October of 1993 was used. In Set 1, the 

solutions used were the same as the hydrophilic, hydrophobic, and unfractionated NOM solutions 

which served as NF feed waters. Three aliquots (100 mL) of each NOM solution were placed in 

125-mL screw-cap bottles. PAC (type WPH, Calgon Corp.) was dosed at a fmed concentration 

of 200 mglL and the solutions were mixed with a stir bar for PAC contact times of 4,30, and 120 

minutes. The solutions were then filtered through a 0.45 pm nylon filter (Whatman Labsales) to 

remove the PAC and analyzed for TOC concentration. The removal of TOC from each solution 

was then calculated. 

In Set 2, the experimental conditions more closely simulated those for the PAC pretreatment of 

the NF feed solutions. These conditions allowed the study of only the hydrophobic extract 

fraction and unfractionated NOM ( RO concentrated Tar River water which was passed through a 



0.45 pn filter). 'Ihe test solutions had a TOC of 28 mgL, ionic strength of 0.02 M 

(conductivity of 1200 pmhodcrn), and pH of 7.0 (buffered with 10'3 M Na2HP04). PAC was 

dosed at a fued concentration of 500 m&. Ln all other respects, the experiments were carried 

out the same way as those in Set 1. 

Table 3 Experimental Conditions for Adsorption of Fractionated and Unfractionated NOM onto 

PAC 

Set 1 Set 2 

PAC dose (m@) 

TOC Concentration (m@) 

Ionic Strength (M) 

pH 
Buffer, Na2HPOq (M) 10-3 10-3 

ANALYTICAL MEASUREMENTS 

Total Organic Carbon 

Total organic carbon concentrations were measured in feed and permeate water samples using an 

Model 700 TOC analyzer (0. I. Corporation, College Station, TX). Samples were acidified with 

5% phosphoric acid and purged of inorganic carbon. The remaining organic material was 

oxidized to C02 by the addition of sodium persulfate (100 g/L Na2S20g), purged to an infrared 

detector, and measured against a linear potassium hydrogen phthalate (KHP) calibration curve for 

TOC. Samples not analyzed on the day they were collected were stored in a laboratory 

refrigerator for a period no longer than 10 days. 



Trihalomethane Formation Potential (THMFP) 

# 

Samples of Tar River and permeate waler were prepared for andysis of 'I'H?vfFP according to 

Standard Method 5710.B (1989). Chlorinated samples were sealed headspace free in 125-mL 

glass bodes with teflon lined caps and stored in the dark at 21' C. After a 7-day reaction period, 

samples we? analyzed for free chlorine by the Diethyl phenylenediarnine (DPD) Ferrous 

Titrametric Method (Standard Methods 1989). Only those samples having a free chlorine residual 

exceeding 0.5 mg/L were analyzed for THMs. Samples were t r ans fed  to 40-mL glass vials and 

quenched with sufficient sodium thiosulfate to destroy the free chlorine residual. Samples not 

analyzed immediately for THMs were lowered to pH < 2 by adding concentrated nitric acid, 

sealed headspace free with teflon lined caps, and stored in a laboratory refrigerator. THMs were 

extracted from the samples by hexane solvent extraction and analyzed by the electron capture 

detector method on a gas chromatograph. All samples were analyzed in less than two weeks of 

being quenched. 

Ultraviolet absorbance (W254) 

UV absorbance was measured at 254 nm using a Hitachi U-2000 spctrophotometer. A I-cm 

pathlength was used. W absorbance and TOC both served as convenient surrogate measures of 

NOM. 

Measurements of pH were made according to Standard Methods (1989). The pH meter was 

checked daily and calibrated as required using commercially available buffer solutions of pH 4.0 

and pH 7.0. 



Turbidity 

Turbidities of the feed and permeate waters were determined using a Hach Ratio 2000 

turbidirneter (Loveland, CO). Sample turbidities were measured at the time the samples were 

taken. 

Conductivity 

Specific conductivity served as a sunog ammeter for measuring ionorganic ion concentration 

(related to ionic strength). These measurrments were made according to Standard Methods 

(1989). A commercially available, standard stock solution of KC1 was used for calibrating the 

conductivity meter. 

SUMMARY OF MEMBRANE EXPERIMENTS 

A total of five test series are listed in Tables 4-8. With the exception of Test Series No. 2, each 

series was conducted with two membrane modules in parallel. A new set of membranes was used 

in each different test series. Within a given test series, membranes were repeatedly exposed to 

the following sequence of solutions: DDI (to establish baseline PWF); Tar River water ; and 

Zenon MC-3 cleaning solution. Important process variables were examined from experiment to 

experiment or series to series, including feed TOC of Tar River water, cross-flow velocity; 

addition of coal particles; and composition of TOC comprising the Tar River water in the feed. 

Some of the same variables (TOC in the feed and cross-flow velocity) were also examined in 

more than one test series, 



Table 4. Test Series No. 1 with Membranes NF1 and NF2 in Parallel (all at pH of 7) 

Test Fkd.  Sol ution Operating Conditions 

DDI, Tar River 
Water 
RO concentrated 
TOC from Tar 
River 
RO concentrated 
TOC from Tar 
River 
RO concentrated 
TOC from Tar 
River 
Tar River 

RO concentrated 
TOC from Tar 
River 

System start-up and preliminary testing 

0.63 Wrnin (cfv = 0.8 d s ) ,  90 psi, 21M.5 OC, 
TOC = 17 mg5 

1.58 Umin (cfv =2 mls), 90 psi, 2 1M.5 OC, 
TOCr l7mglL 

0.63 Wmin (cfv = 0.8 mls), 95 psi, 21M.5 OC, 
TOC E 23 mg/L 

0.63 Umin(cfv = 0.8 d s ) ,  95 psi, 2 1M.5 OC, 
TOC ~5 mg/L 
0.63 Ymin(cfv = 0.8 d s ) ,  95 psi, 2139.5 OC, 
TOC E 12 mg/L, pretreat with PAC 

Table 5. Test Series No. 2 with Membrane hTF3 (all at 0.63 Wmin, corresponding to a cfv of 0.08 
d s )  

Test Feed Operating Conditions 
No. Solution 

2-1D DDI 95 psi, 21B.5 OC, new membranes, 
PressudPermeate flux test 

2-2D DDI 95 psi, TemperatudPermeate flux test 
2-3D DDI 21M.5 OC, Pressure Permeate flux test 



Table 6. Test Series No. 3 with Membranes NF4 and NF5 in Parallel (90-95 psi , temperature of 
2139.5 OC and pH of 7) 

# 

Test Feed Solutions Operating conditions 
No. 

DDI 
DDI 

DDI 

DDI 
DDI 
RO concentrated 
TOC from Tar 
River 
RO concentrated 
TOC from Tar 
River 
Tar River 
RO concentrated 
TOC from Tar 
River 
RO concentrated 
TOC from Tar 
River 
RO concentrated 
TOC from Tar 
River 

0.63 Wmin (cfv = 0.8 mk), new membranes 
0.63 Wmin (cfv = 0.8 d s ) ,  phosphate buffer 
added 
0.63 Wmin (cfv = 0.8 mls), pH vs. permeate flux 
test 
0.63 Wmin (cfv = 0.8 mls) 
1.26 Wmin (cfv = 1.6 mls) 
0.63 Wmin (cfv = 0.8 mls), TOC E 26 mgL 

1.97 Wmin (cfv =2.4 m/s), TOC E 25 mg/L 

0.63 Wmin (cfv = 0.8 d s ) ,  TOC s 8 m a  
0.63 Wmin (cfv = 0.8 d s ) ,  TOC z 23 mg/L 

0.63 Wmin (cfv = 0.8 m/s),TOC = 25 m g L  
100 mg/L coal particles added 

1.97 Urnin (cfv = 2.5 d s ) ,  TOC = 25 m g L  
100 mg/L coal particles added 



Table 7. Test Series No. 4 with Membranes NF6 and NF7 in Parallel (90-95 psi , temperature of 
21M.5 OC and pH of 7) 

Test FeedSolution Operating conditions 
No. 

DDI 0.63 Wmin (cfv = 0.8 ds) following NaOH wash 
DDI 

RO concentrated 
TOC from Tar 
River 
RO concentrated 
TOC from Tar 
River 
RO concentrated 
TOC from Tar 
River 
RO Concentrated 
TOC from Tar 
River 
RO concentrated 
TOC from Tar 

0.63 Wmin (cfv = 0.8 mk) following Zen~n 
caustic wash 
0.63 Wmin (cfv = 0.8 d s ) ,  TOC z 20 mg/L 

1.97 Wmin (cfv = 2.5 d s ) ,  TOC G 20 m g L  

1.26 Wmin (cfv = 1.6 mls), TOC = 20 mg/L 

0.63 Wmin (cfv = 0.8 d s ) ,  TOC = 18 mgR. 

0.63 Umin (cfv = 0.8 d s ) ,  TOC s 20 rn&, 
prefiltered 0.2 urn 



Table 8. Test Series No. 5 with Membranes NF8 and h W  in Parallel (all conducted at flowrate of 
0.63 Ilmin, cfv of 0.8 mls, 90-95 psi, temperature of 21B.5 w, pH of 7 

Test Feed Solution Operating Conditions 
No. 

RO concentrated pretreated with PAC contact for 120 minutes and 
TOC from Tar 
River 
RO concentrated 
TOC from Tar 
River 
RO concentrated 
TOC from Tar 
River 
RO concentrated 
TOC from Tar 
River 
h ydrophilic 
fraction of NOM 
hydrophobic 
fraction of NOM 
unfractionated 
NOM 
control solution 

then diluted to TOC = 12 mg/L 

pretreated with PAC contact for 30 minutes and 
then diluted to TOC = 12 mg/L 

pretreated with PAC con tact for 4 minutes and 
then diluted to TOC = 12 mg/L 

No PAC contact, TOC = 12 mg/L 

TOC = 12 mgL, ionic strength = 5x 10'2 M 
(conductiv& = 3200 pmhodcm) 
TOC = 12 mfl, ionic strength = 5x 10-2 M 
(conductivity = 3200 pmhodcm) 
TOC= 12 rng/L,ionicstrength =5x10-2 M 
(conductivity = 3200 pmhodcm) 
ionic strength = 5x10-2 M (conductivity = 3200 
pmhoslcm), TOC = 0 m& 



RESULTS AND DISCUSSION 

AMWD OF NOM IN TAR RIVER WATER 

Figure 5 shows the apparent molecular weight distribution (AMWD) of NOM in Tar River water 

collected in August 1991, as determined by passing aliquots in parallel through the ultrafiltration 

membranes described in the Experimental Methods section. NOM (as measured by TOC) was 

found in each of the apparent molecular weight fractions (i.e., molecular weights of >10,000; 

3,000 - 10,000; 1,000 - 3,000; and <1,000); this result is typical of NOM found in natural waters. 

Based on the pore size of the nanofilter (= 1,000 MW) and. the AMWD (Figure S), approximately 

80 percent of the organic material should be excluded at the membrane surface. However, the 

MWCO is only a rough estimate of rejection capability because: (1) it represents the molecular 

size at which 50 percent rejection of a reference solute is achieved; (2) the reference solute is 

polyethylene glycol which, in contrast to NOM, is well-defined; and (3) two solutes of equal 

molecular weight but different configuration will give different results for the MWCO. For these 

reasons, it is probably better to consider that the NOM present in the two smallest size fractions 

has the potential to pass through the hT membrane or become lodged within its pore structure 

and contribute to permeate flux decline. These two fractions added together represented about 

one-third of the NOM. 

PERMEATE FLUX 

DDI Feed 

The PWP test of new membranes provided a way to judge the extent to which fouling by NOM 

reduced the permeate flux. PNT flux ranged from 60 to 80 IJm2-hr at 21°c for applied 

transmembrane pressure of 95 psi and a mean axial velocity (cross-flow) of 0.85 mls. The range 

of PWP flux for the new membranes may be attributed to slight differences in membrane surface 

area and minor disparities in membrane material between modules. Variation of initial PWP flux 



Figure 5. Apparent molecular weight distribution (MWD) of natural 
organic matter (based on TOC measurements) in Tar River water 
(sample from November 25, 1991) 
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is common among membranes made of the same material. Demjek and Nilsson (1989) observed 

that membranes cpt from the same sheet of material differed in initial permeate fluxes by as much 

as a factor of two. 

PWP tests of shon duration (1-3 hrs) were used to verify the linear relationships between flux and 

both AP and temperature predicted by Equation 1 (see Background section). The dependency of 

permeate flux on transmembrane pressure and temperature for a new membrane are shown in 

Figures 6 and 7, respectively. Results from these tests showed that permeate flux was strongly 

afifected by changes in water temperature and applied transmembrane pressure. Thus both 

pressure and temperature must be kept constant during fouling studies in order to isolate the 

effects of other variables of interest such as cross flow velocity and f e d  TOC concentration. 

New membranes were cleaned with either 10-3 M NaOH or the Zenon MC-3 membrane cleaning 

solution according to the procedures outlined in the Materials and Methods section. The effect 

of cleaning was to increase the PWF of the membranes as shown in Figure 8. Because the 

membranes had not been previously exposed to any foulant species (i.e., organic or particulate 

materials), the cause of the PUT increase is uncertain. The increase, however, was characteristic 

of all "new" membranes and may have resulted from either the rinsing off of residual membrane 

preservatives or suficial conditioning of the membranes by the cleaning solutions. 

Figure 8 also shows that the PWP flux of membranes in Test Series No. 3 (see Table 6) was not 

stable during the fmt several hours of operation, but gradually declined by as much as 13 percent 

Similar results were obtained for Test Series No. 1 and No. 4 (see Tables 4 and 7). A check was 

made of the TOC in the DDI to rule out any possibility that organic material could have caused 

fouling; the TOC was below detection limit (~0.5 m&). Using hydrophobic membranes, Fane 

(1986) also observed decreases in PWP flux and attributed this decline to the presence of trace 

foulants in the "pure" water. Nilsson (1990) contends, however, at least in regard 









to polysulfone membranes, that the decrease in permeate flux is due to a "dewetting phenomena," 

in which wetting agents are being rinsed out of the membrane. 

The following sequence of membrane tests was repeated several times using a given set of 

membranes : DDI as feed water to establish the baseline PWP flux; Tar River water to measure 

@meate flux and TOC rejection; and membrane cleaning to prepare for reestablishment of the 

baseline PWP flux with DDI before the next test with Tar River water. During this sequence, the 

pH of the solution in contact with the membrane increased from about 7 to 11 for cleaning and 

then returned to pH < 6 when DDI was again introduced. The effect of pH variations on 

permeate flux was of concern, particularly when re-introducing the DDI feed to obtain the 

baseline value of permeate flux prior to the next test with Tar River water. 

The effect of pH on permeate flux was investigated by first cleaning the membrane module with 

the Zenon MC-3 solution. The membrane module was then installed in the bench-scale test 

apparatus and DDI used as the feed solution. As shown in Figure 9, permeate flux declined in a 

similar manner as given in Figure 8; this decline was attibuted to slow elution of residual cleaning 

solution from the membrane. After several hours, a 0.1 M NaOH solution was used as the feed 

solution which increased the pH from approximately 5 to above 9.0. The PWP flux increased in 

response to the higher pH and remained fairly stable for 15 hours. The increase in pH caused an 

increase in permeate flux. The pH was then lowered by addition of HCl and the permeate flux 

decreased rapidly. These tests showed that changes in pH and the rinsing off of residual wetting 

agents from the cleaning solution could explain shifts in permeate flux decline during the PWP 

tests. Polysulfone membranes characteristically show an increase in permeate flux when pH is 

increased due to the increasingly negative membrane surface charge associated with high pH 

(Nilsson, 1990). At high pH, the membrane surface is increasingly hydrophilic and membrane 

pores allow greater solvent passage than at lower . Some researchers hypothesize that the small 

pore sile of the polysulfone membrane (MWCO of 1,000 daltons) may even be characterized by 





surface tension forces strong enough to prevent passage of water under low pH conditions 

~ ~ s s o n ,  1990 aqd Jonsson, Blomgren and Petersson, 1988). 

The above results not only indicated the effect of pH on permeate flux but as important, they 

showed the experimental in establishing a constant and reproducible "baseline" pure 

water permeate flux. An experimental protocol was needed, therefore, to assure that a constant 

and reproducible value of PUT flux could be obtained before introducing a feed solution that 

contained foulants. The protocol frst adopted was to start each new membrane experiment with 

a 1-hour feed of DDI water. This protocol was later modified to use a minimum PWP test of 12 

hours. A typical result using the later protocol is shown in Figure 10. A reasonably constant 

value of PWF was achieved after 12 hours and this value was used to determine the extent of 

permeate flux reduction caused by subsequent introduction of Tar River water as the feed 

solution. A slight increase in permeate flux was often observed upon switching from the DDI 

feed to the concentrated Tar River feed (see Figure 10). One possible explanation is a shift in 

pH: the pH of the Tar River water was consistently close to 7, whereas the pH of DDI water 

used for the PWP tests was approximately 5. As was shown in Figure 9, permeate flux increases 

with increasing pH in the absence of any other effect 

Tar River Feed: General Response of Permeate Flux 

The results presented in Figure 10 also provide a good beginning point to illustrate the typical 

pattern of permeate flux decline that was observed throughout this study when Tar River water 

was used as the feed solution. This pattern can be interpreted as consisting of two stages. The 

fmt stage was characterized by a sharp drop in permeate flux which lasts a few hours and the 

second stage by a more gradual decline in permeate flux; however, a true steady-state in permeate 

flux was not observed in any of the fdtration experiments. Lahoussine-Turcaud et aL (1990), 

using hollow fiber membranes (MWCO of 1,000), observed permeate flux decline curves similar 

to Figure 10 when filtering waters containing dissolved organic material. They suggested 



Figure AO. Baseline permeate flux with pure water and subsequent flux decline with Tar River 
water (Test 4-1 R) 

DDI water r / A Tar River water 1 

Hours 



that the early stage of permeate flux loss resulted from the deposition of materials within 

membrane pores and the sorption of organic species to the membrane surface whereas the latter 

stage was caused by the gradual accumulation of loosely bound materials on the membrane 

surface. 

Before discussing the results in more detail, it is important to show that membrane performance 

within a given Test Series was not affected by repeated cycles of use, i.e., DDI water as feed to 

establish PWP flux, Tar River water as feed for testing and contact with MC-3 cleaning solution 

prior to re-introduction of DDI. If permeate flux decline changed, for example, in subsequent 

tests with the same f&d conditions due to a change in membrane characteristics, then the 

difference in flux decline due to TOC f& concentration or cross-flow velocity would be difficult 

to measure. Moreover, it is important to compare membrane performance from two different 

Test Series under the same feed conditions to determine the membrane to membrane variability. 

Four sets of flux decline data taken during experiments in two different series of tests (Test Series 

3 and 4) are presented in Figure 11 to illustrate the reproducibility of membrane performance. In 

each of these experiments the TOC of the feed solution was similar ( ranging from 18 to 25 rng/L) 

and the cross-flow velocity was identical (0.8 m/s). 

Tar River Feed: Effect of TOC Concentration on Permeate Flux 

'Ihe effect of concentrating constituents of the Tar River water by passage through a reverse 

osmosis (RO) unit is given in Figure 12. These data were obtained from two consecutive 

filtration studies in Test Series No. 1 (1-3R and 1-4R) in which the TOC of the RO concentrated 

water was 23 mg/L and then diluted to 5 m g L .  The average cross-flow velocity for both tests 

was 0.8 d s .  The initial period of rapid permeate flux decline lasted only 2-3 hours in the case of 

the low TOC water; the decrease in initial permeate flux was about 5 percent. In contrast, the 
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Figure 11. Reproducibility of permeate flux decline for experiments with same feed conditions (TOC from 18 to 26 mglL and 
cross-flow velocity of 0.8 mls) 
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initial period of permeate flux decline lasted 12 hours for the high TOC water test and resulted in 

a 20 percent decfease of the initial permeate flux. 

The sharper decline in permeate flux at higher TOC can be explained in two ways. First, a higher 

concentration of organic material in the feed water is likely to result in a more concentrated, 

viscous, and hydraulically resistant boundary layer. This presumption is consistent with the gel 

polarization model which predicts a decrease in permeate flux with increasing solute 

concentration. Although the test results appear consistent with gel polarization theory, the 

decline in permeate flux occurred over several hours. Most discussions of gel and film theories 

refer to much shorter time scales of polarization, these being on the order of seconds or minutes. 

A second explanation for greater permeate TOC relates to the total accumulation of foulant 

material on the membrane surface during the course of the test. The higher the feed TOC 

concentration, the greater is the mass rate of approach of foulant materials to the membrane 

surface (given that cross-flow velocities are equal). Perhaps solute I membrane interactions, such 

as time and concentration dependent adsorption processes, rather than solute polarization are 

responsible for permeate flux decline. The relationship between NOM accumulation on the 

membrane surface and permeate flux decline will be investigated in more detail when results of 

membrane cleaning tests are discussed. 

Tar River Feed: Effect of Cross Flow Velocity on Permeate Flux 

Membrane fdtration tests were conducted at cross-flow velocities of 0.8, 1.6 and 2.5 m/s. The 

lower two values produced laminar flow conditions while the highest value produced turbulent 

conditions. The feedwater TOC of each test was approximately 20 mg/L (as obtained by RO 

concentration of Tar River water). The decline in permeate flux over operating time is given in 

Figure 13. Less decline was observed at higher cross flow velocities, which is consistent with 





experiments by Kuo and Cheryan (1 983) with spiral-wound pol ysulfone UF membranes who 

found higher pemeate fluxes as feedwater flow was increased from 3 to 11 Llmin. Cheryan and 

Kuo propose that high cross flow velocities produce large shear forces at the membrane surface 

and reduce the build-up of foulant materials. Consequently, the resistance to permeate flux is 

lessened and higher permeate fluxes are realized. 

Recovery of KOM from Membrane and Relationship to Fouling 

The chemical cleaning step provided a means to recover the mass of TOC that had associated 

with the membrane during the preceding membrane filtration experiment with Tar River water. 

The efficiency of T s  recovery, however, is unknown. Thus the amount of TOC recovered is 

useful only as a relative measure of fouling for a series of experiments in which the effect of one 

operational variable on fouling rate is of interest, e.g., cross-flow velocity (Figure 13). 

The experimental data presented in Figure 13 were interpreted in the foUowing way using the 

TOC recovered from the membrane. First, the resistance in series model for membrane filtration 

was used to interpret the relationship between permeate flux and pressure drop at constant 

temperature : 
AP 

J w =  p C (R,+R,+R,) 

Because R, and Rg could not be separately determined, they were combined to form a foulant 

layer resistonce, R. The value R, was known from the PWF experiments. The value of R was 

then computed from each fouling test from the values of AP, p and J at the end of the membrane 

experiment (72 hours). Foulant layer resistance is plotted in Figure 14 against mass TOC 

removed per unit surface area from the membrane after 72 hours of operation for each of the 

experiments previously presented in Figure 13. The resistance of the foulant material is seen to 





increase exponentially rather than linearly with the mass of TOC removed from the membrane 

during cleaning. These data can also be used to obtain a inverse linear relationship between log R 

and cross-flow velocity as shown in Figure 15. In other words, the resistance to filtration 

decreases exponentially with increasing cross-flow velocity which, in turn, is linked to the 

decreasing amount of TOC that accumulates on the membrane surface. Taken together, these 

G o  figures suggest that NOM deposited on the membrane contributes significantly to increasing 

the hydraulic resistance of the membrane rather than forming a porous cake layer that does not 

inhibit permeate flux. 

Although particulate species and dissolved inorganic materials were not included in the above 

interpretation of membrane fouling, it may be expected that such constituents may also contribute 

to fouling. Fane (1986), for example, demonstrated that increases in stirring speed in UF batch 

cells increased the permeate flux of suspensions containing 0.025 pm sized particles and larger. 

Some insight into the role of particles on fouling is given in comparison of the permeate flux 

decline found in two sequentiaI membrane experiments shown in Figure 16. The feed solution 

(RO concentrated Tar River water) was the same in both experiments (Test Series No. 4) with the 

exception that one feed solution (I'est 4-5R) had been filtered through a 0.2 pm fdter. The effect 

of particle removal by this filtration step was to decrease the permeate flux decline. These results 

indicate that particles in some way are involved with membrane fouling. Further evidence is 

provided by examining the decline in turbidity (the surrogate measure of particles) in the feed 

solution to the membrane as operating time progress (Figure 17). The initial turbidity of the feed 

solution without filtration through the 0.2 pm filter was 14 ntu while that in the solution that was 

filtered contained less than 2 ntu. A decline was observed in turbidity with time for both feed 

solutions but it was much sharper in the unfiltered feed solution. It is not possible to state with 

certainty what accounts for the decline in turbidity. One possibility is association of particles with 

the membrane surface which is consistent with increased fouling and the larger decline in 

permeate flux. However, another possibility unrelated to fouling is that particle aggregation 





Figure 16. Permeate flux decline as influenced by prefiltration of the concentration Tar River - 
feed solution through a 0.2 urn filter 
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Figure 17. Turbidity (ntu) in the feed solution during membrane filtration of concentrated Tar - 
River water which was prefiltered as indicated in legend 
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occurred due to recycle and either changed the characteristic light scattering properties of the 

particles or permitted settling in the membrane test system. 

Another confounding observation that prevents further conclusions regarding the role of particles 

is the starting condition of the Tar River water that is RO concentrated. This water had been pre- 

filtered with a 5 pm filter, RO concentrated and then stored in the refrigerator for two months. 

Afier storage it was noted that some particles had settled and that TOC had decreased slightly 

(about 10 percent). RO concentration caused the turbidity to increase from the original value of 

10 ntu to about 30 ntu despite having prefdtered the sample to =move particles larger than 5 pm 

Some of these particles probably aggregated and settled during storage as evidenced by the 

starling turbidity being 14 ntu rather than 30 ntu. Biological activity and extracellular polymers 

could have aided in this aggregation process. Thus, the particles remaining in this RO 

concentrated sample as used in Test 4-4R may not have been the same as those before storage. 

Nevertheless, the fact remains that removal of these particles by a 1.2 pm prefilter significantly 

reduced permeate flux decline and thus implicates particles (whatever their origin) as potential 

fodants. 

NOhl Association with Membrane - Determination of Ahl\17D 

?he organic material that was recovered from the membrane surface in the chemical cleaning 

solution was characterized by a determination of the AMWD. The procedure for AMWD was the 

same as used for the Tar River water sample (see Figure 5). The AMWD of the Tar River feed 

solution and the cleaning solution obtained after contact with the membrane at the end of 72 

hours of operation are compared in Figure 18. The cleaning solution was dominated by the > 

10,000 daltons (> 10 k) fraction which indicates preferential association of the high molecular 

weight fraction with the membrane surface. 





The presence of a < 1,000 dalton (e l  k) fraction in the cleaning solution was unexpected given 

that the MWCO of the hT membrane is lk. However, the low molecular weight fraction may be 

an artifactual result produced by the high ionic strength of the hlC-3 membrane cleaning solution. 

In a control test, the AMWD was determined for Tar River water in the presence of the same 

concentration of MC-3 solution as in the membrane cleaning process. The TOC (0.6 mgL) of 

the MC-3 cleaning solution was accounted for by subtracting it from the lowest molecular weight 

fraction before calculation of the AMWD. The addition of the MC-3 solution produced a 

marked shift toward lower molecular weight (DiGiano, et al. 1993). Lower molecular weights 

may be the result of tighter coiling of the NOhl as predicted by the spherocolloidd model for 

organic macromolecules proposed by Ghosh and Schnitzer (1980) at the high ionic strength 

produced upon addition of the MC-3 solution. 

UF fractionation studies of the chemical cleaning suggest that the NOM molecular weight fraction 

> 10,000 associates preferentially with the membrane surface. Surface adsorption or surficial 

blockage of pore openings by the NOM molecular weight fraction >10 k may therefore be the 

primary solute contribution to additional fdtration resistance. Organic molecules of higher 

molecular weight are typically associated with lower diffusivities (Ghosh and Schnitzer, 1980) and 

may accumulate at the membrane surface to a greater extent than molecules of higher diffusivity 

(lower molecular weight), due to a low back transport capabilities and a minimal response to fluid 

shear (Wiesner and CheIlam, 1992). Given the low MWCO of the NF membranes, it is not likely 

that NOM species having molecular weights >10,000 could accumulate inside the pore matrix. 

The results presented thus far have focused on the decline in permeate flux with operating time of 

the NF membrane system when treating a water containing NOM. This non-steady state behavior 

is important in engineering a NF system because provisions will need to be made for maintaining a 

nearly constant, permeate flux by operating many membrane modules in parallel each at a different 



stage of fouling. It also has implications for the deciding upon the frequency of membrane 

cleaning and the pethod to be used. 

MEMBRANE REJECTION CAPABILITIES 

- .  

The intended purpose of NF membrane is to achieve high removals of NOM. During each NF 

membrane experiment, samples of feed and permeate waters were taken at regular intervals and 

analyzed for one or more of the following surrogates of NOM: TOC; light absorbance at 254 run 

and THMFP. Measurements of pH were included because of its importance on establishing the 

charge characteristics of NOM. In addition, these membranes provide for rejection of inorganic 

ions and particles. Thus the membrane performance was also measured by rejection of 

conductivity (surrogate for inorganic ions) and turbidity (surrogate for particles). 

Test Series No. 3 represents the most complete set of data for all rejection parameters of interest. 

Relevant data for the feed and permeate water (taken over the course of a 72 hour membrane 

experiment) are presented in Table 9. These data show that nanofiitration provided a fairly high 

degree of NOM removal (about 80 percent) as measured by TOC, W absorbance and THMFP. 

Nanofiltration also effectively removed turbidity as indicated by a reduction from 10 ntu in the 

feed to less than 0.1 n t .  in the permeate. Furthermore, the conductivity in permeate water is 

considerably lower than in the feed, which indicates that electrostatic repulsion or adsorption 

between the charged membrane surface and ionic solutes may be important even though the 

MWCO is far larger than that of inorganic ions. 



Table 9. Test Series No. 3-3R: Feed and Permeate Water Characteristics 

Sampleldate TOC UV-254 THMFP Conductivity pH Turbidity 
absorbance W L )  W 0 s f c m )  (n t4  

(mfl) (cm- 1 ) 

The removal of natural organic matter by the NF membrane as measured by TOC and THMFP is 

presented in Figure 19. Removal of TOC from Tar River water ranged from 75 to 85%. Similar 

removals of THM precursors suppon the correlation between these organic parameters. These 

data show that rejection of TOC and THM precursor material decreased from the beginning to the 

end of the membrane experiment. Another important observation is that if THMFP were taken in 

the worst case as equivalent to the total THMs in the distribution system, then-the current MCL 

of 100 pg/L would be violated. Thus, nanofdtration is not capable of removing enough NOM 

given a feed TOC of about 7 mg/L. A lower MWCO membrane or pretreatment with coagulation 

or activated carbon may be necessary to meet the requirements of the Safe Drinking Water Act 

am endm en ts. 

A more detailed study of the change in TOC rejection with operating time was performed in 

subsequent nonafiltration tests. Percent rejection of TOC was calculated by: 
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where Cp is the permeate TOC concentration and Cb is the bulk TOC concentration of the feed 

solution. The effect of feed TOC concentration and cross-fl ow velocity on TOC rejection with 

operating time were of interest. Two different feed concentrations of TOC (8 and 23 mgL) were 

obtained for PrT membrane tests by fvst using RO to concentrate the NOM in the Tar River water 

sample (by roughly a factor of four) and then diluting this concentrate. NF membrane tests were 

conducted using these two different feedwater TOC concentrations at the same cross flow 

velocity (Test Series No. 3). The effect of cross flow velocity on permeate TOC was also 

determined in two different series of experiments (Test Series No. 3 and 4). 

As indicated in Figure 20, the percent rejection of TOC declined significantly at longer membrane 

operating times. Moreover, the pattern was the same for two different feed TOC concentrations. 

A decline in rejection with time means that more NOM (as measured by TOC) passed through the 

membrane. One mechanistic explanation is found in solute diffusion principles: i.e., as more 

NOM accumulates on the reject-side of the membrane, the driving force for diffusion through the 

membrane increases. However, the diffusive transport mechanism is not consistent with the 

observation that percent rejection of TOC was independent of feed TOC concentration. If 

diffusion were controlling, less rejection (greater NOM passage) should have been observed for 

the high TOC feed solution because considerably more NOM accumulates on the membrane 

surface in any given time and so the driving force for diffusion should have been greater. An 

alternative mechanistic explanation for TOC rejection is molecular sieving wherein passage of 

solute molecules is dependent on their size relative to that of the pores. Rejection by molecular 

sieving would be independent of concentration because the percentage of the feed solute 

molecules that can pass through the membrane would remain the same regardless of feed TOC 



Figure 20. Independence of TOC rejection from feed TOC concentration (Tests 3-3R and 3-4R) 

3-3R, Feed TOC = 8 mg/L 34R, Feed TOC = 25 mg/L 

Hours 



concentration. This mechanism has been shown to explain rejection by ultrafilters, i.e., filters with 

MWCO much larger than nanofilters, whereas diffusivecontrolled transport is associated with 

reverse osmosis membranes. The rejection mechanism for nano51ters may well be a combination 

of molecular sieving and diffusion. 

- .  

The influence of cross flow velocity on the rejection of TOC was investigated in two different 

series of experiments in which f d  TOC was slightly different (25 mg/L in Test Series No. 3 

compared to 20 m g . 5  in Test Series No. 4). The results are presented together in Figure 21 

because the feed TOC had been shown to have no significant effect on rejection efficiency (see 

Figure 20). An increase in the cross-flow velocity from 0.8 to 1.6 d s  caused greater rejection; 

however, a further increase to 2.5 d s  produced no funher increase in rejection. These results 

imply that the maximum possible rejection efficiency may not be achieved if cross flow velocity is 

not high enough. Reduced rejection efficiency at low cross flow velocity may be related to 

laminar flow conditions that may allow for gEater accumulation of NOM near the membrane 

surface and thus larger diffusive transport through the membrane. 

RELATIONSHIP BETWEEN MEMBRAhTE FOULING AhTD TOC REJECTION 

The decline in permeate flux through the membrane and the decrease in rejection of solutes (in 

this case, TOC) with membrane operating time have been discussed independently thus far. 

However, more insight can be gained into the relationship between membrane fouling and solute 

transport through the membrane by examining the permeate flux and TOC rejection data together. 

The transport of TOC through the membrane can be expressed as a mass flux of TOC (mg/min) 

which is the product of the permeate flux and the TOC concentration in the permeate. The results 

of this calculation for Test Series No. 4 are given in Figure 22. These data indicate a small, but 

distinct increase in TOC flux with membrane operating time. A constant TOC flux with 







membrane operating time would have indicated that transport of TOC through the membrane was 

not affected by f6uling of the membrane surface. However, an increase in transport of TOC 

suggests that the ability of the membrae to reject molecules that comprise NOM was impaired as 

the membrane became fouled. 

The steady-state, permeate TOC that cornponds to the mass flux data that were presented above 

are shown in Figure 23. Permeate TOC increased (and thus percent rejection decreased) with 

increased fouling of the membrane surface. The permeate TOC is roughly the same as that TOC 

(3.3 m a )  found from the AMWD (from ultrafdtraton experiments) in the less than I-k 

molecular weight fraction (see Figure 5). Although only useful as a rough guide to nanofiltration 

rejection capabilities, this molecular weight fraction would be expected to pass through a NF 

membrane with a stated MWCO of 1 k. 

REVERSIBLE AND IRREVERSIBLE FOULING 

The distinction between colmatage and fouling is best made experimentally by repeated cycles of 

membrane use and chemical cleaning. Although the nanofdtration membranes used in this study 

were subject only to a few cycles, some indication of colmatage and fouling is provided. Test 

Series No. 5 included a series of five cycles of use and chemical cleaning. The pattern of decline 

and recovery of permeate flux is given in Figure 24. As indicated by the different symbols used in 

the figure, the feed TOC and cross-flow velocity were not the same in each of these tests, thus the 

extent of permeate flux decline is not the same. The Zenon MC-3 cleaning solution was fairly 

effective in achieving permeate flux recovery. However, the data indicate that the permeate flux 

at the beginning of each subsequent operating cylce was lower. A straight line has been 

superimposed to indicate the rate of fouling observed. It could be used to predict the membrane 

We if the minimum acceptable permeate flux after membrane cleaning is known. 
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EFFECTIVENESS OF DIFFERENT MEMBRANE CLEANING METHODS 

The effectiveness of high velocity rinsing (HVR) and chemical cleaning with (either a 10-3 M 

NaOH solution or the Zenon MC-3 cleaning solution) in achieving permeate flux recovery were 

compared The results of one cleaning study after a prolonged fouling run are presented in Figure 

25. Very little recovery in permeate flux was achieved by the HVR procedure ( from 47% to 

53% of the PWP flux). Low recovery suggests that foulant material removable by the increased 

shear of the high velocity rinse constitutes only a small fraction of the hydrodynamic resistance. 

Chemical cleaning with NaOH followed the HVR increased the permeate flux recovery by 25% 

(from 53% to 784% of the PWP flux); however, subsequent chemical cleaning with NaOH 

achieved permeate flux recoveries of up to 93% of the pre-fouling, P W  baseline values. The 

Zenon hIC-3 cleaning solution restored permeate flux to the highest level, 97% of the PWP flux. 

The above evaluation of membrane cleaning strategies indicated that the predominant 

contributions to filtration resistance were those species that are removed from the membrane by 

dissolution at high pH; the addition of a detergent (Zenon MC-3) appeared to further enhance 

removal. The recovery of permeate flux, therefore, appears contingent upon use of NaOH or 

other base for membrane cleaning. The decrease in fouling resistance achieved by chemical 

cleaning is likely to be due to the removal of solute materials that are chemically associated with 

the membrane surface or deposited in the pore structure, and thus unaffected by shear forces 

encountered during the high velocity rinse. 

ADDITION OF COAL PARTICLES IN FEED SOLUTION 

Anthracite coal particles were introduced to the feed water to examine the effect of particle 

motion in the feed stream. The coal particles had a highly negative surface charge in the 

concentrated feed water (zeta potential measurement of -30 mV), suggesting that they should be 

repulsed by the negatively charged membrane surface. Selection of particle size was a critical 





factor in the experimental design. A panicle transport model (Wiesner and CheUam, 1992 and 

Wiesner et al. 1989) was consulted to aid in the selection of a particle size range most likely to 

promote scouring of the membrane surface in the M: system. It was essential that particles be 

large enough to avoid deposition on the membrane but small enough to be transported close to 

the boundary layer. 

?'he model by Wiesner et al. (1989) was used to estimate the effect of particle size on back 

transport from the membrane surface by three different mechanisms: Brownian diffusion, lateral 

migration (sum of inertial lift and permeao'on drag on particles), and shear-induced diffusion 

(shear force of fluid that causes particle-particle interactions and induces migration away from 

high concentration regions). According to this model, particles having back transport velocities 

that are less than the convective permeate velocity toward the membrane will be deposited and 

may contribute to permeate flux decline. The following variables: particle diameter, hollow fiber 

diameter, cmss flow velocity, and temperature are used to calculate particle velocities of lateral 

migration and shear-induced diffusion; the Stokes-Einstein equation predicts transport velocity by 

Brownian diffusion. 

For the operating conditions of the NF experiments, particles having a diameter near 0.3 urn were 

predicted to have the greatest tendency for membrane fouling (Figure 26) and should therefore be 

avoided. The anthracite coal particles used in the particle fil~ation studies were sieved by an 

ultrasonic sifter to give diameters ranging from 5 to 75 pn The transport model predicts that 

particles in this size range are capable of attaining back transport velocities that exceed permeate 

flow velocities to the membrane surface. Particle entrapment at the membrane boundary layer is 

less likely to occur when back transport velocities exceed convective permeate velocities shown in 

Figure 26. 



Figure 26. Theoretical analysis of back transport velocity of particles as calculated for experimental conditions of test 
membrane (fiber diameter = 0.089; temperature = 21 O C; and cross-flow velocity = 0.8 mls) 

Log particle diameter (urn) 



The RO concentrated Tar River water (TOC = 25 mg/L) was dosed with 100 mglL of the ground 

and sieved anthracite coal particles. Results from the filtration tests at low and high cross flow 

velocity are presented in Figure 27. The permeate flux decline curves in this figure suggest that 

the presence of the coal particles in suspension only slightly reduced the fouling of membranes for 

both the low and high velocity conditions. Greater change in permeate flux was observed for the 

low cross flow velocity condition than for the high cross flow velocity condition. 

Scouring of the membrane surface by particle motion was not as effective as hoped because of 

decreasing particle sizes, due to a grinding action of the pump and decreasing particle 

concentration in the feed water (as measured by turbidity and visual observation). A significant 

concentration of coal particles was flushed off the membrane by the caustic wash water upon 

completion of each of the filtration tests. Such evidence suggests that the particles had gradually 

been trapped on the membrane surface and removed from suspension during the filtration study. 

Particle attachment to the membrane surface apparently occwed in these filtration studies despite 

predictions that charge repulsion between the highly negative surface of cod particles and 

negatively charged membrane surface would overcome any attractive forces. As indicated by the 

physical tmnsport model (Figure 26), a smaller particle size range could contribute to deposition 

on the membrane surface, and thus promote fouling rather than scouring. Expkrimental results 

suggest that physical transport mechanisms towards the membrane surface may have overcome 

forces of charge repulsion between the membrane and particle surfaces and led to accumulation of 

particle species at the membrane surface. More experiments are needed to incorporate larger 

particles with higher back transport velocities or higher concentrations, as well as other types of 

particles to determine if turbulence promotion might offer a practical way to reduce fouling 

sigrufcantl y. 





Adsorption on activated carbon was selected as one empirical method to vary the chemical 

characteristics of NOM in the f& solution to the NF membrane system while keeping the feed 

TOC concentration constant A solution containing the RO concentrated Tar River water (25 

mgL as TOC) was divided into three batches. A dosage of 500 m g k  of powdered activated 

carbon (PAC) was added to each batch and the solutions were contacted for 4 min, 30 min and 

120 min. The shorter the contact time, the more selective is removal of faster diffusing andlor 

more strongly adsorbed NOM fractions. FoUowing contact, the PAC was removed and each 

solution was diluted to reach the same TOC concentration (about 12 mg/L) before conducting the 

membrane fouling tests. This experimental design eliminated the effect of NOM concentration on 

fouling rate so that the effect of NOM composition could be studied independently. 

The AMWD after different PAC contact times (and dilutions to a common TOC concentration) is 

given in Figure 28. The middle ranges of molecular weight fractions (10-30 k and 3-10 k) were 

removed to the greatest extent by adsorption as might be expected. By contrast, the high (>30 k) 

and low (<1 k) molecular weight fractions were not adsorbed vely effectively. Thus, as contact 

time increased, the AMWD shifted toward a predominance of these less well-adsorbed fractions. 

It is important to note that AMWD is only one indication of differences in NOM composition 

caused by contact with PAC. Undoubtedly, chemical composition (e.g., charge density and 

aromaticity) was also affected. 

The permeate flux decline that resulted from each different NOM feed solution is presented in 

Figure 29. 'Ihe greatest reduction in permeate flux was caused by using the NOM solution that 

had been contacted for longest time with PAC. The association of NOM with the membrane 







surface (as measured by recovery of TOC in an alkaline cleaning procedure) after three days of 

membrane operation using these different NOM feed solutions is shown in Figure 30. The NOM 

fmd solution that had been contacted with PAC for the longest time produced the highest TOC 

on the membrane surface; this result is consistent with production of the greatest decline in 

permeate flux by the same NOM feed solution. 

The above findings indicate that even though the feed concentration of NOM may be the same, 

the extent of membrane fouling was affected by use of PAC adsorption to change the composition 

of the NOM. The information provided by shifts in AMWD with contact time (Figure 28) 

suggested that the >30 k and/or <1 k fraction was responsible for increased fouling with longer 

PAC contact time. The <1 k fraction is an unlikely contributor to fouling, however, given that the 

permeate TOC was found to be approximately equal to that present in the <1 k fraction in each of 

the three solutions (a result similar to that shown in Figure 5). The results suggest, therefore, 

that the >30 k fraction was responsible for fouling. This conclusion is also supported by data 

from Test Series No. 4 (DiGiano, et d. 1993) in which the AMWD of the NOM that was 

recovered from the membrane surface was found to be dominated by the >30 k fraction. 

Another way of examining the effect of chemical composition on fouling is to subdivide the 

NOM into its hydrophobic and hydrophilic fractions according to the widely-used operational 

definition provided by separation by an XAD 8 resin. Using this d e f ~ t i o n ,  we found that the 

TOC associated with the hydrophobic and hydrophilic fractions were about equal in this NOM 

sample. 

I h e  AMWD of the fractions are compared to that of the unfractionated NOM in Figure 3 1. The 

large amount of TOC in the low molecular weight fractions for both hydrophobic and hydrophilic 

fractions may be attributed in part to conformational changes of such macromolecules at high 

ionic strength (Ghosh and Schnitzer, 1980). As noted in the Materials and Methods section 







(Preparation of XAD 8 Fractionated NOM Solutions), the fractionaced and unfractionated NOM 

solutions were all adjusted to the same relatively high value of ionic strength to conduct the 

nanofdtration tests. Ignoring the possible artifactual contribution to low molecular weight 

fractions, the TOC in the 10-30 k fraction of the hydrophobic NOM fraction was three times 

greater than that of the hydrophilic fraction whereas the TOC in the <1 k fraction of the 

hydrophilic-fraction was 34 percent greater than that of the hydrophobic fraction. Both results are 

consistent with the work of others m u m a n ,  1985). The fact that the TOC in the 10-30 k 

fraction of the unfractionated NOM solution was less than either the hydrophobic or hydrophilic 

fractions was not expected Neither was the fact that the TOC in the <1 k fraction of 

unf'ractionated NOM solution was greater than in either the hydrophobic or hydrophilc fraction. 

One possible explanation is that the fractionation process somehow altered the confiiguration of 

molecules and thus the AhWD of the unfractionated sample can not be reconstructed from that 

of the two fractions. More detailed discussion is provided by Nilson (1994). 

The feed TOC concentrations of unfractionated NOM and the hydrophobic and hydrophilic 

fractions were set equal (12 mgk). As shown in Figure 32, the permeate flux decline in control 

water (organic-free water at high ionic strength) is very substantial. The hydrophilic fraction of 

NOM produces very little additional flux decline compared to this control water. In contrast, the 

hydrophobic fraction caused a very large flux decline which suggests strong association with the 

membrane surface. Also of interest is the pattern of flux decline produced by this fraction. It 

consisted of an initial period (20 hours) of very rapid decline followed by a rather sudden shift 

toward a pattern of more gradual decline. This pattern was unlike those observed for 

unfractionated NOM in previous experiments (e.g., Figure 10-13) and it suggests the possibility of 

a shift in fouling mechanism as more NOM associates with the membrane. 

Although not shown, the TOC and conductivity in the permeate produced by the feed solution 

containing the hydrophilic fraction were much greater than in that produced by the hydrophobic 





fraction (Nikon, 1994). Thus the hydrophilic fraction does not associate with the membrane in 

such a way as to d u c e  the water flux, but its affmity for the water phase causes more transport 

to occur through the membrane. 

The flux decline patterns for feed solutions of the hydrophobic fraction and the unhctionated 

NOM are also interesting to compare. A simple model of fouling would suggest that the rate of 

fouling is proportional to the mass rate of introduction of TOC to the membrane surface. 

Because the TOC of the hydrophobic material in the unfractionated NOM feed solution is 6 m a ,  

compared to 12 mgL in the hydrophobic fraction, we should expect that the membrane fed with 

the unfractionated NOM to foul approximately 50% less rapidly than that fed with the 

hydrophobic fraction. The results in Figure 32 are in qualitative agreement with this hypothesis. 

However, flux decline caused by the unfractionated feed solution eventually exc&s that of the 

hydrophobic fraction to a significant extent. This result may be explained by a time-dependent 

chemical interactions between operationally defined "hydrophobic" and "hydrophilic" fractions 

and the surface of the membrane. 
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